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Abstract A subgrid orographic parameterization (SOP) is updated by including the effects of orographic
anisotropy and flow-blocking drag (FBD). The impact of the updated SOP on short-range forecasts is
investigated using a global atmospheric forecast model applied to a heavy snowfall event over Korea on
4 January 2010. When the SOP is updated, the orographic drag in the lower troposphere noticeably
increases owing to the additional FBD over mountainous regions. The enhanced drag directly weakens
the excessive wind speed in the low troposphere and indirectly improves the temperature and mass
fields over East Asia. In addition, the snowfall overestimation over Korea is improved by the reduced
heat fluxes from the surface. The forecast improvements are robust regardless of the horizontal
resolution of the model between T126 and T510. The parameterization is statistically evaluated based on
the skill of the medium-range forecasts for February 2014. For the medium-range forecasts, the skill
improvements of the wind speed and temperature in the low troposphere are observed globally and for
East Asia while both positive and negative effects appear indirectly in the middle-upper troposphere.
The statistical skill for the precipitation is mostly improved due to the improvements in the synoptic
fields. The improvements are also found for seasonal simulation throughout the troposphere and
stratosphere during boreal winter.

1. Introduction

The parameterization of the effects of subgrid-scale orography in global numerical weather prediction and
climate models is crucial for successful weather and climate predictions [e.g., Palmer et al, 1986; Miller
et al., 1989]. Subgrid orographic parameterizations (SOPs) describe the transport of momentum induced
by subgrid-scale orography to large-scale flow. Considerable efforts have been made to more realistically
parameterize this orography-induced force (i.e., subgrid orographic drag) (for a review, see Kim et al. [2003]
and Alexander et al. [2010]).

In general, subgrid orographic drag is classified into three types: Drag due to gravity waves (GWs), low-level
wave breaking, and flow blocking [Zadra et al., 2003, Figure 1; Kim and Doyle, 2005]. The GWs generated by
flow over mountains propagate vertically and produce drag at upper levels when breaking, which is known
as GW drag (GWD). The low-level breaking and trapped leewaves downstream can enhance drag in the
lower troposphere. The flow-blocking drag (FBD) is forced by flow blocked on the mountain flanks or
flowing around the mountain under upstream stable conditions, providing drag near the surface, where
the blocking occurs.

Initially, SOPs concentrated mainly on parameterizing the effects of GWD and were based on the two-
dimensional (2-D) linear GW theory for an idealized mountain [e.g., Boer et al, 1984; McFarlane, 1987]. The
GWD parameterizations led to substantial improvements in lower stratosphere and troposphere simulations,
such as the separation of the subtropical and polar night jets and the alleviation of the surface westerlies
[Palmer et al, 1986]. Since then, SOPs have been improved to include more sophisticated orographic effects,
such as the aforementioned low-level wave breaking [e.g., Kim and Arakawa, 1995; Hong et al.,, 2008] and flow
blocking [e.g., Lott and Miller, 1997; Scinocca and McFarlane, 2000; Webster et al., 2003; Kim and Doyle, 2005], as
well as orographic specifications, such as orographic anisotropy [e.g., Gregory et al, 1998; Scinocca and
McFarlane, 2000; Kim and Doyle, 2005]. The inclusion of drag effects enhanced by low-level wave breaking
improved the forecasts of weather phenomena, such as extra tropical cyclones [Hong et al., 2008] and climate
simulations [Kim, 1996; Gregory et al,, 1998]. The FBD parameterizations improved the simulations of the wind
fields over the troposphere and lower stratosphere [Zadra et al, 2003] and other fields indirectly affected, such
as precipitation [Zhong and Chen, 2015].
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In this study, the SOP from Hong et al. [2008] based on Kim and Arakawa [1995] implemented in the
Global/Regional Integrated Model system (GRIMs), including the drag effects associated with 2-D GWs and
low-level wave breaking, is updated by including the effects of 3-D orographic anisotropy and FBD. The
impact of the updated SOP on short-range forecasts is investigated for a heavy snowfall event over East
Asia using the GRIMs global model program (GMP). The parameterization is statistically evaluated based
on the skill of medium-range forecasts, and its impacts on seasonal simulations are also examined during
boreal winter. One may argue that the SOP used in this study is out of date. However, it is natural to revise
an existing physics component on a well-established forecast model such as the GRIMs. Thus, our starting
point is the GWD from Hong et al. [2008] and FBD based on the Kim and Doyle [2005]. In addition, several
modifications/new formulations are introduced to both GWD and FBD.

This paper is organized as follows: Section 2 describes the model, SOP, and experimental design; section 3
presents the impact of the updated SOP on short- and medium-range forecasts and seasonal simulations;
and section 4 presents a summary and conclusions.

2. Model and Experimental Design
2.1. Model Description

The model used in this study is the GRIMs-GMP [Hong et al, 2013] based on the National Centers for
Environmental Prediction seasonal forecast model [Kanamitsu et al., 2002]. The GRIMs has been developed
for numerical weather prediction, seasonal forecasts, and climate research projects for global-regional scales
with improved model dynamics and physics. The model includes two options in the dynamical core
(spherical harmonics and double Fourier series) and multiple options for each physics parameterization. In
this study, we utilize the spherical harmonics dynamical core, which is widely used in global atmospheric
models with high numerical accuracy and stability, and the physics package according to Table 1 from
Hong et al. [2013] with several minor revisions (e.g., the deep convective scheme from Lim et al. [2014]).
The SOP scheme is updated as described in the next subsection.

2.2, Subgrid Orographic Parameterization (SOP)

The GRIMs uses the SOP from Hong et al. [2008] based on Kim and Arakawa [1995], which includes the effects
of the GWD and the drag due to low-level wave breaking and nonhydrostatic wave trapping (OGWD). In this
study, the parameterization is updated by also including the effects of orographic anisotropy and the FBD.

First, the formulations for the OGWD parameterization are extended to include the effects of orographic ani-
sotropy according to Kim and Doyle [2005]. To achieve this, the orographic direction (OD), which is equivalent
to the horizontal aspect ratio of the orography, is introduced as

LJ.

oD=>* 1

L’ (M
where L, is the effective orographic length, which represents the subgrid-scale mountain width in the direc-
tion of low-level wind measured at the critical orographic height. The L; denotes L, for the cross-wind direc-
tion. The Froude number, one of the factors that determines the GW stress at a reference level, is then
redefined through multiplication with OD as follows:

N,
Fro =h—> OD, )
Uo

where h is the orographic height, which is defined as the standard deviation of subgrid-scale orography; Ny is
the low-level Brunt-Vaiséla frequency; and U, is the low-level horizontal wind speed. The GW stress (zgwp) at
the reference level is given as follows:
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where pg is the low-level density; E is the enhancement factor for representing the nonlinear enhancement of
drag due to the low-level wave breaking, which is calculated by the orographic asymmetry (OA), which
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represents the shape and location of subgrid-scale orography relative to the grid and the Fry normalized by
its critical value (Fr.=1); m is the number of subgrid-scale orography; A is the effective grid length; G is an
asymptotic function that provides a smooth transition between the nonblocking and blocking cases and
includes the effect of orographic convexity (OC) corresponding to the vertical orographic aspect ratio; and
Ce and C; are set to 0.8 and 0.5, respectively, based on the mesoscale simulation results from Kim and
Arakawa [1995]. A more detailed description is given by Kim and Doyle [2005]. The GW stress is the same
as that of Hong et al. [2008] except for the Fry, including the effect of OD and a free parameter, Ao
In Hong et al. [2008], the /¢ was practically set to the grid length with a minimum limit of 50 km, whereas
in this study, it is set to twice the grid length without the limit. The updated A.¢ has little effect on the
short- and medium-range forecasts but gives slightly better seasonal forecast skills.

Second, the FBD effects are included in the OGWD parameterization. The flow-blocking stress is given
as follows:

1 m
TFBD = 5,00 P CdAiLihB‘UOVa ®)
X

where A2 is the grid box area, Cy is the bulk drag coefficient of order unity, Al is the grid length in the cross-
wind direction, and hg is the height of the blocked layer. The FBD parameterization generally follows the
study of Kim and Doyle [2005], except for the hg and C4 Kim and Doyle [2005] define hg as a function of
the Froude number | = %—g (Fro — Frc) > 0), whereas we determine it according to the dividing streamline
theory [Snyder et al., 1985; Etling, 1989], as in Zhong and Chen [2015], who state that the blocked layer occurs
when the potential energy exceeds the kinetic energy. Thus, hg is found by solving the following equation:
2

IZ N3(2)(H — z) dz = @ ©6)
where H is the maximum height of the actual subgrid orography within each grid box and N and U are the
basic-state static stability and wind, respectively. Cy is theoretically set to 1 by Kim and Doyle [2005], but this
is inconsistent with the observations, which show its orographic aspect ratio dependence [Batchelor, 19671.
Therefore, according to Lott and Miller [1997], we calculate Cy as a function of OD:

1
Cd: maX{Z—@,O} (7)

Cqis approximately 1 for isotropic orography, 2 for flow orthogonal to an elongated orography, and 0 for flow
along an elongated orography.

2.3. Experimental Setup

Short- and medium-range forecasts and seasonal simulations are performed using the GRIMs-GMP with
original (CTL experiment) and updated (SOP experiment) SOPs. Because the effects of SOP are significant
mainly in winter, as in previous studies [e.g., Zadra et al., 2003] we focus on high-impact weather, such
as heavy snowfall events over South Korea during boreal winter. For the short-range forecasts, a record-
breaking heavy snowfall event that occurred over South Korea on 4 January 2010 is selected, and the
impact of the updated SOP on the synoptic fields and precipitation is investigated by comparing the
SOP and CTL results. The model is integrated for 48 h, starting from 00:00 UTC 3 January 2010, using initial
and boundary conditions from the National Centers for Environmental Prediction (NCEP) Global Forecast
System (GFS) analysis [Kanamitsu, 1989]. We focus on the model results with a resolution of T510L64.
The effects of the updated SOP on the horizontal resolution are investigated by comparing the
experiments with T126, T254, and T510 resolutions, which correspond to the grid spacing of approximately
100, 50, and 25 km, respectively. We also perform the following four additional experiments to investigate
the individual impacts of the factors updated in SOP: (i) An SOPA experiment with the orographic
anisotropy effect only, (ii) an SOPF experiment with the flow-blocking drag effect only, (iii) SOPH, and
(iv) SOPB experiments that are the same as the SOP experiment except for the use of the original height
of the blocked layer (i.e., hg E%—g(F,o — F,c) > 0) and bulk drag coefficient (i.e.,, C4=1), respectively.

For the medium-range forecasts, 28-member ensembles of 10day forecasts at a resolution of T214L64 are
performed using initial and boundary data from the NCEP GFS analysis for every 00:00 UTC in February 2014,
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Figure 1. Time-pressure cross sections of the (a, b) subgrid orographic drag averaged over East Asia and (c, d) biases
(shaded) and RMSEs (contours) of the wind speed computed against the FNL data averaged over the East Asian continent
from the (Figures 1a and 1c) CTL and (Figures 1b and 1d) SOP experiments.

when an anomalously long-lasting heavy snowfall event over South Korea occurred. The medium-range
forecasts with a number of members are performed at a lower horizontal resolution (T214) compared with
the short-range forecasts (T510) because of the limited computational resources. The synoptic features
from the CTL and SOP experiments are statistically evaluated based on the forecast skill regarding the bias
and root-mean-square error (RMSE) of the simulated wind speed and temperature computed against the
radiosonde data.

The seasonal simulations consisting of five-member ensembles are performed for the boreal winter from
December—February (DJF) in the years 2013-2014 when the seasonal mean states are shown to be similar to
climatology under the normal sea surface temperatures (SSTs). The ensemble runs are initialized at 0000 UTC
1-5 November with initial conditions derived from the NCEP GFS analysis data. As for the surface boundary con-
dition, Optimum Interpolation Sea Surface Temperature data [Reynolds et al, 2007] are used. The horizontal
resolution of the model for the seasonal simulation is T126, and the vertical resolution is the same as that for
the short- and medium-range forecasts. Through the comparison between the seasonal simulations for the
CTL and SOP experiments, the impacts of the updated SOP on the seasonal predictability of zonal mean zonal
wind and temperature, stationary eddy, and precipitation are examined.

3. Results

3.1. Short-Range Forecasts

Figures 1a and 1b show the subgrid orographic drag (\/(dU/dt)2 + (dV/dt)?) averaged over East Asia

(25°-50°N and 105°-145°E) from the CTL and SOP experiments during the 48 h forecast (00:00 UTC 3-5 January
2010) for a heavy snowfall event over Korea. The comparison between the two experiments shows that the
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Figure 2. Time-pressure cross sections of the subgrid orographic drag averaged over East Asia from the (a) SOPA, (b) SOPF,
(c) SOPH, and (d) SOPB experiments.

orographic drag clearly increases (more than fourfold) in the low troposphere when the SOP is updated. The
orographic drag in the middle—upper troposphere is slightly decreased by the reduced OGWD, though not
as significantly as for the low troposphere. Figures 1c and 1d show the biases and RMSEs of the wind speed
averaged over the East Asian continent from the CTL and SOP experiments. The skill scores are calculated
through comparison with the NCEP Final Analysis (FNL) data, which is presented on 1°x 1° grids for every
6 h. The results demonstrate that the enhanced drag in the low troposphere from the SOP experiment alleviates
the low-tropospheric wind speed overestimation over the East Asian continent from the CTL experiment. Note
that the orographic drag has an opposite sign to the wind, causing its deceleration. Its magnitude is shown in
Figures 1a and 1b. The wind reduction in the low troposphere improves the forecast skills for the low-
tropospheric wind, with a substantially reduced bias and RMSE for the SOP experiment. However, the updated
orographic drag induces negative effects (i.e, degradation of skills) indirectly in some regions, especially in the
middle-upper troposphere in spite of the small magnitude of the drag. The deficiency may need to be improved
by considering the interaction with other processes, which will be studied further in the future.

To understand the effects by updating the SOP, the individual impacts of each updated factor (i.e., orographic
anisotropy, flow-blocking drag, height of the blocked layer, and bulk drag coefficient) are investigated in
Figure 2, which show the orographic drag from the SOPA, SOPF, SOPH, and SOPB experiments, respectively.
Figures 2a and 2b indicate that the reduced (enhanced) drag in the middle-upper (low) troposphere
from the SOP experiment shown in Figure 1 is mainly because of the orographic anisotropy (additional
flow-blocking drag). The orographic drag in the SOPH experiment with the original hg is much smaller in
the low troposphere than when the updated one is used. This is because the condition causing the flow-
blocking effects (i.e., F,o — F,. > 0) is rarely met, and the magnitude of the hg, which is one of factors that
determines the magnitude of FBD, is smaller when the original h; is used. The smaller drag in the SOPH
experiment, in turn, leads to less wind improvement in the low troposphere. The orographic drag in the
SOPB experiment is similar to that in the SOP experiment, implying that the flow-blocking effects on the
short-range forecasts over East Asia are less sensitive to the C,.
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Figure 3. Time-pressure cross sections of the biases (shaded) and RMSEs (contours) of the (a, b) temperature and
(¢, d) geopotential height computed against the FNL data over East Asia from the (Figures 3a and 3c) CTL experiment
and the (Figures 3b and 3d) differences in bias and RMSE between the SOP and CTL experiments.

The updated SOP does affect not only the wind but also other fields indirectly. Figure 3a shows the bias and
RMSE of the average temperature over East Asia from the CTL experiment during the 48 h forecast, with cold
(warm) biases for the low-middle (middle-upper) troposphere. The biases and RMSE increase with increasing
forecast time, and the skill scores are worse for the low troposphere than for the middle-upper troposphere.
Figure 3b shows the differences in the bias and RMSE of the temperatures from the SOP and CTL
experiments. The bias difference (temperature difference) between the two experiments shows that the
temperature in the low (middle—upper) troposphere is higher (lower) in the SOP than in the CTL experiment.
The temperature differences are mostly out of phase with the CTL experiment biases, indicating their
reduction in the SOP experiment. This bias reduction is particularly noticeable for the low troposphere, where
the wind bias is substantially reduced by the enhanced orographic drag. Skill improvements are also found
for the RMSE.

The temperature changes can be explained partly by the thermal wind relationship. In the low troposphere,
the reduced wind in the SOP experiment causes a weakened horizontal gradient in temperature, which
corresponds to warming over East Asia. This low-tropospheric warming expands the air mass responsible
for the increase in geopotential height (Figure 3d). The positive differences in geopotential height indicate
that the negative bias of the geopotential height in the CTL experiment (Figure 3c¢) is reduced in the SOP
experiment. Skill improvements are found for the RMSE and bias. Although we focus on East Asia, the
improvements in the wind, temperature, and geopotential height through updating the SOP are shown
worldwide, except for in the summer hemisphere (not shown).

The improvements in the synoptic fields positively affect the precipitation forecast. Figure 4 shows the
snowfall from the rain gauge observations and the CTL and SOP experiment simulations accumulated
for 12 h (1800 UTC 3 January and 0600 UTC 4 January 2010), which nearly corresponds to the rainy period
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Precipitation (18UTC03-06UTC04 January 2010)
(a) Rain-gauge (c) sop
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Figure 4. Twelve hour accumulated precipitation (mm) for 00:00 UTC 4 January 2010, obtained from the (a) rain gauge over
South Korea, (b) CTL, and (c) SOP experiments and the (d) difference in precipitation between the SOP and CTL experiments.
The capitals of S and P represent the locations of Seoul and Pohang.

over Korea. In Seoul (~37.5°N, ~127°E), heavy snowfall is observed with an accumulation of 28.5 mm. This is
well-reproduced by the CTL and SOP experiments, although the maximum magnitude is underestimated.
However, the overall snowfall is overestimated in the CTL experiment, especially around Pohang (~36°N,
~129.5°E), but improved in the SOP simulation by the reduced heat fluxes from the surface due to the decreased
turbulent exchange coefficients resulting from the weakened surface wind. The improvement also can be
induced dynamically by the reduced orographic lifting due to the reduced low-level wind.

The dependence of the effects of the updated SOP on the horizontal resolution of the model is investigated.
Figure 5 shows the times series of the biases and RMSEs of the 10 m wind speed averaged over East Asia for
the 48 h forecast (heavy snowfall event, 00:00 UTC, 3-5 January 2012) from the CTL and SOP experiments at
resolutions of T126, T254, and T510. The skill scores from both experiments are computed against the FNL data.
For the CTL experiment, the 10 m wind speed is overestimated compared with the FNL, and the positive biases
are reduced as the resolution increases from T126 to T254. In contrast, the bias difference between T254 and
T510 is not significant. The dependence of the skill score on the resolution is also consistent for the RMSE.
When the SOP is updated, the excessive wind speed from the CTL experiment significantly decreases for all
resolutions, although the bias slightly increases negatively for some periods for the T510 resolution. Similarly,
the RMSE scores are improved for all SOP experiments compared with those of the CTL. However, the RMSE
improvement for T510 is not larger than for the other resolutions, consistent with the negatively increased bias
due to the excessive wind reduction for T510. Although the parameterized orographic drag decreases as the hor-
izontal resolution increases (by approximately 5% from T126 to T510), the excessive reduction of winds at T510
can be caused by the nonlinear interactions of the orographic drag with other processes. The effects of the
updated SOP over the whole troposphere at T254 and T126 are consistent with those at T510, shown in Figure 1.
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10m wind speed (East Asia)

2-0 A il il 'l
CTL(T126)
SOP(T126)
1564 — — — .CTL(T254) -
SOP(T254)
------- CTL(T510)
1.0 SOP(T510) L
1]
8
[
0.5 T T T T T y T
0 6 12 18 24 30 3 42 48
Forecast time (hour)
3-5 'l il il il il A A
CTL(T126)
3.0 SOP(T126) [
’ — — — -CTL(T254)
SOP(T254)
254 ------- CTL(T510) -
w sopsi) o S
(7] - ]
2 -
o .
0.5 L) L L v J v \J
0 6 12 18 24 30 3 42 48

Forecast time (hour)

Figure 5. Time series of the (top) biases and (bottom) RMSEs of the 10 m wind speed computed against the FNL data
averaged over East Asia from the CTL (black lines) and SOP (gray lines) experiments for the T126 (solid lines), T254
(dashed lines), and T510 (dotted lines) resolutions.

3.2. Medium-Range Forecasts

To statistically verify the updated SOP, the ensemble forecast skills for the wind speed and temperature are
computed against the radiosonde data. The skill scores for the 10 day forecasts are averaged for February
2014. Figures 6a and 6¢ show the biases and RMSEs of the wind speed from the CTL simulation averaged over
East Asia and globally. The bias patterns for the East Asian and global averages are similar to those of the
short-range forecasts, mostly with an excessive (lower) wind speed for the low (middle-upper) troposphere.
The bias and RMSE increase with increasing forecast time, especially for the middle—upper troposphere. Note
that the low wind biases in the middle-upper troposphere do not imply the excessive orographic drag in the
CTL experiment because its magnitude is small in the regions. Figures 6b and 6d show the differences in the
bias and RMSE between the SOP and CTL experiments, with general improvement in the scores for the East
Asian and global averages for the SOP experiment. For the early forecasts (~4 days), the wind improvements
in the SOP experiment are noticeable in the low troposphere due to the directly enhanced orographic drag,
which are consistent with those for the short-range forecasts. Although the skills are degraded in the
middle-upper troposphere for the early forecasts, the improvements for the middle-upper troposphere
become larger with increasing forecast time in spite of the small changes in orographic drag, perhaps
because of forcing terms from other physical and dynamical processes being indirectly changed by the
modified orographic drag, as shown by Zadra et al. [2003].

The wind improvement due to the updated SOP also improves the temperature prediction via the thermal wind
relationship. Figures 7a and 7c show the East Asian and global forecast skill scores for the temperature bias and
RMSE from the CTL experiment for the 10 day forecast averaged for February 2014. A cold bias is noticeable
both globally and for East Asia, which is reduced by the updated SOP for the low and upper troposphere.
Although for the middle-troposphere this bias is intensified in the SOP experiment, the RMSE is improved.
The statistically significant improvements in forecast skills for the wind and temperature are observed over
the whole boreal winter period (i.e., December to February).
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Figure 6. Time-pressure cross sections of the biases (shaded) and RMSEs (contours) of the wind speed computed against
the radiosonde data averaged over (a, b) East Asia and (c, d) globally from the (Figures 6a and 6c) CTL experiment and the
(Figures 6b and 6d) differences in bias and RMSE between the SOP and CTL experiments for February 2014.

In addition, it is found that the statistical skill for the precipitation during February 2014 is mostly improved in
the SOP experiment due to the improvements in the synoptic fields. Figure 8 shows the equivalent threat
scores (ETS) for 1 to 5 day forecasts from the CTL and SOP experiments averaged over February 2014. The skill
scores are calculated against rain gauge observations over South Korea. In the SOP experiment, the ETS is
mostly increased (i.e., improved) compared with that in the CTL experiment, which can be due to the changes
in the surface flux or/and the amount of orographic lifting indirectly caused by updating the SOP, as dis-
cussed in the short-range forecasts.

3.3. Seasonal Simulations

Figure 9 shows the zonal mean zonal wind and temperature from the seasonal simulations for the CTL
and SOP experiments, which are calculated by averages of five-member ensembles for the boreal winter
(DJF) from 2013 to 2014. The seasonal mean states during the selected period are shown to be similar to
climatology under the normal SSTs. The biases of the wind and temperature shown by shading for the
CTL experiment in Figures 9a and 9c are computed against the FNL data. The differences of the wind
and temperature between the two experiments, which are statistically significant at the 95% confidence
level, are shown by shading in Figures 9b and 9d. In both experiments, the structures of zonal mean
zonal wind and temperature generally agree well with those in the FNL reanalysis data, although the
stratospheric easterly and westerly jets (subtropical tropospheric jets) in both hemispheres are slightly
weaker (stronger) compared with those of the reanalysis data, and the corresponding temperature biases are
shown. A distinct difference between the two experiments appears in the winter stratospheric polar region with
the reduced easterly biases (i.e., stronger polar night jet) in the SOP experiment, which correspond to the
reduced warm biases in that region via the thermal wind relationship. The strengthened polar night jet in
the SOP experiment is mainly due to the GWD in the winter stratosphere being reduced by considering the
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Figure 7. Time-pressure cross sections of the biases (shaded) and RMSEs (contours) of the temperature computed against
the radiosonde data averaged over (a, b) East Asia and (c, d) globally from the (top) CTL experiment and the (bottom)
differences in bias and RMSE between the SOP and CTL experiments for February 2014.

orographic anisotropic effects. The skill scores (RMSE and pattern correlations) are improved for the zonal mean
zonal wind and temperature by updating the SOP.

Additionally, the 500 hPa height eddies (i.e., stationary eddies), which are used to validate the general ability
of models, are compared between the two experiments, and overall improvements are observed in the SOP
experiment. The pattern correlations with the FNL data of the simulated eddies are 0.70 and 0.77 for the CTL
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Figure 8. Statistical skill of the equivalent threat scores (ETS)
calculated against rain gauge observations over South Korea for
1 to 5 day forecasts from the CTL and SOP experiments during the
period of February 2014.

and SOP experiments, respectively. There is
little difference in the precipitation between
the two experiments (not shown).

4, Summary and Conclusions

In this study, we have updated the SOP by
including the effects of the orographic aniso-
tropy and FBD and examined its impact on
short- and medium-range forecasts and sea-
sonal simulations from the GRIMs-GMP. To
include the effects of orographic anisotropy,
an orographic statistic, OD, is introduced
according to Kim and Doyle [2005], and the
formulations for the OGWD parameterization
are modified with the OD. The FBD parame-
terization generally follows the study of Kim
and Doyle [2005], except for the height of
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Figure 9. Five-member ensemble averages of the zonal mean (a, b) zonal wind and (c, d) temperature from the (top) CTL
and (bottom) SOP experiments (contours) and the (top) biases in the CTL experiment computed against the FNL data and
(bottom) the differences between the SOP and CTL experiments (shaded) for DJF 2013-2014. The difference fields are
statistically significant at the 95% confidence level.

the blocked layer (hg) and the bulk drag coefficient (C,). The hg is determined by comparing the potential and
kinetic energies according to the dividing streamline theory, with the blocked layer occurring when the
potential energy exceeds the kinetic energy. The Cy is calculated as a function of the OD by including the
orographic anisotropy, as in Lott and Miller [1997].

To investigate the impact of the updated SOP on the short- and medium-range forecasts and seasonal
simulations, two experiments are performed using the model with original (CTL experiment) and updated
(SOP experiment) SOPs. Because the effects of SOP are significant mainly in winter, we focus on high-impact
weather events over South Korea during the boreal winter. For the short-range forecasts, a heavy snowfall
event over Korea on 4 January 2010, is selected, and the impacts of the updated SOP on the synoptic fields
and precipitation over East Asia are investigated by comparing the SOP and CTL results. For the medium-
range forecasts, 28-member ensembles of 10day forecasts are performed every 00:00 UTC for February
2014, when an anomalously long-lasting heavy snowfall event over South Korea occurred, and the synoptic
features and precipitation of the CTL and SOP experiments are statistically evaluated based on the forecast
skills computed against the radiosonde data and rain gauge observations, respectively. The seasonal simula-
tions consisting of five-member ensembles are performed for DJF 2013-2014 when the seasonal mean states
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for boreal winter are shown to be similar to climatology under the normal sea surface temperatures (SSTs),
and the impacts of the updated SOP on the seasonal predictability of zonal mean zonal wind and tempera-
ture, stationary eddy, and precipitation are examined.

When the SOP is updated, the CTL and SOP experiments comparison reveals that

1. The orographic drag noticeably increases because of the additional flow-blocking drag in the low
troposphere.

2. The enhanced orographic drag directly weakens the wind in the low troposphere and indirectly improves
the temperature and mass fields.

3. The snowfall overestimation over Korea is improved by the reduced heat fluxes from the surface due to
the decreased turbulent exchange coefficients, which result from the weakened wind near the surface.

4. The short-range forecast improvements are robust regardless of the model’s horizontal resolution.

5. The skills of the wind speed and temperature for the medium-range forecasts are improved in the low tro-
posphere globally and for East Asia while both positive and negative effects appear indirectly in the
middle-upper troposphere.

6. The statistical skill for the precipitation is mostly improved due to the improvements in the synoptic fields.

7. The improvements in the seasonal simulations are found throughout the troposphere and stratosphere
during boreal winter.

As mentioned in 1, the changes in the orographic drag are mainly caused by the additional parameterization
of the FBD near the surface, while the changes in the GWD, mostly associated with the orographic anisotropy,
are not as significant in the troposphere. Nevertheless, the forecast improvements are noticed for the whole
troposphere, possibly due to the interactions of the modified orographic drag with forcing terms from other
physical and dynamical processes [e.g., Kim, 2007]. However, the GWD in the winter stratosphere from the
seasonal simulations is significantly reduced by considering the orographic anisotropy; thus, the weak polar
night jet shown in the CTL experiment is strengthened (improved) by the reduced GWD in the SOP experi-
ment. The update of the height of the block layer (hg) in the FBD parameterization produces more drag
and leads to better forecasts in the low troposphere than when the original hz is used. It is found that the
forecasts for the East Asia are less sensitive to the update of the bulk drag coefficient (Cy).

The future work will involve a more detailed investigation of not only the seasonal, short-range, and medium-
range forecasts but also climate simulations for the whole atmosphere considering the interactions with
other wave forcing terms (i.e., nonorographic GWD, planetary wave forcing).
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