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ABSTRACT

This study investigates the moisture budgets and resolution dependency of
precipitation extremes in an aqua-planet framework based on the Community
Atmosphere Model (CAM4). Moisture budgets from simulations using two different
dynamical cores, the Model for Prediction Across Scales - Atmosphere (MPAS-A) and
High Order Method Modeling Environment (HOMME), but the same physics
parameterizations suggest that during precipitation extremes the intensity of precipitation
is approximately balanced by the vertical advective moisture transport. The resolution
dependency in extremes from simulations at their native grid resolution originates from
that of vertical moisture transport, which is mainly explained by changes in dynamics
(related to omega) with resolution. When assessed at the same grid scale by area-
weighted averaging the fine-resolution simulations to the coarse grids, simulations with
either dynamical core still demonstrate resolution dependency in extreme precipitation
with no convergence over the tropics, but convergence occurs at a wide range of latitudes
over the extra-tropics. The use of lower temporal frequency data (i.e., daily versus 6-
hourly) reduces the resolution dependency. Although thermodynamic (moisture) changes
become significant in offsetting the effect of dynamics when assessed at the same grid
scale, especially over the extra-tropics, changes in dynamics with resolution are still large
and explain most of the resolution dependency during extremes. This suggests that the
effects of sub-grid scale variability of omega and vertical moisture transport during
extremes are not adequately parameterized by the model at coarse resolution. The aqua-

planet framework and analysis described in this study provide an important metric for



46  assessing sensitivities of cloud parameterizations to spatial resolution and dynamical

47  cores under extreme conditions.



48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

63

64

65

66

67

68

69

70

1. Introduction

Increasing numbers of record-breaking and devastating hydrological extremes in
the past decade (Coumou and Rahmstorf, 2012) has raised concerns that such extremes
may have intensified in a warmer world (Allan and Soden, 2008). Climate models have
been used to attribute the causes of precipitation extremes (PEs) and to project the
frequency and intensity of these events in the future. However, a known bias in global
climate models is the prevalence of drizzle and under-prediction of heavy precipitation
due partly to the coarse spatial resolution of the models (Stephens et al. 2010). Also
climate models are known to exhibit varying degrees of dependency on parameterization
and model resolution (e.g., Boyle and Klein, 2010; Williamson, 1999). Hence, significant
uncertainties exist in future PEs projected by an ensemble of climate models (Randall et
al., 2007), although they generally project intensification of the hydrological cycle, with
larger extremes in both floods and droughts (Held and Soden, 2006).

Precipitation is difficult to characterize due to its high variability across nearly all
temporal and spatial scales (Berg et al., 2013). Precipitation extremes are associated with
low-frequency variability in the flow field that occasionally results in large anomalous
horizontal moisture flux convergence or divergence (Held and Soden, 2006). Although
PEs can be defined rather unambiguously using statistical measures, the physical and
dynamical mechanisms associated with PEs vary and are still not fully understood.
Furthermore, global climate model (GCM) parameterizations are typically developed and
tested more extensively to reproduce large-scale climatological mean conditions.
Williamson (2013) found that using typical parameter values of convective time scales

(e.g., 1-2 hours) assumed in shallow and convective parameterizations can cause
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unrealistic development of grid-point storms producing heavy precipitation in high-
resolution GCM simulations. In addition, mass-flux parameterizations (e.g., Zhang and
McFarlane, 1995) assume that the fractional area covered by convective clouds in a grid
cell is far less than 1. The validity of this assumption becomes questionable as GCMs are
applied at finer resolutions, making it necessary for parameterizations to adapt to a wider
range of model resolutions (Arakawa et al., 2011), with implications to simulating the full
spectrum of precipitation intensity.

With increasing high performance computational resources, high-resolution
modeling provides a promising path to improving simulations of PE. However, more
research is needed to understand the sensitivity of PE to model resolutions and physics
parameterizations. Williamson (1999) showed that physics parameterizations, not
dynamics, are responsible for the sensitivity of model results to horizontal resolution in
his GCM simulations. Li et al. (2011a, b) used an aqua-planet version of Community
Atmospheric Model (CAM3) and found that PEs are more sensitive to horizontal
resolution than the mean precipitation, suggesting that the effects of horizontal resolution
must be taken into account in developing robust projections of PEs. Without
improvement in physics representation, increasing resolution alone may only provide
limited improvement in climate models skills (Buizza, 2010). Understanding the
resolution dependency of PEs is an important first step towards achieving scalable and
robust simulations.

This study aims to characterize the resolution dependency of extreme
precipitation intensity and the variation of this dependency with dynamical cores, and to

estimate the relative contributions of thermodynamics and dynamics to that resolution
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dependency. The study is conducted using an aqua-planet framework that simplifies the
analyses and interpretations in the absence of complex land-ocean contrast and land
surface heterogeneity. Detailed moisture budget analyses have been performed to
compare simulations produced by the Community Atmosphere Model version 4 (CAM4)
(Neale et al. 2010) with two different dynamical cores applied at a range of spatial
resolution, all using the same physics parameterizations.

The rest of this paper is organized as follows. Section 2 describes the model, the
aqua-planet experiments, and the simulation outputs. Section 3 discusses the analytical
methods including the definition of extremes, the moisture budget equation, and the
breakdowns of moisture transport to mean flow and eddy components. The characteristics
of the resolution dependency in PEs and attribution of the resolution dependency are
presented in Section 4. The last section (Section 5) summarizes the main conclusions

from this study.

2. Model description and experiments

As part of the collaborative Robust Regional Modeling project (Leung et al.,
2013) supported by the U.S. Department of Energy (DOE), a set of aqua-planet
simulations have been conducted using the CAM4 physics package and three different
dynamical cores: Model for Prediction Across Scales Atmosphere (MPAS-A) (Rauscher
et al. 2013), High-Order Method Modeling Environment (HOMME) (Taylor and
Fournier 2010; Evans et al., 2013), and Spectral Eulerian (EUL). Detailed model
description and configuration can be found in Rauscher et al. (2013), O’Brien et al.

(2013), and Leung et al. (2013). This study primarily uses simulations from the newer
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dynamical core MPAS-A, with some comparison with HOMME to provide insights on
the impacts of dynamical cores on PE.

Briefly, in CAM4 the convective parameterization includes both a deep and a
shallow moisture convection schemes. The shallow moist convective scheme by Hack et
al. (1994) as described in Neale et al. (2010) is used to simulate shallow and middle-level
convections. The modified deep convection scheme of Zhang and McFarlane (1995)
based on a plume ensemble approach in which convective scale updrafts occur when the
convective available potential energy (CAPE) exceeds a threshold value in the lower
troposphere (Neale et al., 2010) is used to simulate deep convective cloud and
precipitation.

Non-convective cloud processes are parameterized by the Rasch-Kristjansson
scheme (Rasch and Kristjansson, 1998) with improved treatment of condensation and
evaporation as described in Zhang et al. (2003). The Rasch-Kristjansson scheme is a bulk
microphysical scheme with both macro- and micro- components. It represents prognostic
condensate with exchange between condensate and vapor and the associated temperature
change, and includes a bulk representation of conversion from condensate to precipitation
(Neale et al., 2010).

The simulations used the default configuration in CAM4 consisting of 26 vertical
levels in a sigma vertical coordinate with varying horizontal resolutions. Identical physics
parameterizations with no adjustment for dynamical cores or spatial resolutions were
used in all simulations. A set of four experiments was conducted for each dynamical core

with varying resolutions (equivalent 240, 120, 60, and 30 km for MPAS-A; 220, 110, 55,
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28 km for HOMME; and T42, T85, T170, and T340 for EUL). The CAM physical time
step was set to be 10-min for all experiments.

In the aqua-planet experiments, the prescribed sea-surface temperature (SST) is
symmetric about the equator and decreases from a peak value of 27°C at the equator to
0°C above 60° latitude (@) according to the following equation in Neale and Hoskins
(2000):

30 T

Ts(¢)=27<1—sin2(7)>: —§<c1><g

or 0°C : otherwise

Solar radiation is fixed to equinox solar conditions and is symmetric in the two
hemispheres. Thus, seasonal and interannual variations are not represented in these aqua-
planet experiments.

The analysis in this study mainly uses the archived 6-hourly data, although daily
data were used to test the consistency between the scale dependency of extremes
determined based on 6-hourly data and that arrived using lower temporal frequency data.
The simulations with the MPAS-A dynamical core uses hexagonal grids, and they have
been remapped to the corresponding Finite-Volume (FV) grid with equivalent resolution
using conservative remapping described in Rauscher et al. (2013) to facilitate the
analysis. Similar mapping to FV grid has also been conducted for simulations with the
HOMME dynamical core. Each experiment was 5-year long and the first six-month was
considered the spin-up period and excluded from the analysis. The moisture budget
analysis (Section 4.2) is based on the 6-hourly data from the third-year simulation, while
the rest of the scale dependency study includes 6-hourly and daily model outputs from the

full 4.5 years of simulations. All extreme statistics provided are “mean statistics” (time-
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and zonal averaged) for extremes, and our definition of extremes leads to 210 extreme
events per latitude per year when assessed at the coarse scale (240 km) using 6-hourly
data; basic statistical inferences using both the mean and variability of the extremes
suggest that one year of data is sufficient for statistical robustness (with < 10% error at a
5% significant level) because of the zonal, hemispheric, and seasonal symmetry of the

aqua-planet simulations.

3. Methodology

Precipitation extremes are defined, similar to O’Gorman and Schneider (2009), as
6-hourly precipitation that exceeds the 99.9th percentile, including both wet and dry cases
in a one-year simulation. Considering the large meridional variability in precipitation,
extremes are determined by latitude. In the zonally symmetric aqua-planet simulations
with no seasonality, stable statistics can be obtained for extreme precipitation using all 6-
hourly precipitation samples from all grid points for each latitude band in both northern
and southern hemisphere.

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

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

_p—__Y (ps0q, _ 1 (ps 04, _ 1 (ps 0q, _ 1 Ps 09
P-E= pwg “0 6tdp pwgfo uaxdp pwgfo vaydp pwgfo wapdp (1)

The left hand side of Eq. 1 includes precipitation (P) and evaporation from the surface
(E), while the right hand side consists of, from left to right, column integrations of local

tendency, meridional advection of specific humidity, zonal advection of specific
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humidity, and vertical advection of specific humidity. The total of the last three terms is
called total advective convergence and is denoted by ‘“TOTDIV’ in the main text. Related
variables and constants are specific humidity (q), water density (pw), gravitational
acceleration (g), zonal velocity component (u), meridional velocity component (v),
vertical velocity at pressure coordinate (omega, ®), time (t), and surface pressure (ps).
Tendency and advective terms were calculated on 20 pressure surfaces before the column
integration.

For simplicity, throughout the rest of the manuscript ‘{ }’ is used to represent the
linear operator consisting of a definite integral and multiplication by a constant which is

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

1 Ds
4= — f Adp
Pwd Jy

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

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

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

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

six-hourly values from the mean. Thus, a variable (such as ®) can be written as a mean
field component ([w]) and an eddy component (w’):
w = [w] + '

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

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

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

o5} = -l T - {5 - {15} -0 5 @

10



205

206

207

208

209

210

211

212

213

214

215

216

217

218

219

220

221

222

223

224

225

226

227

The horizontal moisture convergence terms can be broken down into mean flow and
eddies components in a similar manner.

Equation (1) is used to describe the moisture budgets for the mean conditions as
well as conditions under the 99.9™ percentile extremes. In the latter, the 99.9™ percentile
extreme events are identified based on 6-hourly precipitation data and the various terms
in the equation (1) are calculated for each event before time and space averaging.
Approximately 10-degree latitude bands were selected to investigate in more details the

vertical characteristics of the moisture transport.

4. RESULTS and DISCUSSION
4.1 Sensitivity of extremes at native grid resolution

Here analysis is performed using model outputs at the native grid resolution of the
simulations (i.e., the grid resolution at which the simulations were performed). As shown
in Fig. 1, the means of the precipitation extremes show large variations with the native
grid resolution and temporal resolution of the data (6-hourly, 12-hourly, daily or every 5-
day) over most of the latitude ranges. The variation in extremes at the native grid
resolution is much larger than that of the mean values (dashed lines in Fig. 1). Depending
on the dynamical cores used, the intensities of precipitation extremes vary considerably,
especially over the tropics, and the extremes from the HOMME and EUL simulations
show stronger variation with resolution than those from MPAS-A at their native grid
(figure not shown). It is also interesting to note that for MPAS-A, increasing grid
resolution to 30 km leads to double peaks at the tropics in both mean and extreme

precipitation. This feature corresponding to double Intertropical Convergence Zone

11
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(ITCZ) has been analyzed and discussed by Landu et al. (2013) and seems to be unique to
MPAS-A despite the same physics and similar grid resolutions were applied to HOMME
and EUL.

Motivated by the large dependency of extremes on the native grid resolution and
temporal frequency of the data, we first investigate the relative contribution of different
moisture budget terms to extremes using data on the native grid from MPAS-A (Section
4.2) to provide insights on processes that are responsible for the resolution and temporal
frequency dependency. Next, we explored whether the precipitation extremes converge
with increasing grid resolution and the sensitivity of the results to temporal resolution
when the extreme precipitation is compared at the same grid resolution using 6-hourly
and daily data (Section 4.3). Both simulations with the MPAS-A and HOMME
dynamical cores are included in the analysis in Section 4.3 to determine if the results are
consistent among simulations with different dynamical cores. Finally, the resolution
dependency of extremes is further investigated from budget analysis and the grid-scale

and subgrid scale variability of vertical velocity (omega).

4.2 Moisture budget
4.2.1 Mean versus extreme conditions

Analysis of moisture budget was carried out using 6-hourly model outputs at the
native grid resolution of each simulation. Averaged over the long term, the difference
between mean precipitation (P) and surface evaporation (E), P-E, is roughly balanced by
the divergence of the time-averaged, column integrated moisture flux in the simulated

aqua-planet atmosphere (Fig. 2), which is consistent with findings by others based on

12
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global reanalysis or global climate simulations (Trenberth and Guillemot, 1995; Seager
and Vecchi, 2010). As shown in Fig. 2, the latitudinal variation and magnitudes of P-E
are similar to those of the total advective convergence, although P-E is substantially more
negative than TOTDIV over the subtropical regions. For the mean conditions, E is a
significant term compared to P at all latitudes, and the tendency term is negligible (not
shown).

During extremes, E is non-negligible but comparably small (<8% of P), so the
intensity of the simulated extreme precipitation is approximately balanced by the
corresponding advective moisture convergence in our aqua-planet simulations as shown
in Fig. 3 for MPAS-A. The magnitudes of the advective moisture convergence typically
agree with the corresponding extreme precipitation intensity within several percent. For
example, in the MPAS-A simulations, the ratios of TOTDIV to P during extremes are
0.97-0.98 at 5°N-5°S and 0.95-1.0 at 25°-35° in latitude, respectively. Since the extreme
defined in this study is also a measure of zonal and temporal variability, the small E
compared to P during extremes suggests that the dominant spatial and temporal
variability in P-E originates from P, not E, consistent with the results by Trenberth and
Guillemot (1995). The typical several percent differences between P and TOTDIV
indicate that the strength of the simulated precipitation extremes is approximately

balanced by the corresponding total advective moisture convergence as follows,
~__X (Psy. _ 1 (ps, 0%
b~ pwgfo V-Vqdp pwg "0 wapdp (3)

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

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

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

4.2.2 Horizontal versus vertical advection

It is worth noting that the horizontal advective moisture convergence is very small
(2% of total moisture convergence) compared to its vertical counterpart over the tropics,
suggesting that the total advective convergence can be approximated by the vertical
moisture transport, {-wdq/op}, over this region (Fig. 3). However, the same rule does not
apply over the extra-tropics, where horizontal advective moisture convergence
contributes up to ~20% of TOTDIV. Zonal advective convergence, {-udq/ox}, is
negligible at most latitude ranges except near ~30° in latitude, where negative values
indicating local drying associated with the subtropical high pressure system are
important, with magnitudes of roughly several percent (~7-10%) of TOTDIV with
MPAS-A.

The relative importance of moisture transport at zonal, meridional, and vertical
directions and their variations with the native grid resolution at different vertical layers
are illustrated for two selected latitudinal bands (Fig. 4). A 5°S-5°N band represents the
tropical region where only vertical moisture transport is important, and the 25°-35° band
(including both hemispheres) represents the extratropical regions where zonal,
meridional, and vertical moisture advective transport are all non-negligible. Consistent
with the previous results, the moisture transport over both latitude bands is dominated by
the vertical moisture transport (Fig. 4), which shows a strong sensitivity to the model’s

native grid resolution. The vertical moisture transport peaks at the mid-atmosphere (~600

14
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318

hPa and ~700 hPa for the tropical and subtropical bands, respectively) where its
sensitivity to the native grid resolution is also the largest. Zonal and meridional transport
is negligible over the tropics, but over the extra-tropical band, zonal and meridional
transport also plays a role especially in the lower atmosphere. Over this region, zonal
moisture transport (-udg/ox) contributes to drying of the atmosphere below ~650 hPa, and
this term increases slightly in magnitude with increasing native grid resolution below
~800 hPa. The meridional moisture transport over the extra-tropical band has magnitudes
comparable to the vertical moisture transport near the surface layer (P, > 900 hPa) but
decreases with height and becomes fairly small above 400 hPa. The meridional transport
(-voq/oy) over this region shows a slight converging tendency with similar values at high
resolution. Over both tropical and extra-tropical bands, the variation of TOTDIV during
extremes with the native grid resolution is dominated by the corresponding variation in
vertical moisture transport that maximizes in the mid-troposphere where the dependency

on the native grid resolution is also the greatest.

4.2.3 Mean fields versus transient eddies

The vertical advective convergence is further partitioned into mean fields and
transient eddy components according to Eg. 2 (Fig. 5 for MPAS-A) to estimate the
relative contributions of mean circulation and eddies to extremes. Over both tropics and
extra-tropics, the eddy transport of mean moisture, {-»’5[q]/dp}, is the dominant term,
followed by eddy transport of eddy moisture, {-®’5q’/dp}. While these two terms are
comparable in magnitude over the extra-tropics (e.g., 76.4 vs. 53.5 mm day™ over 30—

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

15
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mm day™ over 5°S-5°N at 30km resolution with MPAS-A) than the latter over the
tropics. The mean flow term {-[0]3[q])/dp} is not significant (< 0.8 mm day™ with
MPAS-A) at all latitudes except over a narrow band centered at the equator where it
shows converging tendency with increasing native grid resolution in MPAS-A (11.5,
13.5, 14.4, 145 mm day™ for 240, 120, 60, and 30 km). The third term of Eq. 2 ({-
[@]8q’/5p}) is negligible (<0.05 mm day™ over tropics and extra-tropics). Thus, the large
variation of the vertical advective moisture transport at the native grid resolution is
mainly coming from that of the two eddy terms, {-»’5[q]/0p} and {-»’dq’/dp}.

Similar breakdowns of zonal and meridional advective convergence found that
zonal mean flow transport of eddy moisture, {-[u]dq’/6x}, and meridional eddy transport
of eddy moisture, {-v’3q’/dy}, are only significant over the extra-tropical subtropical
band during extremes where {-[u]dq’/0x} slightly dries the storm at most vertical levels,
while {-v’3q’/dy} along with vertical moisture transport supply moisture for the extreme
precipitation over this region. In the lower atmosphere (p >~850 hPa), the vertical eddy
transport of eddy moisture, -®’3q’/dp, contributes negatively to P during extremes over
both tropics and extra-tropics. Although both instantaneous (gq) and large scale [q]
specific humidity decreases with height, the eddy moisture (q’) peaks at around 850-875
hPa vertically (figure not shown). This is likely to result from low-level convergence,
especially that at the zonal direction, which brings drier and colder air from the outer
region to the convective center. As a result of the reverse vertical gradients of eddy
moisture (q’) and the strong upward eddy motion, -®’dq’/dp dries the lower level and
contributes negatively to precipitation intensity during extremes. Over the tropics, the

source of moisture, its associated energy, and the resolution dependency of the moisture
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transport at the native grid resolution are dominated by eddy transport of mean moisture
(-@’0[q]/op). However, over the extra-tropics, this is true only for the lower altitudes (p >
~700 hPa) while at higher altitudes (p < ~700 hPa), the resolution dependency in the
moisture transport is dominated by the eddy transport of eddy moisture (-©’dq’/dp). At
the mid-layer (~700 hPa < p < ~800 hPa) both eddy terms are comparable in terms of
their contributions to the total moisture convergence and its resolution dependency.

On examining the moisture and omega profiles (not shown), it is indicated that the
resolution dependency of omega assessed at the native grid resolution is large, which
passes on to the vertical moisture transport terms; the vertical moisture structures in mean
and eddies quantities act as an averaging kernel, which determines the relative
contribution of the resolution dependency and magnitude of omega at different levels to
the scale dependency and magnitude of the column integrated moisture transport assessed
at the native grid resolution. Over the tropics, the mean atmosphere is already very humid
(~13 g kg™ near surface), and [q] decreases very sharply with the increasing altitude. As a
result, the vertical gradients of [g] are much larger than that of ¢’, which in addition to
the more significant drying at the lower atmosphere associated with the reverse vertical
moisture gradients results in larger magnitude and larger resolution dependency of {-
®’0[q]/0p} than {-®’3q’/dp} over the tropics. Over the extra-tropics, however, the mean
atmosphere above ~700 hPa is much drier and has a small vertical gradient compared to
that under extreme conditions, which explains the dominance of {-®’3q’/dp} over {-
®’0[q]/dp} in magnitudes and dependency on the native grid resolution for the upper

atmosphere over this region.
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4.2.4 Dynamics versus thermodynamics

Previous analysis has identified the relative role of mean circulation and eddies in
the moisture transport and characterized their variation with the native grid resolution at
different vertical layers under extreme conditions. An important question to ask is how
much of the variation with the native grid resolution is due to changes in dynamics versus
thermodynamics. The dependency on the native grid resolution is represented by the
difference, ‘A’, between the fine resolution and coarse resolution (240 km for MPAS-A)
simulations. The resolution dependency of moisture transport is estimated as follows:

A(w g—z) = AW) 3+ wh (g—g) + A(w)A (g—Z) (4),
where the three terms on the right-hand side represent changes due to dynamic (),
thermodynamic (), and covariance changes. Note that for simplicity, the negative sign is
ignored in the vertical moisture transport term in Eq. 4. As shown in Fig. 7, the profiles
of Alwdq/op) and A(w)og/dp under extreme conditions are close to each other with
typical agreement within 10% in magnitude at most vertical layers. This indicates that the
variation of vertical moisture transport with the native grid resolution is mainly explained

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

4.3 Scale dependency at the same grid scale

Because coarse simulations cannot produce the fine scale features resolvable by
the higher resolution simulations, a more useful analysis of resolution dependency is to
compare simulations aggregated to the same spatial resolution. For such an analysis, the
resolution dependency is represented by the difference, ‘A’, between the fine and coarse

resolution simulations after the fine resolution simulations have been aggregated or
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upscaled to the coarse resolution grid using area-weighted averaging. We define
convergence as the time-averaged, zonal mean of extremes in simulations performed at
different grid resolutions but aggregated to the same coarse resolution are not statistically
different (at a 5% significance level) from each other. That is, simulations performed at a
range of grid resolutions do not exhibit a resolution dependency when they are
aggregated to the same grid resolution for comparison. Fig. 8 shows the zonal averaged
mean and extreme precipitation for simulations performed at 30 km, 60 km, 120 km, and
240 km grid resolution, all compared at the 240km grid resolution for MPAS-A, and
similarly for HOMME. Interestingly, the double ITCZ feature simulated at 30 km
resolution simulation with MPAS-A disappears or becomes inconspicuous after upscaling
to the coarse grid, which indicates the association of this feature with small-scale
variability. Neither the mean nor extreme precipitation shows convergence over the
tropics and the differences between high and low resolution simulations do not vary
monotonically with grid resolution. This is seen more clearly for extremes in Fig. 9 that
shows the difference, ‘A’, between higher resolution simulations aggregated to 240 km
grid resolution and the coarse resolution simulation performed at 240 km grid resolution.
There is no convergence of extremes over the tropics (i.e., ‘A’ is statistically different
from zero) in MPAS-A at 6-hourly and daily time scales. The same is true when assessed
at 120 km or 60 km grid scales for the MPAS-A simulations using 6 hourly, 12 hourly, or
daily data (not shown). Similarly, simulations with HOMME do not converge at 6-hourly
or daily time scales over the tropics.

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

do not converge when compared at the coarse grid scale except for a small latitude range
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(~20-25°) for MPAS-A. The magnitudes of extremes from the coarse resolution
simulations (blue lines in Fig. 8) are much lower than that from the finer grid resolutions,
and there is a poleward shift of the extra-tropical peak (~30° in latitude) from coarse to
fine resolutions. The poleward shift is even more apparent when the simulations are
compared at their native grid resolution (Fig. 1). The scale dependency is reduced when
coarser temporal resolution data are used over the extra-tropical regions. As shown in
Fig. 9, at daily time scale, the differences between high and low resolution simulations
become negligible so the four simulations performed at grid resolutions ranging from 30
to 240 km essentially converged at a wide range of latitudes (e.g., 50-65° for MPAS-A).
When assessed at the 120 km scale using 6 hourly data, simulations at 60 and 30 km
resolution with the MPAS-A converge over 20-50° in latitude (Figure not shown). When
assessed at the 120 km scale using daily data, simulations with MPAS-A converge in the
latitude range of 15-60° (figure not shown). The scale dependency of simulations with
HOMME over the extra-tropics region is similar but generally larger than that with
MPAS-A (Fig. 9). There is no converging tendency over the high latitudes (>70°) for
simulations with both dynamical cores. We note, however, that near the poles, sampling
becomes an issue as the number of grid cells becomes much smaller.

The dynamical and thermodynamical contributions to the scale dependency of
extremes compared at the same grid scale are shown in Fig. 10 for the tropical and extra-
tropical bands. The contributions from thermodynamic changes are generally consistent
between MPAS-A and HOMME. When assessed at the same coarse grid scale,
thermodynamic (moisture) changes become significant in offsetting the dynamic effect

(omega), especially over the extra-tropics, although contributions from dynamic changes
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to the scale dependency is still larger and explain most of the scale dependency of the
vertical advective moisture convergence. Contributions of thermodynamic changes are
negative within most vertical layers over both tropics and extra-tropics for both
dynamical cores, thus reducing the overall scale dependency. The offsetting
thermodynamic effects are associated with the decrease in specific humidity with
resolution for both mean and extreme conditions with either dynamical core. The
contributions of dynamic changes to scale dependency are positive except over the
tropics for MPAS-A where their contributions are negative.

Over the tropics, with the MPAS-A dynamical core, both dynamical changes and
thermodynamical changes become more negative with increasing resolution (panel a of
Fig. 10), so the extremes do not converge. Although thermodynamical changes offsets
some of the scale dependency caused by the dynamics with HOMME over the tropics,
the scale dependency from dynamics contributions is several times larger in magnitude
than that over the extra-tropics (note the different scales used in the x-axis for panels ¢
and d). The scale dependency remains too large for the simulations to converge even
when assessed using daily data.

At the upper atmosphere (< ~300 hPa) in the 58km simulation with HOMME, the
resolution dependency is mainly explained by changes in thermodynamics over both
latitudinal bands, which is an exception. This is likely due to the higher convective cloud
tops simulated at 58 km resolution with HOMME. A slightly more humid atmosphere
(especially above ~700 hPa) is seen in the 58 km simulation with HOMME under both
mean and extreme conditions and the more humid atmosphere allows storms to reach

higher tops. The differences in thermodynamics in the HOMME simulations at the upper
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atmosphere are likely influenced by non-linear feedbacks from large changes in
dynamics, which require further investigation.

The dominant contributions of dynamics changes to scale dependency of the
vertical moisture transport during extremes warrant further examination of the sensitivity
of omega with resolution. As indicated by the vertical velocity spectra in Lean and Clark
(2003), the vertical velocity in a convective system consists of variability at scales much
smaller than the finest grid spacing used in our experiments. When upscaled to coarse
grid scale through averaging, signals/variances at scales smaller than the analysis scale
are reduced at coarser resolution, so mismatch of process and analysis scales often leads
to difficulty in producing reliable statistics from aggregating areal data (McComiskey and
Feingold, 2012). While data aggregation does not alter the mean values, it does impact
extreme intensities since extremes represent events with high temporal and spatial
variability.

The differences in omega in the fine (wfine ») and coarse (weoqrse ») Simulations
at their respective native grid resolution can be expressed as a sub-grid scale (SGS)
component not resolvable by the coarse simulation, and the difference between the
simulations when compared at the same grid scale (AGS):

Wy finen — Wp,coarsen = SGS + AGS

SGS = wp,fine_n - wp,fineZcoarse

AGS = wp,fineZcoarse - wp,coarse_n (5)
where the sub-grid variability can be estimated as the difference between the statistics of
the simulations aggregated to the coarse scale (denoted as ‘fine2coarse’ in the subscript)

and simulations at the native grid resolution (denoted by ‘fine n’ in the subscript). This
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approach of estimating sub-grid scale variability is a variation of the approach used by
Cheng et al. (2010) and Mason and Brown (1999), in which a running mean operator on
both horizontal directions was used. Note that although the negative sign is not indicated,
'p’ refers to the 99.9™ percentile of negative omega (equivalent to 0.1™ percentile of
omega) for consistency with the use of high percentiles in the precipitation extreme
definition. As an example, w,, 30¢0240 denotes the 99.9th percentile of the negative omega
(upward motion) that has been aggregated (area-weighted averaged) from the 30 km
native grid resolution to the 240 km coarse grid scale, and it represents the resolved 240
km grid-scale variability of the fine resolution simulation. Thus, SGS and AGS for fine-
resolution simulation (30km) at 240 km grid scale is expressed as below:
SGS = wp30 n — Wp,30t0240
AGS = Wy 3010240 — Wp240. 1

The difference AGS is the difference between fine (e.g., 30 km) and coarse (e.g., 240 km)
simulations after aggregating the fine resolution (e.g., 30km) to the coarse (e.g., 240 km)
grid scale. When assessing the scale dependency at the native grids, SGS dominates, but
when assessing the scale dependency at the same grid scale, the difference is smaller as
AGS is generally much smaller than SGS.

The probability density functions (PDFs) of the simulated ® at their native grid
(e.g., the red dashed, green dotted, and blue solid curves in Fig. 11 corresponding to
PDFs of @ from simulations performed at 60/58 km, 120/110 km, and 240/220 km,
respectively) become increasingly broader accompanied by more extreme tail values with
the increase in native grid resolution. The differences of PDFs at the same coarse grid

scale (e.9., wzoros0(black dashed) versus wgo , (red dashed) in panels a and ¢ of Fig.11
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for MPAS-A in the tropics and extra-tropics, respectively) are relatively small. This
indicates that the resolution dependency of the extreme vertical velocity at the native grid
resolution can be largely explained by the SGS variability, although the contributions
from AGS are not negligible.

Following the above analysis, the sensitivity of extreme vertical velocity to spatial
grid spacing is illustrated quantitatively in Fig. 12, along with those of the mean vertical
velocity. With both MPAS-A and HOMME, the mean negative omega at 600 hPa are
positive (upward) and in general increases with increasing resolution over both tropical
and extra-tropics bands and show monotonic converging tendency over extra-tropical
regions.

The sensitivity of extreme vertical velocity to resolution is different from that of
the means. The 99.9th percentiles of the negative omega (w,) at the native grid resolution
increase drastically and almost linearly as the resolution doubles (not shown), but this
scale dependency of omega at the native grid resolution is dominated by the SGS
variability, as inferred from Fig. 11. Differences in w, when compared at the same grid
scale (AGS) (e.9., wpeon — Wp30toso ) iNdicate the resolution dependency after
accounting for the sub-grid scale variability resolved by increasing resolution. The AGS,
although small, explains the scale dependency of vertical moisture transport simulated at
different resolutions but compared at the same grid scale (Fig. 10). At 600 hPa, the
vertical level with maximum of scale dependency from Fig. 10, the increasingly negative
AGS with increasing resolution (solid line on panel b of Fig. 12) explains the non-
convergence of vertical moisture transport over the tropics with MPAS-A. Note that the

unique negative AGS in MPAS-A is likely associated with the unique double ITCZ
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feature in the fine resolution simulation and they are likely to share the same causes. Over
the extratropical band, there are some reductions of AGS with increasing resolution (e.g.,
solid line on panel e of Fig. 12) with MPAS-A, and the magnitude of AGS is small
enough to allow convergence at certain grid scale using either 6-hourly or daily data (e.g.,
60 km grid scale with 6-hourly data and 240 km grid scale with daily data). This is
consistent with the previous analysis of MPAS-A that over the extra-tropics,
thermodynamic (moisture) changes become significant in offsetting the scale dependency
due to dynamics (omega), which leads to the convergence at certain grid scale using daily
or 6-hourly data. For both tropical and extratropical bands, the magnitudes of AGS are
several times larger with HOMME compared with MPAS-A. The relatively large AGS in
HOMME (note the difference in scale in the y-axis) translates to larger scale dependency
in vertical moisture transport than MPAS-A. The generally positive AGS (except over the
tropics with MPAS-A) indicates that the effects of sub-grid scale variability at the grid
scales must be adequately parameterized in the model at coarse resolution to improve
“scalability” or consistency in extreme vertical velocity when assessed at the same grid
scale.

The intensities of precipitation extremes and the corresponding high percentile
vertical motions are much higher in HOMME than MPAS-A over the tropics. This could
be explained partly by the 20% higher effective resolution with HOMME compared to
MPAS-A at similar grid resolution (figure not shown). Comparison of the kinetic energy
spectra from MPAS-A and HOMME reveals that MPAS-A is slightly more dissipative
than HOMME (figure not shown); however the differences are relatively small and

unlikely to be the main reason for the large differences from MPAS-A regarding extreme
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precipitation over the tropics. A one-year HOMME test run replacing the vertical
discretization approach from Simmon and Burridge (1982) used in the HOMME
simulations analyzed in this study by the vertical Lagrangian method reduces the mean
precipitation simulated by 15% near the equator, which brings the HOMME simulations
closer to MPAS-A in terms of the mean precipitation values over the tropics. However,
changing the vertical discretization approach in HOMME appears to have little impacts
on the extreme precipitation. Further investigation is required to identify the main reason
leading to the large differences between HOMME and MPAS-A simulations when the

same CAM4 physics package is used.

5. SUMMARY and CONCLUSIONS

In this study, we examine the resolution dependency of precipitation extremes in
climate models. This has implications for projecting changes in climate variability and
extremes in the future. A set of aqua-planet simulations produced by a global model
using the same physics parameterizations but different dynamical cores and horizontal
grid resolutions were used in this investigation. Strong increases of precipitation extremes
with native grid resolutions are seen over both tropics and extra-tropics. The magnitude
of this dependency also varies with dynamical cores, especially over the tropics. Moisture
budget estimates based on the aqua-planet simulations with MPAS-A suggest that during
precipitation extremes, surface precipitation is approximately balanced by the advective
moisture convergence with evaporation contributing an insignificant amount; although
evaporation plays a much larger role in providing moisture for the mean precipitation.

This is particularly true over the tropics, where the vertical advection of moisture
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explains nearly all of the surface precipitation during precipitation extremes. Over the
extra-tropics where the contribution of vertical moisture transport still dominates the total
moisture transport, meridional advection also contributes.

The variation of moisture transport with the native grid resolution is mainly due to
the eddy transport of mean moisture {-»’5[q]/6p} and the eddy transport of eddy
moisture {-»’6q’/op}. At most vertical levels over the tropics and in the lower
atmosphere over the extra-tropics, the interaction between eddies and mean moisture
field, {-®’3[q]/dp}, dominates the contribution to precipitation extremes. Over the extra-
tropics, the source of moisture and its associated energy are dominated by eddy transport
{-®’0q’/dp} at the mid- and upper-troposphere. With either MPAS-A or HOMME
dynamical core, the resolution dependency of the vertical advective moisture
convergence during extremes is mainly explained by dynamical changes (related to
omega). Although the vertical gradients of moisture act like averaging kernels that
determines the relative contributions of the changes in omega at different vertical levels
to the overall scale dependency. The scale dependency of extremes is also assessed by
aggregating (using area-weighted averages) the fine resolution simulations to the coarse
resolution grids for comparison. The extreme precipitation does not converge with
resolution over the tropics for simulations with either MPAS-A or HOMME when all
simulations are compared at 240/220 km (and also at finer grid scales) with either 6
hourly or daily data. Over the extra-tropics, extremes in simulations with both dynamical
cores do not converge at the coarse grid scale (240 km for MPAS-A and 220 km for
HOMME) at most latitudes. However, the scale dependency is reduced when coarser

temporal resolution data are used, and convergence in extreme is found with daily data
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over a wide range of latitudes in the extra-tropics. In addition, there is a poleward shift in
extra-tropical peak of extreme precipitation (~30° in latitude) from coarse to fine
resolutions, which is very clear when comparing simulations at their native grid
resolution, and still apparent even when comparing simulations that are aggregated to the
coarse scale.

When assessed at the same grid scale through aggregation of the finer resolution
simulations, thermodynamic (moisture) changes become significant in offsetting the
effect of dynamics (omega), especially over the extra-tropics, although dynamics still
show a more dominant impact on the resolution dependency than thermodynamics over
most vertical layers, especially in the mid-troposphere where the resolution dependency
in vertical moisture transport is the largest.

This study shows that extreme precipitation in aqua-planet simulations by the
Community Atmosphere Model (CAM) demonstrates spatial resolution and dynamical
core dependency, especially over the tropics, despite the fact that the same physics
parameterizations were used. Simulations with the HOMME dynamical core shows
higher variability in the vertical motion, leading to higher extreme precipitation
intensities and a resolution dependency beyond what can be explained by a 20% higher
effective resolution in HOMME compared to MPAS-A, which requires further
investigation. Differences in simulations compared at the same grid scale suggest that the
effects of sub-grid variability in omega and vertical moisture transport during extreme
conditions are not adequately parameterized at coarse resolutions in both MPAS-A and

HOMME and more so for the latter.
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Li et al. (2011a) have also identified omega as the source of resolution
dependency of extreme precipitation in aqua-planet simulations using simple correlation
coefficients to attribute the likely causes. This study quantifies the relationship between
omega and extreme precipitation using detailed moisture budget equation, with an added
focus on comparing how the relationship varies with dynamical cores. Sugiyama et al.
(2010) showed that changes of PE under global warming are strongly linked to the
magnitude and profile of vertical velocity in the tropics. GCM projections of future PEs
have been found to be very sensitive to model resolution and parameterizations
(O’Gorman and Schneider 2009). Hence the resolution and dynamical core dependency
of extreme precipitation has important implications to the prediction of future changes in
extreme precipitation.

Williamson (2008) discussed the behavior of extreme precipitation in the
equatorial region (10°S-10°N) in the form of the probability density function using
simulations with the CAM Finite Volume dynamical core. Our analysis extends his study
by including results from different dynamical cores. In light of the sensitivity of extreme
precipitation and vertical velocity to dynamical cores, in addition to model resolution,
future studies should further investigate how dynamical cores interact with model
resolution and physics parameterization to influence extreme precipitation. Future
development in convective parameterizations needs to address not only spatial-resolution
dependency but also dynamical core dependency. Convective parameterizations that
incorporate probability density functions of omega might better capture the variability of
vertical motion during extremes and improve consistency of extreme precipitation

intensity simulated with different dynamical cores at different spatial resolution. The
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aqua-planet framework and analysis described in this study provide an important metric
for assessing the sensitivity of cloud parameterizations to spatial resolution as well as

dynamical cores under extreme conditions.
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Figure captions

Figure 1: Latitudinal variations of mean and extreme (> 99.9" percentile of both wet and
dry conditions) precipitation with the native grid resolution (panel a) and with different
temporal data frequencies (6 hourly, 12 hourly, 24 hourly, and every 5 day) for the
simulation at 240 km grid resolution (panel b). Due to the relatively small magnitudes,

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

Figure 2: Meridional variations of mean moisture budget terms based on simulations
using the MPAS-A dynamical core with 240, 120, 60, and 30 km native grid resolution
(panels a, b, ¢, and d, respectively). The moisture budget terms include precipitation (P,
black dashed), surface evaporation (E, yellow dashed), advective moisture convergence

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

Figure 3: Meridional variations of moisture budget terms under extreme precipitation
conditions based on simulations with the MPAS-A dynamical core and with 240 km, 120
km, 60km, and 30 km horizontal grid resolutions (panels a-d), respectively. Zonal,
meridional and vertical advective moisture convergence during extremes, {-udq/ox}, {-
vogq/oy}, and {-wdq/op}, are shown in solid brown, blue, and green lines along with the
corresponding total advective moisture convergence (sum, yellow solid) and extreme

precipitation (P, black dashed).

Figure 4: Vertical profiles of zonal (-udq/ox, brown), meridional (-vdq/dy, blue), and

vertical (-wdg/dp, green) advective moisture convergence for simulations at their native
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grid resolutions of 30 (dash dot dot), 60 (dotted), 120 (dashed), and 240 km (solid) with
the MPAS-A dynamical core for latitude bands of 5°S-5°N (left) and 25°-35° in both

hemisphere (right).

Figure 5: The breakdown of vertical advective moisture convergence during extremes
into corresponding mean flow, {-/w/o/q]/0p} (brown solid), and two eddies related
terms, {-w’dq /op} (yellow dotted) and {-w’d/q]/op} (green dashed), for the MPAS-A
simulations at four native grid resolutions of 240, 120, 60, and 30 km. The total vertical
advective moisture convergence (sum) and precipitation (P) during extremes are also

shown as black dashed and dotted lines, respectively.

Figure 6: Vertical profiles of mean flow and eddy moisture transport for simulations at
the native grid resolutions of 30 (dash dot), 60 (dotted), 120 (dashed), and 240 km (solid)
with the MPAS-A dynamical core for the latitude bands of 5°S-5°N (Panel a) and 25°-
35° (including both hemispheres, Panel b). The mean flow and eddies terms are too small

and are omitted.

Figure 7: Estimated differences in vertical advective convergence (A(wdq/dp), green)
between simulations at fine resolutions (30, 60, and 120 km) and that at the coarse
resolution (240 km) during extremes, and the contributions to these differences by
changes in dynamics (A(w) dq/dp, blue), thermodynamics (wA(dq/dp), yellow), and their
covariance changes (A(w)A(dq/dp), black) relative to the coarse resolution (240 km). The
estimates in this figure are based on simulations with the MPAS-A dynamical core and at

their native grid resolution.
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Figure 8: Variations of mean and extreme precipitation with grid resolution assessed at
the same grid scale for simulations with the MPAS-A (Panel a) and HOMME dynamical
cores (Panel b). The simulations conducted at fine resolutions have been aggregated
(area-weighted averaged) to the coarse resolution grids (240 km for MPAS-A and 220
km for HOMME). The mean values are scaled by a factor of 5 (Mean x 5; long dashed)

due to their relatively small magnitudes.

Figure 9: Differences of extreme precipitation between fine (120, 60 and 30 km for
MPAS-A and 110, 55, and 28 km for HOMME) and coarse resolutions (240 km for
MPAS-A and 220 km for HOMME) when assessed at the same grid using both 6 hourly
(Panels a and c) and daily data (Panels b and d). The simulations conducted at fine
resolutions have been aggregated (area-weighted averaged) to the coarse resolution grids
(240 km for MPAS-A and 220 km for HOMME) before calculating the differences. The
grey area indicates the 95% confidence interval within which the two fine resolution

simulations are not statistically different.

Figure 10: Contributions of dynamics (A(w)dq/op, blue), thermodynamics (wA(dq/op),
yellow), and their covariance changes (A(w)A(dg/dp), black) to the scale dependency of
vertical advective convergence (A(wdq/op), green) for simulations with the MPAS-A
(Panels a and b) and HOMME dynamical cores (Panels ¢ and d). The changes are
estimated as differences relative to the coarse resolution (240 km for MPAS-A and 220

km for HOMME) at the same grid scale.
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Figure 11: Resolution dependency of PDFs of -1*omega (on 600 hPa) for the 5°S-5°N
(a, b) and 25°-35° (include both hemispheres) latitude bands (c, d). Colors indicate the
native grid resolution the simulations were conducted. In the PDF, the different line
styles indicate the coarse grid scale to which the fine resolution simulations have been
aggregated, and the corresponding vertical line indicates the 99.9" percentile of the

negative omega.

Figure 12: Mean negative omega (a and d) and the same grid differences (AGS) in 99.9"
percentile of negative omega (b, c, e, and f) on 600 hPa for 5°S-5°N (top) and 25°-35°
(include both hemispheres, bottom) latitude bands based on simulations with the MPAS-
A or HOMME dynamical cores. The x-axis indicates the native grid resolution the
simulations were conducted, and the solid line, dashed lines, and filled circle indicate the
grid scales (240, 120, and 60 km for MPAS, respectively, and 220,110, and 55 km for
HOMMIE, respectively) the fine resolution simulations were aggregated to for the grid

scale comparison.
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Figure 1: Latitudinal variations of mean and extreme (> 99.9" percentile of both wet and
dry conditions) precipitation with the native grid resolution (panel a) and with different
temporal data frequencies (6 hourly, 12 hourly, 24 hourly, and every 5 day) for the
simulation at 240 km grid resolution (panel b). Due to the relatively small magnitudes,

the mean values are scaled by a factor of 5 (Mean x 5; long dashed).
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Figure 2: Meridional variations of mean moisture budget terms based on simulations
using the MPAS-A dynamical core with 240, 120, 60, and 30 km native grid resolution
(panels a, b, ¢, and d, respectively). The moisture budget terms include precipitation (P,
black dashed), surface evaporation (E, yellow dashed), advective moisture convergence

(div, blue solid), and P-E (purple, solid).
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Figure 3: Meridional variations of moisture budget terms under extreme precipitation
conditions based on simulations with the MPAS-A dynamical core and with 240 km, 120
km, 60km, and 30 km horizontal grid resolutions (panels a-d), respectively. Zonal,
meridional and vertical advective moisture convergence during extremes, {-udq/ox}, {-
voq/oy}, and {-wdq/dp}, are shown in solid brown, blue, and green lines along with the
corresponding total advective moisture convergence (sum, yellow solid) and extreme

precipitation (P, black dashed).

41



-udg/dx -vq/By

100 1 1 L 1 1
a) 5°S-5°N —— 240km b) 25°-35° —— 240 km
--- 120 km --- 120 km
200 — STTIIIT 60 km = - & sesmsem 60 km =
—= 30 km —= 30 km
300 - - -
400 - - .
£
T 500 - -
o
z
g 600 - - -
o ]
700 - [ . f.] f
b
=1
800 - - E F
P |
15
i
900 - . l: L
13
1000 T T T T T T T
-0.2 0.0 0.2 0.4 0.6 0.8 1.0-0.1 0.1 0.3 0.5
853 Equivalent precipitation density (mm day™” Pa™) Equivalent precipitation density (mm day” Pa™)

854  Figure 4: Vertical profiles of zonal (-uog/ox, brown), meridional (-voq/oy, blue), and
855  vertical (-wdg/dp, green) advective moisture convergence for simulations at their native
856  grid resolutions of 30 (dash dot dot), 60 (dotted), 120 (dashed), and 240 km (solid) with
857  the MPAS-A dynamical core for latitude bands of 5°S-5°N (left) and 25°-35° in both

858  hemisphere (right).

859

860

42



861
862

863

864

865

866

867

868

869

500

Moisture budget (mm day™)

500

400

300

200

100

Moisture budget (mm day™)

400 A

300 -

200 4

100 -

a) MPAS 240 km --- P b) MPAS 120 km p——
=:=:= sum i =s=:= sum
-{w'dfq]/5p} -{w'8[q]/5p}
-{w'dq’/5p} -{w'dq’/5p}
— -{iw/dlqlidp} | - i —— -{[wId[ql/5p} -
1
i
. | P .
[AY Fl
1.2 [
o i
.’ ‘. o ‘-"'. .” '\ ,i ‘- "': "._ r
e ‘\‘,"“"-;., LI W) Yoo “.";..,_
....-u'd-"-‘-|" ~ . ‘;"-IG"-.'".:-H-_, h‘u"—!"—"é"‘L’ aX LR SETD
¢) MPAS 60 km - P d)MPAS30km  fm —-- p
i & - osum i == sum
h -{w'd/q]/5p} i3 -{w'8/q]/3p}
i -{w’dq’/3p} 1 -{w’dq’/5p}
1 I — -{(widlqliop} + - iV — Awidlql/dp)
L ] 1 ]
[ | !
- | l - l ! -
i A I T
o o S, ‘.-',',"1,‘ ! !“(".__
J ’ 4,‘ ,! !1 !" \\ B __"-;a \, : " \\' -
“.‘;.’f L, 3 \‘—," ) I v, e e ~ ROTS—.
Aot KON o AL . b e R I
90 -0  -30 0 30 60 90-90 60  -30 0 30 60 90

Latitude (°)

Latitude (°)

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

into corresponding mean flow, {-/w/d/q]/op} (brown solid), and two eddies related

terms, {-w 'dq /op} (yellow dotted) and {-w 'd/q//op} (green dashed), for the MPAS-A

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

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

shown as black dashed and dotted lines, respectively.
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Figure 6: Vertical profiles of mean flow and eddy moisture transport for simulations at
the native grid resolutions of 30 (dash dot), 60 (dotted), 120 (dashed), and 240 km (solid)
with the MPAS-A dynamical core for the latitude bands of 5°S-5°N (Panel a) and 25°—
35° (including both hemispheres, Panel b). The mean flow and eddies terms are too small

and are omitted.

44



878

879

880

881

882

883

884

885

886

887

888

889

A(w)A(3g/3p)

100 . L I
a) MPAS 5°S-5°N b) MPAS 25°-35°
200 - 120 km - 17 —— 120km B
- == 60km - == 60km
300 o e 30km N L 30km -
400 - e - -
—_ S Vs
g e
£ 500 - K L ’ i
o
5 ’ -
2 600 - ’ . ) i
& ! :
o 1 .
700 - \ - . -
\
N \
800 A S, N . \ .
e, N
TN
N
900 - '-_ - - -
1000 ; . - . . .
-0.6 -0.4 -0.2 0.0 0.2-0.3 -0.2 -0.1 0.0 0.1
Moisture transport (mm day™ Pa™) Moisture transport (mm day™ Pa™)

Figure 7: Estimated differences in vertical advective convergence (A(wdq/dp), green)
between simulations at fine resolutions (30, 60, and 120 km) and that at the coarse
resolution (240 km) during extremes, and the contributions to these differences by
changes in dynamics (A(w) dq/dp, blue), thermodynamics (wA(dq/dp), yellow), and their
covariance changes (A(w)A(dq/dp), black) relative to the coarse resolution (240 km). The
estimates in this figure are based on simulations with the MPAS-A dynamical core and at

their native grid resolution.
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Figure 8: Variations of mean and extreme precipitation with grid resolution assessed at
the same grid scale for simulations with the MPAS-A (Panel a) and HOMME dynamical
cores (Panel b). The simulations conducted at fine resolutions have been aggregated
(area-weighted averaged) to the coarse resolution grids (240 km for MPAS-A and 220
km for HOMME). The mean values are scaled by a factor of 5 (Mean x 5; long dashed)

due to their relatively small magnitudes.
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Figure 9: Differences of extreme precipitation between fine (120, 60 and 30 km for
MPAS-A and 110, 55, and 28 km for HOMME) and coarse resolutions (240 km for
MPAS-A and 220 km for HOMME) when assessed at the same grid using both 6 hourly
(Panels a and c) and daily data (Panels b and d). The simulations conducted at fine
resolutions have been aggregated (area-weighted averaged) to the coarse resolution grids
(240 km for MPAS-A and 220 km for HOMME) before calculating the differences. The
grey area indicates the 95% confidence interval within which the two fine resolution

simulations are not statistically different.
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Figure 10: Contributions of dynamics (A(w)dq/op, blue), thermodynamics (wA(dq/op),
yellow), and their covariance changes (A(w)A(dg/dp), black) to the scale dependency of
vertical advective convergence (A(wdq/op), green) for simulations with the MPAS-A
(Panels a and b) and HOMME dynamical cores (Panels ¢ and d). The changes are
estimated as differences relative to the coarse resolution (240 km for MPAS-A and 220

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

(a, b) and 25°-35° (include both hemispheres) latitude bands (c,

native grid resolution the simulations were conducted. In the

d). Colors indicate the

PDF, the different line

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

aggregated, and the corresponding vertical line indicates the

negative omega.
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Figure 12: Mean negative omega (a and d) and the same grid differences (AGS) in 99.9"
percentile of negative omega (b, c, e, and f) on 600 hPa for 5°S-5°N (top) and 25°-35°
(include both hemispheres, bottom) latitude bands based on simulations with the MPAS-
A or HOMME dynamical cores. The x-axis indicates the native grid resolution the
simulations were conducted, and the solid line, dashed lines, and filled circle indicate the
grid scales (240, 120, and 60 km for MPAS, respectively, and 220,110, and 55 km for
HOMMIE, respectively) the fine resolution simulations were aggregated to for the grid

scale comparison.
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