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Abstract. The China Meteorological Administration Global
Forecast System (CMA-GFS) v4.0 model was upgraded to a
higher resolution of 0.125° in May 2023. To be compatible
with its fine resolution, the parameterization scheme of oro-
graphic gravity wave drag (OGWD) in CAM-GFS is revised
herein by accounting for the nonhydrostatic effect (NHE) on
the wave momentum flux of subgrid-scale orographic grav-
ity waves. The performance of the revised OGWD scheme
is then evaluated for the 10 d medium-range forecast in De-
cember 2023. Results show that the revised OGWD scheme
can better capture the large-scale circulation in the North-
ern Hemisphere (NH), particularly in the high latitudes. The
easterly (westerly) wind biases in the NH polar stratosphere
(troposphere) are decreased. The underestimation of East
Asia subtropical jet is also alleviated. Quantitative evalua-
tion shows that the revised OGWD scheme reduces both the
mean bias and root mean square error of 500 hPa geopo-
tential height in the NH after the 6th forecast day, reaching
11.59 % and 5.06 %, respectively, by day 10. The decrease
of easterly biases in the polar stratosphere is owing to the
weakening of stratospheric zonal OGWD by the NHE. For
the decrease of westerly biases in the NH polar troposphere,
it is due to the fact that the enhanced stratospheric winds

suppress the upward propagation of Rossby waves into the
stratosphere, resulting in greater convergence of Eliassen-
Palm flux in the mid-upper troposphere.

1 Introduction

Orographic gravity wave drag (OGWD) is an important pro-
cess in atmospheric dynamics, arising from the interaction
of airflow with complex terrain (Kim et al., 2003; Teix-
eira, 2014). When airstream flows over mountains, it gen-
erates orographic gravity waves (OGWs) which propagate
vertically. As these waves break, they generate OGWD on
the high-level atmosphere (Fritts and Alexander, 2003). The
OGWD plays a crucial role in driving the atmospheric cir-
culation, influencing both tropospheric and stratospheric dy-
namics (Alexander et al., 2010).

In numerical weather prediction (NWP) and climate mod-
els, the OGWD is typically a subgrid-scale process which
needs to be parameterized. Various OGWD parameterization
schemes have been developed over the past few decades (e.g.,
Palmer et al., 1986; McFarlane, 1987; Kim and Arakawa,
1995; Lott and Miller, 1997; Scinocca and McFarlane, 2000;

Published by Copernicus Publications on behalf of the European Geosciences Union.



4056 R. Zhang et al.: Parameterization and evaluation of nonhydrostatic effect in the CMA-GFS model

Kim and Doyle, 2005) based on both linear and nonlinear
OGW dynamics. Their implementation has been shown to
help alleviate the systematic biases in both NWP and climate
models, ranging from general circulation to regional climate
and weather (e.g., Kim, 2007; McLandress et al., 2012; Choi
and Hong, 2015; Zhong and Chen, 2015; Chen et al., 2016;
Lu et al., 2020; Zhang et al., 2020; Li et al., 2023; Xu et al.,
2023; Wei et al., 2025).

While accurate representation of OGWD is essential for
weather forecast and climate simulation/projection, tradi-
tional OGWD parameterization schemes rely on the as-
sumption of hydrostatic balance which can significantly sim-
plify the formulae of OGW dynamics. This assumption is
appropriate for coarse-resolution numerical models where
subgrid-scale OGWs are dominated by hydrostatic GWs
as the dominant subgrid “mountains” are large. However,
as the model resolution increases, the hydrostatic assump-
tion becomes less valid because the subgrid-scale orogra-
phy (SSO) becomes smaller, so that the unresolved GWs
have shorter wavelengths. In this situation, the nonhydro-
static effects (NHEs) will exert remarkable influences on
the subgrid-scale OGWs. Compared with hydrostatic OGWs,
nonhydrostatic OGWs experience stronger horizontal disper-
sion of wave energy, which reduces wave amplitude and can
suppress wave breaking and momentum deposition into the
mean flow (Smith, 1979; Klemp and Durran, 1983; Zängl,
2003). These NHEs are thus critical for accurately repre-
senting the dynamical impacts of subgrid-scale OGWs in
high-resolution models, e.g., the state-of-the-art global NWP
models.

Recently, Xu et al. (2021) theoretically derived the an-
alytical expressions for the surface wave momentum flux
(WMF) of nonhydrostatic OGWs generated by idealized
three-dimensional orography. They found that the degree of
nonhydrostaticity can be measured by a nondimensional pa-
rameter of Froude number which is equal to the wind speed
over the mountain half width and buoyancy frequency, i.e.,
the inverse of the nondimensional half-width Na/U (e.g.,
Zängl, 2003). Physically, this parameter represents the ratio
between the period of buoyancy oscillation and the time for
airflow travelling through the mountain. The larger the hori-
zontal Froude number, the more important the NHE is. Based
upon the theoretical study, Xu et al. (2023, 2024) revised
the OGWD parameterization scheme developed by Kim and
Doyle (2005, hereafter KD05) by accounting for the NHE on
the surface WMF of upward-propagating OGWs. Then the
new OGWD scheme was implemented in the Model for Pre-
diction Across Scales (MPAS), which was shown to improve
the seasonal simulation of the stratospheric polar night jet
and reduce the wet biases over the western Tibetan Plateau in
winter. Li et al. (2024) further evaluated the revised OGWD
scheme in the Weather Research and Forecasting (WRF)
model for short-range forecast of Northeast China cold vor-
tices (NECVs). The underestimation of the NECV intensity

(in terms of minimum 500 hPa geopotential height) is allevi-
ated as the NHE decreases the lower-tropospheric OGWD.

The Global Forecast System in China Meteorological Ad-
ministration (CMA-GFS), the global component of the Glob-
al/Regional Assimilation and Prediction System (GRAPES),
was developed in early 2000s (Shen et al., 2017). Opera-
tionally running at the CMA Earth System Modeling and
Prediction Center, the CMA-GFS was upgraded to a new
version of v4.0 in May 2023, with its horizontal resolu-
tion increasing from 0.25 to 0.125° (about 13 km), along
with many other improvements in the model dynamics and
physics (Shen et al., 2023). For instance, the convective trig-
gering function and quasi-equilibrium closure conditions are
improved to reduce biases in tropics and enhance forecast
skill of precipitation in East Asia. In CMA-GFS, three com-
ponents of subgrid scale orography effects have been imple-
mented, i.e., the blocking-flow drag (BFD), the OGWD and
turbulent orographic form drag (TOFD). The TOFD scheme
was implemented CMA-GFS based on Beljaars et al. (2004)
and Xue et al. (2011) and will not be further discussed as it is
not relevant to the NHE effect studied in this study. The BFD
component based on Lott and Miller (1997, hereafter LM97)
and OGWD component from Kim and Arakawa (1995, here-
after KA95) were implemented in CMA-GFS similar to that
in Alpert (2004) and was described in Chen et al. (2016). It
is noticed that in the existing implementation, nonhydrostatic
effects are only partly reflected through a Scorer-parameter-
based partitioning of the momentum stress when the model
grid point is located downstream of the subgrid orography.
However, the launch-level surface WMF itself still follows
the original hydrostatic KA95 formulation. In order to be
compatible with its high resolution, this hydrostatic OGWD
parameterization scheme needs to be upgraded to account for
the NHE.

Note that the present study extends the evaluation of the
nonhydrostatic OGWD scheme in the MPAS model pre-
sented in Xu et al. (2024) by transitioning it into a practical,
operational NWP. Although Xu et al. (2024) demonstrated
the beneficial impact of the revised OGWD scheme for long-
term, large-scale circulation simulations, its performance and
value within a state-of-the-art, high-resolution global fore-
casting system performing routine medium-range forecasts
had not been tested. This work provides this critical assess-
ment using the CMA-GFS v4.0 model, with a specific fo-
cus on forecast skill improvements for several quantitative
metrics. The primary advance lies in evaluating the revised
OGWD scheme in reducing systematic forecast biases on
timescales directly relevant to weather prediction (1–10 d),
demonstrating the tangible benefits of incorporating nonhy-
drostatic effects to improve medium-range weather forecast-
ing accuracy.

The remainder of the paper is organized as follows. Sec-
tion 2 firstly introduces the revision of the OGWD parame-
terization scheme and then describes the setup of the numer-
ical experiments. Section 3 gives an overall evaluation for
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the medium-range forecast of large-scale atmospheric circu-
lation by the CMA-GFS model. The NHE effects on param-
eterized OGWD and large-scale circulation are examined in
Sect. 4. Finally, the paper is summarized in Sect. 5 along with
discussions.

2 OGWD parameterization scheme and numerical
experiments

2.1 Revision of the KA95 OGWD parameterization
scheme

The KA95 OGWD considers various aspects of the SSO in-
cluding its standard deviation (σh), orographic asymmetry
(OA) and orographic convexity (OC). The surface WMF of
OGWs is given by

τ0 = ρ0E
m

λeff
G
|V 0|

3

N0
, (1)

where

E = (OA+ 2)CE
Fr0
Frc , m= (1+Lx)OA+1,

G=
Fr2

0

Fr2
0+CGOC−1 , Fr0 =

σhNL

|V L|
. (2)

The variables ρ0, |V 0| and N0 are the low-level (from the
surface to 2σh) mean air density, horizontal wind speed and
buoyancy frequency. The parameter m denotes the “number
of mountains” within the grid cell, characterizing the total
volume of SSO associated with the orography length (Lx).
The coefficient λeff acts as a tunable parameter denoting the
effective grid length. The transition function G is an en-
hancement factor for sharp mountains as OC is large. This
scheme also considers the effects of low-level wave break-
ing and/or lee wave trapping through the factor E, which
is a function of the shape and location of the SSO within
the model grid cell (i.e., OA), and the flow nonlinearity (i.e.,
Fr0 =

Nh0
U

). The two empirical constants are set to CE = 0.8
and CG = 0.5, which are obtained empirically through a se-
ries of numerical simulations conducted in Kim and Arakawa
(1995).

The surface WMF is transported upward level by level un-
til reaching the model top or critical level. At each model
level, airflow instability is checked according to the hypoth-
esis of wave saturation (Lindzen, 1981) and wave-breaking
(Miller and Palmer, 1986).

Once the subgrid-scale OGWs saturate and break, they
will exert a body force on the mean flow through the deposi-
tion of wave momentum, namely,

dV (z)
dt
=

1
ρ(z)

∂τ (z)

∂z
, (3)

where V (z) and τ (z) are the mean flow velocity and the
WMF at height z, respectively. Note that both the directions

of V (z) and τ (z) are parallel to the mean flow at the low
level (i.e., V L). Readers are referred to KA95 for more de-
tails about the scheme.

The hydrostatic KA95 scheme above is revised by taking
into account the NHE on the surface WMF of OGWs, i.e.,

τ̃ = τ0 [1+NHE(Fr)] . (4)

τ̃ represents the nonhydrostatic surface WMF, where the
NHE correction depends only on the horizontal Froude num-
ber Fr = |V 0|

N0Lx
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+

9
4

Fr+
9
8

Fr2). (5)

Equation (5) is adopted from Xu et al. (2021) for three-
dimensional isotropic terrain. Specifically, the nonhydro-
static correction is defined as the ratio of the analytically de-
rived nonhydrostatic surface WMF to its hydrostatic coun-
terpart, which yields an algebraic correction factor depend-
ing only on the horizontal Froude number. Note that the
horizontal Froude number is different from the traditional
Froude number Fr0 above which measures the flow nonlin-
earity. While Xu et al. (2021) have derived the fully NHE
for anisotropic terrain, the expressions involve complicated
integrals that are not suitable for practical use in parameteri-
zation (cf. their Eqs. 14 to 17). Xu et al. (2021) demonstrated
that terrain anisotropy only has a very weak influence on the
NHE, so the expression of NHE for isotropic terrain, i.e., Eq.
(5), is used because of simplicity, since only algebraic ma-
nipulations are involved. This is in agreement with Xu et al.
(2023, 2024) and Li et al. (2024).

2.2 Setup of numerical experiments

The CMA-GFSv4.0 dynamical core is based upon the non-
hydrostatic and shallow atmospheric governing equations in
spherical polar coordinates with full physics packages (Shen
et al., 2020). It adopts a regular latitude-longitude grid of
0.125°× 0.125° with C-grid staggering. In the vertical, a
terrain-following height-based grid is utilized along with
Charney-Phillips staggering. There are 87 vertical levels,
with the model top located at 73 km. For model physics, the
Liu-Ma microphysics scheme (Ma et al., 2018) is employed,
along with the RRTMG longwave and shortwave radiation
schemes (Morcrette et al., 2008), the MRF planetary bound-
ary layer scheme (Chen et al., 2020; Hong and Pan, 1996),
the CoLM land surface model (Dai et al., 2003), NSAS con-
vection scheme (Han and Pan, 2011; Liu et al., 2015), the
combined KA95 OGWD and LM97 FBD parameterization
scheme (Chen et al., 2016), and modified Beljaars’s TOFD
scheme (Xue et al., 2011).

In order to examine the impact of the revised OGWD
scheme on the medium-range forecast, two sets of numerical
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simulations (i.e., EXP_CTL and EXP_NHE) are conducted
with different OGWD parameterization schemes, using the
original KA95 scheme and the revised nonhydrostatic one,
respectively. Both experiments consist of 31 individual fore-
casts, each initialized at 00:00 UTC for the days from 1 to
31 December 2023. Herein, a winter month is chosen be-
cause the OGWD, which is mainly located in the North-
ern Hemisphere (NH) given the pronounced orography, is
the strongest in this season (e.g., Xu et al., 2020; Lu et al.,
2024). In each experiment, the CMA-GFS model is inte-
grated for 10 d, i.e., medium-range forecast, with 6 h output
interval. The model initial conditions are derived from the
0.25°× 0.25° ECMWF Reanalysis v5 (ERA5) dataset (Hers-
bach et al., 2020), which are also used as reference for the
evaluation of the CMA-GFS forecasts. Although the horizon-
tal resolution of ERA5 is coarser than that of the CMA-GFS
v4.0 simulations, ERA5 is adopted here as the verification
reference because it is a dynamically consistent reanalysis
constrained by a broad range of assimilated observations. In
this study, ERA5 is not used to resolve the non-hydrostatic
subgrid-scale orographic gravity waves themselves. Instead,
it serves as a benchmark for evaluating the large-scale circu-
lation response and medium-range forecast skill associated
with the revised OGWD parameterization.

3 Evaluation of the medium-range forecast

3.1 Atmospheric circulation

Figure 1 shows the zonal-mean zonal wind composited from
the day 10 forecast output of the 31 simulations initialized at
00:00 UTC on 1–31 December 2023. Accordingly, the valid
times of these day-10 forecasts span 10 December 2023 to
10 January 2024 (i.e., the 10th day of the medium-range
forecast). In the winter of NH, as revealed by the ERA5 re-
analysis (Fig. 1a), there is a subtropical jet in the midlati-
tudes troposphere and stratosphere, with the jet core located
at about 200 hPa and 30° N. The maximum zonal wind speed
exceeds 35 m s−1. In the stratosphere of high latitudes, there
is another wind maxima near 1 hPa and 60° N, which is the
well-known polar-night jet (e.g., Kim, 2007). In the Southern
Hemisphere (SH), which is in summer, there is also a upper
tropospheric lower stratospheric jet but relatively weaker and
lower than in the NH. The SH jet core is located at about
50° S, with a secondary one near 30° S. During austral sum-
mer, the SH stratosphere is dominated by easterlies, which is
distinctly different from the NH. With a center located near
1 hPa and 20° S, the stratospheric easterlies extend down-
ward and equatorward to the tropics. An easterly jet of over
−30 m s−1 can be found near 20 hPa and 5° S.

Figure 1b is similar to Fig. 1a but for the zonal-mean
zonal winds obtained in the EXP_CTL experiment. In gen-
eral, the CMA-GFS model can capture the overall pattern of
the zonal-mean zonal winds, such as the tropospheric west-

erly jets in both hemispheres and the easterly winds in the
SH stratosphere. The polar night jet in the NH, however, is
underestimated by the model, with the jet core shifted south-
ward by about 10 latitudes. As shown in Fig. 1c, there are
notable easterly biases of over −5 m s−1 in the stratosphere
of the NH high latitudes (north of 50° N). By contrast, west-
erly biases are present in the upper stratosphere of the NH
midlatitudes (25–50° N) which can exceed 10 m s−1, extend-
ing downward and equatorward to the lower stratosphere of
the tropics. Similarly, the zonal-mean zonal winds in the
NH troposphere are overestimated in the Arctic region, but
with easterly biases in the mid-lower latitudes. In the SH,
the stratospheric easterlies are shifted northward, leading to
westerly biases in the mid-lower latitudes (40–5° S) and east-
erly biases in the tropics and lower latitudes of the NH (5° S–
20° N). In the high latitudes, there are predominantly easterly
biases in both troposphere and stratosphere except in the up-
per stratosphere over the polar cap.

When taking into account the NHE in the OGWD pa-
rameterization scheme, the CMA-GFS model can better cap-
ture the large-scale circulation. Figure 1d presents the differ-
ences between the zonal-mean zonal winds in the two nu-
merical experiments (i.e., EXP_NHE minus EXP_CTL). In
the stratosphere above ∼ 10 hPa, positive and negative wind
differences are found to the north and south of 60° N, respec-
tively, which are just opposed to the wind biases in Fig. 1c.
It suggests that both the magnitude and location of the polar
night jet are improved. For example, the NH easterly biases
in the mid-upper stratosphere (∼ 10 to 1 hPa) are reduced by
about 3 %. The westerly biases in the troposphere of Arctica
region are also reduced, which reaches up to about 42 % of
the total bias. At the same time, the easterly wind biases in
the mid-latitude troposphere have also reduced.

For the zonal-mean zonal wind biases in the SH strato-
sphere, they are hardly alleviated, however. This is because
the stratospheric OGWD is very weak in summer (see Fig. 5a
of Xu et al., 2024; see also Fig. 3 below), given the absorption
of OGWs at the critical level (Booker and Bretherton, 1967),
that is, the zero-wind level between the tropospheric west-
erlies and the stratospheric easterlies (Fig. 1a). The easterly
biases in the troposphere of the high latitudes are reduced,
especially around 60° S.

Although there is no significant improvement for the
zonal-mean zonal wind in the NH mid-lower latitudes (Fig.
1d), the wind circulation can be improved regionally, such
as the East Asia subtropical jet (EASJ). Figure 2a shows the
horizontal wind field and speed at 200 hPa averaged in the
period of 10 December 2023 to 10 January 2024 from the
ERA5 reanalysis. In boreal winter, the EASJ stretches from
about 110 to 160° E in the latitudes between about 25 and
45° N. The jet core is located near Japan, showing a high
wind speed of over 70 m s−1. The simulated EASJ in the
EXP_CTL experiment generally aligns well with the ERA5
reanalysis, in terms of its location and orientation (Fig. 2b).
But the jet intensity is underestimated, showing easterly bi-
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Figure 1. Vertical distributions of zonal-mean zonal wind (units: m s−1) averaged in the period of 10 December 2023 to 10 January 2024
obtained from (a) ERA5 and (b) EXP_CTL, with their difference (i.e., EXP_CTL minus ERA5) given in (c). Panel (d) is similar to (c) but
for the difference between the two experiments of EXP_NHE and EXP_CTL (i.e., EXP_NHE minus EXP_CTL). Stippling in (c) and (d)
denote differences statistically significant at the 95 % confidence level.

ases of over −4 m s−1 (Fig. 2c). In the EXP_NHE experi-
ment, the underestimation of the EASJ is alleviated, with the
mean bias decreased by about 6 % (Fig. 2d).

3.2 Quantitative evaluation of forecast skills

For medium-range forecast, the wind circulation in the tro-
posphere is often of greater interest than in the stratosphere.
To better evaluate the performance of the revised OGWD
scheme, Fig. 3a and b depict the mean bias (MB) and root
mean square error (RMSE) for the 500 hPa geopotential
height (GPH500) in the two experiments. Herein, we are in-
terested in the NH because of the relatively weak wind dif-
ferences in the SH (Fig. 1d) which is mainly covered by the
ocean. Moreover, as will be shown below, the parameterized
OGWD changes little in the SH.

In both experiments, the model GPH500 is lower than the
ERA5 reanalysis, with the MB and RMSE increasing with
the forecast lead time (Fig. 3a, c). The GPH500 shows ob-
vious underestimation in the EXP_CTL experiment which
are significantly reduced in EXP_NHE. This improvement is
particularly evident in high latitudes north of 60° N which is
overall statistically significant at the 95 % confidence level
(Fig. 4a, b). Compared to EXP_CTL, EXP_NHE exhibits

even greater MB and RMSE of GPH500 till the 6th forecast
day. Nevertheless, both the MB and RMSE of the GPH500
decrease quickly afterwards, which are reduced by 11.59 %
and 5.06 %, respectively, at the 10th day of the forecast (Ta-
ble 1). Greater improvements are found for the GPH500 be-
tween 60 and 90° N, the MB and RMSE of which are de-
creased by 31.18 % and 15.93 %, respectively, at the 10th
forecast day (Table 1). All the values shown in Table 1 are
statistically significant at the 95 % confidence level. For the
total 10 forecast days as a whole, the MB and RMSE of
GPH500 are separately reduced by 2.6 % and 0.52 %, indi-
cating an overall improvement in the simulation of the large-
scale circulation in the NH when using the revised OGWD
scheme (see Table 2).

Besides the GPH500, the forecast skill is also examined
for the SLP in the NH. As shown in Fig. 5a, the EXP_CTL
experiment systematically underestimates the SLP over East
Asia and the Arctic, while overestimating SLP across North
America and the northern Atlantic. These biases are substan-
tially corrected in the EXP_NHE experiment, particularly in
high-latitude regions north of 60° N (Fig. 5b). Similarly, the
EXP_NHE experiment firstly experiences a degradation in
the early 6 d compared to EXP_CTL, but it shows significant
improvement at the end of the 10th forecast day, with the
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Figure 2. Horizontal distributions of wind speed (shading; units: m s−1) and wind filed (arrow) at 200 hPa averaged in the period of 10
December 2023 to 10 January 2024 obtained from (a) ERA5 and (b) EXP_CTL, with their difference (i.e., EXP_CTL minus ERA5) given
in (c). Panel (d) is similar to (c) but for the difference between the two experiments of EXP_NHE and EXP_CTL (i.e., EXP_NHE minus
EXP_CTL). Stippling in (c) and (d) denote differences statistically significant at the 95 % confidence level.

Table 1. Mean bias and RMSE of the 500 hPa geopotential height (GPH500) and sea level pressure (SLP) at the 10th forecast day.

Mean Bias RMSE

Region CTL NHE NHE−CTL
CTL × 100 CTL NHE NHE−CTL

CTL × 100

GPH500 (gpm) 0–90° N −12.825 −11.338 −11.59 25.263 23.984 −5.06
60–90° N −16.841 −11.590 −31.18 28.017 23.554 −15.93

SLP (hPa) 0–90° N −0.522 −0.343 −34.29 2.714 2.515 −8.33
60–90° N −1.712 −1.079 −36.97 3.049 2.517 −17.45

MB reduced by 34.29 % and the RMSE by 8.33 %, respec-
tively (Table 1). Greater decreases of 36.97 % (for MB) and
17.45 % (for RMSE) are found in the high latitudes north of
60° N as well.

From the above analyses, implementing the revised
OGWD scheme in the high-resolution CMA-GFS model can
help improve the medium range forecast of the NH large-

scale circulation, especially in the high latitudes. In the next
section, we will examine the underlying mechanisms respon-
sible for the improvement of the circulation.

Geosci. Model Dev., 19, 4055–4069, 2026 https://doi.org/10.5194/gmd-19-4055-2026
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Figure 3. (a) Mean bias and (c) RMSE of the GPH500 in the NH at different forecast lead time. Panels (b) and (d) are similar to (a) and (c)
but in the region north of 60° N.

Table 2. Mean bias and RMSE of the 500 hPa geopotential height (GPH500) and sea level pressure (SLP) for the overall ten forecast days.

Mean Bias RMSE

Region CTL NHE NHE−CTL
CTL × 100 CTL NHE NHE−CTL

CTL × 100

GPH500 (gpm) 0–90° N −7.923 −7.717 −2.6 16.455 16.369 −0.52
60–90° N −9.187 −8.438 −8.15 16.470 16.089 −2.31

SLP (hPa) 0–90° N −0.107 −0.082 −23.46 1.87 1.841 −1.53
60–90° N −0.498 −0.411 −17.47 1.598 1.532 −4.13

4 Physical interpretation

4.1 Changes of parameterized OGWD

The changes of wind circulation arise from the revision of
the OGWD scheme. It is thus straightforward to study the
parameterized OGWD in these two experiments. Figure 6a
shows the vertical distribution of zonal-mean zonal OGWD
averaged in the period of 10 December 2023 to 10 Jan-
uary 2024 in the EXP_CTL experiment. The differences be-

tween the parameterized OGWD in the two experiments (i.e.,
EXP_NHE minus EXP_CTL) are given in Fig. 6b. In boreal
winter, there exists prominent OGWD in the stratosphere of
the NH mid-to-high latitudes, which is favored by the de-
crease of air density with height (e.g., Lindzen, 1981) and
the relatively weak winds between the tropospheric jet and
polar night jet. The latter is called as the “valve layer” by
Kruse et al. (2016). The maximum OGWD occurs between
about 20 and 1 hPa. In contrast, there is very weak OGWD in
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Figure 4. (a) Mean biases of GPH500 (shading; units: gpm) in EXP_CTL experiment as compared to ERA5 averaged over the ten forecast
days. Panel (b) is similar to (a) but for the differences between the GPH500 (shading; units: gpm) in EXP_CTL and EXP_NHE experiments
(i.e., EXP_NHE minus EXP_CTL). Stippling in (a) and (b) denote differences statistically significant at the 95 % confidence level.

Figure 5. (a) Mean biases of SLP (shading; units: hPa) in the EXP_CTL experiment as compared to ERA5 averaged over the ten forecast
days. Panel (b) is similar to (a) but for the differences between the SLP (shading; units: hPa) in the EXP_CTL and EXP_NHE experiments
(i.e., EXP_NHE minus EXP_CTL). Stippling in (a) and (b) denote differences statistically significant at the 95 % confidence level.

the SH stratosphere owing to the critical level absorption as
mentioned above.

Compared to that in EXP_CTL, the zonal-mean zonal
OGWD in EXP_NHE is generally weakened in the high lat-
itudes of the NH (north of about 55° N), especially in the

stratosphere (Fig. 6b). Note that the positive difference in-
dicates a decrease of OGWD as the drag itself is negative.
This is due to the fact that the NHE acts to decrease the
surface WMF (see Eqs. 4 and 5), i.e., the source of param-
eterized OGWs which determines the maximum wave mo-
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mentum that can be deposited into the mean flow. There-
fore, the decrease of surface WMF is prone to reduce the
OGWD. Note that there is also enhancement of OGWD, e.g.,
in the stratosphere near 50° N. This may be attributed to a de-
crease in surface WMF, which suppresses tropospheric wave
breaking by lowering the gravity-wave amplitude limit for
breaking at lower levels and thus shifts the wave-breaking
altitude upward. Consequently, a vertical structure character-
ized by alternating positive-negative-positive anomalies from
the surface to the stratosphere would be expected. In conse-
quence, more WMF is transported to the stratosphere where
the OGWs break owing to the decay of air density and lead
to stronger OGWD. This is similar to the redistribution of
WMF in the vertical owing to selective critical level filter-
ing of OGWs in directional shear flows (Shutts, 1995; Xu
et al., 2012, 2019; van Niekerk et al., 2023). Generally, the
changes in the vertical structure of parameterized OGWD in
the CMA-GFS model are similar to that in the MPAS sea-
sonal simulations conducted in Xu et al. (2024) which also
considers the NHE correction to the OGWD (cf. their Fig.
5). Instead, the lower-tropospheric OGWD is also affected by
the interaction and feedback between model dynamics and
physical parameterizations. Changes in the simulated low-
level circulation, including possible meridional displacement
of drag-producing flow configurations, can modify the wind
speed, stability, and mountain-flow orientation sampled by
the OGWD scheme, thereby producing localized enhance-
ment of the near-surface drag in EXP_NHE.

The weakening of OGWD can directly increase the zonal
winds in the polar stratosphere and the mid-latitude tropo-
sphere of the NH, thus leading to a recover of the weakened
westerly jet. Conversely, the enhancement of OGWD can
directly weaken the zonal winds in the mid-latitude strato-
sphere and the polar troposphere of the NH, thereby reducing
the westerly biases (Fig. 1c, d). The parameterized OGWD in
East Asia is also examined to explain the changes of EASJ.
As shown in Fig. 7a, there is notable westward OGWD at
200 hPa in the high latitudes of East Asia where the under-
lying terrain is very complex, such as the Taihang, Yanshan,
Changbai, Greater Khingan and Lesser Khingan Mountains.
Thus, the largest easterly biases of the EASJ occur in this re-
gion (Fig. 2c). When accounting for the NHE in the OGWD
parameterization scheme, the 200 hPa OGWD is mainly re-
duced (Fig. 7b). Clearly, the enhanced EASJ is owing to the
weakening of the parameterized OGWD.

4.2 Resolved Rossby-wave adjustment

In addition to the direct effect of the modified OGWD, the
tropospheric response in the Northern Hemisphere is also as-
sociated with an adjustment of resolved large-scale Rossby
waves. This interpretation is consistent with the wave-drag
compensation and propagation-adjustment mechanisms dis-
cussed in previous studies (e.g., Cohen et al., 2013; Sigmond
and Shepherd, 2014). In particular, changes in the back-

ground zonal wind may alter the propagation conditions for
planetary waves and thereby redistribute the resolved wave
forcing between the troposphere and stratosphere.

It is well known that the impacts of large-scale Rossby
waves on the mean flow can be measured by the conver-
gence of the zonal-mean Eliassen-Palm (EP) flux. Figure 8a
illustrates the distribution of the zonal-mean EP flux in the
EXP_CTL experiment which is calculated following Edmon
et al. (1980). In the NH middle-to-high latitudes, Rossby
waves originate from the lower troposphere which propa-
gate upward and converge in the upper troposphere. These
waves split into two branches in the lower stratosphere. The
first branch turns to propagate equatorward across the tropo-
spheric jet. The other branch continues to propagate upward
to the upper stratosphere where the EP flux is converged and
decelerates the mean flow. As in the SH, the Rossby waves
cannot propagate into the stratosphere (not shown) because
of the presence of easterlies there during austral summer
(Fig. 1a).

Figure 8b is similar to Fig. 8a but gives the differences be-
tween the zonal-mean EP fluxes in the two experiments (i.e.,
EXP_NHE minus EXP_CTL). Compared to EXP_CTL, the
upward propagation of Rossby waves into the stratosphere
is suppressed in the high latitudes of the NH, leading to an
enhanced convergence of EP flux in the troposphere. As a
result, the zonal-mean zonal winds in the NH polar tropo-
sphere are decelerated by the large-scale Rossby wave forc-
ing, which contributes to the alleviation of westerly biases
there (Fig. 1c, d). This may explain why the improvements
in the GPH 500 forecast emerge after 6 d in EXP_NHE (Fig.
2). The Rossby waves and their interaction with the mean
flow require several days to develop fully and influence the
large-scale circulation.

The suppressed upward propagation of Rossby waves can
be understood from the changes of the refractive index (RFI)
that measures the ability of Rossby wave propagation (e.g.,
Chen and Robinson, 1992; Hu et al., 2019), which is defined
as

RFI=

[
qϕ

rU
−

(
k

rcosϕ

)2

−

(
f

2NH

)2
]
r2, (6)

where U , k and H are the resolved zonal-mean zonal wind,
zonal wave number and density scale height, respectively. qϕ
represents the meridional gradient of the potential vorticity,
which is expressed in the following form of
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)
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where �, θ and Rd being the Earth’s angular frequency, po-
tential temperature and dry gas constant, respectively. The
subscripts ϕ and p represent the partial derivatives with re-
spect to latitude and pressure, respectively. The overbars in-
dicate temporal and zonal averages. From Eq. (6), the in-
crease of zonal wind will narrow the range of Rossby wave
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Figure 6. Vertical distributions of (a) zonal-mean zonal OGWD (units: m s−1 d−1) averaged in the period of 10 December 2023 to 10
January 2024 obtained from EXP_CTL, and (b) zonal-mean OGWD difference between the two experiments of EXP_NHE and EXP_CTL
(i.e., EXP_NHE minus EXP_CTL). Stippling in (b) denotes differences statistically significant at the 95 % confidence level.

Figure 7. Horizontal distributions of (a) zonal OGWD (units: m s−1 d−1) at 200 hPa averaged in the period of 10 December 2023 to 10
January 2024 obtained from EXP_CTL, and (b) zonal OGWD difference between the two experiments of EXP_NHE and EXP_CTL (i.e.,
EXP_NHE minus EXP_CTL) at 200 hPa. Stippling in (b) denotes differences statistically significant at the 95 % confidence level.

numbers that can propagate into the stratosphere (Charney
and Drazin, 1961; Xu et al., 2024).

As shown in Fig. 9, positive RFI values for both zonal
wavenumbers 1 and 2 are found over the northern mid- to
high latitudes in EXP_CTL, indicating that the basic-state
flow is favorable for the upward propagation of planetary
waves (Fig. 9a, c). In EXP_NHE, however, the RFI is gen-
erally reduced over the same region, especially in the up-
per troposphere and lower stratosphere. These negative RFI
anomalies suggest that the strengthened background west-
erlies in the polar stratosphere make the environment less
conducive to the vertical propagation of Rossby waves (Fig.
9b, d). Similar behavior is found for both wavenumber-1 and
wavenumber-2 components, although the wavenumber-1 sig-
nal appears more spatially coherent. Therefore, the reduction
of RFI provides a dynamical explanation for the weakened
upward EP-flux branch seen in Fig. 8b.

Physically, the revised OGWD scheme weakens the pa-
rameterized drag in the northern polar stratosphere, which

strengthens the local westerlies. Stronger background west-
erlies narrow the range of planetary-wave numbers that can
propagate vertically into the stratosphere. Consequently, the
upward propagation of resolved Rossby waves is suppressed,
and less resolved wave forcing reaches the polar strato-
sphere. This effect acts together with the weakened param-
eterized OGWD to reduce the easterly wind bias in the polar
stratosphere. At the same time, the associated redistribution
of resolved wave forcing favors a weakening of the polar-
tropospheric westerlies, thereby contributing to the improve-
ment of the large-scale circulation over the northern high lat-
itudes.

To provide a more robust diagnosis of the bulk prop-
agation conditions, the zonal-mean refractive-index diag-
nostic averaged over 50–80° N is further presented in Fig.
10. The averaged RFI anomalies are positive mainly below
about 500 hPa, whereas negative anomalies dominate above
500 hPa for both wavenumber 1 and wavenumber 2. This ver-
tical contrast is consistent with the EP-flux response in Fig.
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Figure 8. Vertical distributions of zonal-mean EP flux (vectors) and its divergence (shading; m s−1 d−1) due to resolved waves averaged in
the period of 10 December 2023 to 10 January 2024 obtained from (a) EXP_CTL, and (b) the difference between the two experiments of
EXP_NHE and EXP_CTL (i.e., EXP_NHE minus EXP_CTL). Contours are the corresponding zonal-mean zonal wind (units: m s−1).

Figure 9. Refractive index for the (a) wavenumber-1 and (c) wavenumber-2 resolved waves averaged over the period of 10 December 2023
to 10 January 2024 in the EXP_CTL experiment. (b) The difference between the refractive indices of wavenumber 1 in EXP_NHE and
EXP_CTL (EXP_NHE minus EXP_CTL). (d) As in (b), but for wavenumber 2.
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Figure 10. (a) The difference between the refractive indices of wavenumber 1 in EXP_NHE and EXP_CTL (EXP_NHE minus EXP_CTL),
averaged over 50–80° N. (b) As in (a), but for wavenumber 2.

8b. The lower-tropospheric environment tends to favor the
initial upward propagation of resolved Rossby waves, while
the upper-tropospheric and lower-stratospheric background
state becomes less favorable for their continued propagation
into the stratosphere.

5 Summary and discussions

The latest China Meteorological Administration Global
Forecast System (CMA-GFS) v4.0 model has been upgraded
to a higher resolution of 0.125° in 2023. However, this
high-resolution global model still uses the parameterization
scheme of orographic gravity wave drag (OGWD) developed
by Kim and Arakawa (1995; KA95) which is based on hydro-
static orographic gravity wave (OGW) theory. In this study,
the KA95 OGWD scheme is revised by taking into account
the nonhydrostatic effect (NHE) on the surface wave momen-
tum flux (WMF) of OGWs, according to the nonhydrostatic
OGW theory derived in our earlier study of Xu et al. (2021).
The performance of the revised OGWD scheme is then eval-
uated for the medium-range forecast of the CMA-GFSv4.0
model. Two sets of numerical experiments (i.e., EXP_CTL
and EXP_NHE) are conducted by using the original KA95
scheme and the revised NHE scheme, respectively. In each
numerical experiment, there are in total 31 forecasts of 10 d
forecasts. In each numerical experiment, there are in total 31
independent 10 d forecasts which are initiated at 00:00 UTC
on each day of December 2023.

The results show that the revised OGWD scheme can im-
prove the medium-range forecast of large-scale circulation
in the Northern Hemisphere (NH), especially in the high lat-
itudes. The easterly biases of zonal-mean zonal wind in the
NH stratosphere are reduced, with both the magnitude and
location of the polar night jet being better captured. The un-
derestimation of the East Asia subtropical jet (EASJ) is also
alleviated. In contrast, the revised OGWD scheme shows lit-

tle influence on the stratospheric circulation in the Southern
Hemisphere (SH). This is because, in boreal winter (i.e., aus-
tral summer), there is hardly OGWD in the SH stratosphere
owing to the effect of critical-level absorption, leading to
comparatively smaller circulation responses. Therefore, the
quantitative evaluation of forecast skill is mainly performed
for the NH, where the impact of the revised OGWD scheme
is physically more pronounced and statistically more robust.

Quantitative evaluation is performed for the medium-
range forecast skills in the NH, taking the ERA5 reanalysis
dataset as reference. Both experiments showed lower geopo-
tential height (GPH) at 500 hPa than ERA5 reanalysis, with
the mean bias (MB) and root mean square error (RMSE)
increasing with forecast lead time. EXP_NHE initially has
greater MB and RMSE than EXP_CTL until the 6th fore-
cast day, but these metrics decrease more rapidly afterwards,
resulting in an 11.59 % reduction in MB and a 5.06 % reduc-
tion in RMSE by day 10. Over the total 10 forecast days,
the MB and RMSE of the GPH 500 in the NH are reduced
by 2.6 % and 0.52 %, respectively, indicating improved sim-
ulation of large-scale circulation in the NH. The improve-
ment is more noticeable in the high latitudes north of about
60° N, where the MB and RMSE of GPH 500 are decreased
by 31.18 % and 15.93 % at the 10th forecast day. Similar re-
sults are found for the sea level pressure (SLP) in the NH, the
MB and RMSE of which are reduced by 34.29 % and 8.33 %,
respectively, by day 10 in EXP_NHE.

The dynamics responsible for the improvement of large-
scale wind circulation are examined. The NHEs act to de-
crease the surface WMF of OGWs, which leads to a general
weakening of the parameterized OGWD in the midlatitudes
and high latitudes of the NH. This weakening of OGWD di-
rectly increases the zonal winds in the mid-latitude tropo-
sphere and polar stratosphere, reducing the easterly biases.
The enhanced zonal wind in the polar stratosphere acts to
narrow the range of large-scale Rossby wave numbers that
can propagate into the stratosphere by reducing the refractive
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index of Rossby waves. The suppressed upward propagation
of Rossby waves leads to greater convergence of Eliassen-
Palm (EP) flux (i.e., resolved wave forcing) in the NH polar
troposphere, which decelerates the zonal winds and thus al-
leviates the westerly biases there.

To sum up, this study demonstrates that incorporating the
NHE into the OGWD parameterization scheme can help im-
prove the simulation of large-scale atmospheric circulation
in high-resolution global NWP models, which is thus im-
portant for accurate weather forecasts and/or climate simula-
tions. However, there are still some limitations in this work.
For example, this study pays much attention to the medium-
range forecast of large-scale circulation in winter of NH. To
further validate its effectiveness and robustness, it is neces-
sary to conduct more comprehensive evaluations of the non-
hydrostatic OGWD scheme in various numerical models fo-
cusing on different weather and climate systems. Addition-
ally, this work only takes into account the effects of NHE on
the OGWD. Other factors such as the vertical wind shear and
moisture could also greatly affect the OGWD (e.g., Xu et al.,
2019, 2020; Wang et al., 2025; Zhang et al., 2025). While
Xu et al. (2021) explored the nonhydrostatic OGWs gener-
ated in a constant flow, it remains unclear how the vertical
wind shear and moisture affects the behavior of nonhydro-
static OGWs which needs further study.
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