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Abstract: Variable resolution configuration is a defining feature of the NCAR MPAS (Model for
Prediction Across Scales) model, which allows us to smoothly vary the horizontal resolution for
taking a closer look at an area of interest. In this study, we aimed to analyze the impact of variable
resolution on intrinsic predictability using bred vectors. Thus, the breeding cycles of the MPAS
model with and without variable resolution configuration were implemented and tested with two
different rescaling intervals of 6 h and 1 day. Rescaling within our breeding cycles were centered by
the nature run, thus we could deal with the intrinsic predictability limited only by the initial error
growth. We confirmed reasonable estimates of fast-growing errors by bred vectors at two different
scales of convective and synoptic systems. We then found that the variable resolution configuration
gave consistent improvement of intrinsic predictability not only over the high-resolution area but
also outside. A quantitative analysis showed that an improvement with the variable resolution could
be found in general for most vertical levels for both rescaling interval experiments. Additionally, we
present the computational cost and experience of performing the variable resolution model which
would help users in their decisions on this setting.

Keywords: variable resolution; Intrinsic predictability; Bred vectors; MPAS; global numerical weather
prediction

1. Introduction

When developing a numerical modeling system of a dynamic nature to predict and
analyze phenomena of interest, estimating the predictability of the selected numerical
models is valuable because there is no perfect model in reality. This helps to quantify
how errors grow in time and space with the model and understand imperfect results
from a simulation of the model. In other words, we must understand how the model
tends to behave under a circumstance with various error sources before analyzing its
simulation results. Since Lorenz [1-3] introduced the concept of chaotic nature and the
predictability limits of nature, many researchers (e.g., [4-9]) examined the predictability
of the phenomena of interest using an ensemble forecast system and/or identical twin
experiments. When exploring the predictability of the numerical weather prediction
models, the predictability was analyzed separately in two concepts (e.g., [3,10,11]): intrinsic
predictability and practical predictability. Intrinsic predictability is obtained by excluding
systematic model errors but tiny initial condition errors. On the other hand, practical
predictability is obtained by experiments including the initial condition error as well as
model deficiencies. Understanding both types of predictability help users correctly analyze
the results from numerical model simulations.

Ensemble forecasting is a straightforward system that provides good information
regarding the predictability of the model, because the spread of the ensemble forecast
can be interpreted as model uncertainties (e.g., [12-15]). Agreement of the ensemble
forecast members indicates confidence of the model forecast while divergence indicates

Atmosphere 2022, 13, 2070. https:/ /doi.org/10.3390/atmos13122070

https://www.mdpi.com/journal /atmosphere


https://doi.org/10.3390/atmos13122070
https://doi.org/10.3390/atmos13122070
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0001-6203-4175
https://orcid.org/0000-0001-7677-9661
https://doi.org/10.3390/atmos13122070
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com/article/10.3390/atmos13122070?type=check_update&version=1

Atmosphere 2022, 13, 2070

20f17

(a)

uncertainty. If we can control the true state with the nature run in the experimental setting,
we can exactly quantify the intrinsic predictability with ensemble forecasting. For an
experiment with such ideal environments, we can generate the true states of the nature
run using the same model that is used for the forecast; thus, only initial condition errors
are included in the forecasting experiments. In the meantime, we can estimate practical
predictability with more realistic forecast configurations, which includes not only the initial
condition error but also imperfection of the model such as a lack of resolution, deficiency
of parameterizations, etc.

Furthermore, when knowledge of the error growth dynamics of the numerical model
is needed, the breeding method [16,17] could be a good approach with an ensemble
forecasting system. This method has been widely used by many operational centers
and research groups to initialize an ensemble forecast, which generates effective initial
ensembles that well represents flow-dependent fast-growing errors. It is also known that
the bred vectors are comparable with the forecast and analysis errors [18]. Thus, bred
vectors can be a reasonable index to address the predictability of the model. Depending
on rescaling intervals and amplitudes, breeding can also isolate the slow modes of a
system [16,19-22]. Therefore, we can explore error growth dynamics of specific phenomena
of interest selectively in terms of temporal and spatial scales with proper rescaling intervals
and amplitudes.

We are interested in the model for prediction across scales (MPAS [23]) which has
been developed by the National Center for Atmospheric Research (NCAR) in the US. This
model is a candidate for the forecast system of marine weather prediction that our research
grant has pursued, and is a newly developed numerical atmospheric model that broke
away from the traditional rectangular latitude-longitude grid. Indeed, a defining feature of
MPAS is a variable resolution configuration that allows for a smooth varying resolution
in the horizontal plane as shown in Figure 1. Indeed, Kang et al. [24] tested this model
with the variable resolution configuration that played a role of the atmospheric forcing for
the prediction system of coastal flooding and concluded that the atmospheric forcing from
MPAS worked well with the prediction of significant wave height over the coastal area of a
typhoon on the Korean peninsula.

(b) Variable resolution meshes

(c) Quasi-uniform resolution meshes

Figure 1. (a) 60-15 km variable resolution meshes of MPAS on a globe and meshes over a transient
area (marked by the red box in (a)) (b) with variable resolution and (c) without variable resolution
(i.e., quasi-uniform resolution).
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Here, we examine if an improvement of the model predictability is obtained and
how much we could benefit from the variable resolution setting compared to the quasi-
uniform horizontal resolution setting. Judt (2018) explored MPAS predictability regarding
convection-permitting scales with identical twin experiments of 4-km horizontal resolution
and confirmed the finite limit of predictability that was introduced by Lorenz [3,10]. How-
ever, there is no direct comparison of the predictability between quasi-uniform resolution
and variable resolution. We believe that the variable resolution looks good and advanced;
however, would like to know just how much an improvement this configuration provides.
Therefore, we have implemented MPAS breeding cycles with and without a variable res-
olution configuration separately, and then compared the bred vectors from each model
configuration for both a rescaling period of 6 h and 1 day. In this study, we explore intrinsic
predictability in a way to rescale bred vectors of an ensemble forecast centered by the nature
run that we assume to be the true states. Details of methodology and experimental design
are described in Section 2 and the results are analyzed in Section 3. We then summarize
and discuss our findings in Section 4.

2. Methodology and Experimental Design
2.1. MPAS Model

MPAS is a global nonhydrostatic numerical weather prediction model with C-grid
Voronoi discretization (Skamarock et al., 2012 [23]). One of its fascinating features is the
horizontal grid structure of unstructured centroidal Voronoi meshes using selective grid
refinement. Those meshes are mostly hexagons, but some are pentagons and seven-sided
cells. There are quasi-uniform mesh datasets from 480 km resolution to 3 km resolution
and variable resolution mesh datasets (92-25 km, 46-12 km, 60-15 km, 60-10 km, 60-3 km,
15-3 km with various shapes of refinement) that can be downloaded from the MPAS
github site (https://mpas-dev.github.io/atmosphere/atmosphere_meshes.html accessed
on 8 March 2020). For this study, we chose 60-15 km elliptical refinement variable resolu-
tion meshes that include 535,554 cells in the horizontal direction and used it after rotating
the refinement area to East Asia and the Western Pacific Ocean as shown in Figure 1.

To analyze the impact of the variable resolution model on the predictability, we
also conducted experiments with 60 km quasi-uniform resolution meshes that include
163,842 cells in the horizontal direction. From now, the 60-15 km variable resolution exper-
iments will be referred to as Vres, while the quasi-uniform 60 km resolution experiments
will be referred to as Ures. Figure 1a show the horizontal meshes on a globe that was used
for the Vres experiments in this study. Figure 1b,c shows how the meshes and results looked
different over the mesh transient area between Vres and Ures. Both Vres and Ures had the
same vertical configuration of 80 levels with a 50 km top of the atmosphere, and the same
physics package called the “mesoscale_reference” of which Table 1 provides the details
of its physics schemes. Since we desire a good forecasting system for marine weather, we
focus on relevant variables such as surface latent heat fluxes and surface wind than on
upper atmospheric variables.

Considering the number of horizontal meshes, we can theoretically estimate how
much computational cost would be required by the variable resolution compared with
the quasi-uniform meshes. For this study, we directly measure the actual computing time
for the experiments and present the results in Section 3. Our experiments were examined
on the KISTI supercomputer NURION that ranked 42nd in the world as of June 2022
(Top500.0rg). Here, we used an Intel Xeon Phi processors (Knight Landing, KNL) with a
clock speed of 1.4 GHz; relatively lower than other processors. However, 68 CPU cores
were soldered onto each KNL node. Although imperfect computing resources were used
for our applications, the comparison of computing time data is still useful information for
users who might consider the variable resolution configuration of the global numerical
weather prediction model.
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Table 1. Parameterization schemes of “mesoscale_reference” in MPAS.

Parameterization Schemes
Microphysics WSMé6
Convection New Tiedtke
Radiation (long/short waves) RRTMG
Cloud fraction for radiation Xu-Randall
Gravity wave drag by orography YSU
Boundary layer YSU
Surface layer Monin-Obukhov
Land surface NOAH

2.2. Breeding Cycles

Since we aim to explore the intrinsic predictability of MPAS with different horizontal
resolution configurations, there were two different nature runs that were prepared for the
breeding cycles of Vres and Ures. We made two independent integrations starting from
NCEP GFS ENL 0.25-degree data valid at 00UTC on 30 July 2020, for a month; one with the
Vres horizontal resolution configuration and the other with the Ures horizontal resolution
configuration. These nature runs are used for the rescaling of breeding cycles, described in
detail below. We then perturbed the variable of potential temperature for the very initial
ensembles. Initial perturbations were generated by the following process; (1) we randomly
chose 20 restart files at 20 different time steps within the period of each of the two nature
runs, (2) subtracted the 6 h-prior state of potential temperature from each state of potential
temperature in the chosen files at step (1), and then (3) multiplied those perturbations by
0.01, which is about a typical scale of a multiplier when the ensemble perturbations for
additive inflation are generated in an ensemble data assimilation system [25-27]. The initial
conditions were generated for both Ures and Vres experiments, while the experiments with
different rescaling intervals used the same initial conditions.

From these initial conditions, we developed an ensemble forecast system for two differ-
ent lead times of 6 h and 1 day to isolate errors of weather phenomena with different scales.
As previous studies by Pefia and Kalnay [20] and Yang et al. [21] reported, we may find
different scales of dominant error growth from the results with different rescaling intervals.
Thus, we conducted four experiments with different horizontal resolution configurations
and different rescaling intervals as shown in Table 2. There were other experiments to
test different sizes of perturbations in a way to multiply the perturbation by 0.001, one
order smaller than the experiments of Table 2, at the third step of the initial perturbation
generation processes described in the previous paragraph. However, the difference that
was induced by those two scaling factors does not look as significant as the sensitivity
to the horizontal meshes and to the rescaling intervals; therefore, we did not include the
results from this set of tests in this paper.

Table 2. Lists of four experiments under different settings of model resolution and rescaling periods.

Horizontal Resolution Rescaling Period Experiment Name
6h Ures_6hr
Quasi-uniform 60 km
24h Ures_1dy
6h Vres_6hr
Variable resolution 60-15 km
24 h Vres_ldy

After ensemble forecasting for the corresponding rescaling interval period, the en-
semble perturbations were rescaled with the temperature-squared norm scaled by area

and weighted equally in the vertical by the model level, || éx || = [[, T’ 2dAdp, as in Grey-
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bush et al., (2013). [7] However, the conversion between the temperature and the potential
temperature of MPAS prognostic variable is needed. Thus, we perturbed the temperature,
converted it to potential temperature, and then overwrote the potential temperature onto
the restart file. Subsequently, other variables such as pressure and Exner function are
updated in the model initialization procedure within MPAS, for the balance of initial states.
We computed the amplitude of bred vectors separately for each hemisphere (Northern
Hemisphere over 20° N latitude and Southern Hemisphere below 20° S latitude) and
used it for rescaling, because a growth rate from each hemisphere could be different due
to different season, land-sea distribution, and so on. Then, the rescaling factors were
computed and applied respectively by the different growth rate from each hemisphere
as in Greybush et al. [7]. A rescaling factor between 20° S and 20° N latitude was linearly
interpolated for the continuity in space.

We explored and compared fast-growing errors that were computed by our breed-
ing cycle systems with various experimental settings, after a 5-day spin-up period. We

) . .
H(Sl”xuf ) where nAt indi-
t—nAt

cates the rescaling interval in time and || dx || indicates the norm of rescaling which is the
temperature-squared norm scaled by area and weighted equally in the vertical dimension
by the model level, became stable after about five-day cycles (not shown). Thus, the results
of the instantaneous fields valid at 00UTC on 10 August 2020 and the averaged fields for
the last six time-steps up to the same time step for the instantaneous fields are shown in
the next section.

confirmed that the growth rate of the bred vectors, g(t) = ﬁ ln(

3. Results
3.1. Forecast Uncertainty Estimated by the Breeding Cycles

We first evaluated our breeding cycle systems to examine whether a spread of the ensem-
ble forecast within the breeding cycle well represented forecast uncertainty. Figures 2 and 3
show the instantaneous fields of surface latent heat flux from Ures and Vres, respectively.
Here, we computed the difference between the mean of the ensemble forecast starting
from the rescaled bred vectors at the previous cycles and the nature (Figures 2b,c and 3b,c),
which gave the actual error of the ensemble forecast. Then, we compared those differences
with the spread of ensemble forecasting to see whether bred vectors worked well for good
ensemble forecasting. We needed to confirm if spreads of the ensemble forecast starting
from the bred vectors captured actual dominant errors well or not. Here, the spread was
defined as a standard deviation of 20 ensemble forecasts. We analyzed the major vari-
ables of the model and only show some of them here because the results were consistent
across variables.

As described in the previous section, both experiments had their own nature; therefore,
we could clearly find a different distribution and magnitude of latent heat flux in the nature
between Ures (Figure 2a) and Vres (Figure 3a). For Ures, we found the maximum value of
latent heat flux with significant variability over the Indian Ocean in the nature. Thus, the
bred vectors (BVs) represented forecast uncertainty around that region especially in the
experiment with a 6-hr rescaling interval. In addition, the spread of BVs in Figure 2d,e well
represented significant forecast errors (Figure 2b,c) that were dependent on the flow of the
nature over the tropics and midlatitude. Conversely, there was not any maximum value
over the Indian Ocean in the nature of Vres (Figure 3a). Thus, less forecast uncertainty
(Figure 3b,c) and little spread (Figure 3d,e) was found over the Indian Ocean (Figure 3b,c).
However, the spread of BVs represented the dominant forecast errors mainly over the
tropics for both a forecast lead time of 6 h and 1 day. Overall, the forecast uncertainty
estimated by the spread and the actual forecast error from Vres with both 6-hr and 1-day
forecast lead time looked reasonable and flow-dependent. Note that these forecast errors
could be interpreted as the intrinsic predictability that is induced only by the initial errors
because we let the bred vector rescale centered by the nature run. Consistent analysis
also resulted in Figures 4 and 5 for surface zonal wind and specific humidity at the model
level near the 850 hPa, respectively. Based on the results from the comparison between the
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intrinsic predictability and spread, we clearly see that our breeding cycle system worked
reasonably well for representing the uncertainty of predictability.

(a) Nature run of Ures, ooUTC Aug 10, 2020

NN [ [ [ 1771 T [T

0 25 50 75 100 125 150 175 200 225 250 275 300 325 350 375 400 425 450 475 500

(b) DIFF_BVvsTR, Ures_6hr (d) Spread_BYVY, Ures_6hr

r—————

673077 -51.8231 -365385 -21.1538 576923 9.61539 25 403846 S5TES2 711538 THO231 153846 230769 307692 384615 461538 538462 615385 69.2308

(c) DIFF_BVvsTR, Ures_ady (e)Spread_BV, Ures_ady

Figure 2. Surface latent heat flux (W/ m?) of (a) the nature run, (b) difference between the nature and
the mean BVs with 6-h rescaling interval, (c) difference between the nature and the mean BVs with
1-day rescaling interval, (d) BVs spread with 6-h rescaling interval, and (e) BVs spread with 1-day
rescaling interval from the experiments of Ures valid at 00UTC on 10 August 2020.
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(28) Nature run of Vres, ooUTC Aug 10, 2020

I EEEEEEEEEENT |
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(b) DIFF_BVvsTR, Vres_6hr (d) Spread_BV, Vres_6hr

— —
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673077 -51.9231 365385 -21.1538 576023 0.61530 25 40,3846 557602 71.1538 0 THOZ31 153846 230769 307602 38.4615 461538 538462 61.5385 60.2308

(c) DIFF_BVvsTR, Vres_ady (e) Spread_BV, Vres_idy

Figure 3. The same as Figure 2, but from the Vres experiments.
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(a) DIFF_BVwvsTR, Ures_6hr (e) Spread_BV, Ures_6hr

(
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Figure 4. Difference of the mean bred vectors from the nature (a-d) and the spread of bred vectors
(e-h) of surface zonal wind from the experiments of Ures_6hr (a,e), Ures_1dy (b,f), Vres_6hr (c,g),
and Vres_1dy (d,h), valid at 00UTC on 10 August 2020.
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(a) DIFF_BVvsTR, Ures_6hr (e) Spread_BV, Ures_6hr

QMPERTYT  DMITEREY  -DO00BMSIS  TEERYIedS 0.001 OCTIEIN  (LODIBEETS ® C.00NIBEI5 CLIDOTERETT CLO0TISIRS OUTSINME O00TEZI0E O.00ZI0TER OUOCIENTT

Figure 5. The same as Figure 4 except for the variable of specific humidity at the model level near
850 hPa pressure level.

3.2. Sensitivity to Breeding Intervals

From Figures 2 and 3, we can see that the most outstanding contrast was in the dif-
ference in results for different rescaling scales. The BVs from the 6-h rescaling interval
(Figures 2b,d and 3b,d) highlighted forecast uncertainty that is dependent on the convective
scales over the tropics while the BVs from the 1-day rescaling interval (Figures 2c,e and 3c,e)
highlighted forecast uncertainty depending on the synoptic scales over midlatitudes. There-
fore, we confirm that the longer rescaling interval saturated the small-scale error growth,
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thus allowing the temporally longer and spatially bigger scales to be isolated. Even though
we did not adjust the size of initial perturbations, we could obtain those obvious effects in
the scales of dominant errors. This tendency is consistently found in other variables.

In addition to the latent heat flux variable, we also analyzed the surface zonal wind
and the mid-level specific humidity near 850 hPa (Figures 4 and 5, respectively). Here,
we expect that a comparison between Ures_6hr and Ures_1dy and that between Vres_6hr
and Vres_1dy will reveal what scales of predictability information we can catch. Surface
zonal wind had greater error growth over the midlatitude in the experiments with a 1-day
rescaling interval in terms of the magnitude, while it had smaller error growth over the
tropics in the experiments with a 6-h rescaling interval (Figure 4). In contrast, the pattern of
significance in terms of BV amplitude looked different with the variable of specific humidity.
Since specific humidity is a sensitive variable to the microphysical processes which are
tightly coupled with convection processes, BVs of specific humidity adequately represented
great forecast uncertainty at convective scales over the tropics. Thus, fast-growing errors
of the specific humidity were pronounced over the tropics in the experiments with 6-h
rescaling interval. Conversely, the forecast with a 1-day lead time shows reduced errors
over the tropics but mild-magnitude errors with synoptic scales over the midlatitude
(Figure 5). These findings from variable resolution simulations could be expected, but first
presented and analyzed using BVs in the comparison with uniform resolution simulations.
A close examination of these errors enables us to make new discoveries for future work.

3.3. Sensitivity to Horizontal Resolutions

Comparisons between Figures 2 and 3, and Figures 4 and 5 also show how different
the intrinsic predictability of Vres is from that of Ures. In general, we confirm that the
magnitude of dominant intrinsic forecast uncertainty in Vres was smaller to that from Ures.
For the variable of latent heat flux, it is clearly shown that the errors from both rescaling
intervals were relatively small in Vres compared to Ures (Figures 2 and 3). Vres showed
more structured flow-dependent errors while Ures showed more noisy and blurred patterns
of errors. When we compared Figure 4a to Figures 4c and 4b to Figure 4d, respectively, we
can see less forecast uncertainty not only over the high-resolution area of East Asia and
the western Pacific Ocean but also over the midlatitude and polar regions. This feature
can also be found in Figure 5 regarding the variable of specific humidity near 850 hPa. An
improvement of the predictability may transfer well globally through model integration.

In addition to analyzing the instantaneous fields of the ensemble forecasting starting
from bred vectors, we examined their time-averaged fields for the variable of mid-level
specific humidity and surface zonal/meridional wind (Figures 6-8). Since bred vectors
captured the flow-dependent and fast-growing errors, both Ures and Vres showed fore-
cast uncertainty where the convective instability and/or midlatitude synoptic instability
occurred. However, Vres tended to reduce noisy pattern of errors overall. The errors
from Vres_6hr seemed to be especially suppressed around mesh transient regions such as
Iran, Kazakhstan, California, and Northern Australia (Figure 1a). This is an interesting
occurrence that we consistently found in the results from the three different variables of
Figures 6-8. The fact that intrinsic predictability looked encouraging over those mesh
transient regions may be another interesting topic to explore when investigating practical
predictability in future studies.
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(a) BV of qv from Ures_6hr (b) BV of qv from Ures_ady

-0.00465517 -0.00327586 -0.00189655 -0.000517241 0.000862069 000224138 0.00362069 0.005

Figure 6. Time—averaged difference of specific humidity (kg/kg) near the 850 hPa model level,
between mean BVs and the nature, from (a) Ures_6hr, (b) Ures_1dy, (c) Vres_6hr, and (d) Vres_1dy.

(a) BV of surface zonal wind from Ures_6hr

. - A7 ge .
: o

(b) BV of surface zonal wind from Ures_ady

— — . o

(d) BV of surface zonal wind from Vres_ady

elr—3 —— S

Figure 7. Same as Figure 6 except for the variable of surface zonal wind (m/s).
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(a) BV of surface meridional wind from Ures_6hr (b) BV of surface merldlonal wind from Ures_1dy

Figure 8. The same as Figure 6 except for the variable of surface meridional wind (m/s).

For a quantitative analysis, we horizontally averaged the forecast errors weighted by
the mesh area and then drew their vertical profiles (Figures 9 and 10). These errors were
quantified by an RMS error and a bias between the ensemble mean of the forecast starting
from bred vectors and the nature, as follows:

- ncells f
RMSE — \/Atot et (st - ) A M
- neells (¢ _f
BIAS — Atot Yol (e — %) @)
where A is the total area of global meshes, ncells is the number of total horizontal meshes,
f

x!, is the nature state at the n-th cell, ¥, is the ensemble mean of the forecast starting
from the bred vectors, and Aj, is the area of the n-th cell. We computed these RMSE
and BIAS for the variables of zonal/meridional wind, potential temperature, and specific
humidity up to the model level near 100 hPa. Table 3 shows the global average of RMSE
for those four variables. As a result, we gained a quantitative understanding of how much
predictability improvement we achieved using the Vres configuration in contrast to the
Ures configuration.
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(a) Zonal wind (b) Meridional wind (c) Potential temperature (d) Specific humidity
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Figure 9. Vertical profile of averaged RMS difference (solid lines) and bias (dashed lines) between
the mean BV and the nature of (a) zonal wind, (b) meridional wind, (c) potential temperature, and
(d) specific humidity. Here, red lines indicate results from Ures_6hr and blue lines indicate results
from Vres_6hr.
(a) Zonal wind (b) Meridional wind (c) Potential temperature (d) Specific humidity
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Figure 10. The same as Figure 9, except that red lines indicate results from Ures_1dy and blue lines

indicate results from Vres_1dy.

Table 3. RMS errors of averaged bred vectors for atmospheric three-dimensional variables from the

nature run.

Variables (Units) Experiments Ures_6hr Ures_1dy Vres_6hr Vres 1dy
Zonal wind (m/s) 1.90 1.67 1.76 1.37
Meridional wind (m/s) 1.66 1.66 1.56 1.33

Potential temperature (K) 6.40 x 101 7.05 x 10! 537 x 10! 5.66 x 10

Specific humidity (kg/kg) 6.83 x 100 393 x 10* 678 x 10*  3.60 x 104

For the 6-h forecast (Figure 9), low-level RMSE of four variables were certainly smaller
in Vres than Ures although the upper level errors became comparable to one another.
Since we did not include systematic model errors in our experimental design, BIAS did
not look significant in general. However, there were small BIAS from upper level wind,
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negative BIAS from lower level specific humidity, and positive BIAS from mid-level specific
humidity. BIAS of specific humidity with a 6-h forecast lead time looked quite serious
although wind BIAS was insignificant. These BIAS values of specific humidity were found
in both Ures and Vres, which seemed to be caused by microphysics interacting with initial
errors. For the 1-day forecast (Figure 10), the improvement that was obtained by Vres
looked pronounced for all four variables at all vertical levels. With this forecast lead time,
there was no significant BIAS. Thus, the BIAS of specific humidity found in experiments
with a 6-h rescaling interval was likely to be related to the convective system. Indeed,
Figures 5 and 6 show strong negative errors over the tropics.

We also computed the horizonal average of RMSE and BIAS of surface two-dimensional
variables that are essential for marine weather prediction (Figure 11). Every variable of
the surface wind, mean sea-level pressure, surface heat/moisture flux, and latent heat flux
showed a lower magnitude of errors in Vres than in Ures for both the 6-h and 1-day forecast
lead time. There were some variations among the variables, but we could see that the
improvement of Vres tended to be greater with the 1-day rescaling interval than with the
6-h rescaling interval. Some variables such as the mean sea-level pressure, surface fluxes of
upward heat, upward moisture, and latent heat showed a minor improvement of Vres with
a 6-h short-term forecast while surface wind variables showed significant improvement
of Vres for both 6-h and 1-day rescaling intervals. As far as we could verify, none of the

Surface zonal wind
(*0.1m/s)

Ures_6hr Vres_6hr MUres_1dy ®Vres_1dy
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variables at the surface gave worse results for Vres than Ures.
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Figure 11. Time-averaged RMS differences between mean bred vector and the nature of surface
two-dimensional variables (surface zonal wind, surface meridional wind, mean sea-level pressure,
surface upward heat flux, surface upward moisture, surface latent heat flux).

Lastly, Table 4 shows that the variable resolution that we tested required about
3.2 times more computational cost when concerning only time integration. The use of
variable resolution also required almost double the initialization time, mostly for reading
input data. The longer the experiment time, the more often the system will encounter
unstable situations such as system failure or load problems. Here, we also computed the
standard deviation meaning the computing time deviation of each experiment from the
computing time average. The larger the standard deviation, the greater the difference in the
integration execution time. Except for Vres_1dy, the computing time for time integration
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has a 2% maximum of standard deviation. However, Vres_1dy, the most expensive experi-
ment in terms of computational cost, showed approximately a 16% standard deviation for
the time integration steps. Besides, initialization, mostly reading initial data, also resulted
in more than a 10% standard deviation, indicating that the amount of time it took fluctuated.
Kang et al. [24] has already mentioned the issue of communication among input/output
cores within NURION. Considering the improvement in terms of forecast accuracy that
users can expect with variable resolution, they must understand the amount of compu-
tational cost it will take. Of course, it is still fascinating to examine the area of interest
selectively, and because there is no need to globally set a high resolution, may be efficient.
Indeed, quasi-uniform 15 km resolution with 2,621,442 horizontal meshes would require
about 16 times more computational cost only for time integration, with many unstable
computational situations.

Table 4. Averaged use of computational time (unit: s) for one cycle of the experiments with 1024 cores
of KNL node of KISTI NURION. Numbers in parentheses indicate the standard deviations.

Processes Experiments Ures_6hr  Ures_1dy Vres_6hr Vres_1dy
Total time 1663 (31) 5886 (75)  4811(102) 19,237 (3133)
L Initialization 227 (25) 242 (31) 480 (87) 476 (77)
L Time integration 1377 (16)  5515(65) 4208 (39) 18,544 (3125)

4. Summary and Discussion

In this study, we investigated whether there is an actual benefit from variable resolution
configuration with MPAS and explored how the improvement or degradation would look.
To examine the impact of variable resolution on the model predictability, we implemented
a breeding cycle of ensemble forecast which allowed us to obtain fast growing errors of
the model. In this study, we decided to estimate the intrinsic predictability first, excluding
systematic errors of the model, to see how the initial errors grow differently with variable
resolution of MPAS compared with a quasi-uniform resolution. Therefore, we ran two
independent experiments with different configurations of horizontal meshes: one with
quasi-uniform 60 km meshes and the other with a variable resolution of 60-15 km meshes.
Then, the rescaling of bred vectors was centered by the nature run that we defined as the
true state in the experiments.

We examined the validity of our breeding experiments by comparing BVs spread
with the forecast errors for two different scales with different rescaling intervals of 6 h
and 1 day. The spreads of BVs accurately matched with the actual forecast errors, which
indicates the perturbations well represented the dominant errors without a collapse of
the ensembles. For the experiments with a 6-h rescaling interval, we could confirm the
errors that were highly related to convective scale instability over the tropics. Variables
that were relevant to the convective system also gave strong signals over the tropics in
the experiments with 6-h rescaling interval. Conversely, the experiments with a 1-day
rescaling interval showed meso-scale and synoptic scale instability over midlatitude and
polar regions. These experimental results may be considered as very reasonable information
of forecast uncertainty.

Next, the impact of a variable resolution configuration on the intrinsic predictability
of MPAS was evaluated by comparing the variable resolution experiments with the quasi-
uniform resolution experiments. From the global distribution maps of forecast errors, we
found out that the variable resolution experiments resulted in smaller uncertainties not only
over the high-resolution refinement areas but also outside. For major three-dimensional
variables and two-dimensional surface variables, the quantitative analysis revealed that
the improvement stood out even more in the experiment with 1-day rescaling intervals.

We also presented the required amount of computational cost that is needed by Vres
compared to Ures. The Vres experiment needed about 3.2 times more computational time
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only for time integration, as well as more disk space (as much as the computation incre-
ments). In practice, the longer the experiment time, the more often the system would
encounter unstable situations. Therefore, the computational cost may not be ideally pro-
portional to the number of meshes that are actually encountered, even in our experiments.

In this study, we developed a system of breeding cycles with MPAS under two different
mesh configurations and two different rescaling intervals to test its reasonable performance
under a perfect model scenario. The bred vector that we have obtained here showed the
sensitivity of MPAS uncertainty only to the initial error because we focused on the intrinsic
predictability and rescaled bred vectors centered by the nature run of the same model
environment at every cycle. From these experiments, we could explicitly estimate the
impact of variable resolution configuration on the intrinsic predictability of MPAS. Our
future studies will start by replacing the nature run by the operational reanalysis data such
as ERA5 or NCEP GDAS FNL data to analyze the practical predictability of MPAS with
variable resolutions including systematic model errors.
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