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Abstract—This paper describes the results of modifying the

parametrization of subgrid stationary orographic gravity waves

(OGWs) in the chemistry-climate model SOCOL, version 3. The

originally used OGW parameterization is modified using polar-

ization relations for stationary waves in the rotating atmosphere.

Parameterizing the OGW generation by the Earth’s topography at

subgrid scales follows the widely used Lott and Miller scheme, but

the expressions for calculating the vertical profiles of OGW

amplitudes, wave drag and heat influx, are modified. Test simula-

tions of the general atmospheric circulation for 10 years (from

2009 to 2018) have been launched with the SOCOL model

involving the modified OGW parameterization. Using the realistic

profiles of the background wind and temperature, characteristics of

OGWs propagating in the atmosphere from the Earth’s surface to

the heights of about 80 km are simulated for different locations in

the Northern and Southern Hemispheres. Comparisons with the

MERRA2 reanalysis data show that the modified OGW parame-

terization provides better agreement of simulated and observed

multiyear-mean zonal wind and temperature in the mesosphere and

lower thermosphere region. The modified parameterization can be

used in other atmospheric circulation models.

Keywords: Orographic gravity waves, mesoscale atmospheric

waves, subgrid scale orography, mountain wave drag, wave heating

rates, atmospheric circulation.

1. Introduction

Internal gravity waves (IGWs) play an important

role in the formation of the general circulation,

temperature regime, and the composition of the

middle and upper atmosphere. One of the important

and permanent IGW sources is the Earth’s topogra-

phy. As a result of the interaction of atmospheric

flows with inhomogeneities of the Earth’s relief,

mesoscale stationary orographic gravity waves

(OGWs) are generated. Recently, a number of pro-

jects have been dedicated to studying the effects of

OGWs in various atmospheric layers, for example,

the Deep Propagating Gravity Wave Experiment—

DEEPWAVE (Fritts et al., 2018). The wave accel-

eration (drag) of the mean horizontal wind maximizes

during winter seasons, when the eastward-directed

mean winds at all altitudes from the surface to the

lower thermosphere allow the vertical propagation of

stationary OGWs (e.g., Gavrilov et al., 2015; Hoff-

mann et al., 2013).

Under certain conditions, OGWs can propagate

into the mesosphere, and even to the lower thermo-

sphere (e.g., Fritts et al., 2018; Kaifler et al., 2015).

For instance, based on the results of studies within the

DEEPWAVE program in New Zealand, Fritts et al.

(2018) noted that if the stratospheric wind is strong

enough, OGWs grow rapidly with height and break

due to their large amplitudes in the stratosphere.

When the wind is weak, waves can penetrate higher

into the mesosphere. However, the dynamic and

energetic impact of OGWs in the mesosphere and

thermosphere has not yet been studied properly so

far.

The OGW drag influence the zonal wind and may

contribute to changes in the atmospheric refractive

index for planetary waves (Alexander et al. 2010). An

important feature of OGWs is their strong impact on

the Brewer–Dobson circulation in the stratosphere

(Butchart, 2014). Also, mesospheric OGW and PW

drag is responsible for formation of the effect of

elevated stratopause after the sudden stratospheric
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warming events (Limpasuvan et al., 2012). Using

various methods, OGW manifestations were observed

in the troposphere (e.g., Beer, 1974; Scorer, 1949), in

the stratosphere (Eckermann & Preusse, 1999; Fritts

et al., 2018; Jiang et al., 2002; Preusse et al., 2002)

and in the mesosphere (e.g., Heale et al., 2020).

Orographic waves and their possible impacts on

the thermal regime and dynamics of the lower ther-

mosphere have been studied in the regions over the

Ural Mountains (Semenov et al., 1981; Shefov &

Pertsev, 1984), over the Caucasus Range (Sukhodoev

& Yarov, 1998), over Antarctica (Alexander &

Teitelbaum, 2007) and over the mountain ranges of

South America (Smith et al., 2009). These experi-

mental data indicated the existence of quasi-

stationary temperature disturbances with amplitudes

of about 10 8K above mountain systems at altitudes

of 80–90 km. Shefov et al. (1999) estimated the

spatial distribution of OGW energy fluxes with the

average magnitudes * 3 mW/m2 in the mesopause

region above the leeward side of a mountain range.

Many modern models of global atmospheric cir-

culation, do not have sufficient spatial resolution for

direct reproduction of mesoscale OGWs. Various

parameterization schemes were developed and used

to describe accelerations and heat influxes produced

by upward propagating subgrid OGWs in the atmo-

sphere (e.g., Kim & Arakawa, 1995; Lott & Miller,

1997; Gregory et al., 1998; Scinocca & McFarlane,

2000; Webster et al., 2003; Kim et al., 2003; Kim &

Doyle, 2005; Choi & Hong, 2015; Xu et al., 2017;

Van Niekerk et al. 2020). These schemes take into

account various details of the processes of propaga-

tion and impact of OGWs in the atmosphere. In

particular, one of the widely used schemes is the Lott

and Miller (1997) parameterization of the subgrid-

scale orography, in which OGWs produce a drag on

the mean flow when a critical level is reached or

when waves become unstable and break. The paper

by Kuchar et al. (2020) presents a study of OGW

impacts on atmospheric circulation, and also presents

a detailed comparison of the data simulated with the

Canadian Middle Atmosphere Model and the

MERRA-2 reanalysis data.

In recent years, there has been an understanding

that a parameterization of orographic drag in general

circulation models could be a significant source of

uncertainty, and the parameterized OGW effects can

differ in different models (Butchart et al., 2011; Van

Niekerk et al., 2018). In order to minimize inconsis-

tencies in the reproduction of OGW effects in various

models, an ambitious project ‘‘COnstraining ORo-

graphic Drag Effects’’ (COORDE) was launched for

comparing various parameterizations of orographic

drag, as well as for comparing the results of param-

eterization of OGW effects with simulations using

high-resolution models having the horizontal grid

spacing of the order of 1 km (van Niekerk et al.,

2018, 2020).

Gavrilov and Koval (2013) developed a modifi-

cation of widely used OGW parameterization by Lott

and Miller (1997). The modification gives more

detailed vertical structure of wave drag and heat

influxes based on polarization relations for stationary

OGWs taking account the Earth rotation (e.g., Gos-

sard & Hooke, 1975). This modified parameterization

was used for simulating the general circulation of the

middle atmosphere with the Middle and Upper

Atmosphere Model – MUAM (Gavrilov et al., 2015).

In particular, it was shown that under certain condi-

tions the impact of OGWs can lead to changes in the

amplitudes of planetary waves (PWs) exceeding 50%

(Gavrilov et al., 2015).

This study is dedicated to the implementation of

the modifications in OGW parameterization made by

Gavrilov and Koval (2013) to the chemistry-climate

model SOCOL, version 3 (SOCOL3). In Sect. 2, we

briefly describe main modifications in the Subgrid

Scale Orographic Parameterization (SSOP), which is

currently used in the SOCOL3 model to calculate the

dynamic and thermal effects of OGWs propagating in

the atmosphere from the Earth’s surface to the

heights of the lower thermosphere. In Sect. 3 we

consider vertical structure of OGW parameters in

different regions obtained with the modified param-

eterization using realistic fields of wind and

temperature simulated with the SOCOL3 model.

Section 4 is devoted to the influence of modifications

in the OGW parameterization on the mean fields of

zonal wind and temperature in the middle atmosphere

simulated with the SOCOL3 model.
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2. Modifications of the Parameterization

of Orographic Gravity Wave Effects

Stationary mesoscale perturbations arising due to

interactions between the mean flow and the Earth’s

topography can be attributed to stationary IGWs with

observable frequencies r = 0. Usually, horizontal

wavenumbers k2[ f2/cs
2 and vertical wavenumbers

m2[ [ 1/(2H)2, where H is the pressure scale

height, cs is the speed of sound, f is the Coriolis

parameter.

2.1. Vertical Structure of OGW Dynamical

and Thermal Effects

When IGW propagates in the inhomogeneous

atmosphere with dissipation, momentum and energy

exchanges occur between the mean flow and waves

leading to wave accelerations of the mean flow and

heating/cooling of the atmosphere. Gavrilov and

Koval (2013) developed a simple scheme describing

vertical structure of dynamic and thermal effects of

stationary OGW, which we use here for the modifi-

cation of OGW parameterization used currently in the

SOCOL3 model. Gavrilov and Koval (2013) used

IGW polarization relations for the rotating plane

atmosphere and obtained the following expressions

for stationary waves with r = 0, |m|[[ 1/(2H) and

k2[ [ f 2/cs
2:

m2 ¼ N2

v2n
1� f 2

k2v2n

 !�1

;

awn ¼ �m2U2

2vnð Þ ; mz þ jzð Þ 1þ 1

c� 1ð ÞPr

� � ð1Þ

where vn and awn are components of the mean wind

and wave acceleration along the horizontal axes n
directed along the horizontal wave vector; U is the

amplitude of wave variations of horizontal velocity;

mz and jz are total molecular plus turbulent vertical

kinematic viscosity and heat conductivity, respec-

tively; Pr is the Prandtl number; c is the ratio of heat

capacities; N is the Brunt-Vaisala frequency.

An important energetic characteristic, which is

included into most recent parameterizations of IGW

effects, is the heating/cooling impacts due to dissi-

pation of wave energy (e.g., Yigit and Medvedev,

2009). It is commonly assumed that the wave heat

influx is determined by the divergence of vertical

wave enthalpy flux Ft ¼ qcpw0T 0 (where T is tem-

perature and cp is the heat capacity at constant

pressure, primes denote wave perturbations), which is

sometimes called as ‘‘the sensible wave heat flux’’

(e.g., Hickey et al., 2011). Theory of IGWs in the

hydrostatic atmosphere (e.g., Medvedev & Klaassen,

2003), indicates that wave variations T’ and w’ are

shifted by p/2 in phase, so that Ft = 0 for non-

dissipating waves and Ft\ 0 when the atmosphere is

dissipative. Akmaev (2007) found for a non-hydro-

static model that.

Ft ¼ Fe þ Fh ð2Þ

where Fe ¼ �
p0w0 is the vertical wave energy flux,

and Fh (proportional to ��
h0w0, where h is the potential

temperature) may be called as the wave flux of

potential enthalpy. According to Gavrilov (1990),

Fh ¼ qca
�
e0w0; where e’ is the wave part of heat influx

caused by dissipative mechanisms. For IGWs without

dissipation e’ = 0 and Fh = 0. Taking account of

IGW dissipation, a number of authors (Akmaev,

2007; Hickey et al., 2011; Medvedev & Yiğit, 2019)

showed that always the wave flux of potential

enthalpy is downwards (Fh\ 0) and produces cool-

ing in the stable middle and upper atmosphere. The

sign and direction of Ft depends on the relative values

of Fe and Fh in Eq. (2). The wave enthalpy flux

Ft[ 0, when Fe[ -Fh, so that OGW produces the

net heating of the atmosphere (Akmaev, 2007;

Hickey et al., 2011). When Fe\ -Fh in Eq. (2), one

has Ft\ 0 and OGW may produce the net cooling of

the atmosphere. Gavrilov and Popov (2022) obtained

the following expression for the total wave-induced

heating rate:

ew ¼ cawn þ
1

q
o

oz
r0zn þ s0zn

� �
v0n �

c� 1ð ÞqT

gB
e0t þ e0m þ e0r
� �

s0
� �

ð3Þ

where c is the horizontal phase speed of wave; g is

gravity acceleration; B = c—1 ? g-1qcs
2/qz is a

parameter of static stability of the atmosphere; et’,

em’, er
’ are the wave components of heating rates due

to turbulent and molecular viscosity, and radiative

heat exchange, respectively. For stationary IGWs

with c = 0 the first term in the right-hand side of
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Eq. (3), is equal to zero, but dissipative and diabatic

terms can provide local heating/cooling of the

atmosphere in accordance with Akmaev (2007).

Applying the polarization relations for OGWs in

rotating atmosphere to Eq. (3) similar to Gavrilov

and Koval (2013), one can get the following

expression for the local heating rate produced by

stationary OGW:

ew ¼ 1

q
dmzZþ cH

2 c� 1ð Þ
d

dz
jzZð Þ

� �
; d

¼ f 2

k2
o

oz

ov2n
oz

 !�1

ð4Þ

where Z ¼ qm2U2: Eqs. (1) and (4) show that wave

accelerations and heat influxes are nonzero only for

dissipative and diabatic OGWs in accordance with

the known non-acceleration theorem (Andrews et al.,

1987). According to Eq. (4) at d[ 0, OGW may

produce local heating of the atmosphere, ew [ 0.

However, when d becomes negative, OGW produce

local cooling of the atmosphere. According to Gav-

rilov and Koval (2013), the vertical structure of the

wave amplitude U in Eq. (1) and Eq. (4) can be

described by the equation obtained from considera-

tion of balance of wave energy and having the

following form:

o

oz

qf 2U2

kj jN

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1� f 2

k2v2n

s !
¼ �2q mþ Kzð Þdm2U2 ð5Þ

For given vertical profiles of vn and T and the

wave amplitude U0 at the lower boundary, Eq. (5)

can be solved with respect to U2. A finite-difference

recurrent expression connecting U2
iþ1 and U2

i at

(i ? 1)-th and i-th vertical grid nodes was described

by Gavrilov and Koval (2013).

The condition of OGW convective stability is qT̄/

qz ? qT’/qz ? ca[ 0, where T0 is wave temperature

variation and ca = g/cp is adiabatic temperature

gradient. For stationary OGWs with zero horizontal

phase speed this condition is equivalent to U\ vnj j: In
the modified OGW parameterization, we put U =|v̄n|

locally in the regions of wave instability. Equa-

tion (1) and Eq. (4) have singularities at |v̄n |? f/|k|,

jvnj ! 0 and q|v̄n|/qz ? 0. The first case corresponds

to the critical level, where linear IGW theory predicts

m2 ? ? in Eq. (1) and the instability and strong

dissipation of shortened OGWs is assumed. This

situation occurs in the vicinity of the level, where the

horizontal wind becomes perpendicular to the direc-

tion of the OGW propagation n so that jvnj ! 0: In

the present parameterization we use common

assumption that U ¼ 0 above the critical level. At

heights, where q|v̄n|/qz ? 0, the magnitude of

parameter d in Eq. (4) may sharply increase. Our

analysis showed that the distribution of d values for

grid nodes located at each height are close to normal,

and when the d value is outside the interval of three

standard deviations from the respective mean value,

we take d to be equal to the closest boundary of this

interval.

After obtaining the vertical profile of U2 from

Eq. (5), one can use Eq. (1) and Eq. (4) to calculate

the vertical profiles of the wave drag awn and heating

rate ew. The lower boundary value of U0, required for

solving Eq. (5), is estimated using the parameteriza-

tion of subgrid orography described below.

2.2. Parameterization of Subgrid Orography

The used parameterization of subgrid orography is

essentially the same as is exploited in the current

SSOP parameterization involved into the chemistry-

climate SOCOL3 model. To parameterize the Earth’s

orography, the widely used method is applied, which

was proposed by Baines and Palmer (1990) and then

used by Lott and Miller (1997). This approach is

based on the concept of ‘‘subgrid’’ orography having

horizontal scales of changes in the Earth’s surface

height, which are smaller than the horizontal grid

spacing of the numerical model. In the vicinity of

each grid node, according to Lott and Miller (1997),

an elliptical approximation of the subgrid-scale relief

is used.

Forces acting on this elliptical barrier from the

side of an oncoming horizontal flow were investi-

gated by Scinocca and McFarlane (2000). The

mountain barrier acts on the atmosphere with equal

and opposite directed force, which can be considered

as the vertical flux of the horizontal momentum Fm

created by generated OGW. The components of this

flux per unit area are directed against the oncoming

flow, Fmv, and perpendicular to it, Fmn, and can be

described by the following expressions (Baines &

A. V. Koval et al. Pure Appl. Geophys.



Palmer, 1990; Gavrilov & Koval, 2013; Lott &

Miller, 1997):

Fmv ¼ q0v0N0lsG B cos2 vþ Csin2v
� �

Fmn ¼ q0v0N0lsG B � Cð Þ sin v cos v
ð6Þ

where subscript zero denotes values at the lower

boundary, i.e., at the first model level above the mean

Earth relief; v0 is the average horizontal wind

velocity at the lower boundary; l is the standard

deviation of the subgrid variations of Earth’s relief

height; v is the angle between the mean wind

direction and the minor axis of the elliptical barrier;

s is the standard deviation of the relief slope; G is the

mountain sharpness parameter. For elliptical moun-

tain profile, Lott and Miller (1997) proposed

G = 1.23. Coefficients B and C in Eq. (6) are

described by the following formulas:

B ¼ 1� 0:18f� 0:04f2, C ¼ 0:48fþ 0:3f2, where

f is the parameter characterizing the anisotropy (or

aspect ratio) of the subgrid-scale relief.

Using Eq. (6), Gavrilov and Koval (2013) have

got the following formulae for the effective horizon-

tal wavenumber of the orographic wave, ke, and the

magnitude of the wave momentum flux, Fm0, at the

lower boundary z0 of the model:

k ¼ ke ¼
2s

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
F2

mv þ F2
mn

q
q0v0N0l2cosh

ð7Þ

Fm0 ¼ q0v
0
nw

0 ¼ q0U
2
0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2v2n0 � f 2

q
2N0

ð8Þ

Using Eq. (6) and Eq. (8), one can determine the

effective amplitude of the OGW U0 at the low level.

The values of k and U0 calculated using Eq. (7) and

Eq. (8) are used as a boundary condition for calcu-

lating U2 using Eq. (5) at all nodes of the vertical

grid. The mean wind projection, vn, on the direction

of wave propagation in Eq. (5) is found as the sum of

the projections of the mean zonal and meridional

winds onto the direction of the lower boundary wave

momentum flux.

2.3. The Chemistry-Climate Model SOCOL

The described above Modified Subgrid Oro-

graphic Parameterization (MSOP) of OGW effects

was implemented into the chemistry–climate model

SOCOL version 3, which is intensively used for

model studies of SOlar Climate Ozone Links (Stenke

et al., 2013). This model consists of the ECHAM5

general circulation model (GCM) and a modified

chemistry module of the model for investigating

ozone trends (MEZON) described by Egorova et al.

(2003) and Schraner et al. (2008). They are interac-

tively coupled via the transfer of the 3-dimensional

fields of temperature and wind from GCM to

MEZON, and via the transfer of concentrations of

radiatively active water vapor, ozone, methane,

nitrous oxide, and chlorofluorocarbons back from

MEZON to GCM. The SOCOL3 model has 40 layers

in vertical direction covering pressure range from the

Earth’s surface up to 0.01 hPa. The model can be run

very efficiently in parallel mode. Its performance was

successfully evaluated in the framework of Interna-

tional CCM Intercomparison projects: CCMVal2

(SPARC, 2010) and CCMI-1 (Hegglin et al., 2015).

Detailed description of the SOCOL3 model was made

by Stenke et al. (2013).

The SOCOL3 model involves the SSOP

scheme for OGW effects implemented previously

into the ECHAM (Roeckner et al., 2003), which is

based on the approximation of the Earth’s surface

topography at subgrid scales using the method

proposed by Lott and Miller (1997). SSOP involves

calculation of momentum transfer from the Earth to

the atmosphere produced by orographic gravity

waves and the drag exerted by the subgrid scale

mountains, when the air flow interacts with moun-

tains at low levels. According ideas of saturated

IGWs, the SSOP assumes that above the orographic

source the OGW wave stress is constant and wave

drag is zero, except when the waves reach a critical

level or when they break. At a critical level OGW

disappear and wave stress is set to zero above that

level. Above the breaking level, at which Richardson

number becomes smaller than a critical value, the

gravity wave breaks and stress remains constant and

equal to the stress at the breaking level (Roeckner

et al., 2003).

The main difference between our MSOP and

SSOP is using Eq. (5) for simulating vertical profiles

of OGW amplitude and applying Eq. (1) and Eq. (3)

to calculate wave accelerations and heat influxes at

Modified Parameterization Scheme



each grid node of the model. In the analysis of the

subgrid orography the only difference of the modified

parameterizations is higher latitude–longitude reso-

lution (2’ 9 2’) of the used in the MSOP database of

the Earth’s relief ETOPO2 (2015) compared to the

(10’ 9 10’) resolution used in the SSOP. For molec-

ular viscosity and heat conductivity MSOP uses the

Sutherland expression (Kikoin, 1976). Vertical pro-

files of background turbulent viscosity are set having

maxima of 10 m2s-1 near the Earth’s surface and

100 km, and a minimum of 0.1 m2s-1 in the

stratosphere (see Gavrilov et al., 2020).

The previous version of our OGW parameteriza-

tion (Gavrilov & Koval, 2013) was mainly developed

for using in a general circulation model of the middle

and upper atmosphere, and the lower boundary for

solving Eq. (5) was set at altitude of 7 km. At the

MSOP the lower level value of U0 in Eq. (8) is

determined at the first vertical level of the SOCOL3

model above the Earth’s surface at each horizontal

grid node. This improves calculating the OGW

impacts in the upper troposphere/lower stratosphere.

3. OGW Parameters in Realistic Background Fields

In this section we consider OGW characteristics

obtained with the modified parameterization descri-

bed in Sect. 2. Realistic global distributions of the

background wind, pressure, and temperature for

OGW simulations are obtained with the SOCOL3

model and correspond to January 2000. The data

output has a time step of 12 h and a spatial resolution

of 64 grid nodes along the meridian and 128 nodes

along the parallel. The vertical grid contains 40 nodes

in the isobaric coordinate. Figures 1 and 2 presents,

respectively, the latitude–longitude distributions of

the amplitude of wave variations of the horizontal

wind velocity, U, and zonal component of wave drag,

awx, produced by OGWs at heights of 20 and 50 km,

averaged over January. According to Eq. (5), the

vertical profile of OGW amplitude depends on the

profiles of the background wind, temperature, turbu-

lent and molecular viscosity, and thermal

conductivity. At low dissipation near the Earth’s

surface, OGW amplitudes increase quasi-exponen-

tially with height, and the regions of maximum wave

amplitudes in Fig. 1a mainly correspond to areas of

mountain systems.

OGW dissipation increases with height due to

enhanced molecular and turbulent viscosity and heat

conduction as well as due to increasing m2 according

to Eq. (1). In addition, some waves attenuate at the

critical levels near the heights, where jvnj ! 0: A

Figure 1
Latitude–longitude distributions of OGW horizontal velocity

amplitude U (m�s-1) averaged for January at altitude 20 km

(a) and 50 km (b). Rectangles denote geographic locations of the

Middle East, Southern Siberia and Southern Andes—see clarifica-

tion in the text

Figure 2
Same as Fig. 1 but for OGW zonal drag (m�s.-1/day)

A. V. Koval et al. Pure Appl. Geophys.



reason for critical levels could be changes in wind

direction with altitude. When the mean horizontal

wind becomes perpendicular to the direction of wave

propagation n, a critical level near the height of vn ¼
0 arises (see Sect. 2.1). Over large mountain systems,

OGWs may have large amplitudes (such as over the

Himalayas in Fig. 1a), which may increase as wave

propagate upwards and produce convective instability

and breaking, when waves become saturated in the

unstable regions (see Sect. 2.1). This may explain the

reduced maximum of OGW amplitude over the

Himalayas at 50 rm altitude in Fig. 1b. Similar

effects have already been discussed previously (e.g.,

Fritts et al., 2018, 2019; Heale et al., 2020).

Also, there is an additional reason for the change

in OGW structures with height connected with the

Earth’s rotation. Equations (1), (4), (5) include the

Coriolis parameter f, which is increased towards high

latitudes and may contribute to the predominant

propagation of OGWs in the middle atmosphere at

high latitudes. Comparing Fig. 1a and 1b, one can see

larger OGW amplitudes with maxima over Siberia

and Greenland at altitude of 50 km relative to lower

altitudes. As a result, Fig. 1b shows that areas of

increased OGW amplitude at altitude of 50 km are

not always located above the main mountain systems,

which reflects the combined action of the mecha-

nisms described above.

Figure 2 for the zonal component of OGW drag

shows spatial distributions similar to the distributions

of OGW amplitude in Fig. 1 for respective heights

with larger OGW drag at higher northern latitudes. In

Fig. 2b, the monthly mean values of OGW zonal drag

can reach up to 20 m�s-1/day in the lower meso-

sphere corresponding to wave heat influxes up to

several K/day. These values may be even higher at

certain times and locations. Such substantial values

confirm that orographic waves can significantly

impact the dynamic and thermal regime of the middle

atmosphere (e.g., Pertsev, 1989, 1997; Reichert et al.,

2019). Wave accelerations of the order of

10 m�s-1/day in the stratosphere were obtained by

Kuchar et al. (2020).

The distribution of OGW drag in the lower

stratosphere shown in Fig. 2a also agrees well with

that given by several OGW parameterizations and

presented in Fig. 4 of the paper by Van Niekerk et al.

(2020). Our estimate for amplitudes of OGW tem-

perature variations are about 10–30 K, and the total

vertical wave energy flux is about a few mW/m2 at

altitudes of 50–60 km above mountain systems,

which corresponds in the order of magnitude to

experimental estimates (e.g., Shefov et al., 1999;

Sukhodoev & Yarov, 1998).

For a more detailed analysis of vertical profiles of

OGW characteristics at different background condi-

tions, we chose three different regions, which are

marked by rectangles in Figs. 1, 2. The first one

corresponds to the Middle East. We chose this lati-

tude–longitude interval because the same one was

used by Van Niekerk et al. (2020) in a comparative

analysis of OGW drag given by various parameteri-

zations. The second region corresponds to the

Southern Siberia. We chose this region rather than the

Himalayas and Tibet, because, as noted above,

OGWs over the Himalayas may become unstable and

break in the lower stratosphere without propagating

to higher altitudes. To compare OGW propagation

conditions in the Northern (winter) and Southern

(summer) Hemispheres, a third region over the

Southern Andes was selected.

Figure 3 represents vertical profiles of back-

ground horizontal wind components and temperature,

as well as OGW parameters according to the modified

OGW parameterization, averaged over the selected

regions. Figure 3a shows the vertical profiles of the

background zonal wind in the considered regions. It

is clearly seen that in January, for winter conditions

(Middle East and Southern Siberia), the wind direc-

tion is eastward at all altitudes, while in the summer

Southern Hemisphere the zonal wind is directed to

the west at altitudes above 20 km. At altitudes where

the zonal wind tends to zero in the Southern Hemi-

sphere, the critical levels occur, as discussed in

Sect. 2.1. This corresponds to an increase in the

vertical wavenumber shown in Fig. 3i and total decay

of OGWs under the action of viscosity. Therefore, the

total energy flux in Fig. 3h, components of OGW

drag in Fig. 3d, e and heat influxes in Fig. 3f are

equal to zero above 25 -30 km in the summer

Southern Andes region.

The background meridional wind shown in

Fig. 3b is subject to a strong longitudinal dependence

associated with the impact of Rossby waves, so all

Modified Parameterization Scheme



three profiles are significantly different. The back-

ground temperature profiles in Fig. 3c are also

different due to the difference in the geographical

location of the regions under consideration. In the

Figure 3
Vertical profiles of the background fields and OGW parameters at three locations shown by rectangles in Figs. 2, 3: background zonal (a) and

meridional (b) wind components; background temperature (c); zonal (d) and meridional (e) OGW drag components; OGW heat influx (f);

OGW velocity amplitude (g); vertical total energy flux (h); OGW vertical wavenumber (i)
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troposphere, the temperature in the Southern Siberia

is lower than that in the Middle East (located closer to

the equator) and in the Southern Andes, where it is

summer in January. In the stratosphere and meso-

sphere in Fig. 3c, the background temperature is

higher in the Southern Hemisphere compared to that

in the Northern Hemisphere.

Figure 3d presents the parameterized zonal com-

ponent of OGW drag. It is negative in the regions of

eastward background wind with its magnitude max-

imized at altitudes of 20–30 km in both hemispheres.

In the Southern Hemisphere in Fig. 3d, the zonal

wave drag is sharply decreased at altitudes above

20 km due to OGW filtering by summer easterlies

(see above), while in the Northern Hemisphere, it is

increasing in altitude after local minima at altitudes

30–40 km. This is connected with an increase in the

background wind velocity inside the stratospheric jet

stream in Fig. 3a. Similar vertical structure for alti-

tudes up to 35 km was obtained by Van Niekerk et al.

(2020) for the Middle East area. The meridional

component of OGW drag in Fig. 3e is significantly

different in different locations, which corresponds to

the differences in the vertical profiles of the back-

ground meridional wind in Fig. 3b. In general, the

magnitude of the meridional OGW drag in Fig. 3e is

smaller than that for the zonal one in Fig. 3d.

The values of wave heat influxes in Fig. 3f are

mostly positive in the Northern Hemisphere, which

corresponds to estimates by Akmaev (2007), Hickey

et al. (2011), Medvedev and Yiğit (2019), Gavrilov

et al. (2020) showing the net heating of the atmo-

sphere by gravity waves at altitudes below 150 km.

In the upper troposphere over Southern Siberia, the

parameter d in Eq. (4) becomes negative and ew \ 0

in Fig. 3f. OGW amplitudes in Fig. 3g reach maxima

at altitudes of 50–60 km, above which OGW are

significantly affected by increased viscosity and heat

conduction, therefore waves are gradually dissipated.

The total wave energy flux, FE, in Fig. 3h

decreases quasi-exponentially with height above

25–30 km in all cases. This is due to increasing OGW

viscous dissipation and changes in vertical

wavenumber m according to Eq. (1). In addition,

critical layers in the vicinity of heights, where v̄n ?
0, and OGW breaking in the regions of wave con-

vective instability may prevent OGW propagation to

high altitudes (see Sect. 2.1). Profiles of the vertical

wavenumber obtained with Eq. (1) are shown in

Fig. 3i. Mentioned factors of OGW dissipation are

most pronounced in the summer Southern Hemi-

sphere compared to the winter Northern Hemisphere,

where more favorable conditions for the propagation

of stationary OGWs exist (e.g., Pertsev, 1989).

The total wave energy flux in Fig. 3h is strongest

over the Southern Siberia, because the mountains in

this area are higher and the horizontal momentum

flux and OGW amplitude in Eq. (8) at low boundary

are larger (see Fig. 3g). The calculated horizontal

OGW scales (from tens to hundreds km) are consis-

tent with observational data, for example, with the

data of Atmospheric Infrared Sounder (AIRS) over

Europe (Heale et al., 2020) and with the data of the

Gulfstream V project over New Zealand (Fritts et al.,

2018, 2019), also with the data from the airglow

imaging system of Boston University over Andes

mountains (Smith et al., 2009).

Figure 3 shows that Eqs. (1–5) provide the non-

zero wave drag and heat influx even for stationary

OGWs, which are subject to dissipation according to

background profiles of molecular and turbulent vis-

cosity and heat conduction and changes in the vertical

wavenumber m described by Eq. (1). Figure 3 shows

also that OGW drag and heat influx given by the

modified OGW parameterization have magnitudes,

which are strong enough for modifications of the

general circulation in the middle atmosphere. The

influence of the modifications in the OGW parame-

terization on the mean fields of zonal wind and

temperature simulated with the SOCOL3 chemistry-

climate model are considered below.

4. Influence of MSOP on the Background Fields

in the SOCOL3 Model

To analyze the influence of OGW parameteriza-

tion on the mean climatological fields, the OGW

parameterization MSOP with modifications described

in Sect. 2 was implemented into the SOCOL3 model.

Instant distributions of the background atmospheric

wind, temperature, density and pressure for solving

Eq. (5) are taken from the SOCOL3 model at each

time step. To take into account OGW dynamical and
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thermal effects, the zonal and meridional components

of OGW drag were included into the SOCOL3

equations of motion and the OGW heat influx in

8K/day was included as ew/cp into the energy prog-

nostic equation. Test simulations of the general

atmospheric circulation for 10 years (from 2009 to

2018) were performed using the previous SSOP and

new MSOP parameterization schemes. Similar

10-year simulation was also performed with turned

off parameterization of OGW effects.

Figures 4 and 5 show the latitude-height distri-

butions of the zonal-mean zonal wind and

temperature averaged for January over 10 years,

respectively. Figures 4a and 5a present the January

zonal-mean zonal wind and temperature obtained

from the MERRA2 reanalysis of meteorological

information (Gelaro et al., 2017) and averaged for the

same years that were modeled with SOCOL3. Panels

4b and 5b show respective distributions simulated

with the SOCOL3 model without inclusion of OGW

effects. One can see that without OGW influence, the

zonal wind velocity (Fig. 4b) in the stratosphere

becomes unrealistically high (up to 70 m/s) and the

temperature in subpolar stratosphere (Fig. 5b) is

significantly underestimated (up to 10 K) by the

model.

Simulated zonal-mean zonal wind and tempera-

ture are shown in Figs. 4c and 5c for the previous

SSOP and in Figs. 4d and 5d for the new MSOP

schemes used in the SOCOL3 model. The inclusion

of any OGW parameterization scheme into the model

leads to a deceleration of the atmospheric circulation

in the northern stratosphere, so that the magnitudes of

zonal wind velocity in Fig. 4c and d become closer to

those in the MERRA2 data shown in Fig. 5a. Simu-

lated temperatures in Figs. 5c and 5d are also closer

to the reanalysis data in Fig. 5a.

Figure 6a and d show differences of the 10-year

average January zonal-mean zonal wind and tem-

perature simulated with the SOCOL3 model without

OGW effects and respective values for the MERRA2

meteorological reanalysis data. The shaded regions in

Fig. 6 correspond to 90% statistical confidence of

respective differences estimated with the Welch’s

t-test (Statistical Odds & Ends, 2020). This test is a

modification of the Student’s two-sample t-test

assuming that the two analyzed populations may have

different variances. In Fig. 6 the Welch’s t-test is

applied to monthly-mean differences obtained for

January during 10-year simulations with the

SOCOL3 model involving different OGW parame-

terizations. The magnitudes of differences in zonal

wind in Fig. 6a and temperature in Fig. 6d exceed

20 m/s and 10 K, respectively, in the northern

stratosphere, which are statistically significant with

respect of the interannual model variability.

The differences of simulated and reanalysis mean

zonal wind obtained for both SSOP and MSOP in

Fig. 6b and c have smaller magnitudes in the

Northern Hemisphere compared to Fig. 6a without

OGW effects. Usage of the previous SSOP

scheme gives the negative differences up to -6 m/s at

high northern latitudes and positive differences up to

10 m/s at latitudes 20–408 N near pressure level of

1 hPa in Fig. 6b. For MSOP scheme, involving

modifications described in Sect. 2, respective differ-

ences in Fig. 6c do not exceed ± 4 m/s in the

Northern Hemisphere.

The differences of the zonal wind in Fig. 6b and c

are closer for both SSOP and MSOP schemes in the

Southern Hemisphere, where summer westward mean

winds (see Fig. 4a) prevent upward propagation of

stationary OGWs and, therefore, the wave drag tends

to zero at altitudes above 20–25 km in summer (see

Fig. 3d, e).

Figure 6e, f reveal that for both SSOP and MSOP

schemes the differences of simulated and observed

temperatures do not exceed ± 4 K below the pres-

sure level of 0.7 hPa, which is smaller than the

respective differences of ± (8–10) K at high northern

latitudes in Fig. 6d for simulations with the SOCOL3

model without OGW effects. Above the pressure

level of 0.7 hPa in Fig. 5b–d, the temperature distri-

butions are very similar for both OGW

parameterizations, showing that wave heating/cool-

ing effects are relatively small there. The main

temperature changes in Fig. 5b–d are seen at high

northern latitudes at pressure levels 0.5–2 hPa, where

the differences of simulated and observed tempera-

ture in Fig. 6e, f may reach ± 8 K for both SSOP and

MSOP parameterizations.

The MSOP scheme includes diabatic heat influxes

due to the dissipation of OGWs described by Eq. (3),

(4). At the same time, Fig. 1 shows that mountain

A. V. Koval et al. Pure Appl. Geophys.



OGW sources, amplitudes and, consequently, wave

heat influxes do not maximize at high latitudes. One

should keep in mind that because of the presence of

Coriolis force in the SOCOL3 equation of motion, the

zonal OGW drag shown in Fig. 2 and Fig. 3d may

produce changes in the meridional atmospheric cir-

culation and vertical velocity, which can influence

diabatic heating/cooling in the high-latitude middle

atmosphere. Therefore, modified meridional circula-

tion may change the mean temperature distributions

shown in Fig. 5c, d.

For simulating vertical profiles of wave charac-

teristics, the SSOP scheme in the SOCOL3 model

(see Sect. 2.3) uses ideas of saturated IGWs by

Lindzen (1981) assuming that above the orographic

source the OGW wave momentum flux is constant

and wave drag is zero, except for critical and

breaking levels, above which the wave stress is set to

zero or remains constant and equal to the stress at the

breaking level (see Sect. 2.3). Examples of vertical

profiles of the OGW stress (proportional to Fm)

obtained with SSOP one can find in Fig. 6 of the

paper by Lott and Miller (1997).

The main difference of the new MSOP scheme is

calculating more detailed vertical profiles of OGW

characteristics and wave drag using Eqs. (1), (4), (5)

at each node of horizontal grid of the SOCOL3

model. Unfortunately, direct comparisons of profiles

of wave characteristics given by the SSOP and MSOP

schemes are not possible, because the code of the

SOCOL3 model does not allow output of necessary

OGW parameters from the SSOP scheme. Using

Eq. (5) in the MSOP scheme gives additional

parameters (e.g., the turbulent viscosity and turbulent

Prandtl number), which allow better adjustment of

Figure 4
Latitude-altitude distributions of the zonal-mean zonal wind in m/s for January averaged over 10 years according to MERRA-2 data (a) and

simulated using SOCOL3 model without OGW parameterization (b), with the previous SSOP (c) and new MSOP (d) schemes of OGW

dynamical and thermal effects
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simulated atmospheric characteristics to the observed

ones.

Described in this section results show that OGW

dynamical and thermal effects and modifications of

their parameterizations in the general circulation and

climate models may influence simulated mean

atmospheric characteristics. Further studies of

OGWs, their parameterizations and wave-induced

meridional circulation are required for decreasing

discrepancies between simulated and observed zonal

wind, temperature and composition in the region of

the mesosphere and lower thermosphere.

5. Conclusions

In this study, modifications in the subgrid oro-

graphic wave parameterization is implemented into

the SOCOL3 chemistry-climate model. The modified

OGW parameterization, MSOP, is based on the Lott

and Miller (1997) scheme, similarly to the SSOP

scheme currently used in the SOCOL3 model and

described by Roeckner et al. (2003). The MSOP

scheme uses formulae for simulating vertical profiles

of the amplitude of wave velocity variations, wave

drag and heat influxes based on the polarization

relations for mesoscale stationary OGWs in the

rotating atmosphere obtained by Gavrilov and Koval

(2013). Using the obtained with SOCOL3 realistic

profiles of the background wind and temperature,

characteristics of OGWs propagating in the atmo-

sphere from the Earth’s surface to the heights of

about 80 km were simulated for different locations in

the Northern and Southern Hemispheres. Peculiarities

of OGW propagation from their sources in different

regions and their impacts on the atmospheric circu-

lation and thermal regime at heights up to the

mesosphere are considered.

It is shown that OGW dynamical and thermal

effects significantly contribute to the formation of the

Figure 5
Same as Fig. 4, but for the zonal-mean temperature in 8K

A. V. Koval et al. Pure Appl. Geophys.



general atmospheric circulation, reducing the velocity

of jet stream in the winter middle atmosphere. When

comparing with the MERRA-2 data, for the MSOP

scheme the differences of simulated and reanalysis

zonal-mean zonal wind does not exceed ± 4 m/s in

the Northern Hemisphere in January compared to the

respective differences up to ± (6–10) m/s for the

previous SSOP scheme. The differences of simulated

and reanalysis temperatures do not exceed ± 4 K

below the pressure level of 0.7 hPa. The main

changes in temperature fields for different OGW

parameterizations occur at high northern latitudes at

pressure levels of 0.5–2 hPa, where temperature dif-

ferences of simulated and observed temperature may

reach ± 8 K for both SSOP and MSOP schemes.

Further studies of OGW effects and wave-induced

meridional circulation are required for more accurate

simulations of the general circulation and

Figure 6
Differences of the zonal-mean zonal wind in m/s (a–c) and temperature in 8K (d–e) simulated using the SOCOL3 model with no OGWs (a, d),

with the previous SSOP (b, e), with the MSOP (c, f) and the respective values from the MERRA2 meteorological reanalysis data for January

averaged for 10 years. Shaded areas correspond to differences with statistical significance higher than 90% according to the Welch’s t-test

criteria

Modified Parameterization Scheme



climatological characteristics in the mesosphere and

lower thermosphere.
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