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 2 

ABSTRACT 24 

This study investigates the moisture budgets and resolution dependency of 25 

precipitation extremes in an aqua-planet framework based on the Community 26 

Atmosphere Model (CAM4). Moisture budgets from simulations using two different 27 

dynamical cores, the Model for Prediction Across Scales - Atmosphere (MPAS-A) and 28 

High Order Method Modeling Environment (HOMME), but the same physics 29 

parameterizations suggest that during precipitation extremes the intensity of precipitation 30 

is approximately balanced by the vertical advective moisture transport. The resolution 31 

dependency in extremes from simulations at their native grid resolution originates from 32 

that of vertical moisture transport, which is mainly explained by changes in dynamics 33 

(related to omega) with resolution. When assessed at the same grid scale by area-34 

weighted averaging the fine-resolution simulations to the coarse grids, simulations with 35 

either dynamical core still demonstrate resolution dependency in extreme precipitation 36 

with no convergence over the tropics, but convergence occurs at a wide range of latitudes 37 

over the extra-tropics. The use of lower temporal frequency data (i.e., daily versus 6-38 

hourly) reduces the resolution dependency. Although thermodynamic (moisture) changes 39 

become significant in offsetting the effect of dynamics when assessed at the same grid 40 

scale, especially over the extra-tropics, changes in dynamics with resolution are still large 41 

and explain most of the resolution dependency during extremes. This suggests that the 42 

effects of sub-grid scale variability of omega and vertical moisture transport during 43 

extremes are not adequately parameterized by the model at coarse resolution. The aqua-44 

planet framework and analysis described in this study provide an important metric for 45 
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assessing sensitivities of cloud parameterizations to spatial resolution and dynamical 46 

cores under extreme conditions.   47 
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1. Introduction  48 

Increasing numbers of record-breaking and devastating hydrological extremes in 49 

the past decade (Coumou and Rahmstorf, 2012) has raised concerns that such extremes 50 

may have intensified in a warmer world (Allan and Soden, 2008). Climate models have 51 

been used to attribute the causes of precipitation extremes (PEs) and to project the 52 

frequency and intensity of these events in the future. However, a known bias in global 53 

climate models is the prevalence of drizzle and under-prediction of heavy precipitation 54 

due partly to the coarse spatial resolution of the models (Stephens et al. 2010). Also 55 

climate models are known to exhibit varying degrees of dependency on parameterization 56 

and model resolution (e.g., Boyle and Klein, 2010; Williamson, 1999). Hence, significant 57 

uncertainties exist in future PEs projected by an ensemble of climate models (Randall et 58 

al., 2007), although they generally project intensification of the hydrological cycle, with 59 

larger extremes in both floods and droughts (Held and Soden, 2006).  60 

Precipitation is difficult to characterize due to its high variability across nearly all 61 

temporal and spatial scales (Berg et al., 2013). Precipitation extremes are associated with 62 

low-frequency variability in the flow field that occasionally results in large anomalous 63 

horizontal moisture flux convergence or divergence (Held and Soden, 2006). Although 64 

PEs can be defined rather unambiguously using statistical measures, the physical and 65 

dynamical mechanisms associated with PEs vary and are still not fully understood. 66 

Furthermore, global climate model (GCM) parameterizations are typically developed and 67 

tested more extensively to reproduce large-scale climatological mean conditions. 68 

Williamson (2013) found that using typical parameter values of convective time scales 69 

(e.g., 1–2 hours) assumed in shallow and convective parameterizations can cause 70 
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unrealistic development of grid-point storms producing heavy precipitation in high-71 

resolution GCM simulations. In addition, mass-flux parameterizations (e.g., Zhang and 72 

McFarlane, 1995) assume that the fractional area covered by convective clouds in a grid 73 

cell is far less than 1. The validity of this assumption becomes questionable as GCMs are 74 

applied at finer resolutions, making it necessary for parameterizations to adapt to a wider 75 

range of model resolutions (Arakawa et al., 2011), with implications to simulating the full 76 

spectrum of precipitation intensity.  77 

With increasing high performance computational resources, high-resolution 78 

modeling provides a promising path to improving simulations of PE. However, more 79 

research is needed to understand the sensitivity of PE to model resolutions and physics 80 

parameterizations. Williamson (1999) showed that physics parameterizations, not 81 

dynamics, are responsible for the sensitivity of model results to horizontal resolution in 82 

his GCM simulations. Li et al. (2011a, b) used an aqua-planet version of Community 83 

Atmospheric Model (CAM3) and found that PEs are more sensitive to horizontal 84 

resolution than the mean precipitation, suggesting that the effects of horizontal resolution 85 

must be taken into account in developing robust projections of PEs. Without 86 

improvement in physics representation, increasing resolution alone may only provide 87 

limited improvement in climate models skills (Buizza, 2010). Understanding the 88 

resolution dependency of PEs is an important first step towards achieving scalable and 89 

robust simulations. 90 

This study aims to characterize the resolution dependency of extreme 91 

precipitation intensity and the variation of this dependency with dynamical cores, and to 92 

estimate the relative contributions of thermodynamics and dynamics to that resolution 93 
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dependency. The study is conducted using an aqua-planet framework that simplifies the 94 

analyses and interpretations in the absence of complex land-ocean contrast and land 95 

surface heterogeneity. Detailed moisture budget analyses have been performed to 96 

compare simulations produced by the Community Atmosphere Model version 4 (CAM4) 97 

(Neale et al. 2010) with two different dynamical cores applied at a range of spatial 98 

resolution, all using the same physics parameterizations. 99 

 The rest of this paper is organized as follows. Section 2 describes the model, the 100 

aqua-planet experiments, and the simulation outputs. Section 3 discusses the analytical 101 

methods including the definition of extremes, the moisture budget equation, and the 102 

breakdowns of moisture transport to mean flow and eddy components. The characteristics 103 

of the resolution dependency in PEs and attribution of the resolution dependency are 104 

presented in Section 4. The last section (Section 5) summarizes the main conclusions 105 

from this study.  106 

 107 

2. Model description and experiments 108 

As part of the collaborative Robust Regional Modeling project (Leung et al., 109 

2013) supported by the U.S. Department of Energy (DOE), a set of aqua-planet 110 

simulations have been conducted using the CAM4 physics package and three different 111 

dynamical cores: Model for Prediction Across Scales Atmosphere (MPAS-A) (Rauscher 112 

et al. 2013), High-Order Method Modeling Environment (HOMME) (Taylor and 113 

Fournier 2010; Evans et al., 2013), and Spectral Eulerian (EUL). Detailed model 114 

description and configuration can be found in Rauscher et al. (2013), O’Brien et al. 115 

(2013), and Leung et al. (2013). This study primarily uses simulations from the newer 116 



 7 

dynamical core MPAS-A, with some comparison with HOMME to provide insights on 117 

the impacts of dynamical cores on PE. 118 

Briefly, in CAM4 the convective parameterization includes both a deep and a 119 

shallow moisture convection schemes. The shallow moist convective scheme by Hack et 120 

al. (1994) as described in Neale et al. (2010) is used to simulate shallow and middle-level 121 

convections.  The modified deep convection scheme of Zhang and McFarlane (1995) 122 

based on a plume ensemble approach in which convective scale updrafts occur when the 123 

convective available potential energy (CAPE) exceeds a threshold value in the lower 124 

troposphere (Neale et al., 2010) is used to simulate deep convective cloud and 125 

precipitation. 126 

Non-convective cloud processes are parameterized by the Rasch-Kristjansson 127 

scheme (Rasch and Kristjansson, 1998) with improved treatment of condensation and 128 

evaporation as described in Zhang et al. (2003). The Rasch-Kristjansson scheme is a bulk 129 

microphysical scheme with both macro- and micro- components. It represents prognostic 130 

condensate with exchange between condensate and vapor and the associated temperature 131 

change, and includes a bulk representation of conversion from condensate to precipitation 132 

(Neale et al., 2010).  133 

The simulations used the default configuration in CAM4 consisting of 26 vertical 134 

levels in a sigma vertical coordinate with varying horizontal resolutions. Identical physics 135 

parameterizations with no adjustment for dynamical cores or spatial resolutions were 136 

used in all simulations. A set of four experiments was conducted for each dynamical core 137 

with varying resolutions (equivalent 240, 120, 60, and 30 km for MPAS-A; 220, 110, 55, 138 
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28 km for HOMME; and T42, T85, T170, and T340 for EUL). The CAM physical time 139 

step was set to be 10-min for all experiments.  140 

In the aqua-planet experiments, the prescribed sea-surface temperature (SST) is 141 

symmetric about the equator and decreases from a peak value of 27°C at the equator to 142 

0°C above 60° latitude (Φ) according to the following equation in Neale and Hoskins 143 

(2000): 144 

  ( )    (      (
  

 
))    

 

 
   

 

 
  

                    or  0°C  : otherwise 145 

Solar radiation is fixed to equinox solar conditions and is symmetric in the two 146 

hemispheres. Thus, seasonal and interannual variations are not represented in these aqua-147 

planet experiments.   148 

 The analysis in this study mainly uses the archived 6-hourly data, although daily 149 

data were used to test the consistency between the scale dependency of extremes 150 

determined based on 6-hourly data and that arrived using lower temporal frequency data. 151 

The simulations with the MPAS-A dynamical core uses hexagonal grids, and they have 152 

been remapped to the corresponding Finite-Volume (FV) grid with equivalent resolution 153 

using conservative remapping described in Rauscher et al. (2013) to facilitate the 154 

analysis. Similar mapping to FV grid has also been conducted for simulations with the 155 

HOMME dynamical core. Each experiment was 5-year long and the first six-month was 156 

considered the spin-up period and excluded from the analysis. The moisture budget 157 

analysis (Section 4.2) is based on the 6-hourly data from the third-year simulation, while 158 

the rest of the scale dependency study includes 6-hourly and daily model outputs from the 159 

full 4.5 years of simulations. All extreme statistics provided are “mean statistics” (time- 160 
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and zonal averaged) for extremes, and our definition of extremes leads to 210 extreme 161 

events per latitude per year when assessed at the coarse scale (240 km) using 6-hourly 162 

data; basic statistical inferences using both the mean and variability of the extremes 163 

suggest that one year of data is sufficient for statistical robustness (with ≤ 10% error at a 164 

5% significant level) because of the zonal, hemispheric, and seasonal symmetry of the 165 

aqua-planet simulations. 166 

 167 

3. Methodology 168 

Precipitation extremes are defined, similar to O’Gorman and Schneider (2009), as 169 

6-hourly precipitation that exceeds the 99.9th percentile, including both wet and dry cases 170 

in a one-year simulation. Considering the large meridional variability in precipitation, 171 

extremes are determined by latitude.  In the zonally symmetric aqua-planet simulations 172 

with no seasonality, stable statistics can be obtained for extreme precipitation using all 6-173 

hourly precipitation samples from all grid points for each latitude band in both northern 174 

and southern hemisphere.  175 

Assuming conservation of water vapor and ignoring ice formation, the moisture 176 

budget equation can be written in a vertically integrated flux form:  177 
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 180 

The left hand side of Eq. 1 includes precipitation (P) and evaporation from the surface 181 

(E), while the right hand side consists of, from left to right, column integrations of local 182 

tendency, meridional advection of specific humidity, zonal advection of specific 183 
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humidity, and vertical advection of specific humidity. The total of the last three terms is 184 

called total advective convergence and is denoted by ‘TOTDIV’ in the main text. Related 185 

variables and constants are specific humidity (q), water density (ρw), gravitational 186 

acceleration (g), zonal velocity component (u), meridional velocity component (ν), 187 

vertical velocity at pressure coordinate (omega, ω), time (t), and surface pressure (ps). 188 

Tendency and advective terms were calculated on 20 pressure surfaces before the column 189 

integration.  190 

For simplicity, throughout the rest of the manuscript ‘{ }’ is used to represent the 191 

linear operator consisting of a definite integral and multiplication by a constant which is 192 

the inverse product of ρw and g, i.e., for any variable A, 193 

{ }  
 

   
∫  

  

 

   

Monthly averages are used to represent the mean fields as a common convention 194 

(e.g., Seager et al., 2012; Trenberth and Guillemot, 1995). Since seasonality is not 195 

represented in the aqua-planet simulations, annual means are used for all the large-scale 196 

means for a grid point. The transient eddy quantities are estimated as the deviations of the 197 

six-hourly values from the mean. Thus, a variable (such as ω) can be written as a mean 198 

field component ([ ]) and an eddy component (  ): 199 

  [ ]    . 200 

Each advective term can be further divided into an eddy term and a mean flow 201 

term. The large-scale mean is estimated for each grid box using its annual mean.  The 202 

advective vertical moisture convergence term can be divided into four terms: 203 

 { 
  

  
}   {[ ]

 [ ]
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}  {   [ ]

  
}                                 (2) 204 
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The horizontal moisture convergence terms can be broken down into mean flow and 205 

eddies components in a similar manner. 206 

Equation (1) is used to describe the moisture budgets for the mean conditions as 207 

well as conditions under the 99.9
th

 percentile extremes. In the latter, the 99.9
th

 percentile 208 

extreme events are identified based on 6-hourly precipitation data and the various terms 209 

in the equation (1) are calculated for each event before time and space averaging. 210 

Approximately 10-degree latitude bands were selected to investigate in more details the 211 

vertical characteristics of the moisture transport.  212 

 213 

4. RESULTS and DISCUSSION 214 

4.1 Sensitivity of extremes at native grid resolution  215 

 Here analysis is performed using model outputs at the native grid resolution of the 216 

simulations (i.e., the grid resolution at which the simulations were performed). As shown 217 

in Fig. 1, the means of the precipitation extremes show large variations with the native 218 

grid resolution and temporal resolution of the data (6-hourly, 12-hourly, daily or every 5-219 

day) over most of the latitude ranges. The variation in extremes at the native grid 220 

resolution is much larger than that of the mean values (dashed lines in Fig. 1). Depending 221 

on the dynamical cores used, the intensities of precipitation extremes vary considerably, 222 

especially over the tropics, and the extremes from the HOMME and EUL simulations 223 

show stronger variation with resolution than those from MPAS-A at their native grid 224 

(figure not shown).  It is also interesting to note that for MPAS-A, increasing grid 225 

resolution to 30 km leads to double peaks at the tropics in both mean and extreme 226 

precipitation. This feature corresponding to double Intertropical Convergence Zone 227 
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(ITCZ) has been analyzed and discussed by Landu et al. (2013) and seems to be unique to 228 

MPAS-A despite the same physics and similar grid resolutions were applied to HOMME 229 

and EUL.  230 

Motivated by the large dependency of extremes on the native grid resolution and 231 

temporal frequency of the data, we first investigate the relative contribution of different 232 

moisture budget terms to extremes using data on the native grid from MPAS-A (Section 233 

4.2) to provide insights on processes that are responsible for the resolution and temporal 234 

frequency dependency. Next, we explored whether the precipitation extremes converge 235 

with increasing grid resolution and the sensitivity of the results to temporal resolution 236 

when the extreme precipitation is compared at the same grid resolution using 6-hourly 237 

and daily data (Section 4.3). Both simulations with the MPAS-A and HOMME 238 

dynamical cores are included in the analysis in Section 4.3 to determine if the results are 239 

consistent among simulations with different dynamical cores. Finally, the resolution 240 

dependency of extremes is further investigated from budget analysis and the grid-scale 241 

and subgrid scale variability of vertical velocity (omega). 242 

 243 

4.2 Moisture budget 244 

4.2.1 Mean versus extreme conditions 245 

Analysis of moisture budget was carried out using 6-hourly model outputs at the 246 

native grid resolution of each simulation. Averaged over the long term, the difference 247 

between mean precipitation (P) and surface evaporation (E), P-E, is roughly balanced by 248 

the divergence of the time-averaged, column integrated moisture flux in the simulated 249 

aqua-planet atmosphere (Fig. 2), which is consistent with findings by others based on 250 
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global reanalysis or global climate simulations (Trenberth and Guillemot, 1995; Seager 251 

and Vecchi, 2010). As shown in Fig. 2, the latitudinal variation and magnitudes of P-E 252 

are similar to those of the total advective convergence, although P-E is substantially more 253 

negative than TOTDIV over the subtropical regions. For the mean conditions, E is a 254 

significant term compared to P at all latitudes, and the tendency term is negligible (not 255 

shown).  256 

During extremes, E is non-negligible but comparably small (<8% of P), so the 257 

intensity of the simulated extreme precipitation is approximately balanced by the 258 

corresponding advective moisture convergence in our aqua-planet simulations as shown 259 

in Fig. 3 for MPAS-A. The magnitudes of the advective moisture convergence typically 260 

agree with the corresponding extreme precipitation intensity within several percent. For 261 

example, in the MPAS-A simulations, the ratios of TOTDIV to P during extremes are 262 

0.97–0.98 at 5°N-5°S and 0.95–1.0 at 25°-35° in latitude, respectively. Since the extreme 263 

defined in this study is also a measure of zonal and temporal variability, the small E 264 

compared to P during extremes suggests that the dominant spatial and temporal 265 

variability in P-E originates from P, not E, consistent with the results by Trenberth and 266 

Guillemot (1995).  The typical several percent differences between P and TOTDIV 267 

indicate that the strength of the simulated precipitation extremes is approximately 268 

balanced by the corresponding total advective moisture convergence as follows,   269 

    
 

   
∫  ⃑    
  

 
   

 

   
∫  

  

  
  

  

 
    (3) 270 

Thus, the resolution dependency in precipitation extreme could be investigated from the 271 

scale dependency of the advective moisture convergence. All analyses described below 272 
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focus on the contributions of different moisture budget terms to precipitation extremes 273 

based on the aqua-planet simulations with the MPAS-A dynamical core. 274 

  275 

4.2.2 Horizontal versus vertical advection 276 

 It is worth noting that the horizontal advective moisture convergence is very small 277 

(≤2% of total moisture convergence) compared to its vertical counterpart over the tropics, 278 

suggesting that the total advective convergence can be approximated by the vertical 279 

moisture transport, {-ωδq/δp}, over this region (Fig. 3). However, the same rule does not 280 

apply over the extra-tropics, where horizontal advective moisture convergence 281 

contributes up to ~20% of TOTDIV. Zonal advective convergence, {-uδq/δx}, is 282 

negligible at most latitude ranges except near ~30° in latitude, where negative values 283 

indicating local drying associated with the subtropical high pressure system are 284 

important, with magnitudes of roughly several percent (~7–10%) of TOTDIV with 285 

MPAS-A. 286 

The relative importance of moisture transport at zonal, meridional, and vertical 287 

directions and their variations with the native grid resolution at different vertical layers 288 

are illustrated for two selected latitudinal bands (Fig. 4). A 5°S–5°N band represents the 289 

tropical region where only vertical moisture transport is important, and the 25°–35° band 290 

(including both hemispheres) represents the extratropical regions where zonal, 291 

meridional, and vertical moisture advective transport are all non-negligible. Consistent 292 

with the previous results, the moisture transport over both latitude bands is dominated by 293 

the vertical moisture transport (Fig. 4), which shows a strong sensitivity to the model’s 294 

native grid resolution. The vertical moisture transport peaks at the mid-atmosphere (~600 295 
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hPa and ~700 hPa for the tropical and subtropical bands, respectively) where its 296 

sensitivity to the native grid resolution is also the largest. Zonal and meridional transport 297 

is negligible over the tropics, but over the extra-tropical band, zonal and meridional 298 

transport also plays a role especially in the lower atmosphere. Over this region, zonal 299 

moisture transport (-uδq/δx) contributes to drying of the atmosphere below ~650 hPa, and 300 

this term increases slightly in magnitude with increasing native grid resolution below 301 

~800 hPa. The meridional moisture transport over the extra-tropical band has magnitudes 302 

comparable to the vertical moisture transport near the surface layer (Pa > 900 hPa) but 303 

decreases with height and becomes fairly small above 400 hPa. The meridional transport 304 

(-vδq/δy) over this region shows a slight converging tendency with similar values at high 305 

resolution. Over both tropical and extra-tropical bands, the variation of TOTDIV during 306 

extremes with the native grid resolution is dominated by the corresponding variation in 307 

vertical moisture transport that maximizes in the mid-troposphere where the dependency 308 

on the native grid resolution is also the greatest.  309 

 310 

4.2.3 Mean fields versus transient eddies 311 

The vertical advective convergence is further partitioned into mean fields and 312 

transient eddy components according to Eq. 2 (Fig. 5 for MPAS-A) to estimate the 313 

relative contributions of mean circulation and eddies to extremes. Over both tropics and 314 

extra-tropics, the eddy transport of mean moisture, {-ω’δ[q]/δp}, is the dominant term, 315 

followed by eddy transport of eddy moisture, {-ω’δq’/δp}. While these two terms are 316 

comparable in magnitude over the extra-tropics (e.g., 76.4 vs. 53.5 mm day
-1

 over 30–317 

35°N at 30 km with MPAS-A), the former is several times higher (e.g., 377.8 vs. 76.4 318 



 16 

mm day
-1

 over 5°S–5°N at 30km resolution with MPAS-A) than the latter over the 319 

tropics. The mean flow term {-[ω]δ[q]/δp} is not significant (< 0.8 mm day
-1

 with 320 

MPAS-A) at all latitudes except over a narrow band centered at the equator where it 321 

shows converging tendency with increasing native grid resolution in MPAS-A (11.5, 322 

13.5, 14.4, 14.5 mm day
-1

 for 240, 120, 60, and 30 km). The third term of Eq. 2 ({-323 

[ω]δq’/δp}) is negligible (<0.05 mm day
-1

 over tropics and extra-tropics). Thus, the large 324 

variation of the vertical advective moisture transport at the native grid resolution is 325 

mainly coming from that of the two eddy terms, {-ω’δ[q]/δp} and {-ω’δq’/δp}.  326 

Similar breakdowns of zonal and meridional advective convergence found that 327 

zonal mean flow transport of eddy moisture, {-[u]δq’/δx}, and meridional eddy transport 328 

of eddy moisture, {-v’δq’/δy}, are only significant over the extra-tropical subtropical 329 

band during extremes where {-[u]δq’/δx} slightly dries the storm at most vertical levels, 330 

while {-v’δq’/δy} along with vertical moisture transport supply moisture for the extreme 331 

precipitation over this region. In the lower atmosphere (p >~850 hPa), the vertical eddy 332 

transport of eddy moisture, -ω’δq’/δp, contributes negatively to P during extremes over 333 

both tropics and extra-tropics. Although both instantaneous (q) and large scale [q] 334 

specific humidity decreases with height, the eddy moisture (q’) peaks at around 850-875 335 

hPa vertically (figure not shown). This is likely to result from low-level convergence, 336 

especially that at the zonal direction, which brings drier and colder air from the outer 337 

region to the convective center. As a result of the reverse vertical gradients of eddy 338 

moisture (q’) and the strong upward eddy motion, -ω’δq’/δp dries the lower level and 339 

contributes negatively to precipitation intensity during extremes. Over the tropics, the 340 

source of moisture, its associated energy, and the resolution dependency of the moisture 341 
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transport at the native grid resolution are dominated by eddy transport of mean moisture 342 

(-ω’δ[q]/δp). However, over the extra-tropics, this is true only for the lower altitudes (p > 343 

~700 hPa) while at higher altitudes (p < ~700 hPa), the resolution dependency in the 344 

moisture transport is dominated by the eddy transport of eddy moisture  (-ω’δq’/δp). At 345 

the mid-layer (~700 hPa < p < ~800 hPa) both eddy terms are comparable in terms of 346 

their contributions to the total moisture convergence and its resolution dependency.  347 

On examining the moisture and omega profiles (not shown), it is indicated that the 348 

resolution dependency of omega assessed at the native grid resolution is large, which 349 

passes on to the vertical moisture transport terms; the vertical moisture structures in mean 350 

and eddies quantities act as an averaging kernel, which determines the relative 351 

contribution of the resolution dependency and magnitude of omega at different levels to 352 

the scale dependency and magnitude of the column integrated moisture transport assessed 353 

at the native grid resolution. Over the tropics, the mean atmosphere is already very humid 354 

(~13 g kg
-1

 near surface), and [q] decreases very sharply with the increasing altitude. As a 355 

result, the vertical gradients of [q] are much larger than that of q’, which in addition to 356 

the more significant drying at the lower atmosphere associated with the reverse vertical 357 

moisture gradients results in larger magnitude and larger resolution dependency of  {-358 

ω’δ[q]/δp} than {-ω’δq’/δp} over the tropics. Over the extra-tropics, however, the mean 359 

atmosphere above ~700 hPa is much drier and has a small vertical gradient compared to 360 

that under extreme conditions, which explains the dominance of {-ω’δq’/δp} over {-361 

ω’δ[q]/δp} in magnitudes and dependency on the native grid resolution for the upper 362 

atmosphere over this region. 363 

 364 
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4.2.4 Dynamics versus thermodynamics 365 

Previous analysis has identified the relative role of mean circulation and eddies in 366 

the moisture transport and characterized their variation with the native grid resolution at 367 

different vertical layers under extreme conditions. An important question to ask is how 368 

much of the variation with the native grid resolution is due to changes in dynamics versus 369 

thermodynamics. The dependency on the native grid resolution is represented by the 370 

difference, ‘Δ’, between the fine resolution and coarse resolution (240 km for MPAS-A) 371 

simulations. The resolution dependency of moisture transport is estimated as follows: 372 

 ( 
  

  
)   ( )

  

  
   (

  

  
)   ( ) (

  

  
)                                                    (4), 373 

where the three terms on the right-hand side represent changes due to dynamic (ω), 374 

thermodynamic (q), and covariance changes. Note that for simplicity, the negative sign is 375 

ignored in the vertical moisture transport term in Eq. 4. As shown in Fig. 7, the profiles 376 

of Δ(ωδq/δp) and Δ(ω)δq/δp under extreme conditions are close to each other with 377 

typical agreement within 10% in magnitude at most vertical layers. This indicates that the 378 

variation of vertical moisture transport with the native grid resolution is mainly explained 379 

by the changes in dynamics (ω) with native grid resolution at most altitude ranges.   380 

 381 

4.3 Scale dependency at the same grid scale 382 

 Because coarse simulations cannot produce the fine scale features resolvable by 383 

the higher resolution simulations, a more useful analysis of resolution dependency is to 384 

compare simulations aggregated to the same spatial resolution. For such an analysis, the 385 

resolution dependency is represented by the difference, ‘Δ’, between the fine and coarse 386 

resolution simulations after the fine resolution simulations have been aggregated or 387 
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upscaled to the coarse resolution grid using area-weighted averaging. We define 388 

convergence as the time-averaged, zonal mean of extremes in simulations performed at 389 

different grid resolutions but aggregated to the same coarse resolution are not statistically 390 

different (at a 5% significance level) from each other. That is, simulations performed at a 391 

range of grid resolutions do not exhibit a resolution dependency when they are 392 

aggregated to the same grid resolution for comparison. Fig. 8 shows the zonal averaged 393 

mean and extreme precipitation for simulations performed at 30 km, 60 km, 120 km, and 394 

240 km grid resolution, all compared at the 240km grid resolution for MPAS-A, and 395 

similarly for HOMME. Interestingly, the double ITCZ feature simulated at 30 km 396 

resolution simulation with MPAS-A disappears or becomes inconspicuous after upscaling 397 

to the coarse grid, which indicates the association of this feature with small-scale 398 

variability. Neither the mean nor extreme precipitation shows convergence over the 399 

tropics and the differences between high and low resolution simulations do not vary 400 

monotonically with grid resolution. This is seen more clearly for extremes in Fig. 9 that 401 

shows the difference, ‘Δ’, between higher resolution simulations aggregated to 240 km 402 

grid resolution and the coarse resolution simulation performed at 240 km grid resolution. 403 

There is no convergence of extremes over the tropics (i.e., ‘Δ’ is statistically different 404 

from zero) in MPAS-A at 6-hourly and daily time scales. The same is true when assessed 405 

at 120 km or 60 km grid scales for the MPAS-A simulations using 6 hourly, 12 hourly, or 406 

daily data (not shown). Similarly, simulations with HOMME do not converge at 6-hourly 407 

or daily time scales over the tropics.  408 

Over the extra-tropics, for both dynamical cores, Fig. 9 shows that the simulations 409 

do not converge when compared at the coarse grid scale except for a small latitude range 410 
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(~20-25°) for MPAS-A. The magnitudes of extremes from the coarse resolution 411 

simulations (blue lines in Fig. 8) are much lower than that from the finer grid resolutions, 412 

and there is a poleward shift of the extra-tropical peak (~30° in latitude) from coarse to 413 

fine resolutions. The poleward shift is even more apparent when the simulations are 414 

compared at their native grid resolution (Fig. 1). The scale dependency is reduced when 415 

coarser temporal resolution data are used over the extra-tropical regions. As shown in 416 

Fig. 9, at daily time scale, the differences between high and low resolution simulations 417 

become negligible so the four simulations performed at grid resolutions ranging from 30 418 

to 240 km essentially converged at a wide range of latitudes (e.g., 50-65° for MPAS-A). 419 

When assessed at the 120 km scale using 6 hourly data, simulations at 60 and 30 km 420 

resolution with the MPAS-A converge over 20-50° in latitude (Figure not shown). When 421 

assessed at the 120 km scale using daily data, simulations with MPAS-A converge in the 422 

latitude range of 15-60° (figure not shown). The scale dependency of simulations with 423 

HOMME over the extra-tropics region is similar but generally larger than that with 424 

MPAS-A (Fig. 9).  There is no converging tendency over the high latitudes (>70°) for 425 

simulations with both dynamical cores. We note, however, that near the poles, sampling 426 

becomes an issue as the number of grid cells becomes much smaller. 427 

The dynamical and thermodynamical contributions to the scale dependency of 428 

extremes compared at the same grid scale are shown in Fig. 10 for the tropical and extra-429 

tropical bands. The contributions from thermodynamic changes are generally consistent 430 

between MPAS-A and HOMME. When assessed at the same coarse grid scale, 431 

thermodynamic (moisture) changes become significant in offsetting the dynamic effect 432 

(omega), especially over the extra-tropics, although contributions from dynamic changes 433 
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to the scale dependency is still larger and explain most of the scale dependency of the 434 

vertical advective moisture convergence. Contributions of thermodynamic changes are 435 

negative within most vertical layers over both tropics and extra-tropics for both 436 

dynamical cores, thus reducing the overall scale dependency. The offsetting 437 

thermodynamic effects are associated with the decrease in specific humidity with 438 

resolution for both mean and extreme conditions with either dynamical core. The 439 

contributions of dynamic changes to scale dependency are positive except over the 440 

tropics for MPAS-A where their contributions are negative.  441 

Over the tropics, with the MPAS-A dynamical core, both dynamical changes and 442 

thermodynamical changes become more negative with increasing resolution (panel a of 443 

Fig. 10), so the extremes do not converge. Although thermodynamical changes offsets 444 

some of the scale dependency caused by the dynamics with HOMME over the tropics, 445 

the scale dependency from dynamics contributions is several times larger in magnitude 446 

than that over the extra-tropics (note the different scales used in the x-axis for panels c 447 

and d). The scale dependency remains too large for the simulations to converge even 448 

when assessed using daily data.  449 

At the upper atmosphere (< ~300 hPa) in the 58km simulation with HOMME, the 450 

resolution dependency is mainly explained by changes in thermodynamics over both 451 

latitudinal bands, which is an exception. This is likely due to the higher convective cloud 452 

tops simulated at 58 km resolution with HOMME. A slightly more humid atmosphere 453 

(especially above ~700 hPa) is seen in the 58 km simulation with HOMME under both 454 

mean and extreme conditions and the more humid atmosphere allows storms to reach 455 

higher tops. The differences in thermodynamics in the HOMME simulations at the upper 456 
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atmosphere are likely influenced by non-linear feedbacks from large changes in 457 

dynamics, which require further investigation. 458 

The dominant contributions of dynamics changes to scale dependency of the 459 

vertical moisture transport during extremes warrant further examination of the sensitivity 460 

of omega with resolution. As indicated by the vertical velocity spectra in Lean and Clark 461 

(2003), the vertical velocity in a convective system consists of variability at scales much 462 

smaller than the finest grid spacing used in our experiments. When upscaled to coarse 463 

grid scale through averaging, signals/variances at scales smaller than the analysis scale 464 

are reduced at coarser resolution, so mismatch of process and analysis scales often leads 465 

to difficulty in producing reliable statistics from aggregating areal data (McComiskey and 466 

Feingold, 2012). While data aggregation does not alter the mean values, it does impact 467 

extreme intensities since extremes represent events with high temporal and spatial 468 

variability.  469 

The differences in omega in the fine (       ) and coarse (         ) simulations 470 

at their respective native grid resolution can be expressed as a sub-grid scale (SGS) 471 

component not resolvable by the coarse simulation, and the difference between the 472 

simulations when compared at the same grid scale (ΔGS): 473 

                               

                             

                                                                              (5) 474 

where the sub-grid variability can be estimated as the difference between the statistics of 475 

the simulations aggregated to the coarse scale (denoted as ‘fine2coarse’ in the subscript) 476 

and simulations at the native grid resolution (denoted by ‘fine_n’ in the subscript). This 477 
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approach of estimating sub-grid scale variability is a variation of the approach used by 478 

Cheng et al. (2010) and Mason and Brown (1999), in which a running mean operator on 479 

both horizontal directions was used. Note that although the negative sign is not indicated, 480 

’p’ refers to the 99.9
th

 percentile of negative omega (equivalent to 0.1
th

 percentile of 481 

omega) for consistency with the use of high percentiles in the precipitation extreme 482 

definition. As an example,            denotes the 99.9th percentile of the negative omega 483 

(upward motion) that has been aggregated (area-weighted averaged) from the 30 km 484 

native grid resolution to the 240 km coarse grid scale, and it represents the resolved 240 485 

km grid-scale variability of the fine resolution simulation. Thus, SGS and ΔGS for fine-486 

resolution simulation (30km) at 240 km grid scale is expressed as below: 487 

                                                         488 

                                            489 

The difference ΔGS is the difference between fine (e.g., 30 km) and coarse (e.g., 240 km) 490 

simulations after aggregating the fine resolution (e.g., 30km) to the coarse (e.g., 240 km) 491 

grid scale. When assessing the scale dependency at the native grids, SGS dominates, but 492 

when assessing the scale dependency at the same grid scale, the difference is smaller as 493 

ΔGS is generally much smaller than SGS.  494 

The probability density functions (PDFs) of the simulated ω at their native grid 495 

(e.g., the red dashed, green dotted, and blue solid curves in Fig. 11 corresponding to 496 

PDFs of ω from simulations performed at 60/58 km, 120/110 km, and 240/220 km, 497 

respectively) become increasingly broader accompanied by more extreme tail values with 498 

the increase in native grid resolution. The differences of PDFs at the same coarse grid 499 

scale (e.g.,        (black dashed) versus        (red dashed) in panels a and c of Fig.11 500 
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for MPAS-A in the tropics and extra-tropics, respectively) are relatively small. This 501 

indicates that the resolution dependency of the extreme vertical velocity at the native grid 502 

resolution can be largely explained by the SGS variability, although the contributions 503 

from ΔGS are not negligible.  504 

Following the above analysis, the sensitivity of extreme vertical velocity to spatial 505 

grid spacing is illustrated quantitatively in Fig. 12, along with those of the mean vertical 506 

velocity. With both MPAS-A and HOMME, the mean negative omega at 600 hPa are 507 

positive (upward) and in general increases with increasing resolution over both tropical 508 

and extra-tropics bands and show monotonic converging tendency over extra-tropical 509 

regions.  510 

The sensitivity of extreme vertical velocity to resolution is different from that of 511 

the means. The 99.9th percentiles of the negative omega (  ) at the native grid resolution 512 

increase drastically and almost linearly as the resolution doubles (not shown), but this 513 

scale dependency of omega at the native grid resolution is dominated by the SGS 514 

variability, as inferred from Fig. 11.  Differences in    when compared at the same grid 515 

scale (ΔGS) (e.g.,                  ) indicate the resolution dependency after 516 

accounting for the sub-grid scale variability resolved by increasing resolution. The ΔGS, 517 

although small, explains the scale dependency of vertical moisture transport simulated at 518 

different resolutions but compared at the same grid scale (Fig. 10). At 600 hPa, the 519 

vertical level with maximum of scale dependency from Fig. 10, the increasingly negative 520 

ΔGS with increasing resolution (solid line on panel b of Fig. 12) explains the non-521 

convergence of vertical moisture transport over the tropics with MPAS-A. Note that the 522 

unique negative ΔGS in MPAS-A is likely associated with the unique double ITCZ 523 
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feature in the fine resolution simulation and they are likely to share the same causes. Over 524 

the extratropical band, there are some reductions of ΔGS with increasing resolution (e.g., 525 

solid line on panel e of Fig. 12) with MPAS-A, and the magnitude of ΔGS is small 526 

enough to allow convergence at certain grid scale using either 6-hourly or daily data (e.g., 527 

60 km grid scale with 6-hourly data and 240 km grid scale with daily data). This is 528 

consistent with the previous analysis of MPAS-A that over the extra-tropics, 529 

thermodynamic (moisture) changes become significant in offsetting the scale dependency 530 

due to dynamics (omega), which leads to the convergence at certain grid scale using daily 531 

or 6-hourly data. For both tropical and extratropical bands, the magnitudes of ΔGS are 532 

several times larger with HOMME compared with MPAS-A. The relatively large ΔGS in 533 

HOMME (note the difference in scale in the y-axis) translates to larger scale dependency 534 

in vertical moisture transport than MPAS-A. The generally positive ΔGS (except over the 535 

tropics with MPAS-A) indicates that the effects of sub-grid scale variability at the grid 536 

scales must be adequately parameterized in the model at coarse resolution to improve 537 

“scalability” or consistency in extreme vertical velocity when assessed at the same grid 538 

scale.  539 

The intensities of precipitation extremes and the corresponding high percentile 540 

vertical motions are much higher in HOMME than MPAS-A over the tropics. This could 541 

be explained partly by the 20% higher effective resolution with HOMME compared to 542 

MPAS-A at similar grid resolution (figure not shown). Comparison of the kinetic energy 543 

spectra from MPAS-A and HOMME reveals that MPAS-A is slightly more dissipative 544 

than HOMME (figure not shown); however the differences are relatively small and 545 

unlikely to be the main reason for the large differences from MPAS-A regarding extreme 546 
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precipitation over the tropics. A one-year HOMME test run replacing the vertical 547 

discretization approach from Simmon and Burridge (1982) used in the HOMME 548 

simulations analyzed in this study by the vertical Lagrangian method reduces the mean 549 

precipitation simulated by 15% near the equator, which brings the HOMME simulations 550 

closer to MPAS-A in terms of the mean precipitation values over the tropics. However, 551 

changing the vertical discretization approach in HOMME appears to have little impacts 552 

on the extreme precipitation. Further investigation is required to identify the main reason 553 

leading to the large differences between HOMME and MPAS-A simulations when the 554 

same CAM4 physics package is used. 555 

 556 

5. SUMMARY and CONCLUSIONS 557 

 In this study, we examine the resolution dependency of precipitation extremes in 558 

climate models. This has implications for projecting changes in climate variability and 559 

extremes in the future. A set of aqua-planet simulations produced by a global model 560 

using the same physics parameterizations but different dynamical cores and horizontal 561 

grid resolutions were used in this investigation. Strong increases of precipitation extremes 562 

with native grid resolutions are seen over both tropics and extra-tropics. The magnitude 563 

of this dependency also varies with dynamical cores, especially over the tropics. Moisture 564 

budget estimates based on the aqua-planet simulations with MPAS-A suggest that during 565 

precipitation extremes, surface precipitation is approximately balanced by the advective 566 

moisture convergence with evaporation contributing an insignificant amount; although 567 

evaporation plays a much larger role in providing moisture for the mean precipitation.  568 

This is particularly true over the tropics, where the vertical advection of moisture 569 
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explains nearly all of the surface precipitation during precipitation extremes. Over the 570 

extra-tropics where the contribution of vertical moisture transport still dominates the total 571 

moisture transport, meridional advection also contributes.  572 

The variation of moisture transport with the native grid resolution is mainly due to 573 

the eddy transport of mean moisture {-ω’δ[q]/δp} and the eddy transport of eddy 574 

moisture {-ω’δq’/δp}. At most vertical levels over the tropics and in the lower 575 

atmosphere over the extra-tropics, the interaction between eddies and mean moisture 576 

field, {-ω’δ[q]/δp}, dominates the contribution to precipitation extremes. Over the extra-577 

tropics, the source of moisture and its associated energy are dominated by eddy transport  578 

{-ω’δq’/δp} at the mid- and upper-troposphere. With either MPAS-A or HOMME 579 

dynamical core, the resolution dependency of the vertical advective moisture 580 

convergence during extremes is mainly explained by dynamical changes (related to 581 

omega). Although the vertical gradients of moisture act like averaging kernels that 582 

determines the relative contributions of the changes in omega at different vertical levels 583 

to the overall scale dependency. The scale dependency of extremes is also assessed by 584 

aggregating (using area-weighted averages) the fine resolution simulations to the coarse 585 

resolution grids for comparison. The extreme precipitation does not converge with 586 

resolution over the tropics for simulations with either MPAS-A or HOMME when all 587 

simulations are compared at 240/220 km (and also at finer grid scales) with either 6 588 

hourly or daily data. Over the extra-tropics, extremes in simulations with both dynamical 589 

cores do not converge at the coarse grid scale (240 km for MPAS-A and 220 km for 590 

HOMME) at most latitudes. However, the scale dependency is reduced when coarser 591 

temporal resolution data are used, and convergence in extreme is found with daily data 592 
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over a wide range of latitudes in the extra-tropics. In addition, there is a poleward shift in 593 

extra-tropical peak of extreme precipitation (~30° in latitude) from coarse to fine 594 

resolutions, which is very clear when comparing simulations at their native grid 595 

resolution, and still apparent even when comparing simulations that are aggregated to the 596 

coarse scale.  597 

When assessed at the same grid scale through aggregation of the finer resolution 598 

simulations, thermodynamic (moisture) changes become significant in offsetting the 599 

effect of dynamics (omega), especially over the extra-tropics, although dynamics still 600 

show a more dominant impact on the resolution dependency than thermodynamics over 601 

most vertical layers, especially in the mid-troposphere where the resolution dependency 602 

in vertical moisture transport is the largest.  603 

This study shows that extreme precipitation in aqua-planet simulations by the 604 

Community Atmosphere Model (CAM) demonstrates spatial resolution and dynamical 605 

core dependency, especially over the tropics, despite the fact that the same physics 606 

parameterizations were used. Simulations with the HOMME dynamical core shows 607 

higher variability in the vertical motion, leading to higher extreme precipitation 608 

intensities and a resolution dependency beyond what can be explained by a 20% higher 609 

effective resolution in HOMME compared to MPAS-A, which requires further 610 

investigation. Differences in simulations compared at the same grid scale suggest that the 611 

effects of sub-grid variability in omega and vertical moisture transport during extreme 612 

conditions are not adequately parameterized at coarse resolutions in both MPAS-A and 613 

HOMME and more so for the latter.  614 
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Li et al. (2011a) have also identified omega as the source of resolution 615 

dependency of extreme precipitation in aqua-planet simulations using simple correlation 616 

coefficients to attribute the likely causes. This study quantifies the relationship between 617 

omega and extreme precipitation using detailed moisture budget equation, with an added 618 

focus on comparing how the relationship varies with dynamical cores. Sugiyama et al. 619 

(2010) showed that changes of PE under global warming are strongly linked to the 620 

magnitude and profile of vertical velocity in the tropics. GCM projections of future PEs 621 

have been found to be very sensitive to model resolution and parameterizations 622 

(O’Gorman and Schneider 2009).  Hence the resolution and dynamical core dependency 623 

of extreme precipitation has important implications to the prediction of future changes in 624 

extreme precipitation.  625 

Williamson (2008) discussed the behavior of extreme precipitation in the 626 

equatorial region (10°S-10°N) in the form of the probability density function using 627 

simulations with the CAM Finite Volume dynamical core. Our analysis extends his study 628 

by including results from different dynamical cores. In light of the sensitivity of extreme 629 

precipitation and vertical velocity to dynamical cores, in addition to model resolution, 630 

future studies should further investigate how dynamical cores interact with model 631 

resolution and physics parameterization to influence extreme precipitation. Future 632 

development in convective parameterizations needs to address not only spatial-resolution 633 

dependency but also dynamical core dependency. Convective parameterizations that 634 

incorporate probability density functions of omega might better capture the variability of 635 

vertical motion during extremes and improve consistency of extreme precipitation 636 

intensity simulated with different dynamical cores at different spatial resolution. The 637 
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aqua-planet framework and analysis described in this study provide an important metric 638 

for assessing the sensitivity of cloud parameterizations to spatial resolution as well as 639 

dynamical cores under extreme conditions. 640 

 641 
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Figure captions 741 

Figure 1: Latitudinal variations of mean and extreme (≥ 99.9
th

 percentile of both wet and 742 

dry conditions) precipitation with the native grid resolution (panel a) and with different 743 

temporal data frequencies (6 hourly, 12 hourly, 24 hourly, and every 5 day) for the 744 

simulation at 240 km grid resolution (panel b). Due to the relatively small magnitudes, 745 

the mean values are scaled by a factor of 5 (Mean x 5; long dashed).  746 

 747 

Figure 2: Meridional variations of mean moisture budget terms based on simulations 748 

using the MPAS-A dynamical core with 240, 120, 60, and 30 km native grid resolution 749 

(panels a, b, c, and d, respectively). The moisture budget terms include precipitation (P, 750 

black dashed), surface evaporation (E, yellow dashed), advective moisture convergence 751 

(div, blue solid), and P-E (purple, solid). 752 

 753 

Figure 3: Meridional variations of moisture budget terms under extreme precipitation 754 

conditions based on simulations with the MPAS-A dynamical core and with 240 km, 120 755 

km, 60km, and 30 km horizontal grid resolutions (panels a-d), respectively. Zonal, 756 

meridional and vertical advective moisture convergence during extremes, {-uδq/δx},  {-757 

vδq/δy}, and {-ωδq/δp}, are shown in solid brown, blue, and green lines along with the 758 

corresponding total advective moisture convergence (sum, yellow solid) and extreme 759 

precipitation (P, black dashed).   760 

 761 

Figure 4: Vertical profiles of zonal (-uδq/δx, brown), meridional (-vδq/δy, blue), and 762 

vertical (-ωδq/δp, green) advective moisture convergence for simulations at their native 763 
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grid resolutions of 30 (dash dot dot), 60 (dotted), 120 (dashed), and 240 km (solid) with 764 

the MPAS-A dynamical core for latitude bands of 5°S–5°N (left) and 25°–35° in both 765 

hemisphere (right).  766 

Figure 5: The breakdown of vertical advective moisture convergence during extremes 767 

into corresponding mean flow, {-[ω]δ[q]/δp} (brown solid), and two eddies related 768 

terms, {-ω’δq’/δp} (yellow dotted) and {-ω’δ[q]/δp} (green dashed), for the MPAS-A 769 

simulations at four native grid resolutions of 240, 120, 60, and 30 km. The total vertical 770 

advective moisture convergence (sum) and precipitation (P) during extremes are also 771 

shown as black dashed and dotted lines, respectively. 772 

 773 

Figure 6: Vertical profiles of mean flow and eddy moisture transport for simulations at 774 

the native grid resolutions of 30 (dash dot), 60 (dotted), 120 (dashed), and 240 km (solid) 775 

with the MPAS-A dynamical core for the latitude bands of 5°S–5°N (Panel a) and 25°–776 

35° (including both hemispheres, Panel b). The mean flow and eddies terms are too small 777 

and are omitted. 778 

 779 

Figure 7: Estimated differences in vertical advective convergence (Δ(ωδq/δp), green) 780 

between simulations at fine resolutions (30, 60, and 120 km) and that at the coarse 781 

resolution (240 km) during extremes, and the contributions to these differences by 782 

changes in dynamics (Δ(ω) δq/δp, blue), thermodynamics (ωΔ(δq/δp), yellow), and their 783 

covariance changes (Δ(ω)Δ(δq/δp), black) relative to the coarse resolution (240 km). The 784 

estimates in this figure are based on simulations with the MPAS-A dynamical core and at 785 

their native grid resolution. 786 
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 787 

Figure 8: Variations of mean and extreme precipitation with grid resolution assessed at 788 

the same grid scale for simulations with the MPAS-A (Panel a) and HOMME dynamical 789 

cores (Panel b). The simulations conducted at fine resolutions have been aggregated 790 

(area-weighted averaged) to the coarse resolution grids (240 km for MPAS-A and 220 791 

km for HOMME). The mean values are scaled by a factor of 5 (Mean x 5; long dashed) 792 

due to their relatively small magnitudes. 793 

 794 

Figure 9: Differences of extreme precipitation between fine (120, 60 and 30 km for 795 

MPAS-A and 110, 55, and 28 km for HOMME) and coarse resolutions (240 km for 796 

MPAS-A and 220 km for HOMME) when assessed at the same grid using both 6 hourly 797 

(Panels a and c) and daily data (Panels b and d). The simulations conducted at fine 798 

resolutions have been aggregated (area-weighted averaged) to the coarse resolution grids 799 

(240 km for MPAS-A and 220 km for HOMME) before calculating the differences. The 800 

grey area indicates the 95% confidence interval within which the two fine resolution 801 

simulations are not statistically different. 802 

 803 

Figure 10: Contributions of dynamics (Δ(ω)δq/δp, blue), thermodynamics (ωΔ(δq/δp), 804 

yellow), and their covariance changes (Δ(ω)Δ(δq/δp), black) to the scale dependency of 805 

vertical advective convergence (Δ(ωδq/δp), green) for simulations with the MPAS-A 806 

(Panels a and b) and HOMME dynamical cores (Panels c and d). The changes are 807 

estimated as differences relative to the coarse resolution (240 km for MPAS-A and 220 808 

km for HOMME) at the same grid scale. 809 
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Figure 11: Resolution dependency of PDFs of -1*omega (on 600 hPa) for the 5°S–5°N 810 

(a, b) and 25°–35° (include both hemispheres) latitude bands (c, d).  Colors indicate the 811 

native grid resolution the simulations were conducted. In the PDF, the different line 812 

styles indicate the coarse grid scale to which the fine resolution simulations have been 813 

aggregated, and the corresponding vertical line indicates the 99.9
th

 percentile of the 814 

negative omega. 815 

 816 

Figure 12: Mean negative omega (a and d) and the same grid differences (ΔGS) in 99.9
th

 817 

percentile of negative omega (b, c, e, and f) on 600 hPa for 5°S–5°N (top) and 25°–35° 818 

(include both hemispheres, bottom) latitude bands based on simulations with the MPAS-819 

A or HOMME dynamical cores. The x-axis indicates the native grid resolution the 820 

simulations were conducted, and the solid line, dashed lines, and filled circle indicate the 821 

grid scales (240, 120, and 60 km for MPAS, respectively, and 220,110, and 55 km for 822 

HOMME, respectively) the fine resolution simulations were aggregated to for the grid 823 

scale comparison. 824 

 825 

  826 
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Figures 827 

 828 

 829 

Figure 1: Latitudinal variations of mean and extreme (≥ 99.9
th

 percentile of both wet and 830 

dry conditions) precipitation with the native grid resolution (panel a) and with different 831 

temporal data frequencies (6 hourly, 12 hourly, 24 hourly, and every 5 day) for the 832 

simulation at 240 km grid resolution (panel b). Due to the relatively small magnitudes, 833 

the mean values are scaled by a factor of 5 (Mean x 5; long dashed).  834 

 835 
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 836 

Figure 2: Meridional variations of mean moisture budget terms based on simulations 837 

using the MPAS-A dynamical core with 240, 120, 60, and 30 km native grid resolution 838 

(panels a, b, c, and d, respectively). The moisture budget terms include precipitation (P, 839 

black dashed), surface evaporation (E, yellow dashed), advective moisture convergence 840 

(div, blue solid), and P-E (purple, solid). 841 

 842 
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 843 

Figure 3: Meridional variations of moisture budget terms under extreme precipitation 844 

conditions based on simulations with the MPAS-A dynamical core and with 240 km, 120 845 

km, 60km, and 30 km horizontal grid resolutions (panels a-d), respectively. Zonal, 846 

meridional and vertical advective moisture convergence during extremes, {-uδq/δx},  {-847 

vδq/δy}, and {-ωδq/δp}, are shown in solid brown, blue, and green lines along with the 848 

corresponding total advective moisture convergence (sum, yellow solid) and extreme 849 

precipitation (P, black dashed).   850 

 851 

  852 



 42 

 853 

Figure 4: Vertical profiles of zonal (-uδq/δx, brown), meridional (-vδq/δy, blue), and 854 

vertical (-ωδq/δp, green) advective moisture convergence for simulations at their native 855 

grid resolutions of 30 (dash dot dot), 60 (dotted), 120 (dashed), and 240 km (solid) with 856 

the MPAS-A dynamical core for latitude bands of 5°S–5°N (left) and 25°–35° in both 857 

hemisphere (right).  858 

 859 

 860 
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 861 

Figure 5: The breakdown of vertical advective moisture convergence during extremes 862 

into corresponding mean flow, {-[ω]δ[q]/δp} (brown solid), and two eddies related 863 

terms, {-ω’δq’/δp} (yellow dotted) and {-ω’δ[q]/δp} (green dashed), for the MPAS-A 864 

simulations at four native grid resolutions of 240, 120, 60, and 30 km. The total vertical 865 

advective moisture convergence (sum) and precipitation (P) during extremes are also 866 

shown as black dashed and dotted lines, respectively.  867 

 868 

  869 
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 870 

Figure 6: Vertical profiles of mean flow and eddy moisture transport for simulations at 871 

the native grid resolutions of 30 (dash dot), 60 (dotted), 120 (dashed), and 240 km (solid) 872 

with the MPAS-A dynamical core for the latitude bands of 5°S–5°N (Panel a) and 25°–873 

35° (including both hemispheres, Panel b). The mean flow and eddies terms are too small 874 

and are omitted.  875 

 876 

 877 
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 878 

Figure 7: Estimated differences in vertical advective convergence (Δ(ωδq/δp), green) 879 

between simulations at fine resolutions (30, 60, and 120 km) and that at the coarse 880 

resolution (240 km) during extremes, and the contributions to these differences by 881 

changes in dynamics (Δ(ω) δq/δp, blue), thermodynamics (ωΔ(δq/δp), yellow), and their 882 

covariance changes (Δ(ω)Δ(δq/δp), black) relative to the coarse resolution (240 km). The 883 

estimates in this figure are based on simulations with the MPAS-A dynamical core and at 884 

their native grid resolution.  885 

 886 

 887 

 888 

 889 
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 890 

Figure 8: Variations of mean and extreme precipitation with grid resolution assessed at 891 

the same grid scale for simulations with the MPAS-A (Panel a) and HOMME dynamical 892 

cores (Panel b). The simulations conducted at fine resolutions have been aggregated 893 

(area-weighted averaged) to the coarse resolution grids (240 km for MPAS-A and 220 894 

km for HOMME). The mean values are scaled by a factor of 5 (Mean x 5; long dashed) 895 

due to their relatively small magnitudes.  896 
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 897 

Figure 9: Differences of extreme precipitation between fine (120, 60 and 30 km for 898 

MPAS-A and 110, 55, and 28 km for HOMME) and coarse resolutions (240 km for 899 

MPAS-A and 220 km for HOMME) when assessed at the same grid using both 6 hourly 900 

(Panels a and c) and daily data (Panels b and d). The simulations conducted at fine 901 

resolutions have been aggregated (area-weighted averaged) to the coarse resolution grids 902 

(240 km for MPAS-A and 220 km for HOMME) before calculating the differences. The 903 

grey area indicates the 95% confidence interval within which the two fine resolution 904 

simulations are not statistically different.  905 

 906 
 907 
 908 
 909 
 910 
 911 
 912 
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 913 
 914 

Figure 10: Contributions of dynamics (Δ(ω)δq/δp, blue), thermodynamics (ωΔ(δq/δp), 915 

yellow), and their covariance changes (Δ(ω)Δ(δq/δp), black) to the scale dependency of 916 

vertical advective convergence (Δ(ωδq/δp), green) for simulations with the MPAS-A 917 

(Panels a and b) and HOMME dynamical cores (Panels c and d). The changes are 918 

estimated as differences relative to the coarse resolution (240 km for MPAS-A and 220 919 

km for HOMME) at the same grid scale. 920 
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 921 

Figure 11: Resolution dependency of PDFs of -1*omega (on 600 hPa) for the 5°S–5°N 922 

(a, b) and 25°–35° (include both hemispheres) latitude bands (c, d).  Colors indicate the 923 

native grid resolution the simulations were conducted. In the PDF, the different line 924 

styles indicate the coarse grid scale to which the fine resolution simulations have been 925 

aggregated, and the corresponding vertical line indicates the 99.9
th

 percentile of the 926 

negative omega. 927 
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 928 

 929 
 930 
 931 
Figure 12: Mean negative omega (a and d) and the same grid differences (ΔGS) in 99.9

th
 932 

percentile of negative omega (b, c, e, and f) on 600 hPa for 5°S–5°N (top) and 25°–35° 933 

(include both hemispheres, bottom) latitude bands based on simulations with the MPAS-934 

A or HOMME dynamical cores. The x-axis indicates the native grid resolution the 935 

simulations were conducted, and the solid line, dashed lines, and filled circle indicate the 936 

grid scales (240, 120, and 60 km for MPAS, respectively, and 220,110, and 55 km for 937 

HOMME, respectively) the fine resolution simulations were aggregated to for the grid 938 

scale comparison.  939 

 940 

 941 


