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ABSTRACT: The parameterization of orographic gravity wave drag (OGWD) is essential for accurate numerical weather
prediction in regions of complex terrain. Current OGWD schemes assume hydrostatic orographic gravity waves (OGWs)
but the parameterized OGWs in fine-resolution models with narrow subgrid-scale orography can be significantly affected
by the nonhydrostatic effects (NHE). In our recent work, the OGWD scheme in the Model for Prediction Across Scales
(MPAS) was revised by accounting for the NHE on the surface wave momentum flux of upward-propagating OGWs.
Herein, the revised OGWD scheme is implemented in the Weather Research and Forecasting (WRF) Model to evaluate
its performance in short-range weather forecast. Two sets of 36-h WRF simulations are conducted for nine Northeast
China cold vortices (NECVs) that occurred in the warm season of 2011 using the original and revised OGWD schemes.
Results show that the WRF Model tends to underestimate the intensity of the NECVs, producing too high geopotential
height. When accounting for the NHE in the OGWD scheme, the NECV intensity biases are significantly reduced. Analy-
ses reveal that the NHE act to weaken the lower-tropospheric OGWD by decreasing the surface wave momentum flux,
which strengthens the NECV in the lower troposphere. Consequently, the strengthened low-level cyclonic circulation in-
creases the posttrough cold advection to the southwest of the NECV which in turn enhances the NECV in the mid-upper
troposphere with reduced geopotential height. The NHE are found to increase as the model horizontal resolution in-
creases, suggesting greater importance of NHE in the OGWD parameterization of high-resolution numerical models.

KEYWORDS: Cutoff lows; Gravity waves; Subgrid-scale processes; Topographic effects;
Model evaluation/performance; Parameterization

1. Introduction schemes have been developed in the past few decades (Palmer
et al. 1986; McFarlane 1987; Kim and Arakawa 1995; Lott and
Miller 1997; Scinocca and McFarlane 2000; Webster et al. 2003;
Kim and Doyle 2005; see also the review of Kim et al. 2003 and
references therein). The implementation of OGWD parameteriza-
tion schemes can help alleviate the systematic biases in both nu-
merical weather prediction (NWP) and climate models. For
example, the parameterized OGWD can decrease the westerly
wind and cold pole biases in both the Northern Hemisphere and
Antarctica (e.g., Palmer et al. 1986; McLandress et al. 2012; Lu
et al. 2020). The simulation of regional climate and synoptic
weather benefits from the parameterization of OGWD as well, ex-
amples being the East Asian summer monsoon circulation and
precipitation (e.g., Choi et al. 2017; Zhang et al. 2020), the circula-
tion and precipitation over the Tibetan Plateau (Zhou et al. 2017),
and the cut-off lows in Northeast Asia (Xu et al. 2023b).

Current OGWD parameterization schemes mostly make use
of the hydrostatic assumption when representing the subgrid-
scale OGWs, since this significantly simplifies their formulation.

Flow over topography can generate orographic gravity waves
(OGWs), which are capable of propagating upward to the mid-
dle atmosphere (Alexander et al. 2010; Fritts and Alexander
2003; Butchart 2014). The breaking of upward-propagating
OGWs can deposit wave momentum into the mean flow, result-
ing in a body force known as orographic gravity wave drag
(OGWD), which plays an important role in driving the general
circulation in the stratosphere (Sandu et al. 2019). Because of
their wide spectrum, with horizontal wavelengths ranging from
hundreds of meters to hundreds of kilometers, OGWs cannot be
fully resolved in numerical models, with unresolved waves and
their dynamical impact (i.e., OGWD) represented by subgrid-
scale parameterizations.

Based on both linear and nonlinear OGW dynamics (Smith
1979; Miranda and James 1992), various OGWD parameterization
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While this assumption is appropriate for coarse-resolution
models with grid spacings of O(100) km, in which hydrostatic
waves are dominant, it is questionable in the fast-developing
kilometer-scale-resolution models, such as the Integrated Fore-
casting System (IFS) of the European Centre for Medium-
Range Weather Forecasts (ECMWF) (Polichtchouk et al. 2021)
and the icosahedral nonhydrostatic model developed by the
German Weather Service and the Max Planck Institute for Me-
teorology (Zangl et al. 2015). Although more and more OGWs
are resolved as the model resolution increases, high-resolution
simulations (e.g., Kruse et al. 2022) have shown that the
OGWD parameterization remains important even at 3-km res-
olution. In fine-resolution models, the subgrid-scale orography
(SSO) can be sufficiently narrow such that most of the unre-
solved OGWs are significantly affected by the nonhydrostatic
effects (NHE). Compared with their hydrostatic counterparts,
nonhydrostatic OGWs propagate not only upward but also
downstream, showing a dispersive tail (Smith 1979; Klemp and
Durran 1983). Due to the lateral dispersion of wave energy, the
wave amplitude is reduced (Zangl 2003) which consequently
affects wave breaking and OGWD. Therefore, NHE should be
taken into account to more accurately represent subgrid-scale
orographic effects in fine-resolution models.

In this regard, Xu et al. (2021, hereafter X21) theoretically de-
rived the analytic formulae of surface wave momentum flux for
nonhydrostatic OGWs generated by three-dimensional elliptical
bell-shaped mountains. The wave momentum flux at the surface
is of great importance for the parameterization of OGWD as it
determines the total wave momentum that is ultimately depos-
ited into the mean flow. The NHE depend crucially on the hori-
zontal wind speed, the Brunt-Vaiséla frequency, and the
mountain width, which allows defining a nondimensional param-
eter called the horizontal Froude number (see X21 or section 2
below for more details). In contrast, the terrain anisotropy and
horizontal wind direction have a relatively weak influence on
NHE. As such, the theoretical expression of NHE for the case
of isotropic orography was adopted as a good approximation by
Xu et al. (2024) to correct the surface wave momentum flux in
the OGWD scheme developed by Kim and Doyle (2005; hereaf-
ter KDO05). (Note that the KDO05 scheme has partially and semi-
empirically taken into account the effect of nonhydrostatic
OGWD due to trapped lee waves, which was calibrated using
extensive mesoscale simulations. Yet, the NHE on the vertically
propagating OGWs are not considered.) Then, the revised
OGWD scheme (hereafter X21 scheme) was implemented in
the Model for Prediction Across Scales (MPAS) (Skamarock
et al. 2012). Compared with the original KDO05 scheme, the X21
scheme was found to help improve the simulation of the strato-
spheric polar night jet in boreal winter (Xu et al. 2024) and re-
duce the wintertime wet biases over the western Tibetan
Plateau (Xu et al. 2023a).

While the revised OGWD scheme has been shown to be
beneficial for climate simulation, its influence on the simulation
of synoptic weather systems remains unclear. Herein, the X21
scheme is implemented in the Weather Research and Forecast-
ing Model (Skamarock et al. 2019), which, like MPAS, also
adopts the KDOS5 scheme and tests for the short-range forecast
of the Northeast China cold vortex (NECV). As a type of cut-
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FI1G. 1. Model domain and standard deviation of SSO (shading; m).
The black box indicates the region of interest in Northeast Asia.

off low originating from the polar region (Nieto et al. 2005), the
NECV is the most important weather system affecting North-
east China, which can cause severe convective weather like
short-term intense rainfall, hail, and tornadoes (e.g., Lian et al.
2016; Luo et al. 2018; Meng et al. 2018). About half of the sum-
mer rainfall over Northeast China is attributed to the NECVs
(Sun et al. 1994; Hu et al. 2010). On average, there are 7.4
NECVs per year, with each case persisting for 3-5 days (e.g.,
Yang and Wang 2021). NECVs most often occur in the warm
season, especially in May. Our recent study (Xu et al. 2023b)
showed that the complex terrain in Northeast Asia has an im-
portant influence on the NECV intensity, primarily through the
OGWD caused by upward-propagating gravity waves. In this
work, a series of Weather Research and Forecasting (WRF)
Model simulations are conducted for nine NECV cases that oc-
curred in the warm season (April-September) of 2011, using
the original and revised KDO5 schemes to evaluate the perfor-
mance of the revised OGWD scheme.

The remainder of the paper is organized as follows. Section 2
describes the setup of WRF simulations, followed by a brief
description of the revised OGWD parameterization scheme.
Section 3 presents an overview of the nine NECV cases under
examination. The influences of the revised OGWD scheme on
the short-range forecast of the NECVs are studied in section 4.
Finally, the paper is summarized and discussed in section 5.

2. Numerical simulations
a. Setup of numerical experiments

Figure 1 displays the WRFv4.2.1 model domain and the
model’s unresolved orography, i.e., SSO. The horizontal grid
spacing is 9 km, along with 39 levels in the vertical. The mod-
el’s top is placed at 50 hPa, accompanied by a Rayleigh damp-
ing layer in the topmost 5 km to prevent artificial gravity
wave reflection at the model’s top boundary. For each of the
nine NECVs, two numerical experiments are conducted by
using the original and revised KD05 OGWD schemes (see
section 2b below). Regarding other model physics, the Yonsei
University planetary boundary layer (PBL) scheme is used
(Hong et al. 2006), with the new Thompson microphysics
scheme (Thompson et al. 2008), the Grell-Freitas scheme for
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TABLE 1. The date and location of the nine NECVs. An asterisk (*) indicates cases used for sensitivity tests.

NECYV case Initial time End time Notes
1* 1200 UTC 28 Apr 0000 UTC 30 Apr Over Mongolian Plateau, decaying
2 1200 UTC 10 May 0000 UTC 12 May Over Mongolian Plateau, developing
3% 1200 UTC 31 May 0000 UTC 2 Jun Over Stanovoy Range, decaying
4 1200 UTC 7 Jun 0000 UTC 9 Jun Over plain, decaying
5 1200 UTC 30 Jun 0000 UTC 2 Jul Over plain, developing
6% 1200 UTC 5 Jul 0000 UTC 7 Jul Over Mongolian Plateau, developing
7 1200 UTC 12 Jul 0000 UTC 14 Jul Over plain, decaying
8 1200 UTC 1 Aug 0000 UTC 3 Aug Over plain, developing
9 1200 UTC 12 Sep 0000 UTC 14 Sep Over Stanovoy Range, developing

cumulus convection (Grell and Freitas 2014), the Rapid Radia-
tive Transfer Model for general circulation models (RRTMG)
longwave and shortwave radiation schemes (Iacono et al.
2008), the Fifth-generation Pennsylvania State University—
National Center for Atmospheric Research Mesoscale Model
(MMS5) similarity scheme for the surface layer (Beljaars 1995),
and the Noah land surface model (Tewari et al. 2004). The ex-
periments using this suite of model physics are taken as the
control simulations, i.e., CTL_KDO05 and CTL_X21.

In addition, sensitivity experiments are performed for three
particular NECV cases (i.e., Nos. 1, 3, and 6 in Table 1) using
different model physics (Table 2; note that the memO1 mem-
ber is just the same as the control simulation mentioned
above). These cases are chosen because they are most notably
affected by the revision of the OGWD scheme (see section 4).
The sensitivity experiments are composited (i.e., SEN_KDO05
and SEN_X21) and analyzed, in order to make the evaluation
of the revised OGWD scheme more reliable (and thus the im-
pact of the NHE more robust).

The WRF Model is integrated for 36 h (see the initial time
for each case in Table 1), with the first 12 h taken as the model
spinup time. The model’s initial and lateral boundary conditions
are derived from the 6-hourly, 0.75° ERA-Interim reanalysis

data developed by the ECMWF (Dee et al. 2011; https://www.
ecmwf.int/en/forecasts/dataset/ecmwi-reanalysis-interim/).
b. Revision of the KD05 OGWD scheme

In the OGWD scheme developed by KDOS5, the surface wave
momentum flux of upward-propagating OGWs is expressed as

T :pEﬁGWL|3 1)
0 0 /\eff NL '
where
E = (OA +2) /) [y = (1 4+ L)OA
2
- Frg%rgoc-l . Fr, = Z‘R;ZL oD. @)

The “number of mountains” within the model grid cell (i.e.,
m) is used to measure the bulk volume of the SSO. The factor
Aegr 1S @ tunable coefficient indicating the effective grid length,
which is practically set to be 3 times the grid spacing in the
WRF Model. The coefficient E denotes the drag enhance-
ment by the low-level wave breaking and/or lee wave trapping

TABLE 2. Configurations of WRF Model physics.

Radiation Radiation

Name Microphysics PBL Surface layer scheme (long) scheme (short)
memO1 (CTL) Thompson YSU MMS5 RRTMG RRTMG
mem02 Thompson YSU MM5 Dudhia® Dudhia
mem03 Thompson MYJ® Monin-Obukhov® RRTMG RRTMG
mem04 Morrison2-mom¢ ACM2°¢ MM5 CAM' CAM
mem05 Thompson MYJ Monin-Obukhov Goddard® Goddard
mem06 Morrison2-mom YSU MMS5 Dudhia Dudhia
mem07 Morrison2-mom YSU MMS5 Goddard Goddard
mem08 Morrison2-mom ACM2 MMS5 Dudhia Dudhia
mem09 Morrison2-mom YSU MMS5 RRTMG RRTMG
mem10 Morrison2-mom MYNN2" MMS5 Dudhia Dudhia
# Dudhia (1989)

® Janji¢ (1994)

¢ Jiménez et al. (2012)

4 Morrison et al. (2009)

¢ Pleim (2007)

f Collins et al. (2004)

€ Matsui et al. (2018)

" Nakanishi and Niino (2006)
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subject to the shape and location of the SSO within the grid
cell as well as the flow nonlinearity measured by the nondi-
mensional mountain height Fry. According to the criterion of
Fr. = 1, the coefficient G provides a smooth transition be-
tween flow blocking/nonblocking by the SSO. The variable
oy, denotes the standard deviation of the SSO height, and L,
is the effective SSO length along the direction of low-level
mean flow V. obtained by averaging the horizontal winds
between the surface and 20;, above the surface. The nondi-
mensional orographic asymmetry (OA) measures the subgrid-
scale terrain asymmetry and its position relative to the model
grid box. The orographic convexity (OC) indicates the sharp-
ness and slope of the terrain. The nondimensional orographic
direction (OD) reflects the orography anisotropy defined as
OD = L{/L_, with L{ being the orography width in the direc-
tion normal to the low-level mean wind V;. The low-level
mean air density (pp) and buoyancy frequency (N,) are ob-
tained in a similar manner to V;. The variables Cr = 0.8 and
Cs = 0.5 are two constants empirically calibrated using meso-
scale numerical simulations (Kim and Arakawa 1995). Once
the OGWs are launched, they propagate upward level by level
until they encounter a critical level or break due to wave satu-
ration. Readers are referred to KDOS5 for more details about
this scheme.

While the NHE can affect many aspects of OGWs, it is
herein referred to as the reduction of surface wave momen-
tum flux of upward-propagating OGWs by the trapping of
very short OGWs (which are thus vertically evanescent) and
the lateral dispersion of longer OGWs (X21; Smith 1979). To
account for the NHE, 7 in Eq. (1) is revised as

7, = 7,[1 + NHE (Fr)], 3)
with NHE_(Fr) denoting the correction by the NHE given by

NHE (Fr) = —g Fr?

1 5 9 9
Fr 2 — EFrf1 + >+ ZFr+-Fr R

—2Fr ' _
te ( 47373
4)

which is theoretically derived in X21. The horizontal Froude
number Fr=|V,|[/(N,L,) is used to quantify the degree of
nonhydrostaticity, which increases as Fr grows. For simplicity,
the deduction of these equations is not replicated here but
can be found in X21. Readers are also referred to Xu et al.
(2024), which describes the revision of the KD05 OGWD
scheme at length.

3. Overview of the NECYV cases

Figure 2 shows the geopotential height (GPH) and temper-
ature at 500 hPa for the nine NECV cases under consider-
ation, which were obtained from the hourly, 0.25° ERAS
reanalysis (Hersbach et al. 2018; https://www.ecmwf.int/en/
forecasts/dataset/ecmwf-reanalysis-v5). While all these NECV
cases occurred in Northeast Asia (see the black box in Fig. 1),
their locations differed considerably. NECV cases 1 and 6
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were closer to the Mongolian Plateau, i.e., in the western part
of the region of interest (Figs. 2a,f). On the contrary, the centers
of the NECV in cases 4, 7, and 8 were located over the eastern
plain of this region (Figs. 2d,g,h). In the remaining cases, the
NECV was located in the middle part of this region, with its
center close to Lake Baikal, except in case 2 (Figs. 2b,c.e,i).
Among all these NECVs, cases 1 and 2 are the strongest (i.e.,
500-hPa GPH minimum lower than 5400 gpm; Figs. 2a,b), fol-
lowed by cases 3, 4, and 9 with the 500-hPa GPH minimum
ranging from 5400 to 5500 gpm (Figs. 2c,d,i). The NECVs in
cases 5, 6, 7, and 8 are the weakest, with their 500-hPa GPH
minimum above 5500 gpm (Figs. 2e-h).

Figure 3 shows the evolution of the NECV intensity (de-
noted by the mean GPH averaged within a 1° X 1° box cen-
tered at the 500-hPa GPH minimum as in Xu et al. 2023b) for
the nine cases. In general, the NECV cases 1, 3, 4, and 7 show
a weakening trend (i.e., increasing GPH) during the 24-h fore-
cast time (Figs. 3a,c,d,g), given the relatively high GPH at the
end of forecast. (Note that the 24-h forecast is from 12 to 36 h
into the simulation because the initial 12 h are taken as the
model’s spinup time.) For example, the initial 500-hPa GPH of
NECYV case 1 is 5268 gpm, but it eventually reaches 5308 gpm
(Fig. 3a). In contrast, the intensities of NECV cases 2, 5, 6, 8,
and 9 are enhanced (i.e., the GPH decreases) during the 24-h
forecast (Figs. 3b,e,f,h,i). More precisely, their intensities first
decline (with growing GPH) but then increase (with falling
GPH), especially for case 9 which shows a large variation of
GPH of ~70 gpm (Fig. 3i).

According to the above analyses of Figs. 2 and 3, the
nine NECV cases occurred at different times (from April to
September) and locations (from western to eastern Northeast
Asia, with different underlying orography) and had different
evolutions of intensity (either developing or decaying). Thus,
the revised OGWD scheme is evaluated for a considerably
diverse range of NECVs.

4. Results of WRF simulations
a. Forecast biases of the simulated NECVs

The intensities of the nine NECV cases in the control simu-
lations are shown in Fig. 3 as well. Overall, the intensities of
these NECV cases are underestimated by the WRF Model, as
shown by the larger 500-hPa GPH. The only two exceptions
are NECV cases 1 and 4, which are stronger than their ERAS
counterparts during the later period of forecast. In spite of
these biases, the WRF Model captures the evolution of the
NECV intensity fairly well, e.g., the weakening (strengthen-
ing) before (after) 21 h into the simulation for NECV case 8 is
similar to that in ERAS (Fig. 3h). By contrast, timing biases
are found for some NECV cases, e.g., case 5 (Fig. 3e) exhibits
a time lag of 3 h in reaching the largest 500-hPa GPH. Fur-
thermore, the trend of NECV intensity as simulated by the
WRF Model occasionally deviates from that of ERAS. For in-
stance, the intensity of NECV case 3 continues to decrease
after 25 h into the simulation, which differs from the increas-
ing trend in ERAS (Fig. 3¢).
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FIG. 2. GPH (black contours; gpm) and temperature (red contours; K) at 500 hPa for the nine NECV cases obtained from the
ERAS reanalysis. The color shading shows the model-resolved orography (m). The blue boxes indicate the regions, where the areal-
mean horizontal wind speed, which are chosen based on the size of the NECV. The times of these NECV cases are indicated on the

top left of each subplot.

The model biases in the NECV intensity are more clearly dis-
played in Fig. 4. For each of these nine cases, the mean biases av-
eraged during the 24-h forecast are given in the figure upper-left
corner. All the time-mean biases of 500-hPa GPH are positive.
For the experiments using the original KDO05 scheme, relatively
large biases are found for the NECV cases 5, 8, and 9 which ex-
ceed 20 gpm (Figs. 4e,h,i). Albeit large, these biases are at least
comparable to that in Fan et al. (2023; Fig. 1) which studied a
NECV case using 3-km WRF simulation. Moderate biases
of between 10 and 20 gpm are found for cases 2, 6, and 7
(Figs. 4b,f,g). The biases are the smallest for NECV cases 1, 3,
and 4 (Figs. 4a,c,d), especially the latter, which is only 2.5 gpm.

Of greater interest is the difference between the intensities in
the two sets of experiments using the original and revised
OGWD schemes. As shown in Fig. 4, there is a decrease of in-
tensity bias for all the NECV cases except case 8 when using the
revised OGWD scheme. The most notable alleviation is found
for NECV cases 1 and 6, with their 500-hPa GPH biases de-
creased by ~3.5 gpm during the 24-h forecast (Figs. 4a.f). This is
because these NECV cases are located close to the Mongolian
Plateau (Figs. 2a,f) where the underlying terrain is considerably
complex, resulting in greater NHE (see section 4b). The model
biases are moderately alleviated for the NECV cases 2, 3, and 9
between 1.0 and 2.5 gpm (Figs. 4b,c,i). These NECVs are mainly
influenced by the relatively low topography of the Stanovoy
Range to the northeast and south of Lake Baikal (Figs. 2b,c,i).

For the other four NECV cases 4, 5, 7, and 8 (Figs. 4d.,e,g,h), the
intensity biases in CTL_X21 are either very weakly reduced
(e.g., 0.1 gpm in Fig. 4g) or increased (e.g., 0.1 gpm in Fig. 4h)
compared to that in CTL_KDOS. This indicates trivial NHE, as
these NECV cases are mainly located over a flat area.

Figure 5a depicts the evolution of the mean intensity of the
nine NECV cases. The mean 500-hPa GPH obtained from the
ERAS reanalysis first increases from 5490 to 5512 gpm in 9 h
and then drops to 5494 gpm again in the following 15 h. The
overall evolution of the mean 500-hPa GPH is captured by the
WRF Model, in spite of an underestimation of the NECV in-
tensity and a 2-h delay in reaching the maximum GPH. For the
nine-case mean, the 500-hPa GPH bias is 15.4 gpm during the
24-h forecast in CTL_KDO05, which is decreased to 13.9 gpm in
CTL_X21, that is, reduced by 9.7%. The decrease in the mean
bias is statistically significant at the 95% confidence level, as re-
vealed by the p value of 0.037 using the Student’s ¢ test. The
GPH biases at levels other than 500-hPa were examined as
well, showing similar results to that in Fig. 5Sa (not shown).

Regarding the three NECVs cases 1, 3, and 6 that are most
notably affected by the OGWD, their 500-hPa GPH biases are
reduced up to 27% (Fig. 5b) for the 24-h forecast, which is
much larger than the nine-case mean (Fig. 5a). The p value is
0.011 which clearly passes the 95% significance test (i.e., a ¢ test
for the mean forecast bias of the nine cases for CTL_KDO05
and CTL_X21). Besides the control simulation (i.e., mem01 in
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FIG. 3. Temporal evolution of mean 500-hPa GPH (gpm) averaged within a box of 1° X 1° around the NECV center for the nine
NECV cases obtained from the ERAS5 reanalysis (black lines) and the WRF simulations of CTL_KDOS (blue lines) and CTL_X21 (red

lines), respectively.

Table 2), another nine sensitivity experiments (i.e., mem02-
mem10 in Table 2) have also been conducted for the three
NECV cases 1, 3, and 6 using different model physics (see
section 2a). As shown in Fig. 6, for each of the sensitivity ex-
periments, the 500-hPa GPH bias averaged during the 24-h
forecast is decreased when using the revised OGWD scheme.
The relative bias reduction ranges from 17% (mem07) to 62%
(mem10), with a composite mean of 29% (i.e., 10.7-7.6 gpm).
This mean bias decrease is also statistically significant at the
95% confidence level, with a p value of 0.012.

From the above analyses, accounting for the NHE in the
OGWD scheme can significantly alleviate the underestimation
of the NECV intensity by the WRF Model, which is robust as
confirmed by the sensitivity experiments using different configu-
rations of model physics. Note that there are still considerable
biases when using the revised OGWD scheme. This suggests
that there should be more processes other than OGWD causing
the biases, but addressing those processes is beyond the scope of
this study. In the next section, we will explore how the NHE af-
fect the parameterized OGWD and hence the NECV intensity.

b. NHE on the parameterized OGWD

Figure 7a depicts the geographical distribution of the OGWD
integrated from surface to the model top and averaged during

the 24-h forecast in CTL_KDOS. Most of the column-integrated
OGWD is located to the southwest of Lake Baikal (i.e.,
over the Mongolian Plateau) with a maximum value of over
9 X 10™* Pa m s~ 2. There is also salient OGWD to the east of
Lake Baikal, with a magnitude of 6 ~ 7 X 10™* Pam s~ 2. The
OGWD is less than 1 X 10™* Pa m s™2 to the south of Lake
Baikal and even weaker (<0.1 X 10™* Pa m s™2) in the plain
area of Northeast China. Generally, the spatial pattern of the
column-integrated OGWD agrees with that of the SSO (Fig. 1).
The large standard deviation of the SSO (which denotes the
magnitude of the subgrid orographic forcing) over the Mongolian
Plateau and Stanovoy Range is conducive to the generation
and breaking of large-amplitude OGWs and hence substan-
tial OGWD.

Figure 7b shows the difference between the column-integrated
OGWD in CTL_X21 and CTL_KDO0S5. The OGWD tends to
be reduced when taking into account the NHE, as shown by
the predominantly negative differences. This is as expected
because the NHE act to decrease the surface wave momen-
tum flux of OGWs in theory [see X21 and Eq. (4)]. Yet, en-
hancement of OGWD is also found in a few isolated regions
despite with much weaker magnitude. This may be caused
by the interaction between the parameterized OGWD and
resolved model flow. The weakening of surface wave
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FIG. 4. As in Fig. 3, but for the model biases of GPH (gpm) with respect to ERAS. Numbers on the upper-left corner of each panel are

the GPH bias averaged over the period of 12-36 h into the simulation, with blue for CTL_KDO0S and red for CTL_X21.

momentum flux by the NHE may first lead to a reduction of
low-level OGWD and hence an increase of low-level wind
speed, which in turn enhances the surface wave momentum
flux and OGWD (Xu et al. 2024).

The greatest decrease of column-integrated OGWD occurs to
the southwest of Lake Baikal, exceeding —4 X 10™* Pam s>
The OGWD near the Taihang Mountains is also evidently re-
duced, suggesting important NHE there. As shown in X21,
the intensity of the NHE can be quantified by the horizontal
Froude number. Figure 8a is similar to Fig. 7a but displays
the geographical distribution of the mean Fr averaged during
the 24-h forecast in CTL_X21. (Note that the horizontal
Froude number is calculated online from the simulations using
the revised OGWD scheme.) Figure 8b shows the distribution
of the theoretical NHE correction according to Eq. (4) which
is always negative. In the regions of complex terrain, e.g., the
Mongolian Plateau, Stanovoy Range, and Taihang Mountain
(Fig. 1), Fr can exceed 0.3, corresponding to large NHE of
over —15% in theory. The two centers of strong NHE located
to the southwest of Lake Baikal and near the Taihang Moun-
tains agree with the significant reduction of OGWD there
(Fig. 7b). However, for the NHE maxima located to the due
south of Lake Baikal (around 48°N), there is little decrease of

OGWD (Fig. 7b). This is due to the fact that the OGWD itself
is weak in that region (Fig. 7a).

In addition to the column-integrated OGWD, Fig. 9a dis-
plays the evolution and vertical distribution of the nine-case
mean OGWD averaged within the boxes encompassing the
NECV (see Fig. 2) in CTL_KDO05. The two NECV cases 6 and
7, shown in Figs. 9c and 9e for comparison, are located close to
the Mongolian Plateau characterized by complex terrain and in
the relatively flat region to the southeast of Lake Baikal, re-
spectively. The OGWD mainly occurs in the lower troposphere
below 600 hPa, with the maximum (>1 X 10™* m s™?) near
850 hPa at 25-30 h into the simulation (Fig. 9a). For the NECV
case 6 (Fig. 9c), the OGWD extends upward to 300 hPa and
shows stronger maxima of over 1.2 X 10* m s~ 2. By contrast,
the OGWD in NECV case 7 (Fig. 9¢) is confined to the lower
troposphere below 700 hPa and is much weaker.

Figures 9b, 9d, and 9f show the differences between the
OGWD in CTL_X21 and CTL_KDOS5. For the nine-case mean
(Fig. 9b), the OGWD is reduced by more than 1 X 107> m s 2
near 800 hPa around 24-27 h into the simulation. That means
the OGWD is weakened by more than 10% owing to NHE. A
comparable reduction is found for the OGWD at 800 hPa in
NECV case 6 (Fig. 9d), while the OGWD is reduced by less

iy
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FIG. 5. Temporal evolution of 500-hPa GPH (gpm) averaged within a box of 1° X 1° around the NECV center ob-
tained from the ERAS reanalysis (black lines) and the WRF simulations of CTL_KDO05 (blue lines) and CTL_X21
(red lines). (a) Nine-NECV case mean. (b) The mean of NECV cases 1, 3, and 6. The colored numbers in the upper-
left corner are the mean GPH biases and standard deviations averaged over the period of 12-36 h into the simulation,
with blue for CTL_KDO5 and red for CTL_X21. The black number on the upper-left corner is the p value of the
Student’s ¢ test for the difference between the mean biases.

than 0.4 X 107> m s~ 2 in NECV case 7 (Fig. 9f). The stronger
and weaker NHE in these two cases are consistent with the
higher SSO over the Mongolian Plateau and the lower SSO to
the southeast of Lake Baikal (Fig. 1). This explains why the in-
tensity of some NECV cases is notably affected by the revision
of the OGWD scheme while that of others is not (Fig. 4).

¢. Mechanism for the influence on the NECV intensity

Given its large NHE, NECV case 6 is chosen to investigate
how the changes of OGWD affect the NECV intensity. Alpert
et al. (1996) revealed the importance of lower-tropospheric
OGWD on cyclogenesis intensity. Xu et al. (2023b) found a two-
fold impact of lower-tropospheric OGWD on the GPH of the
NECYV. On one hand, it can directly weaken the cyclonic circula-
tion of the NECV in the lower troposphere and increase the
GPH under the constraint of quasigeostrophic (QG) vertical
vorticity. On the other hand, it can indirectly enhance the GPH

20
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p =0.012

mmm SEN_KDO5
mmm SEN_X21

500-hPa GPH bias (gpm)

mem01 mem02 mem03 mem04 mem05 mem06 mem07 mem08 mem09 mem10

Member

FIG. 6. The 24-h mean bias of 500-hPa GPH averaged within a
box of 1° X 1° around the NECV center for the sensitivity experi-
ments of the NECV cases 1, 3, and 6. The colored numbers in the
upper-left corner indicate the composite mean biases and standard
deviations, with the black number denoting the p value of the Stu-
dent’s ¢ test for the difference between them.

in the mid—upper troposphere, due to the suppressed cold advec-
tion to the southwest of the NECV in the lower troposphere. As
shown below, this twofold impact of low-level OGWD on the
NECYV weakens in CTL_X21 because the OGWD is decreased
by the NHE (Fig. 9d).

Figure 10a presents the spatial distribution of the QG hori-
zontal wind, GPH, temperature, and horizontal advection of
(a) CTL_KDO5
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FI1G. 7. Geographical distribution of the nine-case mean (a) verti-
cally integrated OGWD field (vectors) and magnitude (shading;
10™* Pa m s™2) in CTL_KDO5 averaged between 12 and 36 h into
the simulation. (b) The difference between CTL_X21 and CTL_
KDO5, i.e., CTL_X21 — CTL_KDO5.

Unauthenticated | Downloaded 02/27/25 09:33 PM UTC



DECEMBER 2024

a) horizontal Froude number
= = &

65°N
0.3
0.25
0.2
0.15
0.1
90°E 100°E 110°E 120°E 130°E
65°N 7(b) theoretical NHE y
0
| -1
55°N - P
10
45°N H -15
] 20
35°N - T ' T ; T i T i T

90°E 100°E 110°E 120°E 130°E
FIG. 8. Geographical distribution of the nine-case mean (a) hori-
zontal Froude number and (b) theoretical NHE correction (%) in

CTL_X21 averaged between 12 and 36 h into the simulation.

temperature at 800 hPa averaged during the period of 24-30 h
into the simulation of CTL_KDO05 for NECV case 6. The QG
fields are obtained by applying a low-pass Barnes-type filter
(Barnes 1973; Wei et al. 2023) to the model output which can
effectively eliminate disturbances shorter than 1500 km (the
response function of this filter is displayed in Fig. 11 of Xu
et al. 2023b). This period is chosen because it is when both the
lower-tropospheric OGWD and its reduction by the NHE are
most remarkable (Figs. 9c,d). The NECV temperature trough
lags that of GPH, such that a cold air mass is brought by the
posttrough northwesterlies to the southwest of the NECV
(i.e., cold advection). In CTL_X21, the OGWD is reduced by
the NHE (Fig. 9d) such that the low-level winds are en-
hanced. This is clearly shown in Fig. 10b, as evidenced by the
differential (i.e., CTL_X21 minus CTL_KDO05) cyclonic circu-
lation. In response to this enhanced cyclonic circulation, the
posttrough northerlies intensify, yielding a stronger cold ad-
vection than in CTL_KDOS. In fact, the posttrough cold advec-
tion is strengthened throughout the mid-lower troposphere, in
particular near 750 hPa, which favors the deepening of the
trough aloft and thus helps alleviate the positive GPH biases
in the mid—upper troposphere.

d. Sensitivity of NHE to the model’s
horizontal resolution

According to the definition of horizontal Froude number,
the NHE depend critically on the horizontal scales of the
orography, which are thus expected to play a more important
role in high-resolution models. At fine resolutions, relatively
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small SSO is conductive to the generation of more nonhydro-
static OGWs. On the contrary, the primary scale of the SSO is
broad at coarse resolutions which tends to produce predomi-
nantly hydrostatic waves. To explore the sensitivity of the
NHE to the model’s horizontal resolution, four simulations
are conducted for NECV case 6 using a finer resolution of
3 km (i.e., CTL_KDO05_3km and CTL_X21_3km) and a coarser
resolution of 27 km (i.e., CTL_KDO05_27km and CTL_X21_
27km), respectively, in addition to the 9-km resolution simulation
discussed in section 2a. These sensitivity experiments share the
same model physics as the control simulation, except that the pa-
rameterization of cumulus convection is turned off in the 3-km-
resolution simulation.

Figure 11a is similar to Fig. 3f but for the intensity of
NECYV case 6 simulated by using different model resolutions
of 3 and 27 km. As with the 9-km resolution, the model can
capture the overall evolution of the NECV intensity at both
coarser and finer resolutions. In all cases, the intensity of the
NECV is also underestimated, showing a higher 500-hPa
GPH than ERAS. Interestingly, the underestimation is more
pronounced at 3-km resolution than at 9- or 27-km resolu-
tions. The mean GPH bias in the 24-h forecast is 26.9 gpm in
CTL_KDO05_3km but only 17.8 gpm in CTL_KDO05_27km
(Fig. 11b). The worse performance of the 3-km resolution
simulation is possibly due to the fact that the WRF Model pa-
rameterization produces too much OGWD at high resolu-
tions. Earlier studies (e.g., Sandu et al. 2019) have suggested a
cutoff resolution of ~5 km for OGWD parameterization,
which might mean that we are extending the OGWD pa-
rameterization to near (or beyond) its applicability limits in
the 3-km resolution simulations. To test this, an additional
experiment (CTL_NoOGWD_3km) is performed which is the
same as CTL_KDO05_3km but without an OGWD parameteri-
zation. As shown in Fig. 11, turning off the parameterization
of OGWD at 3-km resolution does reduce the model bias.
This suggests that the parameterization of OGWD may be un-
necessary at 3-km resolution, at least for the NECV case 6, al-
though other studies (e.g., Kruse et al. 2022) argued that the
OGWD parameterization remains important even at such res-
olutions. Nonetheless, the issue of at what resolution an
OGWD parameterization becomes unnecessary is beyond the
scope of this work. Herein, we are mostly interested in the be-
havior of the NHE at different resolutions.

When taking into account the NHE in the OGWD scheme,
the simulation of the NECV intensity is improved at all model
resolutions. The mean GPH bias during the 24-h forecast de-
creases from 26.9 to 19.8 gpm in CTL_X21_3km while it de-
creases from 17.8 to 17.6 gpm in CTL_X21_27km (admittedly a
very small improvement). Compared with the experiments us-
ing the original KD0O5 OGWD scheme, the GPH biases are re-
duced by 1.1%, 17.9%, and 26.4%, respectively, at 27-, 9-, and
3-km resolutions. That is, from coarser to finer resolutions, the
impact of the revised OGWD scheme on the NECV intensity
increases progressively.

Figures 12a—c show the geographical distributions of the
horizontal Froude number at different model resolutions for
NECYV case 6, while Figs. 12d-f are the corresponding theo-
retical NHE obtained from Eq. (4). As the model resolution
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increases, the distribution of horizontal Froude numbers
above 0.1 becomes more and more extensive. For all these
three resolutions, the centers of high Fr are located over the
Mongolian Plateau to the south of Lake Baikal, but their
magnitudes differ markedly. At 27-km resolution (Fig. 12a),
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the largest Fr is less than 0.5, much smaller than that at 3-km
resolution, which can exceed 1.5 (Fig. 12c¢). Moderate Fr
between 0.5 and 1.0 is found in the 9-km resolution simula-
tion (Fig. 12b). Theoretically, the NHE at 27-km resolution
(Fig. 12d) reduce the OGWD by less than —5%, while much
larger OGWD reductions by NHE of more than —70% are
found at 3-km resolution (Fig. 12f). At 9-km resolution, there
are moderate OGWD reductions by NHE of between —30%
and —50% (Fig. 12¢).

Figures 12g—i show the relative variations (in %) of column-
integrated OGWD using the revised OGWD scheme compared
to those using the original one. For reference, the column-
integrated OGWD produced by the KDO5 scheme is given in
Figs. 12j-1. Overall, the spatial patterns and magnitudes of
the relative variations of column-integrated OGWD are simi-
lar to their theoretical counterparts in Figs. 12d—f. Taking the
3-km resolution experiment as an example (Fig. 12i), the maxi-
mum relative variation occurs to the south of Lake Baikal,
which exceeds —70%, in good agreement with that shown in
Fig. 12f. While the NHE are expected to reduce the OGWD
according to linear theory, positive variations of column-
integrated OGWD are still found in a few isolated regions,
similar to what could be seen in Fig. 7b. Nevertheless, the
relative variations are predominantly negative and, more
importantly, increase in magnitude (i.e., become more nega-
tive) as the model resolution increases (i.e., for finer grid
spacings). The latter behavior is consistent with the theoret-
ical results presented in Figs. 12d-f, suggesting that the
NHE play a more vital role for the OGWD parameteriza-
tion in high-resolution simulations. It is interesting to note
that, for a unique set of adjustable parameters, the KDO05
scheme tends to produce stronger OGWD as the resolution
increases (Figs. 12j-1). This, which is consistent with the
model behavior presented in Fig. 11 and discussed above, is
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FIG. 11. Temporal evolution of (a) mean 500-hPa GPH (gpm) averaged within a box of 1° X 1° around the NECV
center obtained from ERAS reanalysis (black line) and the WRF simulations for 5-7 Jul 2011 (i.e., NECV case 6) us-
ing the original (blue lines) and revised (red lines) KD05 OGWD schemes at different resolutions (solid lines for
27-km and dashed lines for 3-km resolution). The green dashed line is for the 3-km resolution simulation without
OGWD parameterization. (b) As in (a), but for the WRF Model biases with respect to ERAS. The numbers on the
bottom-left corner of (b) indicate that the 500-hPa GPH biases averaged over the period of 12-36 h into the
simulations.
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FIG. 12. Geographical distributions of (a)—(c) horizontal Froude number, (d)—(f) theoretical NHE correction (%), and (g)—(i) relative
variation of column-integrated OGWD (%), i.e., (CTL_X21 — CTL_KDO05)/CTL_KDO05 X 100, averaged between 12 and 36 h into the
simulations on 5-7 Jul 2011. (j)—(I) For reference, the column-integrated OGWD (10 # Pa m s~ 2) produced by the KDO05 scheme is given.
The first, second, and third rows are the simulations using resolutions of 27, 9, and 3 km, respectively.

because the reference-level stress is inversely proportional to
the effective grid length Ay [see Eq. (1)], which needs to be
carefully tuned in operational use (KD05). An alternative way
to represent the SSO is by using Fourier transforms as sug-
gested by van Niekerk and Vosper (2021) which is, however,
not the focus of this work.

5. Summary and discussion

In this study, the KDO5 orographic gravity wave drag
(OGWD) parameterization scheme adopted in the WRF Model
is revised by accounting for nonhydrostatic effects (NHE) on the
surface wave momentum flux of upward-propagating OGWs ac-
cording to the theoretical formulae derived in X21. Nine NECVs
that occurred in the warm season (April-September) of 2011 in
Northeast Asia are simulated using the WRF Model to evaluate
the performance of the revised OGWD scheme in short-range
weather forecast.

Results show that the WRF Model underestimates the inten-
sities of the NECVs, with too high geopotential height (GPH).
The model GPH biases are alleviated when using the revised
OGWD scheme. For the nine-case average, the 500-hPa GPH
bias is reduced by 9.7%, most of which comes from three
NECVs that occurred in regions of complex terrain. The reduc-
tion of the 500-hPa GPH bias is up to 27% for these three
cases. The role of the revised OGWD scheme in alleviating the
GPH bias is confirmed by additional sensitivity experiments
configured with different model physics (e.g., boundary layer
and microphysics). Mechanisms were studied for the reduction
of the model biases. In the revised OGWD scheme, the NHE
can decrease the surface wave momentum flux of OGWs,

which tends to inhibit wave breaking and thus OGWD in the
lower troposphere. The weakened OGWD directly strengthens
the low-level horizontal winds, resulting in an enhancement of
low-level cyclonic circulation of NCEVs and decreased GPH
that alleviates the positive GPH bias in the lower troposphere.
Concurrently, the posttrough cold advection strengthens, acting
to deepen the NECV in the mid- and upper troposphere by
thermal wind balance and hence reduce the positive GPH
biases there. Furthermore, the NHE are found to be very sensi-
tive to the model grid spacing. As the model’s horizontal reso-
lution increases, the parameterized OGWD is more and more
weakened by the NHE.

These findings suggest that considering NHE in the OGWD
parameterization scheme is beneficial for the simulation and
short-range forecast of NECVs that occur in the complex-terrain
region of Northeast Asia, in particular for numerical models of
high-resolution (and thus with an OGWD parameterization
dominated by narrow SSO). It should be noticed that the revised
OGWD scheme has only been tested for a limited number of
NECVs in the warm season. NECVs in the cold season when
the OGWD is expected to be stronger, as well as other weather
systems that occur in different mountainous regions (e.g., the
Tibetan Plateau vortex), will be considered in the future.

Furthermore, the revised OGWD scheme considered herein
only accounts for NHE in decreasing the surface wave momen-
tum flux of upward-propagating OGWs. But the laterally dis-
persed wave energy can propagate to the upper atmosphere by
a leakage effect and be absorbed downstream (Smith 1979;
Durran et al. 2015) or propagate downstream within the bound-
ary layer (Smith et al. 2006; Lott 2016; Xue and Giorgetta
2021). These effects have not been considered here. Given the
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single-column approach commonly used in OGWD schemes,
parameterizing these downstream effects is very challenging
and deserves more study (Eichinger et al. 2023).
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