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The variable-resolution version of a Finite-Volume Cubed-Sphere Dynamical Core

(FV3)-based global model improves the prediction of convective-scale features while

maintaining skillful global forecasts.

ditionally performed with regional prediction sys-
tems (Weisman et al. 2008; Xue et al. 2013; Clark
et al. 2016; Yano et al. 2018). Although issues related
to the limited-area domain and boundary conditions
remain significant challenges for regional models,
convection is poorly represented by low-resolution

Prediction of convective-scale storms has been tra-
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global prediction systems (Arakawa 2004; Randall
2013). With the rapid increase of supercomputer ca-
pacities, innovation of dynamical core algorithms, and
improvements in the understanding and representa-
tion of physical processes, the resolution gap between
regional models and global models is narrowing, and
global prediction systems are projected to approach
convection-allowing resolutions within the next de-
cade (Stensrud et al. 2009; Yano et al. 2018). A global
convection-permitting model without the limitations
imposed by local bounded domains (Staniforth 1997;
Warner et al. 1997) is potentially more advantageous
for mesoscale prediction (Miura et al. 2007; Fudeyasu
etal. 2008; Satoh et al. 2008; Putman and Suarez 2011;
Miyamoto et al. 2013).

The physical parameterizations and data as-
similation techniques of the National Centers for
Environmental Prediction’s (NCEP) flagship Global
Forecast System (GFS) have been continually updated
with concomitant improvements in model skill (e.g.,
Kalnay 2003; www.emc.ncep.noaa.gov/gmb/STATS
/html/model_changes.html). However, the hydro-
static spectral dynamical core of the GFS [Global
Spectral Model (GSM); Sela 1980], even with continued
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improvements in the spatial resolution, energy conser-
vation, and computational efficiency (Juang 2004, 2008;
Eckermann 2009; Yang 2009), has not been substan-
tially upgraded since the 1980s. In 2015, the horizontal
resolution of the GFS was increased to a grid spacing of
13 km, approaching the commonly accepted limit of 10
km at which the hydrostatic approximation is consid-
ered valid. Although a global nonhydrostatic spectral
model is theoretically feasible (Juang 1992), the poor
scalability makes it impractical for future computing
architectures. As a result, it is generally not considered
a viable solution to extend the GFS spectral dynami-
cal core to nonhydrostatic scales for the prediction of
convective-scale events which requires grid spacing of
less than 4 km (Weisman et al. 1997; Done et al. 2004;
Roberts and Lean 2008; Prein et al. 2015).

After Hurricane Sandy caused nearly $70 billion
in damage and 233 fatalities in the United States and
Caribbean nations in 2012, the National Oceanic and
Atmospheric Administration (NOAA) initiated the
Next Generation Global Prediction System (NGGPS)
project with the goal of replacing its global and re-
gional prediction systems with a single unified system
to improve its weather prediction capabilities. The
NGGPS project provides the means for evaluation
and continued development of this system with the
goal to make NOAA’s global and hurricane forecast
guidance the best in the world.

In 2016, the Finite-Volume Cubed-Sphere Dy-
namical Core (FV3), developed at the NOAA/Geo-
physical Fluid Dynamics Laboratory (GFDL), was
selected as the dynamical core of NGGPS to replace
the GSM. FV3 was chosen for its high efficiency and
scalability; its run-time switchable nonhydrostatic
solver, allowing convective-scale simulation; its ex-
act mass and approximate energy conservation; its
skillful forecasts and adaptability to the present GFS
physics and data assimilation system; and its robust
kinetic energy spectrum, demonstrating an excellent
match to synoptic-to-mesoscale observations (www
weather.gov/sti/stimodeling_nggps_implementation
_atmdynamics).

During the dynamical core evaluation period,
GFDL scientists developed a new global model cou-
pling the FV3 with GFS physical parameterizations,
which later became the prototype of NGGPS. This
model is called the finite-volume Global Forecast
System, or fvGFS. The fvGFS was later transitioned
to NCEP for further incorporation into GFS’s existing
modeling architecture which allowed more compre-
hensive verification and validation. The new predic-
tion system has demonstrated broadly superior per-
formance compared to the current operational GFS
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(https://vlab.ncep.noaa.gov/web/fv3gfs). At GFDL,
a research version of fvGFS is being continuously
developed and maintained with new and enhanced
features including the capability of convective-scale
prediction.

The nonhydrostatic dynamics in the FV3 allow
the fvGFS to run globally at resolutions high enough
to explicitly simulate convective-scale motions (Lin
2018). However, present-day computing resources are
insufficient to support real-time global convective-
scale weather prediction. Variable-resolution capa-
bilities within the FV3 allow a high-resolution region
within the global domain, which enables the model to
efficiently reach higher resolutions with fewer disad-
vantages inherent in limited-area models. One such
method, grid stretching (Fox-Rabinovitz et al. 2006;
McGregor 2015; Harris et al. 2016), smoothly deforms
the cubed sphere, refining the domain over a region of
interest while creating a relatively coarse region on the
opposite side of Earth. The stretched grid is topologi-
cally identical to the original cubed sphere and yields a
much smoother transition from the coarse-resolution
global grid to the high-resolution region when com-
pared to the abrupt transition and multiple domains of
the nested configuration (Harris and Lin 2013).

Although the stretched fvGFS enables convective-
scale prediction at lower cost, the present physical
parameterizations built for the 13-km GFS still limit
the forecast skill. Several studies have shown that
parameterized convection, cloud microphysics, and
boundary layer diffusion need to be modified to allow
realistic high-resolution simulations (Weisman et al.
2008; Baldauf et al. 2011; Clark et al. 2016). Cloud
microphysics are particularly sensitive to resolution
(Bryan and Morrison 2012), and they are the most
important processes for convective-scale simulations.
The Zhao-Carr cloud microphysics (Zhao and Carr
1997) used in the operational GFS is known to be
deficient for cloud-resolving models (Li et al. 2005),
and a more advanced cloud microphysics scheme is
necessary for realistic convective-scale simulation.

In this study, we use a version of fvGFS developed
at GFDL to perform convective-scale prediction by
adopting the FV3 and its stretched grid approach to
reach a 4-km resolution over the contiguous United
States (CONUS). The convective-scale prediction is
improved by implementing an upgraded six-category
cloud microphysics scheme. The goal of this study is
to demonstrate that the fvGFS can maintain skillful
forecasts in the global domain and simultaneously
produce a higher-quality prediction of continental
convective phenomena than is possible at the resolu-
tion of current operational global models.
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FiG. |. Local gridcell widths (shading, units: km, estimated as the square
root of the cell area) in fvGFS configurations. (a) (quasi) Uniform grid and
(b) stretched grid centered at Oklahoma City. The maximum and minimum
values (units: km) of the gridcell widths are in the header of each panel. Thick
lines are the boundaries of cubed-sphere tiles, and thin lines are the boundar-
ies of grid cells (plotted every 128 x 128 cells).

discretization is described
in Chen et al. (2013) within
an unstaggered grid. GFS
physical parameterizations
include simplified Araka-
wa-Schubert (SAS) shallow
and deep convection (Han
and Pan 2011), Zhao-Carr
gridscale condensation and
precipitation (Zhao and
Carr 1997), orographic and
convective gravity wave
drag (Chun and Baik 1994;
Kim and Arakawa 1995;
Kim and Doyle 2005),
boundary layer vertical
diffusion (Han et al. 2016),
and the Rapid Radiative
Transfer Model (RRTM;
Clough et al. 2005). The
Noah land surface model
(Ek et al. 2003) provides
land surface interactions.
Initialization of the atmo-
sphere, land, and sea sur-
face temperatures is taken
directly (i.e., cold started)
from the NCEP operational
global model analyses.

In this study, the fvGFS
model was initially built
on a 13-km (quasi) uni-
form global grid (Fig. 1a),

MODEL AND METHODS. The fvGFS model,
which couples the FV3 dynamical core to the com-
mon GFS physics package, was initially developed
during the NGGPS phase II for the evaluation of
dynamical cores under a wide range of realistic
atmospheric initial conditions. Since mid-2016, the
13-km uniform-resolution version of the fvGFS has
been running in real time at GFDL. The forecast
characteristics of the fvGFS, with a focus on tropi-
cal cyclone prediction, have been described in Chen
et al. (2019) with refinement to convective scales
reported in Hazelton et al. (2018a,b).

The FV3 in fvGFS uses the “vertically Lagrang-
ian” dynamics of Lin (2004) extended with the
nonhydrostatic pressure gradient computation of
Lin (1997) and a semi-implicit solver for vertically
propagating sound waves, discretized on the cubed-
sphere grid of Putman and Lin (2007). The explicit
version of the vertically Lagrangian nonhydrostatic
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and subsequently devel-
oped on the same grid stretched by a factor of 3, cen-
tered in the United States at Oklahoma City (35.4°N,
97.6°W; Fig. 1b). In the stretched-grid configuration,
horizontal grid spacing varies smoothly from 4 km
over the CONUS to 45 km at the antipodal point
over the Indian Ocean. This deformation has the
same number of grid cells as the 13-km uniform
grid. A horizontal resolution of 4 km is considered
to be convection permitting, that is, the resolution
at which the model starts to resolve convection, as
summarized by Prein et al. (2015, and references
therein).

Initially, both the uniform-grid and stretched-grid
fvGFS use the same parameters except for the time
steps. For the 13-km uniform grid (Uniform_ZC in
Table 1), the acoustic time step is 18.75 s, and the dy-
namics and physics time steps are both 150 s. For the
4-45-km stretched grid (Stretched_ZC in Table 1),
5-, 25-, and 75-s time steps are used, owing to the
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more stringent time step restriction in
the high-resolution region. Using these
shorter time steps and same resources,

TaBLE |. Characteristics of the fvGFS configurations. The
three configurations differ in their resolutions, time steps,
and microphysics but are otherwise identical.

Stretched_ZC needs about 2 times more

Model ID Resolution Cloud microphysics
wall clock to complete a 10-day forecast ‘ o )
compared to Uniform_ZC. The U.S. Geo- Uniform_ZC 13-km (quasi) uniform grid  Zhao—Carr
logical Survey (USGS) 30-s-resolution ter- Stretched_ZC  4-45-km stretched grid Zhao—Carr
rain dataset (Gesch et al. 1999) is utilized Stretched_G  4—45-km stretched grid GEDL

to compute mean terrain height, standard
deviation, and gravity wave drag (GWD)-
related parameters on the native cubed-sphere grid.
The physics package used in these two fvGFS versions
is largely the same as the operational GFS. However,
the GWD in the fvGFS is adjusted accordingly.
Additionally, to improve the simulation of moist
processes and especially of convective-scale clouds,
the Zhao-Carr cloud microphysics (hereafter ZC
MP; Zhao and Carr 1997) is replaced with the GFDL
single-moment 6-category cloud microphysics (here-
after GFDL MP; see the appendix) upgraded from
Chen and Lin (2011, 2013). In this study, Stretched_G
(Table 1) is short for the stretched-grid fvGFS using
GFDL MP. Note that the cumulus parameterization
scheme is applied to Stretched_G globally, because
the grid spacing required to resolve convection ad-
equately is debatable (Bryan et al. 2003; Petch 2006),
and the SAS deep convection is still applicable and
has been shown to produce improved simulations at
2-km resolution (Hazelton et al. 2018b).

Using the same initial conditions as the operation-
al GFS, we performed 145 ten-day forecasts initialized
at 0000 UTC every 5 days, for each fvGFS configura-
tion, covering the period from 16 January 2015 to 11
January 2017. The 17 March 2016 case is excluded
due to missing forecast data for the operational GFS.
The interpolation procedure to convert data from
the GFS Gaussian grid to the cubed-sphere grid is
documented in Chen et al. (2018). This study uses the
European Centre for Medium-Range Weather Fore-
casts (ECMWF) interim reanalysis (ERA-Interim;
0.75% Dee et al. 2011), the NCEP-NCAR reanalysis (1°
Kalnay et al. 1996), Stage IV radar-derived precipita-
tion (4 km; Lin 2011), and observed radar reflectivity
(5 km) for verification of the forecasts. Results from
the operational GFS, on a Gaussian grid with nominal
13-km resolution, are used as a baseline for direct
comparison.

The forecast skill is assessed with several statistical
quantities. The anomaly correlation coefficient (ACC)
is the most commonly used metric for global (large
scale) forecasts and quantifies the correlation between
the predicted and observed anomalies (Jolliffe and
Stephenson 2003). The calculation of ACC uses an
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ERA-Interim reanalysis for verification and NCEP-
NCAR reanalysis for climatology (Murphy and
Epstein 1989). To verify precipitation forecasts, the
equitable threat score (ETS) and bias score (BIAS;
Hamill 1999), relative operating characteristics (ROC;
Mason and Graham 1999), and fractions skill score
(FSS; Roberts and Lean 2008) are employed. These
four statistical scores have been widely used in assess-
ing precipitation forecasts throughout the mesoscale
prediction community (Done et al. 2004; Stephan
etal. 2008; Weisman et al. 2008; Schwartz et al. 2010;
Sobash et al. 2011; Xue et al. 2013; Schumacher and
Clark 2014; Miiller et al. 2017). In this study, the 95%
confidence interval is calculated using the Student’s
t test: z_sn™'?, where z is the critical value of the
Student’s ¢ distribution, a = 0.05 is confidence level,
s is the standard deviation, and # is the sample size.

LARGE-SCALE FORECAST. Accurate predic-
tion of the large-scale circulation is essential to a
global prediction system because it determines the
environment for synoptic-scale and convective-scale
processes that govern the local weather. A critical
measure for assessing the quality of the large-scale
forecast skill is the 500-hPa geopotential height
(H500 for short hereafter). This section presents veri-
fications for the 10-day evolution of H500 ACCs for
the GFS and the fvGFS with the three configurations.

As expected the H500 ACCs for all models
monotonically drop from nearly 1.0 at hour 6 to
about 0.4 by day 10 (Figs. 2a-c), indicating that the
prediction becomes less skillful as the lead time in-
creases. Compared to the GFS, Uniform_ZC’s ACC
is slightly lower in the first 8 days (Figs. 2d-f), which
implies changing only the dynamical core without
reconfiguring the physics degrades the forecast skill.
However, the degradation is insignificant. Not sur-
prisingly, Stretched_ZC’s forecast skill significantly
degrades in both the Northern Hemisphere in the
first 7 days and the Southern Hemisphere in the
first 8 days due to the coarse resolution in the Euro-
Asian and African continents, and in the Southern
Hemisphere (Fig. 1b).
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Fic. 2. “Die off” plots of 145-case-mean H500 ACCs for the GFS and the fvGFS configurations: (a) Northern
Hemisphere, (b) Southern Hemisphere, and (c) CONUS. (d)-(f) Difference relative to GFS, with the 95% con-
fidence interval shown as pink shading.

After switching from ZC MP to GFDL MP in the
stretched-grid fvGEFS (Stretched_G), the forecast skill
improves for both hemispheres and the CONUS.
Stretched_G shows performance comparable to the
GFS in the Northern Hemisphere for the entire 10-day
forecast but is slightly worse in the Southern Hemi-
sphere, likely due to the degraded resolution. Over
the CONUS, Stretched_G ACC is about 0.01 higher
than the fvGFS using ZC MP (both Uniform_ZC and
Stretched_ZC) between day 4 and day 7. These results
strongly suggest that an upgraded physical parameter-
ization is important for improving the prediction skill
of the large-scale circulation when the local resolution
is enhanced. Since use of the more comprehensive
cloud microphysics scheme results in greatly improved
prediction skill, and the performance of Stretched_ZC
is unacceptable, the following discussion will not in-
clude the results of Stretched_ZC.

CONVECTIVE-SCALE PREDICTION: MUL-
TICASE STATISTICS. This section presents
verifications of convective-scale prediction over the
CONUS, where the grid spacing is about 4 km. The
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orographic precipitation, quantitative precipitation
forecast, the diurnal cycle of precipitation, and the
probability distribution function of precipitation are
verified over the 2-yr period. For convective-scale
prediction, the forecasts beyond 5 days are generally
much less skillful. Therefore, this section focuses on
the first 5 days of each forecast. All verifications are
conducted based on the observation and model out-
put interpolated onto the same 4-km resolution grid.

Orographic precipitation. With higher resolution over
the CONUS in the stretched grid configuration, the
complex terrain such as the Rocky and Appalachian
mountain ranges is resolved much better, as well as
small-scale convection. Comparing the 145-case av-
eraged precipitation of the GFS, Uniform_ZC, and
Stretched_G with the Stage IV observations (Fig. 3), the
benefit of higher resolution on precipitation simulation
is evident. Spectral dynamical cores have difficulty
simulating fields with sharp spatial gradients or discon-
tinuities (Gibbs phenomenon), which results in noisy
precipitation patterns in the operational GFS (Fig. 3¢).
By contrast, the fvGFS simulations do not present any

JULY 2019 BAMS | 1229
Brought to you by NOAA Central Library | Unauthenticated | Downloaded 08/28/24 07:01 PM UTC



(a

%
pd
(0
{ M
<

(b) Terrain

N |
05 115 2 25 3 35445 5556657 758859 9510

Gibbs-ringing-type noise, while Stretched_G simula-
tions show a broadly improved representation of small-
scale orographic precipitation details compared to the
13-km simulations (Figs. 3d,e). However, the fvGES,
especially the locally high-resolution stretched-grid
version, underestimates the precipitation along the west
coast of Oregon and overestimates the precipitation
along the Cascade Mountains (Figs. 3d,e). This bias
has been widely documented in the literature for other
numerical models (Mass et al. 2002, and references
therein). To better predict the orographic precipitation,
a subgrid terrain-adjusted cloud microphysics param-
eterization may be required (Leung and Ghan 1998).

Quantitative precipitation forecast. The quantitative
precipitation forecast skill over the CONUS region is
computed for all 145 five-day forecasts and presented
in Fig. 4. For the first 1-3-day forecast period, the
ETS (higher values indicate greater skill; with 1.0 rep-
resenting a perfect forecast) for the GFS peaks at the
2mm day' threshold (Fig. 4a) and gradually decreases
in skill for more intense (and rarer) precipitation events
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Fic. 3. Geographical distribution of 145-case averaged precipitation rate (mm day'): (a) Stage IV observations,
(<) GFS, (d) Uniform_ZC, and (e) Stretched_G. (b) Terrain elevation ranging from 0 (green) to 3,800 m (brown).

(solid line). The prediction of light precipitation (less
than 2 mm day™) in the GFS is relatively less skillful.
Compared to the GFS, Uniform_ZC and Stretched_G
show distinctively higher ETS for the 1-3-day forecasts,
with Stretched_G exhibiting the highest ETS for light
precipitation. The improvement of light precipitation
in Stretched_G is possibly due to the use of the GFDL
cloud microphysics, which results in a more consistent
dynamics—physics coupling (see the appendix).
Figures 4b and 4c show the differences in ETS
between the two fvGFS versions and the GFS. Com-
pared to the GFS, Uniform_ZC displays significantly
higher ETS from the 0.2 to 35 mm day precipitation
thresholds during the first 1-3-day forecast period
(Fig. 4b), indicating that Uniform_ZC is notably
better in the prediction of light to moderate precipita-
tion in a short-term forecast period. For the 4-5-day
forecasts, Uniform_ZC still presents higher ETS
than the GFS (Fig. 4c), but the difference between
them is insignificant except for the light precipitation
(0.2 mm day™). After grid stretching and updating to
GFDL MP, Stretched_G increases ETS for both light



— GFS —  Uniform_ZC - Stretched G

0.35 Diff on Day 1-3 ;35 Diff on Day 4-
0.30 0.05¢ (b)1 0.030} (C)-
0.25 0.04 4 0.025h .
wn 0.20 0.03 0.020 jv -
- 0.015}¢ .
w 0.15 0.02 0_010,.\____..——,. _
g-ég 0.01 0.005F = =="77 =33
: 0.000F == === === -
O-OC) I 1 1 I L I L 0'0() I L 1 I I I 1 __0.0()5 I 1 I 1 I L 1
2.0 3 1 1 | I (I)
1.5 2+ Py
1.0 1t / {-

0.5

BIAS

AUC

NN OoOInNnOoIn NNNONWNINOIN  ~NNINOWW LN O N
S N O~ S =N MO~ S = =N MO~

Threshold (mm day!) Threshold (mm day~!) Threshold (mm day!)

Fic. 4. (a) The ETS of precipitation over CONUS as a function of precipitation threshold for the operational
GFS model (black), Uniform_ZC (blue), and Stretched_G (red), averaged over days 1-3 (solid) and 4-5 (dashed)
of the forecast. (b) ETS difference relative to GFS over days 1-3. (c) ETS difference relative to GFS over days
4-5. Colors of lines in (b) and (c) are the same as in (a). (d)-(f) As in (a)—-(c), but for BIAS. (g)-(i) As in (a)-(c),
but for the area under the AUC. (j)=(I) As in (a)—=(c), but for the FSS. Pink shading indicates the 95% confidence
interval for the differences to GFS.

and heavy precipitation during the 1-3-day forecast forecasts (Fig. 4c). The difference from the GFS for
period (Fig. 4b). As a result, the improvement relative  precipitation thresholds below 35 mm day™' is statisti-
to the GFS is significant for the entire precipitation cally significant at the 95% confidence level.

range. Compared to Uniform_ZC, a distinct im- Figure 4d presents the BIAS of all three models. A
provement is shown in Stretched_G for the 4-5-day  BIAS greater (less) than 1 indicates an overestimation
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(underestimation) of precipitation. A BIAS greater
than 1 also indicates that there are many more places
where extreme precipitation is forecasted than where
they actually occur. As can be seen from Fig. 4d, both
the GFS and the two versions of fvGFS overestimate
the precipitation (BIAS > 1) during the entire 5 days,
especially for precipitation amounts greater than
25 mm day. This implies that all these models are less
skillful in predicting the exact location of the heavy
to extreme precipitation. Stretched_G demonstrates
significant improvements in the prediction of light
precipitation of less than 2 mm day™ (Fig. 4e), which
is consistent with the ETS result at the 0.2 mm day™'
precipitation threshold. For heavy precipitation, the
Stretched_G’s BIAS is insignificantly higher than
the GFS’s BIAS, which implies that the Stretched_G’s
configuration is still underoptimized for heavier pre-
cipitation intensity. Modifications to other physical
parameterizations (including the planetary boundary
layer parameterization) may be necessary at convec-
tion-permitting scales to address these issues. For the
4-5-day forecast period, the differences among these
models are mostly within the 95% confidence level,
except for very light precipitation.

Hamill (1999) pointed out that ETS is sensitive to
precipitation bias. As our analysis of ETS and BIAS
shows a similar sensitivity, we employ ROC to per-
form an unbiased precipitation verification. The area
under the ROC curve (AUC) is shown in Figs. 4g—i.
AUC values range from 0 to 1.0 with a higher value in-
dicating a higher hit rate for the precipitation events.
Figure 4g shows a similar trend of the Stretched_G’s
AUC as seen in the ETS (Fig. 4a). However, the differ-
ence between the Stretched_G and the GFS (Fig. 4h)
is different from that shown in Fig. 4b. Compared to
the GFS, the AUC for the Stretched_G shows little im-
provement in the prediction of light precipitation (less
than 5 mm day™). These results demonstrate that the
improvements in the ETS shown in Fig. 4b are mainly
due to the significant reduction of light precipitation
bias shown in Fig. 4e. By contrast, Stretched_G shows
much higher AUC for moderate to heavy precipitation
amounts (greater than 15 mm day™') while the differ-
ence in BIAS is insignificant (Fig. 4e). This indicates
that the improvement in the forecast of moderate
to heavy precipitation amounts is mainly due to the
variability instead of the bias. In the 4-5-day forecast
period (Fig. 4i), the AUC for light to moderate pre-
cipitation drops considerably for both Uniform_ZC
and Stretched_G, and the differences relative to the
GFS are mostly insignificant.

Note that in these verifications there was no
consideration of small positioning differences in the
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computation of ETS, BIAS, and AUC. Therefore,
when the locations of intense forecast precipitation
structures are shifted relative to the observed locations,
the forecast skill of the model may not be well repre-
sented by these metrics (Clark et al. 2009). The FSS is
used to verify precipitation forecasts in an 8 x 8 km?
neighborhood (Fig. 4j). The FSS ranges from 0 to 1,
where a higher FSS means that the model can better
predict the precipitation probability in a particular
neighborhood area. It is seen in Fig. 4j that the FSS
along the range of precipitation thresholds shows a
similar trend to ETS as shown in Fig. 4a. Figure 4k
shows similar FSS differences to those for ETS in
Fig. 4b in the 1-3-day forecast period, compared to
the GFS. One exception is Stretched_G, which has a
higher FSS than Uniform_ZC for the entire precipita-
tion intensity range. This indicates that the higher-
resolution fvGFS is more skillful in predicting the
precipitation probability in a targeted neighborhood.
For the 4-5-day forecast period (Fig. 41), the difference
in FSS for Uniform_ZC relative to the GFS is within
the 95% level of confidence, while Stretched_G shows
significantly higher FSS than the GFS for almost the
entire precipitation range.

The diurnal cycle of precipitation. Prein et al. (2015)
concluded that a primary added value in convection-
permitting simulations is an improved diurnal cycle of
precipitation. This subsection verifies the diurnal cycle
of precipitation over the CONUS following Bechtold
etal. (2014) and Zhou et al. (2015). Figure 5 shows the
diurnal phase [local standard time (LST)] and diurnal
amplitude (mm day™) of 3-hourly precipitation from
Stage IV, the GFS, and the two fvGFS versions for all
of 2015 and 2016. In Fig. 5a, the diurnal phase of the
Stage I'V observations exhibits distinct patterns in the
western, central, and eastern CONUS regions. In the
western CONUS, the precipitation peaks primarily in
the afternoon (1200-1800 LST), while in the eastern
CONUS, it peaks primarily in the late afternoon to
evening (1500-2100 LST). In the central CONUS, the
peak precipitation occurs mainly in the period from
evening to dawn (1800-0600 LST next day).

Among the three models and configurations,
Stretched_G is generally the best at reproducing the
west-to-east pattern and shows the lowest root-mean-
square errors (RMSEs) when compared to the Stage IV
observations over the entire CONUS (Fig. 5d). Over the
western and eastern CONUS, the Stretched_G times
of peak precipitation compare most favorably with
the Stage IV observations, while the GFS produces
a later time of peak precipitation (Fig. 5b), and Uni-
form_ZC produces various times of peak precipitation
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(Fig. 5¢). However, over the northern part of the
central CONUS, the peak time of precipitation for
Stretched_G is 3-6 h earlier than observed, indicating
that Stretched_G still struggles with representing the
self-propagating, diurnally driven convection. Note
that the cumulus convective scheme configured for
the 13-km GFS is still applied in Stretched_G globally.
Previous studies (Davis et al. 2003; Clark et al. 2007)
show that cumulus parameterization schemes tend
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to reduce the representation of precipitation’s diurnal
cycle. In the future, a scale-aware convective scheme
will be considered to address this issue.

The diurnal amplitude of observed precipitation
in Fig. 5e shows that the peak precipitation is stron-
ger than 10 mm day™' along the coast of the Gulf of
Mexico as well as over Florida. The diurnal amplitude
decreases from the southeastern CONUS to the north-
ern and western CONUS region. The GFS reproduces

JULY 2019 BAMS | 1233
Brought to you by NOAA Central Library | Unauthenticated | Downloaded ©08/28/24 07:01 PM UTC



the intense diurnal am- 102 i ' ‘ ' r
plitude over Florida and 10tk — StagelV
the coast of Louisiana, but __10° — GFS
it fails to produce the in- R 101} —  Uniform_ZC |
tense diurnal amplitude & 102} Stretched G
over other coastal areas & 103 :
along the Gulf of Mexico. 104f (a) first 6 hours
The GFS also spuriously 107 : : : : :
0 100 200 300 400 500 600
produces an extreme and 102
noisy diurnal amplitude 10t
over the western CONUS 1090
and along the Appalachians X 10t
(Fig. 5f). By contrast, Uni- w102}
form_ZC underestimates & 193
the diurnal amplitude for 10t (b) first 24 hours
the southeastern CONUS 107 ‘ s . : )
(Fig. 5g). Its maximum 20 50 100 150 200 250 300
diurnal precipitation 181
amplitude is lower than 10°
8 mm day™'. After grid g 10
stretching and updating to w 102
GFDL MP, Stretched_G en- e 1031
hances the diurnal ampli- 104l  (c) first 72 hours
tude to above 10 mm day™ 105 )

along the coast of the Gulf
of Mexico and over Florida

0

100 150
Precipitation Rate (mm day!)

50 200

(Fig. 5h). However, the di-
urnal amplitude of precipi-
tation in Stretched_Gis still

FiG. 6. Probability distribution function (PDF, %) of (a) first 6-h, (b) first 24-h,
and (c) first 72-h mean precipitation rate (mm day~') over SGP as obtained
from 145-case Stage IV (black) observations, and GFS (green), Uniform_ZC

too weak compared with

(blue), and Stretched_G (red) forecasts.

the Stage IV observations.

The probability distribution function of precipitation.
The southern Great Plains region (SGP; 30°-40°N,
105°-90°W) experiences the most thunderstorms,
tornadoes, and other severe weather in the United
States (Grams et al. 2012). By analyzing the probability
distribution of precipitation in the SGP (Fig. 6), the
predicted heavy precipitation in Stretched_G is found
to be remarkably close to the Stage IV observations.
Both the GFS and Uniform_ZC produce substantially
less heavy precipitation compared to observations,
and the two models fail to produce precipitation rates
higher than 500 mm day™ in the first 6 h, 250 mm day!
in the first 24 h, and 125 mm day™ in the first 72 h.
Both versions of the fvGFES are better able to produce
intense precipitation rates during the first six hours of
the forecast compared to the operational GFS (Fig. 6a),
indicating a very rapid spinup from the GFS initial
conditions. Stretched_G in particular shows very rapid
adjustment from the relatively low-resolution 13-km
hydrostatic GFS initial conditions to agree well with
the observed probability distribution.
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CONVECTIVE-SCALE PREDICTION: CASE
STUDIES. Examples of prediction of specific
weather events are provided to demonstrate the con-
vection-permitting capability of the fvGFS. This sec-
tion investigates two different cases: a squall line on
1 May 2017 and Hurricane Harvey on 25 August 2017.
The two forecasts are initialized at 0000 UTC 1 May
2017 and 25 August 2017, respectively. The model
predicted composite radar reflectivity is diagnosed
using Stoelinga’s (2005) algorithms in Stretched_G.
Since the ZC MP has no prognostic precipitation,
simulated reflectivity is not available for the GFS or
the Uniform_ZC.

On 1 May 2017, a squall line with associated
strong convection developed in the Great Plains
area and propagated toward the east coast of the
United States. Figure 7a shows the observed major
squall line at 0900 UTC 1 May 2017. The 9-h forecast
of Stretched_G produces a band of intense radar
reflectivity extending from Kentucky into the Gulf
of Mexico that agrees well with the observations
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I May and (c),(d) 2100 UTC 25 Aug 2017.

(Fig. 7b). The intense radar reflectivity is caused by a
large number of narrow and concentrated mesoscale
storms along the squall line. Although the locations
of these mesoscale storms do not precisely match the
observations, the Stretched_G’s capability to predict
convective-scale features is apparent. The predicted
convective-scale storms are generally more intense,
and their sizes are slightly larger than observed, es-
pecially over the Gulf of Mexico. There are also more
pronounced stratiform echoes predicted by the model
than observed. These differences imply that the SAS
convection scheme, GFDL MP, and boundary layer
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vertical diffusion may be underoptimized for 4-km
resolution.

On 25 August 2017, Hurricane Harvey approached
the coast of Texas and started to bring extensive
precipitation and flooding to southern Texas and
Louisiana. The observed center of the hurricane at
2100 UTC was about 40 miles off the coast, which is
correctly predicted by Stretched_G (Figs. 7c,d). The
overall observed structure of the spiral rainbands,
with embedded mesoscale storms extending out to
the northeast of the storm center along the coasts
of Texas and Louisiana, is also reproduced very well
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of the inner-core to outer-core cross section through Hurricane Harvey on 25 Aug 2017 between observations
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in the Stretched-G forecast at the lead time of 21 h.
However, the forecast locations of the bands are closer
to the hurricane center, and the embedded storms are
generally stronger than observed, which is similar
to what was shown in the squall line case. However,
the locations and sizes of these hurricane bands are
difficult to predict due to the complex interaction of
Harvey with the large-scale circulation and the local
moisture environment.

To further evaluate the characteristics of the
squall line event simulation, we define the longitu-
dinal center of the squall line as the meridionally
averaged zonal maximum of the radar reflectivity
in the 26°-38°N, 92°-80°W domain as illustrated in
Figs. 7a and 7b. The movement of the longitudinal
center of the squall line produces the tracks shown
in Fig. 8a. The 24-h radar reflectivity composite
of the west-east cross section through the squall
line is shown in Fig. 8b, which is calculated as the
24-h average of the radar reflectivity along the
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longitudinal centers. The track of the squall line
predicted by Stretched G lags about 1° behind the
observed squall line in the first 6 h of the forecast.
Atlead times beyond the 6-h forecast, the predicted
track catches up and almost aligns with the observed
squall line track through 24 h. Stretched _G correctly
simulates the shape of the mesoscale convective
elements across the squall line (Fig. 8b), although
the intensities are about 2-5 dBZ higher compared
to the observations at the longitudinal center. Also,
Stretched_G correctly predicts the width of the
squall line.

For Hurricane Harvey, its track (defined by the
location of minimum sea level pressure) is accurately
predicted by the Stretched_G simulation (Fig. 8c).
Similar to that shown in Fig. 8b, the 24-h radar re-
flectivity composite of the inner-core to outer-core
cross section through Hurricane Harvey is shown
in Fig. 8d. The model predicts a larger hurricane eye
compared to the observations. This can be improved



.
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by using a less diffusive positive-definite tracer advec-
tion option in the dynamical core (figure not shown).
Although Stretched_G produces a narrowed extent of
the eyewall convection, it substantially overpredicts
the radar reflectivity in the 2° radial band.

Finally, the daily accumulated precipitation for
the GFS, Uniform_ZC, and Stretched_G forecasts
are compared to the Stage IV observations (Fig. 9).
For the squall line case, both the GFS and the two
fvGFS versions correctly predict the northeastward
movement of the convective systems. However,
the GFS and Uniform_ZC do not predict the large
amount of accumulated precipitation over the Mis-
sissippi Gulf Coast. By contrast, Stretched_G shows
a finer-scale detail of strong convective storms in
that area, although the precipitation is overpredicted
compared to the observations. Stretched_G is the
only one of the three models that clearly resolves
small-scale structures of the convective activity
both in the eyewall and in the rainbands extending
to the northeast of Harvey near the coast of Texas
and Louisiana. However, the precipitation is again
overpredicted.

CONCLUSIONS AND DISCUSSION.
This study demonstrates the use of a simple
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Fic. 9. Daily accumulated precipitation (mm) from (a),(e) Stage 1V; (b),(f) GFS; (c),(g) Uniform_ZC; and
(d),(h) Stretched_G on (a)-(d) | May and (e)—(h) 25 Aug 2017.

variable-resolution technique to enable the Next
Generation Global Prediction System (NGGPS) to
efficiently represent convective-scale features in a
global model, taking advantage of the enhanced ca-
pabilities provided by the modern dynamical core and
an advanced microphysics scheme. As a milestone of
the NGGPS development, the prototype of NGGPS
developed at GFDL, called fvGFS, is presented in
detail to provide a reference for future research
and possible operational model development. The
convection-permitting capability in the fvGFS is re-
alized through a variable-resolution nonhydrostatic
dynamical core and an upgraded cloud microphysics
scheme, which are lacking in the current operational
GFS. Evaluating 145 ten-day forecasts over a 2-yr
period, we found that the predictive skill of the large-
scale circulation in the 4-45 km variable-resolution
fvGFS with GFDL cloud microphysics is comparable
to that of the GFS. Improvements in convective-scale
prediction are clearly demonstrated with the new
modeling system, despite the lack of scale-aware
physical parameterizations, especially for cumulus
convection in the coarse-resolution domain.

The primary findings from this study are as
follows. First, the large-scale forecast skill of the
variable-resolution fvGFS is comparable to that
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of the GFS in the Northern Hemisphere and is
improved over the CONUS region when the GFDL
cloud microphysics is used. Second, the variable-
resolution fvGFS improves the representation of
CONUS orographic precipitation, the forecast skill
of light and heavy precipitation, and the phase and
amplitude of the diurnal cycle of precipitation,
compared to the 13-km uniform-resolution fvGFS
and the operational GFS. The variable-resolution
fvGFS most accurately predicts the observed fre-
quency of heavy to extreme precipitation in the SGP
region. Finally, in two case studies, a squall line and
Hurricane Harvey, the variable-resolution fvGFS
more accurately simulates the size and intensity of
convective-scale storms compared to the GFS and
the uniform-resolution fvGFS with better predic-
tions of convective rainfall.

However, there remain some limitations with this
early version of the variable-resolution fvGFS that
need to be addressed in the future. First, the skill of
the 500-hPa geopotential height over the Southern
Hemisphere degrades to a certain extent compared
to the GFS. This suggests that the current physical
parameterization package is only partially scale
aware. This issue is being addressed in updates to the
SAS convection scheme (Han et al. 2017) and other
parameterizations. Second, orographic precipitation
along the U.S. West Coast is still poorly simulated,
and there is only a small improvement of precipita-
tion forecast skill with increasing resolution. Both
issues can be addressed by using better microphysics
and convective schemes, and by considerations of
the impact of subgrid terrain on the microphysics.
Third, the GFDL MP is able to reduce the light pre-
cipitation biases but has less impact in improving
the prediction of moderate to heavy precipitation.
Moreover, the diurnal cycle of precipitation still has
a considerable bias over the central CONUS and will
require reconfiguring of the convective scheme (or
using a scale-aware scheme) to realize systematic
improvement (Davis et al. 2003; Clark et al. 2007).
Increasing resolution allows the model to resolve
precipitating convective structures more explicitly
(Yu et al. 2014; Landu et al. 2014), but the variable-
resolution fvGFS appears to overpredict the intensity
of convective features.

Replacing the GFS spectral core with the FV3
dynamical core lays the foundation for future im-
provements in NGGPS, through its nonhydrostatic
and variable-resolution capabilities among other
features. However, the improvement to forecast skill
by merely changing the dynamical core is limited.
The errors in the initial conditions and from the
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physical parameterizations dominate forecast errors
in the 13-km simulations. While the convective-scale
prediction skill over the CONUS is improved in the
stretched-grid model, especially when the GFDL
microphysical scheme is incorporated, the variable-
resolution grid, with gridcell widths varying from 4 to
45 km, leads to a degradation in large-scale prediction
skill. This is not surprising given that the current GFS
physics, including the convective scheme, boundary
layer scheme, and gravity wave drag scheme are not
effectively scale aware and are tuned for the current
operational 13-km resolution. When the grid is lo-
cally refined to 4 km, the model enters the so-called
planetary boundary layer gray zone (Wyngaard 2004),
and the current GFS physics parameterizations may
not optimally represent either the high-resolution area
or the lower-resolution area on the opposite side of
Earth. More sophisticated cloud microphysics allows
for a better simulation of mesoscale circulation and
precipitation, which results in overall improvements in
the large-scale and mesoscale simulations. To further
improve the forecast skill in the variable-resolution
model, scale-aware physical parameterizations, which
are currently being developed at GFDL, NCEP, and
elsewhere, are required.

The grid stretching ability of the fvGFS model
provides a powerful and user-friendly way to develop
and test scale-aware physical parameterizations. The
conceptual simplicity of the stretched-grid approach
and its ability to efficiently reach convective-scale reso-
lutions are beneficial to most users of FV3-based mod-
els (e.g., fvGFS, GFDL Atmospheric Model, Goddard
Earth Observing System Model, Community Earth
System Model), even for researchers whose technical
support and computational resources are limited. The
grid stretching capability will soon be made available
in the NGGPS for community use as well.
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project. ERA-Interim reanalysis data are available from the
European Centre for Medium-Range Weather Forecasts
(ECMWEF) at www.ecmwf.int/. NCEP reanalysis data are
available from NOAA Earth System Research Laboratory
at www.esrl.noaa.gov/. Stage IV radar-derived precipita-

1)

tion data are available from NCEP Environmental Model-
ing Center (EMC) at www.emc.ncep.noaa.gov/. Observed
radar reflectivity data are available from NOAA National
2)

Centers for Environmental Information (NCEI) at www
.ncei.noaa.govl.

APPENDIX: GFDL CLOUD MICROPHYS-
ICS. GFDL developed the single-moment 6-category
cloud microphysics based on the Lin-Lord-Krueger
cloud microphysics (Lin et al. 1983; Lord et al. 1984;
Krueger et al. 1995) formerly used in the GFDL
ZETAC regional model (Pauluis and Garner 2006).
It has been substantially revised and designed for the
GFDL global cloud-resolving model HiRAM (High-
Resolution Atmospheric Model; Chen and Lin 2011,
2013; Harris et al. 2016), and continually developed
and maintained by Dr. Shian-Jiann Lin and his team
since the early 2000s. The schematic of the GFDL
cloud microphysics is shown in Fig. Al.

Along with the GFDL Finite-Volume Cubed-Sphere
Dynamical Core (FV3), the model configuration with

3)

4)

5)

6)
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the GFDL cloud microphysics has the following
unique attributes:

Fast-time scale cloud processes (currently phase
changes and latent heating) are embedded within
the Lagrangian-to-Eulerian remapping in the FV3
dynamical core and can be updated more rapidly
than the rest of the physics.

Time-splitting is applied between warm-rain and
ice-phase processes, with the warm rain called at
twice the frequency.

Time-implicit monotonic scheme and piecewise
parabolic method are applied for the falling of
condensates, ensuring shape preservation and
stability without needing to subcycle.
Thermodynamic consistency is maintained
between the dynamics and the physics by con-
sidering the heat content of the condensates. The
total moist energy is precisely conserved within
the cloud microphysics.

Condensates carry heat and momentum during
the sedimentation processes.

Scale awareness is achieved by an assumed
horizontal subgrid variability and a second-order
finite-volume-type vertical reconstruction for
autoconversion processes.
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