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ABSTRACT

This study presents a diagnosis of a multiresolution approach using the Model for Prediction Across Scales–

Atmosphere (MPAS-A) for simulating regional climate. Four Atmospheric Model Intercomparison Project

(AMIP) experiments were conducted for 1999–2009. In the first two experiments, MPAS-A was configured using

global quasi-uniform grids at 120- and 30-km grid spacing. In the other two experiments, MPAS-Awas configured

using variable-resolution (VR) mesh with local refinement at 30 km over North America and South America and

embedded in a quasi-uniform domain at 120 km elsewhere. Precipitation and related fields in the four simulations

are examined to determine how well the VRs reproduce the features simulated by the globally high-resolution

model in the refined domain. In previous analyses of idealized aquaplanet simulations, characteristics of the global

high-resolution simulation in moist processes developed only near the boundary of the refined region. In contrast,

AMIP simulations with VR grids can reproduce high-resolution characteristics across the refined domain, partic-

ularly in South America. This finding indicates the importance of finely resolved lower boundary forcings such as

topography and surface heterogeneity for regional climate and demonstrates the ability of the MPAS-A VR to

replicate the large-scale moisture transport as simulated in the quasi-uniform high-resolution model. Upscale ef-

fects from the high-resolution regions on a large-scale circulation outside the refined domain are observed, but the

effects are mainly limited to northeastern Asia during the warm season. Together, the results support the multi-

resolution approach as a computationally efficient and physically consistent method for modeling regional climate.

1. Introduction

Reliable projections of the future climate at regional

scales are necessary to inform decision-making

regarding mitigation and adaptation strategies in re-

sponse to global warming. However, the confidence

level associated with currently available information is

still limited (Hewitson et al. 2014). Coupled general

circulation (or global earth system) models are tools

used to make such projections, but the current genera-

tion of models have difficulty simulating climate at the

regional scale (Flato et al. 2013), partly from computa-

tional constraints that limit the spatial resolution feasi-

ble for long-term integration. Finer grid spacing is
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particularly important for regional climate, which is of-

ten tied to surface forcings such as topography and land-

cover types. For instance, resolving complex terrains

plays a critical role in simulating regional energy and

water cycles in mountainous regions (Leung et al. 2004).

Higher resolution also enables models to directly sim-

ulate features at smaller scales (e.g., mesoscale eddies,

fronts, gravity waves) and their interactions with flows at

larger scales (Orlanski 2008). Experimental global high-

resolution simulations have shown some merit of finer

grid spacing in simulating regional phenomena (Kinter

et al. 2013; Bacmeister et al. 2014; Wehner et al. 2014).

At the regional scale, however, the greater noise from

natural variability may dominate the signals from cer-

tain climate forcing such as greenhouse gases (Hawkins

and Sutton 2009). Hence, larger ensembles or longer

integrations are necessary for the detection, attribution,

or projection of climate change for regional applica-

tions, which further increase the computational burden

and limit the use of global high-resolution models.

Given the above challenges, dynamical downscaling

has been used in regional climate assessments as a more

computationally feasible approach (Giorgi and Mearns

1991; van der Linden and Mitchell 2009; Mearns et al.

2012). A series of idealized experiments using the Big

Brother Experiment protocol supports the idea that

regional climate models (RCMs) can produce small-

scale features that are absent in the driving boundary

conditions (de Elía et al. 2002; Antic et al. 2006). Castro

et al. (2012) showed some evidence of RCMs adding

value from representing mesoscale processes for mon-

soon precipitation compared to a general circulation

model (GCM) at T62 resolution. Dynamical downscal-

ing is done primarily using ‘‘one-way nesting’’ in which

anRCMobtains boundary conditions from offlineGCM

simulations, but treatments of the lateral boundaries

(e.g., interpolation of the GCM output data in space and

time) could be a source of model errors (Warner et al.

1997). It is also possible that the lack of two-way in-

teractions overlooks important upscaled influences on

the regional simulations (Inatsu and Kimoto 2009).

Lorenz and Jacob (2005) showed that two-way nesting

of an RCM over the Maritime Continent within a cou-

pled GCM reduces some large-scale biases of the host

GCM. Inatsu et al. (2012) found that two-way in-

teractions between the nested RCM and host GCM can

improve the model intrinsic modes of variability over

the subtropical North Pacific by better resolving the

Himalayas and the Maritime Continent. However, two-

way nesting faces similar boundary condition issues of

one-way nesting, and global conservation of mass and

energy must be addressed to increase the credibility of

long-term simulations (Wang et al. 2004; Leung et al.

2006; Inatsu and Kimoto 2009). Furthermore, in both

one-way and two-way nesting, inconsistencies between

the GCM and RCM model formulations may have un-

desirable effects, such as cancelling errors or artificial

gradients near the lateral boundaries, because of dif-

ferences in model resolution, physics parameterizations,

dynamical cores, and interactions among them (Giorgi

and Mearns 1991). A more recent two-way nesting sys-

tem byHarris and Lin (2013, 2014) bypasses these issues

by implementing the nesting within a single modeling

framework, but the nested and coarse grids are marked

by a sharp boundary between them; therefore, some

challenges associated with nested modeling remain.

An alternative approach for regional climate model-

ing that has gained visibility in the last decade is global

variable-resolution (VR) models with unstructured

grids (St-Cyr et al. 2008; Ringler et al. 2011; Taylor 2011;

Walko and Avissar 2011; Zarzycki et al. 2014). Unlike

models that use stretching to refine grid resolution in

areas of interest while reducing resolution in the rest of

the globe (Fox-Rabinovitz et al. 2006; McGregor 2015),

thus potentially sacrificing the fidelity of the large-scale

circulation, VR GCMs with unstructured grids can be

applied at quasi-uniform resolution globally or configured

to include one or more high-resolution regions that tran-

sition smoothly from the quasi-uniform coarse-resolution

grid. In this approach, finescale features are better resolved

in the regions of interest, two-way interactions are ach-

ieved without artificial boundaries, parameterization

schemes are consistently applied globally, and conserva-

tion consideration is more straightforward. Recently,

Medvigy et al. (2013) used aVRmodel to explore possible

teleconnections between the Amazon and western North

America, and Zarzycki and Jablonowski (2014) showed

some promising results in simulating Atlantic tropical

cyclones using a GCM with a regionally refined grid.

The purpose of this study is to evaluate a global VR

model called the Model for Prediction Across Scales–

Atmosphere (MPAS-A) through simulations with realistic

surface boundary conditions. This work follows earlier

efforts at developing and testing MPAS-A, particularly its

local grid refinement capabilities (Ringler et al. 2011;

Skamarock et al. 2012; Park et al. 2013; Rauscher et al.

2013, hereafter RA13; Hagos et al. 2013; Rauscher and

Ringler 2014; M. N. Martini et al. 2015, manuscript sub-

mitted to J.Adv.Model. Earth Syst.).More specifically, it is

motivated by earlier studies of VR MPAS-A in idealized

aquaplanet experiments. Figure 1 reproduces one of the

previous findings, namely the undesirable zonal asym-

metry created by introducing local grid refinement in

an otherwise zonally symmetric aquaplanet (Fig. 14 in

RA13). In RA13, MPAS-A was coupled with the physics

parameterizations of the CommunityAtmosphereModel
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version 4 (CAM4; Neale et al. 2010), and the simulations

were run for 5yr forced by the ‘‘control’’ sea surface tem-

perature (SST) distribution proposed inNeale andHoskins

(2000). The result shown in Fig. 1 is obtained from a VR

simulation with 8 times grid refinement over the tropics in

which grid spacing smoothly varies from ;30km in the

refinement center to ;240km outside the refinement.

Enhanced precipitation is seen on the downwind side of the

refined domain along the equator, and the associated dia-

batic heating excite equatorial waves as expected based on

the linear theory of Gill (1980) for localized heating in the

tropics (Fig. 1a). The rotational and divergent components

of the stationary wave response are shown in Fig. 1a (con-

tours) and Fig. 1b, respectively. RA13 performed Held–

Suarez tests with no physics (Fig. 1c), which confirmed

that the artifacts of grid refinement in the aquaplanet

simulations are largely attributable to the resolution-

dependent physics parameterizations most likely related

to the moist processes. In another simulation with the

higher-resolution mesh placed over the midlatitudes,

baroclinic eddy activity is locally enhanced in the vicinity

of the refined mesh (Rauscher and Ringler 2014).

FIG. 1. (a) The 200-hPa eddy streamfunction (m2 s21/10 3 106, contours) and precipitation

deviations from the zonal mean (mmday21, shaded) for the CAM–MPASVR simulation. The

200-hPa eddy velocity potential (m2 s21/10 3 106) for the (b) variable-resolution aquaplanet

simulation and (c) Held–Suarez simulation. These are climatological means over 4.5 yr re-

produced from Fig. 14 in Rauscher et al. (2013; used with permission).The high-resolution

region of the VR mesh is outlined by the gray circle in the center of the panels.
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These earlier results have motivated a continued and

rigorous examination of the MPAS-A VR approach,

extending from aquaplanet to real-world simulations to

address two issues. First, we are attempting to determine

whether surface characteristics such as topography, which

provide important forcing to regional climate in real-

world simulations, enableMPAS-AVR to reproduce the

features of the global high-resolution simulations in the

high-resolution domain. Our primary interest is pre-

cipitation because of its high spatial variability that is

directly linked to model horizontal resolution. Second,

we are examining the MPAS-A VR to determine if it

exhibits remote upscale effects from the refined grid to

the coarse grid in real-world simulations. One hypothesis

is that multiple and complex forcing such as zonally

nonuniform SST, land–sea contrast, and land-cover and

topographical heterogeneity (e.g., Inatsu et al. 2002; Held

et al. 2002; Inatsu and Hoskins 2004) would dominate the

unphysical signals produced by local grid refinement. On

the other hand, one could conjecture that the real-world

forcing may amplify such signals. Our overarching goal

based on the above two challenges is to evaluate the VR

model as a feasible, promising approach for regional cli-

mate modeling that is computationally efficient as well as

consistent in model physics, dynamics, and engineering.

The structure of this paper is as follows.We begin with

describing themodel and experiment design in section 2.

Section 3 presents the results, first focusing on the large-

scale aspect, followed by themodel behavior in the high-

resolution regions and an evaluation of upscale effects.

In section 4, we discuss our findings compared with

previous studies and questions left for future work.

Section 5 summarizes this study.

2. Methods

a. Model description: MPAS-A with CAM4 physics

MPAS is a framework for building dynamical cores of

the atmosphere (MPAS-A), land ice (Edwards et al. 2014),

and ocean systems (Ringler et al. 2013) based on un-

structured meshes. The MPAS grid is based on spherical

centroidal Voronoi tessellations (SCVTs) that discretize a

sphere into highly uniformmesh (Ringler et al. 2008, 2011;

Ju et al. 2011) and avoid the issues with polar singularity in

regular latitude–longitude grids (Williamson 2007). SCVT

is also capable of local grid refinement with remarkably

smooth transition and quasi-uniform cell shape, minimiz-

ing unphysical grid imprinting, wave distortions, and dif-

ficulty in numerical diffusion and filtering. InMPAS-A the

conservation equations are spatially discretized over

SCVT to simulate faithfully regional-scale atmospheric

motions with a high-resolution grid (i.e., less than ;18)
while achieving several conservation properties desirable

for long-term climate simulations (Ringler et al. 2010,

2011; Skamarock et al. 2012). C-grid staggering is adopted

for its superior performance in simulating divergent mo-

tions dominant in the mesoscale or smaller scales

(Skamarock 2011; Thuburn 2008; Thuburn et al. 2009;

Ringler et al. 2010). The conservation equations are solved

by a finite-volume method with a third-order transport

scheme developed for unstructured grids by Skamarock

and Gassmann (2011) and temporally integrated by the

explicit time-splitting approach as in the WRF Model

(Skamarock et al. 2008). A forward–backward method is

used for fast modes (e.g., gravity waves), and the third-

order Runge–Kutta scheme is used for the other terms

such as advection and physics (Wicker and Skamarock

2002; Klemp et al. 2007; Park et al. 2013).

As both hydrostatic and nonhydrostatic solvers are

available in MPAS-A as described in Park et al. (2013), we

used the hydrostatic version, which has been coupled to a

suite of physics parameterizations fromCAM4.The vertical

coordinate is a hybrid sigma pressure with 26 levels with a

model top at 2.9mb similar to the default CAM4, except

that the MPAS-A uses dry instead of full pressure (Park

et al. 2013). RA13 documented in detail the application of

MPAS-A using CAM4 physics for aquaplanet simulations,

which have been examined by several studies in comparison

with other dynamical cores (Hagos et al. 2013;O’Brien et al.

2013; Landu et al. 2014; Yang et al. 2014) in the coordinated

project ‘‘Development of Frameworks forRobustRegional

ClimateModeling’’ (Leung et al. 2013). The CAM4 physics

package was chosen for this study for consistency with

previously reported aquaplanet experiments, although a

newer generationpackage (CAM5) is available (Neale et al.

2012). The components of the CAM4 parameterization are

shown in Table 1, and readers are referred to references

TABLE 1. CAM4 physics parameterizations and their main references.

Parameterizations References

Deep convection Zhang and McFarlane (1995); Neale et al. (2008); Richter and Rasch (2008)

Shallow convection Hack (1994)

Planetary boundary layer Holtslag and Boville (1993)

Cloud micro- and macrophysics Rasch and Kristjánsson (1998); Zhang et al. (2003); Vavrus and Waliser (2008)

Radiation longwave/shortwave Collins et al. (2004)
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in Neale et al. (2013) for details, who documented the

general performance of CAM4 with its default finite-

volume dynamical core (FV-CAM4; Lin 2004). RA13

compared MPAS-A (-CAM4) and FV-CAM4 in aqua-

planet simulations and found weaker general circulation,

smaller tropical precipitation rates, and less frequent

extreme precipitation in MPAS-A than FV-CAM4.

b. Experimental setup

Our experiment consisted of four global Atmospheric

Model Intercomparison Project (AMIP) style simula-

tions (Gates 1992) with different SCVT grids (Table 2).

Each simulation spanned 11 yr from 1999 to 2009, with

the first year excluded as spinup. The first simulation was

run at quasi-uniform resolution with cell-center size of

about 120km (UR120). The second simulation also

used a quasi-uniform grid but with 30-km cells (UR30).

The other two simulations employed VR meshes as

shown in Fig. 2. The coarse-resolution domain in these

VR simulations had 120-km cells, while the circular

finer-resolution domain was composed of 30-km cells. In

oneVR simulation, we placed the finer grid domain over

South America (VR-SA) centered at 108S, 608W; in the

other, the refinement was located over North America

(VR-NA) centered at 308N, 908W. The radius of the

high-resolution domain is ;308 and the width of the

transitional zone is the same, providing a smooth change

in grid spacing (Fig. 2c). The high-resolution domain

covers only ;6% of the surface area of the earth, and

the transition zone occupies another 6%.We focused on

4 times refinement from 120 to 30 km, such that the

coarse domain corresponds with typical resolutions used

in the current generation of global models for long-

term simulations [e.g., in the Coupled Model In-

tercomparison Project (CMIP5); Taylor et al. 2012]. The

finer mesh was comparable to the resolution commonly

employed in dynamical downscaling studies using

RCMs (e.g., Castro et al. 2012; Gao et al. 2014). With

this VR configuration, the number of horizontal grid

cells is reduced by more than a factor of 6 compared to

the quasi-uniform high-resolution simulation (i.e.,

655 362 grid cells in UR30 versus 102 402 in VR simu-

lations Table 2) and computational time scales almost

linearly with the gridcell numbers (a factor of 6 shorter

for the VR simulations) in our typical configuration

using 1024 nodes (24 576 cores) on Hopper at the Na-

tional Energy Research Scientific Computing Center.

Following the perfect model approach adopted in the

aquaplanet experiments, the global high-resolution

simulation (UR30) was used as the reference to evalu-

ate the VR simulations. The error (VR 2 UR30) is

partitioned as follows after Hagos et al. (2013):

VR2UR305 (UR1202UR30)1 (VR2UR120).

(1)

The first term on the right-hand side of Eq. (1) represents

errors due to the resolution difference; the second refers

to the influence of regional grid refinement that would

manifest as downscale effects in the high-resolution do-

main (e.g., expected improvement or unphysical arti-

facts) and upscale effects in the coarse-resolution domain.

All simulations used the same time steps of 900 s for

physics and 100 s for dynamics, which is constrained by

the high-resolution UR30. The same physics time step

enables us to isolate the sensitivity of parameterizations

to horizontal resolution from that to time step, but it is

shorter than the assumed time scales in the deep (;1 h)

and shallow convection (;30min) schemes designed for

coarse-resolution global models (Williamson 2013). In

this experiment, only the coefficient for numerical dif-

fusion is adjusted at each resolution, while all the other

model parameters are kept the same to isolate the ef-

fects of changing the mesh. There is no attempt to tune

each configuration to match the observations more

closely or to produce the same net radiation balance at

the top of the atmosphere. Nevertheless, as shown later,

the overall quality of the simulations is reasonable.

Fourth-order hyperviscosity was used for numerical

diffusion, and the diffusion coefficient was tuned based

on the quasi-uniform 60-km aquaplanet simulation by

RA13. The coefficient is then adjusted for different grid

spacing following the empirical scaling from Boville

(1991) and Takahashi et al. (2006). We have examined

the kinetic energy spectrum for the horizontal wind at

250 hPa from the MPAS-A real-world simulations, and

they are visually indistinguishable from the corre-

sponding aquaplanet simulations (Fig. 2 in RA13), ex-

cept for the smallest wavenumbers that are presumably

affected by the land and topography distribution (not

TABLE 2. MPAS-A experiments.

Experiment Abbreviation Gridcell width (km) Number of cells per level

Quasi-uniform low resolution UR120 120 40 962

Quasi-uniform high resolution UR30 30 655 362

Variable resolution, refinement over North America VR-NA 120–30 102 402

Variable resolution, refinement over South America VR-SA 120–30 102 402
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shown). In theVR simulations, the diffusion coefficient is a

function of cell size, varying from 5 3 1012m4 s21 at the

finest cell (sameasUR30) to 53 1014m4 s21 at the coarsest

cell (same as UR120). Following RA13, the MPAS-A

output data are conservatively remapped to the regular

latitude–longitude grids used in FV-CAM4 (0.98 3 1.258
and 0.238 3 0.318) by Spherical Coordinate Remapping

and Interpolation Package (Jones 1999).

Topography inputs for all the simulations are produced

using the software described in P. H. Lauritzen et al. (2015,

manuscript submitted to Geosci. Model. Dev.). This soft-

ware remaps theGTOPO30 global elevation dataset on an

;1-km grid (Gesch and Larson 1998) to any structured or

unstructured grid, including the VR mesh, using the Con-

servative Semi-Lagrangian Multitracer Transport Scheme

(CSLAM) remapping technology (Lauritzen et al. 2010).

The topography field remapped onto a VR grid varies

smoothly with the gridcell size as shown in Fig. 3. Subgrid-

scale variance of topography (SGH) is also calculated

consistently with the resolved surface elevation (SGH is

used for the gravity wave drag parameterization). No

smoothing is applied to the topography, and as shown later

the variability of vertical velocity in ourMPAS simulations

is overpredicted in mountainous regions compared to ref-

erence datasets, though its effect is localized (e.g., noGibbs

oscillations in the MPAS finite-volume model). Optimal

smoothing would suppress such small-scale noises

(Webster et al. 2003; Evans et al. 2013), so the sensi-

tivity of VR MPAS simulations to the resolution of to-

pography is being analyzed in a separate study.

FIG. 2. The two variable-resolution grid setups in this study: refinement over (a) South America and (b) North

America. The solid and dashed circles represent approximate boundaries enclosing the domainwith;30-kmgrid and

the transition to 120-km grid domain, respectively., These are also reflected as the vertical lines in (c) where the

gridcell size is plotted as a function of radial distance from the center of the refined domain. The trapezoid in (a) and

(b) represents the area used to calculate the area-average and performance statistics for the high-resolution area.
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Our simulations closely follow the AMIP implementa-

tion in the Community Earth SystemModel (CESM) as in

Neale et al. (2013), which in turn is compatible with the

AMIP protocol in CMIP5 (Taylor et al. 2012). Over land,

the lower boundary conditions are simulated by the

Community Land Model (CLM), version 4 (Lawrence

et al. 2011). CLM4 was run on a 0.238 3 0.318 latitude–
longitude grid for all simulations and conservatively re-

mapped to different MPAS-A grids by the flux coupler

(Craig et al. 2012). Over the ocean the SST and sea ice

concentrations are prescribed based on observational data

on a 18 3 18 grid (Hurrell et al. 2008). The topography and

FIG. 3. Gridcell structures across the transition from the coarse-to-fine domains over

(a) South America and (b) North America, as shown in Fig. 2. The approximate boundaries for

the high-resolution and transition regions are depicted by red lines. The color shading shows

surface geopotential height (m).
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land–sea mask are independently provided to the atmo-

spheric model at their own grid resolution. Specification of

other forcings (greenhouse gases, aerosols, etc.) also fol-

lows theAMIPprotocol, which is the same as the historical

experiment of CMIP5.

c. Reference data

Although we adopted the perfect model framework for

our analysis [Eq. (1)], we evaluated the general realism of

the simulated climate by comparing the global climato-

logical field inMPAS-A to ERA-Interim (Dee et al. 2011).

We also used the six-member ensemble of the FV-CAM4

AMIP simulations (Neale et al. 2013) available from the

CESM experiment (Community Earth System Model

2014). This ensemble simulationwas runwith a well-tested,

default CAM4 configuration at a comparable resolution

(0.98 in latitude, 1.258 in longitude) to UR120. The inter-

member difference of the FV-CAM4ensemblewas used to

infer the uncertainty due to internal variability in assessing

the upscale effects in the MPAS-A VR simulations.

In addition, we used two observational datasets for

precipitation because of the high uncertainty in this field in

reanalysis products and climate models (Bosilovich et al.

2008; Neale et al. 2013): the Global Precipitation Clima-

tology Project (GPCP) version 1.1 daily products on a 18 3
18 latitude–longitude grid (Huffman et al. 2001, 2009) and

the Tropical Rainfall Measuring Mission (TRMM) Mul-

tisatellite Precipitation Analysis (TMPA) on a 0.258 3
0.258 latitude–longitude grid (Huffman et al. 2007). Both

products were produced frommultiple remote sensing and

gauge measurements, but they reveal different estimates

even at annual time scales (Huffman et al. 2007), thus

providing a range of observational uncertainty.

3. Results

a. Large-scale features

We begin with the description of large-scale features

in the uniform low- and high-resolution runs followed by

the VR simulations. Figure 4a compares FV-CAM4,

FIG. 4. Taylor diagrams summarizing the climatology of different variables over the global domain. Variables are denoted by the

numbers shown in the bottom legend. Horizontal wind is evaluated as (u2 1 y2)1/2. (a) MPAS quasi-uniform low- (120-km grid cell;

UR120) and high-resolution (30-km grid cell; UR30) and FV-CAM4 (Neale et al. 2013) are compared to ERA-Interim. (b) VR-SA, VR-

NA, and UR120 are compared to UR30. The size and shape of the symbol represent mean bias after being normalized by the mean value

of the reference data and is shown as a percentage (legend given in the center). Note that in (a) the vertical velocities forUR120 andUR30

are shown outside the diagram because their normalized standard deviations (shown near the symbol by the number on top; the bottom

value is anomaly correlation) are outside the range of the diagram.
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UR120, and UR30 to ERA-Interim for eight variables:

surface pressure, horizontal wind speed (both 200 and

850hPa), geopotential height (500 hPa), vertical velocity

(500 hPa), cloud cover fraction, precipitable water, and

surface air temperature. The mean bias, Pearson spatial

pattern correlation, and spatial variability were calcu-

lated for each month’s climatology and averaged over

12 months for display using Taylor diagrams (Taylor

2001). For most of the variables considered, FV-CAM4

and the two MPAS-A simulations are clustered tightly

together, and their mean biases are also similar (repre-

sented by the size and shape of the symbols). Most of the

variables show a correlation higher than 0.9 and vari-

ability within 25% of that in ERA-Interim. A notable

exception is vertical velocity at 500 hPa; FV-CAM4

shows reasonable correlation (;0.7) and similar vari-

ability to ERA-Interim, but MPAS-A shows much

smaller correlation (;0.2) and higher variability (about

3 times as high as ERA-Interim; symbols shown outside

Fig. 4a in the lower left). Although MPAS-A and FV

indicated some distinct characteristics in vertical veloc-

ity in aquaplanet simulations (RA13), the difference is

mainly due to the topography in our simulations as

discussed in section 2b.

Having confirmed that our MPAS-A simulations

agreed reasonably well with the ERA-Interim and FV-

CAM4 climate, we looked into the sensitivity of MPAS-

A to grid resolution in greater detail. In Fig. 4b, the two

VR simulations andUR120 are compared against UR30

over the whole globe, including both the high- and low-

resolution domains in the VR simulations. In general,

the global errors for the VR and UR120 simulations are

similar. The greater deviations in cloud cover and ver-

tical velocity of all the three simulations from UR30

reflect the strong sensitivity of the CAM4 physics

package to grid resolution (Williamson 2008; O’Brien

et al. 2013; RA13; Zarzycki et al. 2014) and the finer

topography representation in UR30. These features are

similar for the June–August (JJA) and December–

February (DJF) means (not shown).

The zonal-mean circulation in and the errors relative

to UR30 in the other three simulations are depicted in

Fig. 5. The spatial average is taken over all longitudes,

including both the high- and low-resolution domains in

the VR simulations. It is common to see changes in the

tropospheric westerly jet with changing horizontal res-

olution (e.g., Pope and Stratton 2002), as this is the case

withUR120 andUR30 (Figs. 5c,d). The sensitivity of the

jet to the resolution in MPAS-A is also observed in

the aquaplanet experiments by RA13. Specifically, the

strength of the jet core decreases and its location moves

poleward with finer grid spacing. Similar changes in the

jet are seen in the AMIP simulations, which appear

more clearly in the Southern Hemisphere (SH) than in

the Northern Hemisphere (NH). Looking at the error of

VR-SA (i.e., VR-SA2UR30) in comparison to UR120

(i.e., UR1202UR30; Figs. 5e,f), notable features include

reduced error in the SH jet in DJF, somewhat increased

error in the NH mid- and high latitudes in DJF, and a

greater difference from UR30 in the SH jet in JJA. For

VR-NA2UR30, the error is generally reduced over all

latitudes in DJF compared to JJA (Figs. 5g,h). It is in-

triguing to note that the mid- to high-latitude circula-

tions in the NH (SH) are affected by the grid refinement

centered in the SH (NH).

To examine the longitude-dependent error in the

zonal wind, we plotted the zonal wind at the 200-hPa

level from UR30 and the model error in UR120 and the

VR simulations (VR-SA and VR-NA) relative to UR30

in Fig. 6. For the baseline (UR30) distribution, the zonal

wind in the winter hemisphere in general has a more

zonal asymmetry than the summer hemisphere (Figs. 6a,b).

Contrasting UR120 with UR30 in the NH in DJF, the

zonal wind shifts equatorward in UR120 in both hemi-

spheres and in both the Pacific and Atlantic basins

(Fig. 6c). This jet shift-related bias in the NH exhibits

considerable dependence on longitude, leading to a

cancellation of errors and small biases in the zonal av-

erages shown in Fig. 5c. In JJA, the wind bias is char-

acterized more by intensification than a shift in latitude

(Fig. 6d). Relative to the UR1202UR30 zonal wind

error, the errors in the VR runs are generally reduced

(Figs. 6e–h), with an exception in the SH midlatitudes

near South America during austral winter, where and

when the westerly jet is intensified and displaced to the

south, resulting in a longitudinally coherent error in the

458–608S band (Figs. 6f,h). According to a Student’s t

test, the difference is statistically significant at the 5%

level over most of the longitudes, although the statistical

confidence should be interpreted with care because of

the length of the simulation (10 yr) and high interannual

variability of the SH circulation (Trenberth 1981).1

The westerly jet response to resolutions exhibits a

vertically coherent structure in the midlatitudes

(Figs. 5c–h), suggesting that it is the eddy-driven jet,

rather than the subtropical jet driven by the mean an-

gular momentum transport (Lee and Kim 2003; chapter

12 in Vallis 2006), that is sensitive to the regional grid

refinement. Indeed, eddy momentum flux in the SH

midlatitudes is enhanced in VR-SA over most of the

longitudes and in VR-NA over the longitude range

1We used Student’s t tests accounting for the reduction of de-

grees of freedom based on lag-1 autocorrelation (Zwiers and von

Storch 1995).
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corresponding to its grid refinement, and the associated

increase in the momentum flux convergence spatially

coincides with the stronger jet (not shown). Rauscher

and Ringler (2014) found that grid refinement enhances

baroclinic eddy activity inside and downwind of the

high-resolution domain in their aquaplanet experi-

ments. Therefore, grid refinement might energize the

wintertime eddy activity development in the SH storm

track, which maintains a stronger jet (discussed further

in section 4). However, the exact dynamical mechanisms

linking the grid refinement to midlatitude circulation

can be complicated and is beyond the scope of this study.

In section 3c, we assess the actual impact of these

changes to regional scale climate in the areas remote

from the grid refinement (i.e., upscale effects).

b. Refined domain

We examined the high-resolution domain in VR to

address our first question: whether the MPAS-A VR

simulations can reproduce the features in the global

high-resolution MPAS-A in the refined region. Only

results from the warm season are shown because dif-

ferences between high and low resolutions over the

United States (VR-NA) are more notable in JJA. For

South America (VR-SA), the following findings gener-

ally apply to all seasons.

FIG. 5. Zonal-mean zonal velocity (color, m s21) and meridional–vertical wind (vectors) fromUR30 for (a) DJF and (b) JJAmean, and

their differences from UR30 in (c),(d) UR120, (e),(f) VR-SA, and (g),(h) VR-NA for each season. The vectors are scaled arbitrarily and

differently for (a) and (b) and (c)–(h) because of the difference in the units and typical magnitude between the meridional and vertical

(pressure) velocity. The left ordinate shows pressure height (hPa) and the right ordinate shows approximate height (km).
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FIG. 6. Maps showing zonal wind (m s21) at 200-hPa level for the UR30 for the (a) DJF and (b) JJA mean, and the difference between

UR30 and (c),(d) UR120, (e),(f) VR-SA, and (g),(h) VR-NA for each season. All the data are remapped to a 0.98 3 1.258 grid. The
crosshatch in (b)–(d) indicates the grid cells with statistical significance at a 5 0.05 level based on two-sided Student’s t tests against the

null hypothesis of no difference.
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DJF mean precipitation over South America is shown

in Fig. 7. Compared to the two observational estimates,

gross underestimation by UR120 is evident (Figs. 7a–c).

This deficiency is partly from the lack of tuning toward

observations as discussed in section 2b. Still, UR120

reasonably simulates the moisture flux throughout the

region as suggested by observational studies (e.g.,

Marengo 2005), including the moist northeasterly trade

winds from the equatorial Atlantic Ocean that converge

and produce precipitation in the central Amazon basin

(Fig. 8a). The remaining moisture is carried southward

by the South American low-level jet (SALLJ; Marengo

et al. 2004). The SALLJ converges with the inflow from

the subtropical Atlantic high and creates another pre-

cipitation peak near the coastal area in the La Plata

basin (centered at 258S, 558W).

With the higher horizontal resolution of UR30, the

intensity of precipitation is dramatically increased, and

the precipitation swath running across South America

from the northwest to southeast [as seen in the obser-

vations and known as the South Atlantic convergence

zone (SACZ)], is more clearly defined in UR30

(Fig. 7d). Notable increases occur over the central

Amazon, at the mouth of the Amazon River, in the La

Plata basin, and in the oceanic portion of the SACZ

(308S, 378W). The former two areas are associated with

greater moisture convergence as a result of slightly in-

creased flux from the Atlantic Ocean near the equator

and reduced flux out from the Amazon to the south

(Fig. 8b). Somewhat unexpectedly, the finer topography

of the Andes in UR30 does not necessarily increase the

northerly moisture flux with the SALLJ. For the La

Plata basin, the flux from the ocean is higher in UR30

near 168S, but themain source of the additional moisture

seems to be provided by the enhanced surface evapo-

transpiration (Figs. 8b,e).

Notably, VR-SA captures all of the above features of

precipitation in UR30 over the South American conti-

nent (Fig. 7e). The same applies to the horizontal

moisture flux (Fig. 8c) and surface evaporation (Fig. 8f),

indicating that the hydrological cycle of South America

in VR-SA is quite close to that of UR30. The enhanced

FIG. 7. Spatial maps for DJF mean precipitation (mmday21) over the South America region. Two observational datasets: (a) GPCP v1.1

on 18 grid and (b) TRMM-TMPA on 0.258 grid. And the MPAS simulation outputs: (c) UR120, (d) UR30, and (e) VR-SA.

5560 JOURNAL OF CL IMATE VOLUME 28



moisture flux is associated with the stronger easterly wind

at lower levels in both UR30 and VR-SA, which is linked

to the stronger meridional pressure gradient over the

SouthAtlantic Oceanwhen compared toUR120 (Fig. 9a).

This dependence of meridional pressure distribution on

grid resolution is clearly seen in aquaplanet simulations

not only in MPAS-A (RA13) but also in other dynamical

cores in CAM (e.g., Williamson 2008). In addition, the

importance of the pressure distribution over the Atlantic

Ocean formodeling SouthAmerican climatewas shown in

previous studies (Rauscher et al. 2006; Seth et al. 2007).

The climatology of the monsoon season is dependent on

several feedbacks; therefore, the stronger precipitation in

South America at higher resolution also contributes to the

stronger South Atlantic high. This resemblance of VR-SA

to UR30 in the surface pressure pattern demonstrates the

ability of MPAS-A to simulate faithfully the dynamics in

the coarse-to-finemesh transition that coincides with most

of the Atlantic Ocean (Fig. 2).

Although the above results are very promising,

some undesirable effects of grid refinement on the

precipitation are noted in the intertropical convergence

zone (ITCZ) over the ocean. While the ITCZ pre-

cipitation in UR120 and UR30 is similar in the equato-

rial Atlantic (08N, 308–508W), it is substantially reduced

in VR-SA (Figs. 7c–e). On the other hand, near the

western boundary of the high-resolution area in the

eastern equatorial Pacific (58N, 858W), the precipitation

peak is increased from UR120 to UR30 and even more

so in VR-SA, leading to a greater deviation of VR-SA

from the observed value. This enhancement of the ITCZ

precipitation is presumably similar in nature to that of

the aquaplanet MPAS-A (cf. Fig. 1a), but it is obscured

by the response to the zonally asymmetric forcings and

natural variability in VR-SA, all of which warrant fur-

ther investigation.

Over North America, the influence of horizontal

resolution does not appear as clearly as over South

America, but there are notable differences. Comparing

Figs. 10a–c, UR120 again underestimates the warm-

season (JJA) precipitation: the precipitation tongue of

;5mmday21 in the Great Plains is lacking, the gradient

FIG. 8. (top) DJFmeanmoisture convergence in color (mmday21) andmoisture flux with vectors integrated from the surface to 50-hPa

level (kgm21 s21) in (a) UR120, (b) the difference between UR120 and UR30, and (c) the difference between UR120 and VR-SA.

(bottom) DJF mean evapotranspiration (mmday21) in (d) UR120 and their differences in (e) UR30 and (f) VR-SA. The crosshatch

indicates the grid cells with statistical significance at a 5 0.05 level (for shaded quantities).

15 JULY 2015 SAKAGUCH I ET AL . 5561



across the central United States is shifted to the east, and

the precipitation band is weaker off the east coast in the

Atlantic storm track. In both UR30 and VR-NA, there

are visible increases in precipitation over the south-

easternUnited States and along theAtlantic storm track

(Figs. 10d,e). The precipitation gradient across the

Great Plains is somewhat improved, but the observed

precipitation tongue is still lacking in UR30 and VR-

NA. UR30 and VR-NA also extend the precipitation

band northwest along the Sierra Madre Occidental, but

this increase as well as that over the southern Appala-

chian Mountains may be related to the lack of topo-

graphic smoothing in addition to the resolution change.

The response of precipitation to grid resolution is similar

to that in CAM4- and CAM5-FV reported by

Bacmeister et al. (2014; their Fig. 13, right column). It is

interesting that they found a stronger response to grid

resolution in winter rather than in summer, which is the

opposite of our result (the winter result not shown). The

focus remains on JJA because the contrasting seasonal

response may be related to different experimental de-

sign (e.g., ice-cloud effective radius is modified for the

high-resolution simulation in Bacmeister et al. 2014).

The improvement of VR-NA is less substantial over the

ocean, which indicates the dominant role of land surface

forcings that both UR30 and VR-NA are better able to

capture compared to UR120.

Moisture convergence into the central, south-central,

and southeastern United States is similar among the

three simulations (not shown), but evapotranspiration is

elevated in UR30 and VR-NA (Figs. 10g,h). The in-

crease in surface evaporation with higher horizontal

resolution was analyzed in detail by Hagos et al. (2014).

It is expected that as resolution is refined, gustiness in-

creases and the newly resolved eddies transport mois-

ture out of the boundary layer, further enhancing the

surface fluxes. CAM4 physics was shown to un-

derestimate the eddy moisture flux when compared to

explicitly resolved eddy mixing at higher resolution

(Hagos et al. 2014). Thus, in the high-resolution domain

(and inUR30), we see higher surface fluxes compared to

UR120. Clearly it is desirable to have the parameteri-

zations be more scale aware and minimize such differ-

ences. Themeridional surface pressure gradient over the

North Atlantic is similar across the three simulations

(i.e., not so sensitive to resolution; Fig. 9b), and the low-

level easterly flow into the Gulf of Mexico is similar

regardless of model resolution. In addition, the pole-

ward moisture flux through the low-level jet (LLJ)

across the central United States also does not show

sensitivity to grid resolution, similar to South America

(Figs. 8a–c). The lack of strong sensitivity of the LLJ

may indicate that the resolution of UR120 is adequate

for simulating the general features of the LLJ. Several

previous studies suggest that the structure of the LLJ can

be simulated reasonably by GCMs of 18 or even 28
gridcell size (Ghan et al. 1996; Jiang et al. 2007) as well

as by a stretched-grid model with refined mesh regions

of 100- and 60-km grid spacing (Fox-Rabinovitz et al.

2005), although the variance or other higher-moment

statistics may require higher resolution (Werth et al.

2011). Over eastern Canada where moisture conver-

gence is greater in UR30 and VR-NA, precipitation is

also greater in UR30 and VR-NA than UR120.

Following the diagnosis on the spatial pattern of

precipitation, we briefly show the monthly time series of

FIG. 9. Zonal-mean sea level pressure difference (hPa) from UR30 (blue), VR-SA (red), and VR-NA (yellow)

compared to UR120, averaged over (a) DJF and 408W to 08E (corresponding to South Atlantic), and (b) JJA and

708W to 208W (corresponding to North Atlantic).
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the simulated precipitation averaged over the high-

resolution area (the rectangles in Figs. 2a,b). Over

South America, both UR30 and VR-SA consistently

predict higher precipitation than UR120, and they are

quite close to each other (Fig. 11a). It appears that the

systematic underestimation of precipitation by UR120

relative to the observations is almost removed by

switching to finer mesh in UR30 and VR, although the

dry-season precipitation becomes slightly overestimated

in UR30 and VR-SA. Over North America, sensitivity

of simulated precipitation to horizontal resolution is

blurred by the interannual variability (Fig. 11b), but

overall, UR30 and VR-NA tend to simulate more pre-

cipitation than UR120 (see the mean values shown in

each panel). Figures 11c,d present the partitioning of

modeled precipitation as the ratio of the resolved com-

ponent (from grid-scale saturation) to the total pre-

cipitation. Over South America, this ratio consistently

FIG. 10. (a)–(e) JJA mean precipitation over the North America region. (f) Evapotranspiration (mmday21) in UR120 and the dif-

ference fromUR120 in (g) UR30 and (h) VR-NA. The crosshatch in (g) and (h) indicates the grid cells with statistical significance at a5
0.05 level. Note that in (e) the transition region appears noisy because of the imprint of the native (hexagonal) grid by conservative

remapping to the high-resolution (0.238 3 0. 318) regular grid.
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increases in UR30 and VR-SA (Fig. 11c) and reflects

that the greater precipitation in the two simulations re-

sults mainly from the increase in grid-scale precipitation

rather than convective precipitation consistent with

previous studies using CAM3 and CAM4 physics for

regions where deep convection is common (e.g.,

Williamson 2008; Boyle and Klein 2010; Hagos et al.

2014; Bacmeister et al. 2014). Over North America, this

ratio is unchanged between the low and high resolutions,

except for the warm seasons in some years (Fig. 11d).

The characteristic partitioning in each region is consis-

tent throughout the seasons and years, thus providing

another illustration that precipitation over South

America is more sensitive to horizontal grid resolution.

Figure 12 summarizes the comparison of our MPAS-A

simulations on other variables (see the legend) inside

the two high-resolution areas. The statistics are calcu-

lated within the rectangular areas defined in Fig. 2 us-

ing UR30 as the reference. First focusing on UR120,

pattern correlations of 0.5–0.9 and mean biases of

10%–20% are generally found for variables related to

the moist parameterizations and those directly influ-

enced by them (Figs. 12a,b,d,e).2 The error of UR120

relative to UR30 is generally larger over South

America than over North America. In both domains,

the high fidelity of the VR runs to UR30 is obvious.

Such distinct performance statistics are seen only in

March–May (MAM; not shown) and JJA over North

America; for SouthAmerica, the results are similar in all

seasons. This seasonal dependence in North America

indicates the dominance of large-scale processes during

winter and fall.3

Our last diagnosis for the high-resolution areas is the

probability distribution of daily precipitation. The high

sensitivity of this quantity to grid resolution is seen in

previous studies (e.g.,Tripathi and Dominguez 2013;

Zhang et al. 2013; Yang et al. 2014; Wehner et al. 2014),

and it is desirable that a VR simulation reproduces the

global quasi-uniform high-resolution simulation with

respect to these statistics. Figure 13 confirms that this is

indeed the case with our MPAS-A simulations. The

cumulative distribution functions in this figure were

constructed from the days with $0.1mm precipitation

following Iorio et al. (2004), after all the data were

conservatively remapped to the same grid as UR120. In

both regions, the curves from UR30 and the VR simu-

lations are nearly identical. The distributions of UR30

andVR remain different from those in the observational

data as already indicated by the above analysis (Figs. 7,

10, and 11), although the uncertainty in the observa-

tional data is quite high in the extreme events (the dif-

ference between GPCP and TRMM-TMPA).

FIG. 11. Time series of monthly precipitation (mmday21) averaged over the area within the high-resolution area of

the VR simulations (408 3 408 trapezoidal area in Fig. 2) for (a) South America, (b) North America, and the ratio of

grid-scale precipitation to total precipitation (from the model simulations only) for (c) South America and (d) North

America. The numbers in the upper-right corner of each panel are the mean values of the time series, shown in the

corresponding colors.

2Mean bias is normalized by the mean value of UR30 and

represented by the size of the triangles.

3 Note that the performance statistics are calculated by excluding

the western United States in the transition zone, where the in-

fluence of complex topography impacts the low- and high-

resolution simulations in the cold season.
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c. Remote upscale effects

The second goal of this study was to examine the

upscale effects from regional grid refinement [the

second term on the right-hand side of Eq. (1) in the VR

low-resolution domain using UR120 as a reference]. As

mentioned in the introduction, earlier studies using

MPAS-A in aquaplanet simulations found that regional

refinement produces erroneous upscale effects (Hagos

et al. 2013; RA13). Conversely, previous studies using

FIG. 12. Taylor diagrams showing performance statistics of (a)–(c) UR120 and VR-SA compared to UR30 within

the refined grid over South America (408 3 408 rectangular area in Fig. 2) for DJF and (d)–(f) UR120 and VR-NA

compared to UR30 over North America. The top and bottom panels each show the different groups of variables that

are represented by the numbers shown in the middle. The size and shape of the symbol indicate mean bias after

normalized by the mean value of the reference data and shown as a percentage (legend given in the center). Hori-

zontal wind is evaluated as (u2 1 y2)1/2.
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two-way nested models with real-world boundary con-

ditions have observed positive upscale effects man-

ifested as the reduced model bias outside of the nested

regions (Lorenz and Jacob 2005; Inatsu et al. 2012).

We present the result for the JJA mean because we

found the upscale effect on the circulation being the

strongest during this season. The differences between

UR120 and the other three simulations in the midlevel

temperature (500 hPa) and upper-level velocity poten-

tial and streamfunction (200 hPa) are shown in Fig. 14.

Divergent and rotational components of the horizontal

wind vectors are also shown with velocity potential and

streamfunction, respectively. The difference between

UR30 and UR120 is characterized by cooling in the

tropics and warming in the mid- and high latitudes at the

midtroposphere (Fig. 14a), stronger divergence field in

UR30 with a wavenumber 1 pattern (Fig. 14b), and

zonally oriented structure in the streamfunction corre-

sponding to the changes of tropospheric jets (Fig. 14c).

The difference in the temperature is consistent with the

overall weaker westerlies in UR30 (Fig. 5d) through

thermal wind balance. The spatial pattern in the di-

vergence difference is similar to the pattern of the

divergence field itself, which is associated with the large-

scale monsoonal overturning circulations (Trenberth

et al. 2006), indicating enhanced monsoonal circulations

in UR30. Upscale effects are seen in VR-SA in all three

fields (Figs. 14d–f). Focusing on the differences outside

of the mesh refinement or remote upscale effects, the

most striking difference from UR120 appears in the

southern mid- and high latitudes. The zonally coherent

pattern centered at 408S in the streamfunction indicates

significant changes in the jet stream (Fig. 14f) as already

noted in section 3a. The mostly zonal spatial structure

does not resemble the Rossby wave propagation pat-

terns that the teleconnection mechanism normally de-

picts (e.g., Hoskins and Ambrizzi 1993; Mo and Higgins

1998; Ding et al. 2012). This scenario suggests that the

broad influence of the regional refinements in VR-SA

and VR-NA may involve strong feedbacks from the

transient eddies in the midlatitudes. A relatively strong

upscale effect is also observed in the velocity potential

over the western Pacific and Australia, likely a response

to the enhanced convergence over South America and

the Atlantic Ocean in the refined and transitioning do-

mains (Fig. 14e). The upscale effects in VR-NA exhibit

similar patterns to VR-SA but with somewhat stronger

(weaker) response in the NH (SH; Figs. 14g–i). A no-

table feature in VR-NA is the enhanced streamfunction

across the North Pacific storm track. While differing

slightly in the latitudinal location, this pattern looks

similar to the vorticity anomaly pattern in response to a

disturbance located in the northeastern United States

simulated by a linearized barotropic model in Hoskins

and Ambrizzi (1993), thus implying possible sensitivity

of circulation in parts of Asia to grid refinement over

North America.

Presumably, the upscale effects on large-scale circu-

lation would cause changes to other aspects of regional

climate away from the refined region. Therefore an

important consideration is how much impact regional

refinement may have on other variables representing

‘‘regional climate’’ in remote areas. We chose three re-

gions outside the high-resolution domains mentioned

FIG. 13. Cumulative distributions of daily precipitation within the high-resolution regions (408 3 408 trapezoidal area in Fig. 2) in

(a) SouthAmerica (DJF) and (b)NorthAmerica (JJA). The distributions are obtained after all the data are regridded to a 0.98 3 1.258 grid
(same as FV-CAM4) by conservative remapping.
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above (indicated by yellow boxes in Figs. 14h,i): north-

east Asia (centered at 608N, 120 8E), western Pacific

(228N, 1408E), and south Indian Ocean (558S, 958E), and
calculated the area-averaged difference (‘‘bias’’ or

‘‘upscale effect’’) between the VR simulations and

UR120. To assess the uncertainty due to internal vari-

ability, we also calculated the difference between each

pair of the six-member FV-CAM4 AMIP ensemble,

assuming that FV-CAM4 and MPAS-A simulate com-

parable internal variability. This situation resulted in 15

unique combinations4 of ensemble member pairs for

estimating internal variability. The standard deviation

of the differences between ensemble members of the 15

pairs was then used to normalize the bias of the VR

simulations (i.e., upscale effect). A 95% confidence in-

terval based on Student’s t distribution is shown by the

gray lines to denote the range of the difference expected

from internal variability.

Figure 15 shows the bias of each MPAS-A simulation

against UR120 for JJA. The difference between UR30

and UR120 is also displayed. In the other seasons

[MAM, September–November (SON), and DJF], up-

scale effects are weaker in all three regions (not shown).

Using the confidence interval as a threshold, significant

upscale effects were detected in several variables over

northeast Asia (Fig. 15a). Particularly strong signals

were found in precipitable water, evapotranspiration,

and surface air temperature. It is notable that compared

to UR120, the changes in these variables from VR were

in the same direction as UR30, suggesting that regional

refinement partly captures the impacts of high resolu-

tion in NA/SA on climate in remote areas, or positive

upscale effects. We further suggest that VR and UR30

agree on the sign of the changes for all other variables

(except for small changes in sensible heat flux) shown in

Fig. 15a, even though the changes are not statistically

significant. The suite shows some consistency between

atmospheric and surface changes; warmer tropospheric

temperature (Figs. 14d,g) and higher precipitable water

are consistent with the increased 500-hPa geopotential

height, which may reduce cloud cover, therefore

FIG. 14. (left) The difference between UR-30 and UR120 in the 10-yr JJA mean of (a) temperature at 500-hPa level (K), (b) 200-hPa

velocity potential (m2 s21/106, shading) and divergent wind (m s21, vectors), and (c) 200-hPa streamfunction (m2 s21/107, shading) and

rotational wind (m s21, vectors). (middle)As in (left), but for (d)–(f)UR-30 andVR-SA. (right)As in (left), but for (g)–(i)UR-30 andVR-

NA. Grid cells with statistically significant difference (quantities shown by shading, based on Student’s t tests) at a 5 0.05 level are

crosshatched. The solid and dashed circles in (d)–(i) represent approximate boundaries enclosing the domain with 30-km grid and the

transition to 120-km grid domain, respectively. The yellow boxes in (h) and (i) represent the regions analyzed for Fig. 15.

4 Given n5 6 members and k5 2 members to be compared at a

time, there are 15 unique combinations according to the following

formula: n!/[k!(n 2 k)!] 5 720/(2 3 24) 5 15.
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increasing net solar radiation at the surface and leading

to warmer surface temperature and increased

evapotranspiration.

Over the western Pacific, a strong signal is detected

only for themidlevel geopotential height andmarginally

for precipitation, surface evaporation, surface net

shortwave radiation, and low-level wind (Fig. 15b). The

lower geopotential height is accompanied by stronger

low-level convergence in the VR simulations (not shown

but reflected in the response in the 850-hPa wind and

stronger upper-level divergence in Fig. 14h), which may

increase precipitation and evaporation. Positive upscale

effects are seen for the southern Indian Ocean (Fig. 15c)

in a few variables, while negative upscale effects (di-

rected in the opposite way fromUR30) are found for the

upper- and lower-level winds consistent with the result

on the westerly jet presented in section 3a. We are un-

able to find the exact process for how the negative up-

scale effects in the circulation lead to positive influence

on the other variables, but we note that the upscale ef-

fects in the VR simulations are generally small.

Although we highlighted some consistency among

changes in atmospheric and surface variables in the

three regions, the causes for the large-scale circulation

changes that initiated the suite of changes should ulti-

mately be linked dynamically to diabatic heating

changes in the refined region. The latter needs to be

further investigated using numerical experiments. Fi-

nally, we note that comparing the changes among the

three regions, there is greater consistency among vari-

ables and between VR andUR30 in northeast Asia than

the western Pacific and the southern Indian Ocean. This

situation may be related to the stronger coupling be-

tween the atmosphere and surface over land than ocean,

and the use of prescribed SST further limits air–sea

coupling and alters the relationship between changes in

large-scale circulation and surface climate.

4. Discussion

For the fidelity of the MPAS-A VR inside of the high-

resolution area, results suggest that the MPAS-A VR is

adequate for simulating regional climate, provided that

strong surface forcing exists. In the aquaplanet experi-

ment without land surface forcing and zonally asym-

metric SST, the grid refinement over the equator

creates a feedback loop among the persistent easterly

wind, resolution-dependent parameterizations, and

changes in the resolved dynamics across the transition

zone, and leads to a local moisture convergence and

precipitation anomaly in the downwind edge of the high-

resolution region (cf. Fig. 1 in RA13; Hagos et al. 2013).

FIG. 15. (a)–(c) Mean JJA bias relative to UR120 over three regions (boxes are shown in Figs. 14h,i) for the

variables shown along the x axis. The MPAS-A bias is normalized by the standard deviation of the biases calculated

between 15 unique combinations of the six members of the FV-CAM4 ensemble. Some values for UR30 extend

outside the range shown [e.g., cloud cover fraction (CLDTOT) in (a) and PRECT in (c)]. Gray horizontal lines

represent a 95% interval (based on the t distribution with 14 degrees of freedom) for a difference expected from the

internal variability of the FV-CAM4 ensemble.
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A similar result is found in another aquaplanet experi-

ment by Zarzycki et al. (2014), who used a different

dynamical core (spectral element on a cubed-sphere

unstructured grid) but the same CAM4 physics

parameterizations.

It was expected that this scenario might change with

the real-world surface conditions. For instance, topo-

graphic lift would directly translate finer grid in-

formation to the atmosphere, and land surface would

respond to radiative heating in a shorter time scale and

with a stronger magnitude than ocean surface, thus

making convection and associated processes more lo-

cally tied to the surface. This expectation is confirmed in

our study, a specific example of which includes the South

American monsoon circulation that brings moisture

from the Atlantic Ocean into the South American con-

tinent, induced mainly by the land–sea contrast. The

Andes Mountains help moisture convergence over the

Amazon forest and steer the moisture flow southward

into the La Plata basin, within which another moisture

convergence occurs. However, the error of precipitation

over the ocean is not as substantially reduced as over

land, and minor artifacts similar to the aquaplanet ex-

periments are seen over the oceanic ITCZ (i.e., VR-SA

precipitation is reduced in the northeast and enhanced

in the northwest in the refined domain near the grid

refinement boundary). Both the weak surface forcing

and prescribed SST likely contribute to the muted

benefits of regional refinement over the oceans.

As for the second issue of remote upscale effects,

more uncertainty remains in our conclusion. Lorenz and

Jacob (2005) reported a reduction of model bias at

global scale in their coupled GCM–RCM simulation in

which a regional model is interactively nested over the

Maritime Continent. Inatsu et al. (2012) found that two-

way interaction positively affects the dominant mode of

variability in the Asia–western Pacific region in which

they nested an RCM over East Asia and the Maritime

Continent. Harris and Lin (2014) found little influence

of two-way nesting on the large-scale fields in their ex-

periments in which a nested grid is located over the

Maritime Continent and North America. The magni-

tude, rather than the locations, of the remote upscale

effect on temperature in our VR simulations (Figs. 14d,g)

is similar to those shown in Lorenz and Jacob (2005),

and we see some positive remote upscale effects de-

pending on the variables, seasons, and regions. We also

see a nonnegligible influence of the grid refinement on

the zonal wind in the SH especially during austral winter

(Figs. 5 and 6), which seems to be a negative impact,

using UR30 as the reference. The overall influence on

regional-scale climate in remote locations is found to be

limited, however, with a possible exception over

northeastern Asia in the warm season (Fig. 15a). Fur-

thermore, the global-scale climate in the VR simulations

(including both the high- and low-resolution domains) is

close to that of UR120 (Fig. 4). Therefore, even though a

statistically significant remote upscale effect is detected

in some large-scale circulation variables that can be

dynamically linked to the refined domain, their physical

influence on the surface climate is generally small re-

gionally and is negligible on the global scale. However,

the muted upscale effects on the surface climate could

be largely due to the experimental setup using pre-

scribed SST, which strongly constrains the changes in

the surface energy and water fluxes, and complicates

their relationships with the large-scale circulation

changes.

There is clear sign showing that regional grid re-

finement affects the zonal momentum budget at a much

broader scale in the SH. The exact mechanisms remain

unknown, and we can offer only a speculation. The grid

refinement in the VR simulation introduces several

features that might alter the regional wave source.

Those features could include the enhanced monsoonal

rain, modified cyclone genesis due to the refined to-

pography, and the zonal asymmetry introduced by the

grid refinement itself as demonstrated by Rauscher and

Ringler (2014). These zonally asymmetric wave sources

may be teleconnected to the SHmidlatitude storm track

to excite annular-mode-like wind structure through the

processes whereby a negative cold tongue SST anomaly

in the eastern equatorial Pacific drives a positive phase

of the southern annular mode (L’Heureux and

Thompson 2006).

The mechanisms suggested above undoubtedly de-

pend on many factors such as the resolution dependency

of the physics parameterizations as well as the geometry,

location, and ratio of the grid refinement. In another VR

simulation with 8 times refinement over North America,

the magnitude of the upscale effects in the upper-level

circulation is found to be stronger than VR-NA with 4

times refinement, and the emergent pattern is more

consistent with the aquaplanet experiments byRauscher

and Ringler (2014), particularly the anomaly of the an-

nual mean upper-level circulation extending from the

high- to low-resolution region in a similar pattern to the

aquaplanet VR simulation (Fig. 3 in Rauscher and

Ringler 2014). This situation implies that the upscale

effects and their underlying processes in the idealized

aquaplanet experiments exist in the AMIP experiments,

in addition to the complexities introduced by the real-

world forcings. We take this large-scale influence as a

potentially serious aspect of the regional grid refinement

and will continue the effort to understand the contrib-

uting processes.
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Future efforts will examine the sensitivity of physics

parameterizations to gridcell size and time step. The

intimate interaction between dynamics and physics pa-

rameterizations revealed points to the importance of

scale-aware parameterizations (Arakawa et al. 2011) and

physics–dynamics coupling in VR modeling (Walko

2011). In particular and beyond the perfect model

framework, it becomes much more critical that simula-

tions converge to a realistic atmospheric state with in-

creasing horizontal resolution. However, the recent

generations of CAM physics indicated rather un-

satisfactory behavior in this respect (Williamson 2008;

O’Brien et al. 2013; Wan et al. 2015). For instance,

Williamson (2008) found a lack of convergence in several

large-scale fields in his aquaplanet experiments with

CAM3. He showed that the global mean cloud cover in-

creasingly differs between adjacent resolutions with

higher resolutions, which is unexpected if there is a con-

vergence. Although parameter tuning at each resolution

could partially alleviate the situation, it is more chal-

lenging with the VR model since one needs to determine

the optimal parameters empirically or theoretically over a

range of grid spacing. Therefore, a set of physics param-

eterizations and dynamical core that together exhibit

consistent convergence behavior without tuning is of

fundamental importance for the VR approach. Using a

different dynamical core with regional grid refinement

similar to RA13, Zarzycki et al. (2014) reported that the

CAM5 physics partly weaken the artifacts near the re-

finement boundaries. We are currently conducting aqua-

planet experiments with MPAS-A coupled to CAM5

physics to investigate its scale awareness or lack thereof.

More detailed analyses on the reported simulations are

ongoing as well, through which we anticipate revealing

scale-dependence issues in multiresolution modeling.

5. Conclusions

A VR approach by the MPAS-A was tested using a

series of real-world simulations with realistic surface

boundary conditions following the common AMIP

protocol. Because the grid refinement wasmadewithin a

single modeling framework using unstructured grids, no

complications arose from different dynamical cores,

physical parameterizations, and boundary condition

treatment. However, previous studies using aquaplanet

simulations showed that VR reproduced the pre-

cipitation in a globally high-resolution simulation only

near the boundary of the high-resolution domain. It was

also found that the VR simulations produced upscale

effects that are absent in the globally uniform resolution

simulations. Extending this previous work, we con-

ducted four global experiments in an AMIP setting. By

comparing VR with quasi-uniform resolution simula-

tions, we found that strong lower boundary forcings over

land during warm season or in the tropics enable the

MPAS-A VR simulations to replicate quasi-uniform high-

resolution simulation features in thehigh-resolutiondomain

muchmore uniformly. Another reason for the successful

simulation is the ability of MPAS-A VR to replicate the

large-scale moisture transport from the ocean to the

continent as in the quasi-uniform high-resolution simu-

lation, which coincides with the transition zone from the

high- to low-resolution domains. Some upscale effects

were detected in the large-scale circulation that warrant

future investigations, particularly on the zonal momen-

tum budget. Their impacts on regional-scale climate are

further investigated through several physical variables in

the areas remote from the grid refinement. Additionally,

the overall effect is not significant except for northeastern

Asia during summer, where several variables show de-

tectable, positive upscale effects. Although unanswered

questions remain, the results from this study support the

multiresolution approach as a computationally efficient,

physically consistent framework for modeling regional

climate.
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