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1. Introduction
Cirrus clouds, covering over 30% of the Earth's surface, play an essential role in climate (Liou, 1986). Composed 
of ice crystals, they can reflect solar radiation with a cooling effect, absorb and reemit longwave radiation with 
a warming effect, and therefore strongly influence the Earth's radiative budgets. The net radiative effect of cirrus 
clouds and their feedback on global warming is still uncertain (Ceppi et al., 2017; Stephens, 2005; Wetherald & 
Manabe, 1988). Current global climate models (GCMs) produce a large spread in cirrus feedback, ranging from 
weakly negative to strongly positive feedback (−0.13–1.24 W m −2 K −1) (Ceppi et al., 2017).

Vertical velocity is a critical factor in triggering the formation of ice crystals in cirrus clouds. A larger vertical 
velocity can generate a stronger adiabatic cooling, decrease the parcel's temperature, increase the relative humid-
ity with respect to ice, activate more aerosols, and thus form more ice crystals (Kärcher & Lohmann, 2002). 
Previous studies show that, when vertical velocity increases from 10 to 100 cm s −1, the number of newly-formed 
ice particles increases by more than one order of magnitude (Kärcher & Lohmann, 2002). The vertical velocity on 
smaller scales is more important to the nucleation of ice crystals in cirrus clouds than the synoptic-scale vertical 
velocity (Mace et al., 2001; Quante & Starr, 2002). In the lower stratosphere and upper troposphere, mesoscale 
gravity waves are ubiquitous and usually generate strong disturbances (Dinh et  al.,  2016; Hoyle et  al.,  2005; 
Murphy, 2014; Preusse et al., 2014; Shi & Liu, 2016). Orographic gravity waves (OGWs) are one of the most 
important sources of mesoscale waves (Kärcher & Ström,  2003). In the world, there are a lot of mountains 

Abstract Cirrus clouds play an important role in the Earth's radiative energy budget, thereby affecting the 
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well quantified. In this study, one sub-grid scale OGW scheme (e.g., McFarlane) is used in the Community 
Atmosphere Model version 6 (CAM6) to generate vertical velocity variance (σw) for cirrus formation. Results 
from the default model and simulations with the OGW-induced σw are evaluated against the DOE ARM Small 
Particles in Cirrus (SPARTICUS) campaign observations. The OGW based on the McFarlane scheme increases 
the sub-grid scale σw over mountains compared to the default model and improves the model agreement with 
the SPARTICUS observations. Larger σw due to OGWs can trigger more frequent homogeneous nucleation in 
orographic cirrus and generates a higher number concentration of ice crystals observed during the SPARTICUS 
campaign. Moreover, our evaluation of the model simulations against satellite observations indicates that the 
McFarlane scheme generates high in-cloud ice number concentrations (>200 L −1) in the upper troposphere over 
mountains and high plateaus at mid- and high-latitudes of the winter hemisphere as shown in the observations. 
More ice crystals with smaller sizes absorb more infrared radiation (+0.523 ± 0.125 W m −2). The net radiative 
cloud forcing change at the top of the atmosphere is +0.330 W m −2 due to the orographic cirrus.

Plain Language Summary Cirrus clouds occurring frequently in the upper troposphere play an 
important role in the Earth's radiative budget and the global climate. Large mountains in the globe can produce 
strong gravity waves propagating upward to the upper troposphere. These orographic gravity waves can induce 
large vertical velocities and form orographic cirrus which can extend hundreds of miles in the atmosphere. This 
study introduces orographic gravity waves induced by the mountains to cirrus ice formation in a global climate 
model, the Community Atmosphere Model version 6 (CAM6). We find that a large amount of ice crystals 
forms in the simulated cirrus over mountains in the winter hemisphere when orographic gravity waves are 
included in the cirrus formation. The simulation results are improved when comparing with aircraft and satellite 
observations. Orographic cirrus induces a warming effect on the global climate.
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producing OGWs that are observed to generate vertical velocities for the formation of cirrus clouds (Dean 
et al., 2005, 2007; Teixeira, 2014). Thus, it is necessary for GCMs to represent these orographic cirrus clouds in 
the models (Dean et al., 2005, 2007).

Many parameterizations of sub-grid scale OGW drag have been developed for GCMs (Alexander & Ortland, 2010; 
Alpert, 2004; Fritts & Alexander, 2003; Geller et al., 2013; Kim et al., 2003; McFarlane, 1987). The early OGW 
drag parameterizations were based on the McFarlane theory (McFarlane, 1987), while the improved parameter-
izations were further developed based on the anisotropic orography theory (Alpert, 2004; Gregory et al., 1998; 
Joos et al., 2008; Lott & Miller, 1997; Scinocca & McFarlane, 2000). In addition, a Gaussian distribution was 
used to characterize the sub-grid scale vertical velocity resulting from gravity waves, with a close fit to the central 
68% of the observed vertical velocity spectrum (Bacmeister et al., 1999). However, it may underestimate the 
probability of vertical velocity of high amplitude (Bacmeister et al., 1999).

Cirrus clouds form through two ice nucleation pathways: homogeneous and heterogeneous ice nucleation (Jensen 
et al., 1998, 2010; Jensen & Pfister, 2004; Koop et al., 2000; Liu & Penner, 2005). Homogeneous ice nucleation 
on aerosol droplet solutions, such as sulfate and nitrate aerosols, requires an ice supersaturation of 40%–60% at 
temperatures below 235 K. It can generate significant concentrations of ice crystals of about 100–10,000 L −1. 
Homogeneous nucleation strongly depends on vertical motions (Joos et  al.,  2008). On the other hand, heter-
ogeneous ice nucleation on ice nucleating particles (INPs) requires a lower ice supersaturation and produces 
larger-sized ice crystals with lower number concentrations (between 1 and 100 L −1) than homogeneous nucle-
ation. Heterogeneous ice nucleation depends on the efficiency and abundance of INPs such as mineral dust, 
biological aerosols, black carbon, or other insoluble or partially insoluble particles (Hoose & Möhler,  2012; 
Murray et al., 2012). The two mechanisms of ice nucleation once occur can compete for water vapor in cirrus 
clouds (DeMott et al., 2003; Penner et al., 2018; Shi et al., 2017). Ice crystals formed heterogeneously consume 
water vapor preferentially, and the subsequent homogeneous nucleation can be partially or completely inhibited 
(DeMott et al., 2003; Eidhammer et al., 2014; Liu et al., 2012; Zhang et al., 2013).

Observational analyses find that the most important dynamic factors for in-situ cirrus formation can be turbulence 
kinetic energy (TKE) in unstable circumstances and gravity waves in a stable atmosphere (Haag & Kärcher, 2004; 
Hoyle et al., 2005; Jensen et al., 1998, 2010; Kärcher & Ström, 2003; Krämer et al., 2016, 2020). Strictly speak-
ing, gravity waves are essentially a source of TKE when the Richardson number is large in a stable atmosphere. 
To clearly distinguish TKE from the CLUBB scheme and OGWs from the McFarlane scheme, we exclusively use 
the term TKE to refer to TKE from CLUBB with a small Richardson number. However, the current version of the 
Community Atmosphere Model version 6 (CAM6), considers TKE from CLUBB as the only dynamic source for 
in-situ ice formation. The absence of OGWs in ice nucleation is likely to generate a large bias for ice nucleation 
over mountains, especially in the winter hemisphere (Barahona & Nenes, 2011; Kärcher & Ström, 2003; Krämer 
et al., 2016, 2020; Muhlbauer, Ackerman, et al., 2014). The objective of this study is to calculate the vertical 
velocity variances from the OGW scheme and to introduce them into the ice nucleation of cirrus in CAM6, with 
the aim to improve the simulation of orographic cirrus over mountains and high plateaus. The modeled cirrus 
clouds are evaluated against the in-situ and satellite observations and the radiative forcing of orographic cirrus 
is estimated.

The remainder of this article is organized as follows. Section 2 describes the model, configuration and parame-
terizations to represent the σw from OGWs. Observational data used in this study are summarized in Section 3. 
Section 4 compares the model simulations of cirrus clouds with observational data. The orographic cirrus radia-
tive forcing is also calculated. Summary and conclusions are given in Section 5.

2. Method
2.1. Model Description

CAM6, the atmosphere component of CESM2 (Danabasoglu et al., 2020), is used in this study. In CAM6, the 
Cloud Layers Unified by Binormals (CLUBB) (Golaz et al., 2002a, 2002b) scheme is applied to unify the treat-
ment of the planetary boundary layer, cloud macrophysics, and shallow convection. The two-moment Morrison 
and Gettelman version 2 (MG2) scheme is applied in CAM6 to treat cloud microphysical processes (Gettelman 
et al., 2010, 2019; Gettelman & Morrison, 2015), which will be discussed more in Section 2.2. Aerosol life-
cycle and processes are represented by the four-mode version of the Model Aerosol Module (MAM4), which 
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predicts the mass mixing ratios of different aerosol species and number concentrations of aerosol in accumula-
tion, Aitken, coarse and primary carbon modes (Liu et al., 2012, 2016). Deep convection is treated by the Zhang 
and McFarlane (1995) scheme. The radiative effects of clouds and aerosol are treated by the RRTMG radiation 
scheme (Iacono et al., 2008).

2.2. MG2 Cloud Microphysics and Ice Nucleation

The MG2 microphysics scheme predicts the mass mixing ratios and number concentrations of cloud liquid, cloud 
ice, rain, and snow, as well as complicated cloud microphysical processes. Aerosol indirect effects are treated includ-
ing droplet nucleation in warm clouds (Abdul-Razzak & Ghan, 2000) and ice nucleation in stratiform mixed-phase 
(Wang et al., 2014) and cirrus clouds (Liu et al., 2007; Liu & Penner, 2005). Ice in stratiform cirrus can be formed 
by in-situ ice nucleation or detrained from convective clouds. The parameterization of in-situ ice nucleation in cirrus 
clouds considers the homogeneous freezing of sulfate aerosols, heterogeneous nucleation on coarse mode dust, 
and the competition between the two mechanisms (Liu & Penner, 2005), and the effect of pre-existing ice on ice 
nucleation (Shi et al., 2015; Shi & Liu, 2016). The nucleated ice number in cirrus is parameterized as a function of 
sub-grid updraft velocity, temperature, humidity, and sulfate and coarse mode dust number concentrations derived 
from the detailed parcel model simulations (Liu & Penner, 2005). In the default CAM6, sub-grid vertical velocity 
variance (σw) associated with TKE from CLUBB is used in the ice nucleation parameterization in cirrus clouds.

Sub-grid scale σw is an important factor for ice nucleation in cirrus clouds. The CLUBB scheme assumes trivariate 
probability density functions (PDFs) of vertical velocity, temperature, and total water to calculate the turbulent 
moments and cloud macrophysical quantities for low-level clouds. However, the multivariate PDF assumptions 
(with small Richardson numbers) may not represent the dynamics in the upper troposphere. When the atmos-
phere is stable (with large Richardson numbers), linear gravity waves associated with steady, unidirectional and 
stably stratified flows can be generated. The sub-grid scale OGWs based on the theory of linear waves (e.g., 
the McFarlane scheme) can be applied to describe the dynamics of the upper troposphere, which is currently 
neglected in TKE from CLUBB.

2.3. Parameterization for σw Generated From OGWs: The McFarlane Scheme

The McFarlane  (1987) OGW scheme assumes two-dimensional, steady-state hydrostatic gravity waves and 
neglects the Coriolis force, which implies the limits imposed on the horizontal wavenumber k on the parameter-
ized OGWs as:

𝑓𝑓

𝑈𝑈
≪ 𝑘𝑘 ≪

𝑁𝑁

𝑈𝑈
, (1)

where ƒ is the Coriolis parameter, U the horizontal wind speed, and N the Brunt-Vaisala frequency.

To excite the OGW drag on the flow, the McFarlane scheme assumes that the stationary OGWs are forced by 
circularly symmetric orography h with the form as:

ℎ = ℎ𝑚𝑚 cos(𝑘𝑘𝑘𝑘), (2)

where hm is the standard deviation of orography and x is the horizontal dimension positive in the downstream 
direction. The geographic distribution of standard deviation of orography hm used in the model is shown in Figure 
S1 in Supporting Information S1. The waves are considered as the linear waves generated when a steady, unidi-
rectional, and stably stratified mean flow blows over the spherical barrier. The wave stress at level n is given as

𝜏𝜏(𝑛𝑛) ∼ 𝜌𝜌(𝑛𝑛)𝑢𝑢′(𝑛𝑛)𝑤𝑤′(𝑛𝑛), (3)

where ρ(n) is the air density at level n. 𝐴𝐴 𝑢𝑢′(𝑛𝑛) is the horizontal average of first-order perturbation of horizontal wind 

and can be approximated as 𝐴𝐴 𝑢𝑢′(𝑛𝑛) ∼ 𝑁𝑁(𝑛𝑛)𝛿𝛿 . N(n) is the Brunt-Vaisala frequency and δ is the perturbation. 𝐴𝐴 𝑤𝑤′(𝑛𝑛) 

is the horizontal average of first-order perturbation of vertical wind and can be approximated as 𝐴𝐴 𝑤𝑤′(𝑛𝑛) ∼ 𝑘𝑘𝑘𝑘 (𝑛𝑛)𝛿𝛿𝛿 
U(n) is the horizontal wind speed at level n. At the boundary, the wave stress at surface can be calculated as 

𝐴𝐴 𝐴𝐴𝑠𝑠𝑠𝑠𝑠𝑠 ∼
1

𝐿𝐿
∫

𝐿𝐿

2

−
𝐿𝐿

2

𝜌𝜌(0)𝑢𝑢′(0)𝑤𝑤′(0)𝑑𝑑𝑑𝑑𝑑 Here L is the horizontal wavelength. δ is the orographic perturbation and can be 

approximated as 𝐴𝐴 𝐴𝐴 ∼ ℎ if no wave dissipation occurs.
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In regions where wave dissipation processes can be ignored, the surface OGW stress can be approximated as

𝜏𝜏𝑠𝑠𝑠𝑠𝑠𝑠 ≈
𝑘𝑘𝑘2

𝑚𝑚

2
𝜌𝜌𝑠𝑠𝑠𝑠𝑠𝑠𝑁𝑁𝑠𝑠𝑠𝑠𝑠𝑠𝑈𝑈𝑠𝑠𝑠𝑠𝑠𝑠 , (4)

where τsfc is the excited OGW stress at the surface, Nsfc is the Brunt-Vaisala frequency at the surface, Usfc is the 
horizontal wind speed at the surface, and ρsfc is the air density at the surface. In the model, the OGW is calculated 
when U > 2 m s −1 and hm > 5 m. Otherwise, the surface OGW stress is 0.

Vertical propagation of OGWs is approximated by assuming constant OGW stress up to a saturation level 
(Lindzen, 1981), where the local wave vertical displacement δ is approximated as δ ∼ U/N. At any level n, the 
vertical displacement and OGW stress is related by

𝛿𝛿2(𝑛𝑛) = min

(
|𝜏𝜏(𝑛𝑛)|

𝑘𝑘𝑘𝑘(𝑛𝑛)𝑈𝑈 (𝑛𝑛)𝑁𝑁(𝑛𝑛)
,
𝑈𝑈 2(𝑛𝑛)

𝑁𝑁2(𝑛𝑛)

)
. (5)

We utilize the OGW stress output from the OGW scheme to calculate δ using Equation (5). Then, the σw of OGWs 
can be approximated as (Joos et al., 2008; McFarlane, 1987):

𝜎𝜎𝑤𝑤𝑤o𝑔𝑔𝑤𝑤(n) ∼ 𝑘𝑘𝑘𝑘 (𝑛𝑛)𝛿𝛿(𝑛𝑛). (6)

To calculate the wavenumber k at level n, the wavelength L (=2π/k) of sub-grid scale OGWs in the calculated 
layer is set to 10 km. L is considerably shorter than the length scales of OGWs cited in previous descriptions 
of the McFarlane scheme in CAM6, however, in practice this is poorly constrained quantity and we regard it as 
a tuneable parameter (from 10 to 100 km). A shorter wavelength L of OGWs may induce a stronger σw for ice 
formation at level n. The OGW-induced sub-grid scale σw,ogw is introduced to calculate the total sub-grid scale σw:

𝜎𝜎2
𝑤𝑤(n) = 𝜎𝜎2

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤
(n) + 𝜎𝜎2

𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤𝑤(n)𝑤 (7)

The σw from the sub-grid scale turbulence motion, σw,tke (n), is calculated from TKE in CLUBB as in the default 
model (Equation  6 in Gettelman et  al.,  2010). The new σw(n) which includes both TKE from CLUBB and 
sub-grid scale OGWs from McFarlane, is applied to the ice nucleation parameterization (Liu et al., 2007; Liu & 
Penner, 2005).

There may be an argument that an intersection may occur between TKE from CLUBB and sub-grid scale OGWs 
from the McFarlane scheme. Although in the stable atmosphere the regimes from turbulence and gravity waves 
appear continuum, turbulence (with small Richardson numbers) and OGWs (with large Richardson numbers) are 
parameterized separately in the model. CLUBB does not consider the sub-grid scale orography in its parame-
terization and thus TKE from CLUBB may not account for the contribution from sub-scale OGWs. In addition, 
our following analysis (in Section 4.1) shows that σw,tke (n) from CLUBB can only generate very small σw (about 
0.001 m s −1) over mountains, while the aircraft can observe much higher σw in orographic cirrus. As a result, the 
intersection between TKE from the CLUBB scheme and OGWs from the McFarlane scheme is quite unlikely.

2.4. Model Experiments

The horizontal resolution used in CAM6 is 0.9° × 1.25° with 56 vertical layers. Model experiments with the 
default CAM6 and CAM6 with the aforementioned the OGW scheme (i.e., the McFarlane scheme) are conducted 
from January 2009 to June 2010, with the first year used for model spinning up. Additionally, two sensitivity 
experiments with the McFarlane scheme but turning off either homogeneous or heterogeneous ice nucleation 
are conducted. In all these experiments, modeled horizontal wind components (U and V) are nudged toward the 
MERRA-2 reanalysis data with a relaxation time of 6 hr. The model results are output instantaneously every 10 s 
along the flight tracks during the Small Particles in Cirrus (SPARTICUS) campaign supported by the Department 
of Energy (DOE) Atmospheric Radiation Measurement (ARM) program. When the aircraft flies within the same 
model grid box, the model outputs the same values within one model time step (30 min). High-frequency model 
outputs along the flight track can be redundant. However, since the aircraft may fly into multiple grid boxes 
within one model time step, it is not recommended to set the time interval for model output too long.

For comparison with the liDAR-raDAR (DARDAR) satellite observations (Delanoë & Hogan, 2010), we conduct 
nudged model experiments with the default CAM6 and CAM6 with the McFarlane scheme from October 2006 
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to December 2009, with the first 3 months used for model spinning up. Finally, we conduct 6-year free-running 
model simulations with the default CAM6 and CAM6 with the McFarlane scheme forced by prescribed 
present-day climatological sea surface temperatures and sea ice extent to estimate the OGW-generated cirrus 
radiative forcing. A list of all model experiments used in this study is given in Table 1.

3. Observational Data
3.1. SPARTICUS Observations

The data obtained during the SPARTICUS field campaign are used in this study. The campaign took place from 
January to June in 2010 over mountains in the Central United States, and its flight tracks are shown in Figure 1.  

Table 1 
Description of Simulations

Model experiment Resolution Period Description

CTL 0.9° × 1.25°, 56L 2009 January to 2010 June Default CAM6, only consider CLUBB-
TKE-induced vertical velocity variance. 
(nudged UV)

McFarlane 0.9° × 1.25°, 56L 2009 January to 2010 June Same as default CAM6 but also consider 
orographic gravity waves based on the 
McFarlane scheme for vertical velocity 
variance. (nudged UV)

McFarlane-Homo 0.9° × 1.25°, 56L 2009 January to 2010 June Same as McFarlane but consider only 
homogenous ice nucleation. (nudged UV)

McFarlane-Hete 0.9° × 1.25°, 56L 2009 January to 2010 June Same as McFarlane but consider only 
heterogenous ice nucleation. (nudged UV)

CTL_D 0.9° × 1.25°, 56L 2006 October to 2009 December Same as CTL except simulation period. 
(nudged UV)

McFarlane_D 0.9° × 1.25°, 56L 2006 October to 2009 December Same as McFarlane except simulation period. 
(nudged UV)

CTL-Climo 0.9° × 1.25°, 56L 6-year climatology Same as CTL except simulation period. 
(without nudged UV)

McFarlane-Climo 0.9° × 1.25°, 56L 6-year climatology Same as McFarlane except simulation period. 
(without nudged UV)

Figure 1. Aircraft trajectories (solid blue lines) during the SPARTICUS campaign. Color shading and black line contours 
show the surface terrain (unit: m). The solid red lines are flight tracks in the days (19, 30 March; 1, 28, and 29 April 2010) 
when ridge-crest cirrus was observed.
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There are about 150 hr of research flights targeting at cirrus clouds. Temperature is measured by the Rosemount 
probe Model 102 with a precision of ±0.5°C. Vertical velocity of air motions is measured by the Aircraft-Integrated 
Meteorological Measurement System-20 (AIMMS-20) instrument carried by Learjet 25 (Muhlbauer, Kalesse, & 
Kollias, 2014). The absolute accuracy of vertical velocity measurements is 0.75 m s −1. Although the absolute 
accuracy of the instrument is too large to measure the vertical velocity, σw can be used to represent the perturbation 
as a reasonably accurate measure (Lenschow, 1972; Muhlbauer, Kalesse, & Kollias, 2014). In order to investigate 
the OGW effects in ice nucleation, this study focuses on the high σw in cirrus clouds. Previous studies indicated 
that 0.1 m s −1 is a reasonable indicator to categorize the high σw in cirrus clouds (Krämer et al., 2016, 2020). 
Thus, 0.1 m s −1 threshold is applied in our analysis to show the impact of OGWs on modeled vertical velocity 
variance. Ice particles are measured by the two-dimensional stereo-imaging probes (2D-S) for a size range of 
10–3,000 μm. The bias on the number concentration of small-sized ice crystals is minimized because the ice shat-
tering effect is addressed on the 2D-S probe (Lawson, 2011). The observational data are available at a frequency 
of 1 Hz. Considering the speed of the aircraft (∼230 m s −1), 430 s of the flight is about 100 km, which is the 
length of the model's horizontal resolution (1°). Therefore, we use a running average of 430 s measurement data 
to compare with the model results (Patnaude et al., 2021).

3.2. DARDAR Data

DARDAR-Nice data from 2007 to 2009 are used to evaluate the simulated ice number concentration (Sourdeval 
et al., 2018). DARDAR-Nice product is developed based on a synergetic ice cloud retrieval algorithm (VarCloud 
algorithm) (Delanoë & Hogan, 2010) combining the CloudSat and the Cloud-Aerosol Lidar and Infrared Path-
finder Satellite Observation (CALIPSO). Ice number concentrations are provided along the CloudSat tracks 
(1.7 km) with a vertical resolution of 60 m. Three size thresholds are set for ice number concentrations contained 
in the retrieved data, which are 5, 25, and 100 μm. Ice number concentrations with a minimum size of 5 μm 
are used in this study because the number concentrations of small ice particles are essential when studying ice 
nucleation in cirrus clouds. To compare with the DARDAR data, we derive the Ni with ice crystal diameter larger 
than 5 μm from the total Ni in clouds with IWC ≥1 × 10 −3 g kg −1 and grid-averaged ice cloud fraction larger than 
0.01 from simulation results (Eidhammer et al., 2014). The model results are outputted along satellite tracks to 
facilitate the comparison.

4. Results
4.1. Model Comparison With SPARTICUS Observations

First, we categorize cirrus clouds before studying the effects of OGWs on ice nucleation. In this study, we 
discuss two categories of cirrus that can be simulated in CAM6. The first category of cirrus is ridge-crest 
cirrus (Muhlbauer, Ackerman, et  al.,  2014) and belongs to in-situ origin cirrus (Krämer et  al.,  2016), which 
includes orographic cirrus incited by OGWs. The second category of cirrus includes liquid origin cirrus (Krämer 
et al., 2016), which is detrained from convective clouds, and in-situ origin cirrus predominated by TKE from 
CLUBB. Other categories of cirrus, such as jet stream cirrus, will not be discussed in this study.

Muhlbauer, Ackerman, et al. (2014) summarized the number of flights, number of days, and list of days for SPAR-
TICUS observations according to cirrus categories and atmospheric states. There were 10 flights in five days (19, 
30 March; 1, 28, and 29 April) downstream of the mountains and ridge-crest cirrus was observed. Table 2 summa-
rizes the range of meteorological conditions and ice microphysical properties for cirrus clouds and ridge-crest cirrus 
in the SPARTICUS observations and CAM simulations. In SPARTICUS, measured cirrus clouds are defined as 
clouds at T ≤ −40°C with in-cloud ice number concentration (Ni) ≥ 0.01 L −1. In model simulations, cirrus clouds 
are defined as clouds at T ≤ −40°C with Ni ≥ 0.01 L −1 and ice water content (IWC) ≥ 1 × 10 −5 g m −3. In addition, 
we apply the size cut method of Eidhammer et al. (2014) to derive the properties (such as Ni, IWC and diameters) 
for those ice crystals with diameters ≥10 μm from the CAM6 results, consistent with the measurements by the 
2D-S probe (Section 3.1). Because observations do not distinguish snow from cloud ice, the modeled cloud ice 
and snow are combined to derive the grid mean quantities (Ni, IWC and diameters) to compare with observations.

4.1.1. Vertical Velocity and Potential Temperature Variances

Figure 2 shows the annual mean σw at 250 hPa from the CAM simulations. The global annual mean σw in the 
CTL experiment is 0.046 m s −1, with the maximum σw at 0.27 m s −1 over the tropical regions. Over the mountain 
regions, high σw values can hardly be generated. In the McFarlane experiment, we can see a completely different 
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global distribution of sub-grid scale σw. There are high σw values ≥ 0.25 m s −1 over the mountainous regions, such 
as the Himalayas, the Rocky Mountains, the Andes Mountains, the Antarctic peninsula, Greenland, and the Alps, 
which are induced by OGWs. In addition, our results are consistent with the previous studies that similar large σw 
values are found in the tropics and over mountains in the upper troposphere (Barahona et al., 2017; Barahona & 
Nenes, 2011; Joos et al., 2008, 2009; Krämer et al., 2016; McFarlane, 1987).

Table 2 
Range of Meteorological Conditions and Ice Microphysical Properties for Cirrus Clouds and Ridge-Crest Cirrus in the SPARTICUS Observations and CAM6 
Simulations

SPARTICUS CTL McFarlane McFarlane-Homo McFarlane-Hete

T [K] 207.81–233.13 206.20–233.14 205.34–233.15 205.30–233.15 204.64–233.15

Ni [L −1] 0.20–2984.50 0.13–229.02 2.25–10109.60 2.70–3690.34 0.024–56.10

Di [μm] 10.50–154.17 11.80–322.34 10.16–237.56 10.10–234.68 10.04–323.64

IWC [g m −3] 1.24×10 −5–0.12 1.19×10 −5–0.019 6.66×10 −5–0.020 6.22×10 −5–0.019 1.04×10 −5–0.0072

Occurrence of cirrus 16,445 19,743 19,179 19,672 20,443

Occurrence of ridge-crest cirrus 2,713 2,415 2,553 2,575 3,022

Figure 2. Global distribution of annual mean sub-grid scale vertical velocity variance (σw) for cirrus formation (m s −1) from 
nudged simulations (a) CTL and (b) McFarlane during the SPARTICUS campaign in the upper troposphere (250 hPa). The 
value to the right of each title represents the global average weighted by the area.
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Figure  3 shows the annual zonal mean σw in different simulations. In the CTL experiment, large σw values 
(≥0.1 m s −1) are found only in the tropical regions owing to the contribution of TKE from CLUBB. There are 
hardly high σw values at the mid- and high-latitudes associated with mountains because the contribution from 
gravity waves is not accounted for. When we introduce σw induced by sub-grid scale OGWs, high σw values 
(≥0.1 m s −1) are now simulated around the 30–70°N, 5°N and 80–90°S (Antarctic regions) in the McFarlane 
experiment. The high mountains primarily located in the mid- and high-latitudes contribute to the significant 
increases in σw. The McFarlane scheme thus leads to a different distribution of zonal mean σw which captures the 
high values (≥0.1 m s −1) often observed over mountains.

The PDFs of σw along the flight trajectories during the SPARTICUS campaign are shown in Figure S2 in 
Supporting Information S1. The PDFs of σw values in the McFarlane experiment exhibit longer tails than in 
the CTL experiment indicating that the maximum σw values increase when adding OGW-induced σw (Fig. S2a, 
Fig. S2b, and Fig. S2c in Supporting Information S1). In ridge-crest cirrus, the fast-speed σw simulated in the 
McFarlane experiment shows a better agreement with the observation since the CTL experiment only simulates 
two fast-speed occurrences.

Table 3 shows the occurrence of the fast-speed σw in cirrus clouds and ridge-crest cirrus along SPARTICUS flight 
tracks from observations and simulations. For cirrus, the fast-speed σw occurrence in the McFarlane experiment 
increases significantly compared with the CTL experiment and matches well with the observation. Thus, OGWs 
contribute a new source of sub-grid scale σw, which increases the simulated σw in both maximum values and the 
occurrence of fast-speed σw, in better agreement with the observations. The discrepancy of the fast-speed σw 
occurrence between the McFarlane experiment and the observation in ridge-crest cirrus can be explained by a 
lack of other possible dynamic sources such as small-scale OGWs (L < 10 km) and a lack of horizontal propa-
gation of gravity waves in the model (Haag & Kärcher, 2004; Jensen et al., 2010; Joos et al., 2008; Kärcher & 
Ström, 2003).

Finally, although the occurrences of cirrus and ridge-crest cirrus with fast-speed σw increase significantly with 
the OGW-induced σw (Table 3), the occurrences of cirrus and ridge-crest cirrus in the McFarlane experiment 

Figure 3. Annual zonal mean distribution of sub-grid scale σw for ice formation (m s −1) from nudged simulations (a) CTL 
and (b) McFarlane during the SPARTICUS campaign in the upper troposphere (above 600 hPa).

Table 3 
The Number of Fast-Speed σw (σw ≥ 0.1 m s −1) Occurrence in Cirrus Clouds and Ridge-Crest Cirrus Along Flight Tracks 
During the SPARTICUS Campaign

SPARTICUS CTL McFarlane McFarlane-Homo McFarlane-Hete

Cirrus 6,918 3,828 6,916 7,172 6,429

Ridge-crest cirrus 1,884 2 931 778 765
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increase slightly, compared with the CTL experiment (Table 2). This result indicates that the CTL experiment 
can simulate the occurrences of cirrus and ridge-crest cirrus but tends to underestimate σw. The McFarlane exper-
iment can significantly reduce the underestimation of σw with the contribution from OGWs.

There are a total of 53,987 samples during the SPARTICUS campaign. After quality controls, 15,168 samples are 
available for observed vertical velocity variance. To better illustrate the effects of OGW-induced fluctuations, we 
also use the potential temperature variance (θ’ 2) to represent the sub-grid scale fluctuation. The θ’ 2 is extracted 
from flight tracks when the aircraft flew above 400 hPa. Also, the data collected during the aircraft's taking off 
and landing are excluded. The potential temperature fluctuation θ’ at time t along aircraft flights is calculated by 
the following equation,

𝜃𝜃′(𝑡𝑡) = 𝜃𝜃(𝑡𝑡) − 𝜃𝜃 (8)

where 𝐴𝐴 𝜃𝜃 is obtained by averaging θ every 430 s, and θ(t) is the instantaneous potential temperature at time t. About 
42% of available data of θ’ 2 is derived in selected segments during the entire SPARTICUS campaign.

From the model simulations, we obtain θ’ as follows,

𝜃𝜃′ = −𝛿𝛿(𝑛𝑛)
𝜕𝜕𝜃𝜃

𝜕𝜕𝜕𝜕
= 𝜌𝜌g𝛿𝛿(𝑛𝑛)

𝜕𝜕𝜃𝜃

𝜕𝜕𝜕𝜕
. (9)

Figure S3 in Supporting Information S1 compares the PDFs of the sub-grid scale potential temperature variance 
θ’ 2 between the observations and simulations. On all tracks, the PDF of θ’ 2 exhibits higher probabilities of high 
θ’ 2 in the McFarlane experiment than that in the default model experiment (Fig. S3a in Supporting Informa-
tion S1). It indicates that with OGW-induced fluctuations, the simulated sub-grid scale fluctuation θ’ 2 increases, 
and its PDF matches better with the observation. The θ’ 2 PDF in the McFarlane experiment is more similar to the 
observation over mountains (Fig. S3b in Supporting Information S1). It is because that since OGWs are induced 
by the high mountains, its effect on θ’ 2 is more significant over mountains. However, the discrepancy in θ’ 2 
between the observation and the McFarlane experiment still exists, indicating a lack of other possible sources that 
can produce high θ’ 2 in the model (Krämer et al., 2016; Richter et al., 2010).

Figure 4 compares the fast-speed σw in ridge-crest cirrus between model simulations and observations along 
the SPARTICUS flight tracks. The σw values in the CTL experiment are usually very small (∼0.001  m  s −1) 
with the contribution solely from TKE from CLUBB (Figure 4a). The large σw ≥ 0.1 m s −1 over mountains 
due to OGWs cannot be reproduced accurately if only the contribution of TKE from CLUBB is considered. By 
adding the contribution from OGWs, large σw values are generated in the McFarlane (Figure 4b), McFarlane-Hete 
(Figure 4d) and McFarlane Homo (Figure 4c) experiments. The median values of simulated σw in the McFarlane 
experiment range from 0.11 to 0.32 m s −1 and can reach to 0.7 m s −1. With large σw values, the fast-speed σw in 
simulations with the McFarlane parameterization shows a better agreement with the observation in orographic 
cirrus.

4.1.2. In-Cloud Ice Number Concentration

Figure 5 shows a comparison of modeled Ni with SPARTICUS observations as a relationship with temperature in 
ridge-crest cirrus. The median values of observed Ni range from 31 to 184 L −1 at temperatures above 220 K and 
increase to about 1,000 L −1 when temperature approaches 210 K. This is consistent with the trend that homoge-
neous nucleation tends to occur at lower temperature (Liu et al., 2007; Liu & Penner, 2005). The simulated Ni 
in the CTL experiment (Figure 5a) is much lower compared with the observations, the median values of which 
range from 2.2 L −1 to 38.0 L −1. The reason can be explained that the CTL experiment cannot reproduce the 
sub-grid scale σw (≥0.1 m s −1) accurately without the contribution of the OGWs (Figure 5a). The small sub-grid 
scale σw is not able to activate homogeneous nucleation and thus generates a low concentration of ice crystals 
via heterogeneous nucleation (Figures 5a and 5d). We note that some simulated Ni values in the CTL experiment 
(Figure 5a) can reach up to 200 L −1 at 215 K. The detailed analysis suggests that they may be from some cirrus 
other than orographic cirrus. The high values are simulated when the aircraft has just taken off or is about to 
land. The simulated high Ni is not formed in-situ and may be not from orographic cirrus. They are pre-existing ice 
crystals that are generated in previous time steps in other grids and transported to the target grids by advection or 
sedimentation. The majority of data in those 5 days are representative to show the characteristics of orographic 
cirrus. However, it is inevitable that some ice crystals may be produced from other sources (e.g., convection 
detrainment) in those 5 days.
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In comparison, the median Ni in the McFarlane experiment ranges from 30.3  L −1 to 457.4  L −1 (Figure  5b) 
and matches well with the McFarlane-Homo experiment (Figure  5c) and the observation. By employing the 
OGW-induced fluctuations in simulated orographic cirrus, sub-grid scale σw is increased. The larger sub-grid 
scale σw enhances the occurrence of the homogeneous nucleation in orographic cirrus and produces higher Ni 
in the McFarlane experiment. Homogeneous nucleation becomes the dominant ice nucleation mechanism of 
ridge-crest cirrus in the McFarlane experiment, just as observed in the SPARTICUS campaign.

4.1.3. Ice Water Content

Figure 6 compares the IWC as a function of temperature between observations and simulations in ridge-crest 
cirrus. The simulated IWCs in all simulations are underestimated compared with observations. The median IWC 
in the CTL experiment is from 8.4 × 10 −5 g m −3 to 0.004 g m −3 (Figure 6a). The median IWCs in the McFarlane 
experiment are larger, ranging from 4.0 × 10 −4 g m −3 to 0.01 g m −3 (Figure 6b). With OGW-induced σw, simulated 
IWC increases. Most of the simulated ice mass in CAM6 are contributed from the vapor depositional and accre-
tional growth of ice crystals produced from ice nucleation (Gettelman et al., 2010). With OGW-induced σw, σw is 
large enough to trigger the homogeneous nucleation. Smaller ice crystals from homogeneous nucleation sediment 
more slowly and autoconvert less, hence decreasing the sink of ice and leading to the increase of IWC. In addi-
tion, more new ice may also provide surface areas for ice depositional growth. As a result, IWC in the McFarlane 
experiment increases and helps to fix the underestimation of IWC, in a better agreement with observations.

Figure 4. Variation of fast-speed σw (σw ≥ 0.1 m s −1) with temperature between observations and simulation results in ridge-crest cirrus during the SPARTICUS 
campaign. 0.1 m s −1 is the low limit when calculating σw in nudge simulations (b) McFarlane, (d) McFarlane-Hete, (e) McFarlane-Homo and (a) observations. Because 
most values in nudge (c) CTL simulation are smaller than 0.1 m s −1, 0.1 m s −1 threshold is not used in this case. The solid lines are the median values. The shaded areas 
are simulation results from the 25th percentile to the 75th percentile, and the bars are observations from the 25th percentile to the 75th percentile.
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4.1.4. Ice Number-Weighted Mean Diameter

The comparison of simulated ice number-weighted mean diameter (Di) with observations in ridge-crest cirrus 
is shown in Figure 7. Di in the CTL experiment (Figure 7a) ranges from 26.7 to 114.9 μm. Di in the McFarlane 
experiment (Figure 7b) is much smaller, between 20.9 and 71.6 μm, similar to the McFarlane-Homo experi-
ment (Figure 7c) and the observation. With σw contributed from OGWs, Di decreases significantly. In the CTL 
experiment, heterogeneous nucleation generates large-size ice crystals as indicated by the similar Di between the 
CTL and McFarlane-Hete experiments (Figures 7a and 7d). However, in the McFarlane experiment, homogene-
ous nucleation triggered by the larger σw generates more ice crystals with a smaller size compared to the CTL 
experiment, in much better agreement with the observation.

4.1.5. Case Studies

To further investigate the effects of OGWs on cirrus, case studies are conducted. We examine the meteorology 
associated with each flight track and compare the σw and Ni in both simulations and observations. Two cases are 
selected. The first case, which occurred on 11 April 2010, involves orographic cirrus. The second case, which 
took place on 14 June 2010, involves cirrus clouds resulting from convective detrainment and turbulence. Their 
flight tracks are shown in Fig. S4 in Supporting Information S1.

On 11 April 2010, the aircraft was flying on the 200 hPa ridge and above the Rocky Mountains. The stable atmos-
pheric layers and high mountains provide ideal conditions to form orographic cirrus. During the flight, some σw 

Figure 5. Variation of in-cloud ice number concentration (Ni) with temperature between observations and simulation results in ridge-crest cirrus during the 
SPARTICUS campaign. The solid lines are the median values. The shaded areas are simulation results from the 25th percentile to the 75th percentile, and the bars are 
observations from the 25th percentile to the 75th percentile.
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values > 0.7 m s −1 were observed over the mountains with a large standard deviation of orography (∼500 m) 
(Figure 8a). In the CTL experiment, the simulated σw is contributed by TKE from CLUBB only and the model 
does not generate as many large σw > 0.1 m s −1 as observed. As a result, the CTL experiment is not able to activate 
as many ice crystals as observed. However, the McFarlane experiment successfully simulates the observed large 
σw. The large sub-grid scale σw is dominated by the OGW component of σw over high mountains (Figure 8a), 
which triggers the homogeneous nucleation and forms the high concentrations (200–359 L −1) of ice crystals at 
cold temperatures (<235 K) (Figure 8b).

On 14 June 2010, the aircraft was flying on the east of the trough at 200 hPa and the northwest edge of the 
low-pressure system at 800 hPa. The atmospheric layers were unstable with some developing convective systems. 
The observed cirrus clouds were confirmed as anvils (Muhlbauer, Ackerman, et al., 2014), which indicates that 
a large number of ice crystals (10 4–10 5 L −1) are detrained from convective clouds. Detrainment can bring a large 
number of ice crystals from convective clouds to stratiform cirrus clouds. The sudden surges of Ni in simulations 
between 21:15 and 21:30 UTC are caused by detrained ice from convective clouds because heterogeneous nucle-
ation cannot generate very high Ni (>10 4 L −1), and homogeneous nucleation does not occur at temperatures larger 
than 235 K (Figure 9b). Figure 9a also shows that between 21:35 and 22:05 UTC in the CTL and McFarlane 
experiments, there are large σw (>0.1 m s −1) contributed by TKE from CLUBB. Large σw due to TKE from 
CLUBB can generate high active ice nucleation particles and tend to generate high Ni in those regions. On the 
contrary, σw induced by OGWs has little contribution to the large σw and hardly has any direct effects on Ni. In 
short, OGWs had little direct impact on ice nucleation in the cirrus on June 14.

Figure 6. Variation of ice water content (IWC) with temperature between observations and simulation results in ridge-crest cirrus during the SPARTICUS campaign. 
The solid lines are the median values. The shaded areas are simulation results from the 25th percentile to the 75th percentile, and the bars are observations from the 
25th percentile to the 75th percentile.
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4.2. Model Comparison With DARDAR

Next, we compare the model simulations with satellite retrievals to examine the global impacts of OGWs on 
cirrus microphysical properties.

Figure 10 shows the global Ni at 226 hPa from the DARDAR data and model simulations in boreal summer (June, 
July, August [JJA]) and winter (December, January, and February [DJF]). In the CTL_D experiment, the simu-
lated Ni compares poorly with observations (Figures 10c and 10d). In the McFarlane_D experiment, the simu-
lated Ni in the winter seasons for regions over mountains matches well with observations. The simulated high Ni 
(>200 L −1) values are over the Andes Mountains and the Antarctic high plateau in JJA (Figures 10e and 10g) and 
over the Tibet Plateau, the Rocky Mountains, Greenland and the Alps Mountains in DJF (Figures 10f and 10h). 
From the discussions in the above sections, the mountains and high plateaus can enlarge the sub-grid scale σw 
and increase the occurrence of homogeneous nucleation in cirrus clouds. The CTL_D experiment is not able to 
activate sufficient aerosols for ice nucleation with σw only from TKE from CLUBB over high latitudes in the 
winter hemisphere. The introduction of σw due to OGWs significantly improves the simulation of Ni compared 
with the observation. In addition, there are more mountains and high plateaus in the Northern Hemisphere than 
in the Southern Hemisphere. OGWs play a more important role in the winter hemisphere when the atmosphere 
is more stable. In the summer hemisphere, anvils prevail other types of cirrus and the dominant source of ice 
crystals in anvils is convective detrainment. As a result, the increase of global mean Ni is more significant in DJF 
(10.52 L −1 in Figure 10h) than in JJA (8.66 L −1 in Figure 10g). However, there are still large discrepancies of high 

Figure 7. Variation of ice number weighted mean diameter (Di) with temperature between observations and simulation results in ridge-crest cirrus during the 
SPARTICUS campaign. The solid lines are the median values. The shaded areas are simulation results from the 25th percentile to the 75th percentile, and the bars are 
observations from the 25th percentile to the 75th percentile.
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Ni (>200 L −1) over oceans. It indicates that other sub-grid scale fluctuation sources are not considered for ice 
nucleation or convection does not detrain enough ice in the model, which is more likely over the ocean.

In the upper troposphere of the summer hemisphere, due to the presence of large TKE-induced σw and strong 
detrainment, OGW-induced σw is usually too small to influence Ni. However, over the Southern Andes Mountains 
and in the Antarctic peninsula in austral summer, orographic cirrus is important and generates a high number 
concentration (>200 L −1) of ice crystals (Figure 10h). The possible reason is that convective detrainment and 
TKE from CLUBB does not generate many cirrus clouds in summer over those regions, as seen in the CTL_D 
experiment (Figure 10d). As one of the world's highest mountains, the Andes Mountains can induce large σw 
(>0.1 m s −1) in the upper troposphere. The larger σw may increase the occurrence of homogeneous nucleation in 
the McFarlane_D experiment. Many more aerosols can be thus activated to form a larger number of ice crystals in 
summer. In addition, Mitchell and Garnier et al. (2018) found that the ice number concentrations in high-latitude 
cirrus tend to be higher than those in tropical cirrus based on the CALIPSO data analysis. With OGWs, Ni in 
cirrus appears to be higher in the high latitudes than in the tropical regions, as shown in Figures 10e and 10f.

Figure 8. σw, Ni, and standard deviation of orography along the flight tracks on 11 April. The black lines are from 
observation, the blue lines are from the CTL simulation, and the red lines are from the modified model with the McFarlane 
scheme OGW-induced σw. The orange lines in (a) are the OGW component of simulated σw, and the pink lines are the 
CLUBB-TKE component of simulated σw. The green lines in (a) are the standard deviation of orography extracted from the 
model. The dark green solid lines in (b) are temperatures in the nudged McFarlane simulation. The dark green dashed lines 
in (b) are 235 K lines. The first and last 15 min of Ni during the flights are excluded to avoid bias due to the limitation of 
instruments when taking off and landing.
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Figure 11 compares the zonal mean Ni between DARDAR and simulations in JJA and DJF. The maximum Ni 
centers appear in the winter hemisphere in the upper troposphere (Figures 11a and 11b). These centers are in mid- 
and high-latitudes over the mountains and high plateaus. The mountains and high plateaus can induce significant 
sub-grid scale fluctuations and activate more aerosols to increase the Ni in the McFarlane_D experiment than the 
CTL_D experiment.

However, there are still some discrepancies in Ni between the McFarlane_D experiment and the observations in 
the upper troposphere. The discrepancies can be caused by a lack of sub-grid scale fluctuations induced by other 
gravity waves (Kärcher et al., 2019; Plougonven & Zhang, 2014; Prasad et al., 2019) or by bias in simulated 
aerosol properties (Shan et al., 2021; Shi & Liu, 2019; Wu et al., 2020; Yu et al., 2019) and deficiency in ice 
nucleation parameterizations (Shi & Liu, 2016). The abnormal simulated high-Ni values in the lower stratosphere 
are all sporadic cases and have little effect on cloud bulk properties and climate forcing.

4.3. Climate Forcing of Orographic Cirrus

In order to investigate the impacts of orographic cirrus on global cloud properties and radiative forcing, we 
conducted free-running simulations using CAM6 (Table 1). As shown in Figure 12a, grid-averaged ice number 
concentration (AWNI) increases over the mountain areas in the McFarlane-Climo experiment from 1 to 
166 L −1,  compared with the CTL-Climo experiment. Grid-averaged IWC increases from 0.1 to 0.55 mg m −3 

Figure 9. Similar to Figure 8 but along the flight tracks on 14 June 2010.
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over high mountains in high latitudes, such as the Northern Rocky Mountains, Greenland, the Southern Andes 
Mountains, and the Antarctic continents (Figure 12b).

Over the Northern Rocky Mountains, the Southern Andes Mountains, and the Antarctic Peninsula, grid-averaged 
ice effective radius (AREI) decreases (Figure 12c) and AWNI increases by one order of magnitude (Figure 12a). 
It indicates that more ice crystals with smaller sizes are generated with large sub-grid scale σw (>0.1 m s −1 in Fig. 
S5a in Supporting Information S1) excited by these high mountains. We can infer that in these regions, the larger 
sub-grid scale σw due to OGWs increases the occurrence of homogeneous nucleation in orographic cirrus. Sulfate 
aerosols are activated to form cirrus with higher Ni and smaller sizes compared to the CTL-Climo experiment.

On the other hand, over the Himalayas, AWNI increases from 1 to 10 L −1 (Figure 12a) while AREI does not 
change much (Figure 12c). In this region, the INP (coarse mode dust) number concentration has a high value, 
reaching over 12 L −1 (Fig. S5b in Supporting Information S1) due to the deserts. Because heterogeneous nucle-
ation requires nucleation sites on INP that reduce the free energy barrier and homogeneous nucleation does not, 

Figure 10. Seasonal global mean Ni at 226 hPa from DARDAR data and model simulations (CTL_D and McFarlane_D) from 2007 to 2009 along the CALIPSO 
satellite tracks. The Ni values are averaged over cloudy and clear-sky periods. Only Ni with diameters larger than 5 μm, IWC ≥1 × 10 −3 g kg −1 and grid ice cloud 
fraction larger than 0.01 are considered. The value to the right of each title represents the global average weighted by the area.
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Figure 11. Seasonal zonal mean Ni between DARDAR and simulations (CTL_D and McFarlane_D) from 2007 to 2009 
along the CALIPSO satellite tracks. The dashed line is the annual mean −40°C isothermal line. The solid lines in (c), (d), 
(e), and (f) are the tropopause in the simulations. The solid lines in (g) and (h) are ice cloud frequencies in the McFarlane_D 
simulation. The Ni values are averaged over cloudy and clear-sky periods. Only Ni with diameters larger than 5 μm, IWC 
≥1 × 10 −3 g kg −1 and grid ice cloud fraction larger than 0.01 are considered.
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dusts via heterogeneous nucleation are activated before homogeneous nucleation (Liu, 2000). INP can deplete 
the supersaturation and thus inhibit the occurrence of homogeneous nucleation. The large σw activates INPs and 
generates more ice crystals (1–10 L −1) via the heterogeneous nucleation compared to the CTL-Climo experiment.

Ice crystals in orographic cirrus absorb more longwave radiation emitted from the surface and have a more 
positive longwave cloud forcing (LWCF). At the top of the atmosphere (TOA), the LWCF of orographic cirrus 
calculated as the difference of LWCF between the McFarlane-Climo experiment and the CTL-Climo experi-
ment is +0.523 ± 0.125 W m −2 on the annual global mean (Figure 12d). The LWCF from the McFarlane-Climo 
experiment is 24.3 W m −2, closer to the observed LWCF of 26.1 W m −2 from CERES-EBAF (Cloud and the 
Earth's Radiant Energy System Energy Balanced and Filled) (Loeb et al., 2009; Zhao et al., 2017), compared 
to 23.7 W m −2 from the CTL-Climo experiment (Table S1 in Supporting Information S1). Since the extinction 
coefficient of ice crystals in shortwave depends on many factors such as shape, size, and number concentration 

Figure 12. The annual mean difference of grid-averaged ice number concentration (AWNI) at 250 hPa, grid-averaged IWC at 250 hPa, grid-averaged ice effective 
radius (AREI) at 250 hPa, longwave cloud forcing (LWCF), shortwave cloud forcing (SWCF), net cloud forcing (net CF), high cloud fraction and total cloud fraction 
between the McFarlane-Climo simulation and the CTL-Climo simulation in 6-year climatological simulations. Areas with meshed grids indicate the values with a 
statistical significance level passing 5%. The value to the right of each title represents the global average weighted by the area.
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of ice crystals and the incident angles, the change of shortwave cloud forcing (SWCF) is more complicated. 
At the TOA, the mean SWCF is −0.192 ± 0.362 W m −2 (Figure 12e), and the net cloud forcing (NetCF) is 
+0.330 ± 0.457 W m −2 (Figure 12f). Thus, with OGW-induced σw, orographic cirrus leads to a positive net cloud 
forcing. The positive cloud forcing occurs mostly over mountains in winter hemispheres. The global average 
changes of high cloud fraction (Figure 12g) and total cloud fraction (Figure 12h) are very small.

5. Summary and Conclusions
In this study, we introduce the sub-grid scale σw, derived from the McFarlane generated OGWs, to investigate its 
impact on cirrus ice nucleation in CAM6. We compare the simulation results with aircraft and satellite data to 
evaluate the modeled microphysical properties of cirrus clouds. Climatological simulations are also conducted to 
investigate the effects of OGW-induced σw on the cloud properties and radiative forcing.

Observational data from the SPARTICUS campaign are used to evaluate the simulated microphysics of cirrus 
clouds. OGWs in the McFarlane experiment generate larger sub-grid scale σw over mountainous regions and show 
a better agreement with observations. In the CTL experiment, too small σw induced only by TKE from CLUBB 
compared to the observation leads to the low bias of ice crystal number concentrations in orographic cirrus via 
heterogeneous nucleation. In the McFarlane experiment, larger σw induced by OGWs enhances the occurrence 
homogeneous nucleation and changes the dominant ice nucleation mechanism in orographic cirrus to be homo-
geneous nucleation. The model is able to match observed ice number concentration and number-weighted mean 
radii of orographic cirrus. The model also improves the simulation of IWC in the McFarlane experiment. One 
case study of orographic cirrus confirms that the larger σw induced by OGWs generates much higher Ni via homo-
geneous nucleation in orographic cirrus compared to the CTL experiment.

The DARDAR retrieved data from 2007 to 2009 are used to assess the simulation results on the global scale. With 
the sub-grid scale σw induced by OGWs, the McFarlane scheme leads to an improved global distribution of Ni which 
captures the high Ni often observed over mountains, especially in the winter hemisphere. Orographic cirrus may be 
important over the Southern Andes Mountains and the Antarctic peninsula in austral summer. More high-Ni centers 
can be simulated in high latitudes than in tropical regions, as observed in previous studies (Mitchell et al., 2018).

Climatological simulations are conducted to study the impact of sub-grid scale σw induced by OGWs on cloud 
properties and radiative forcing through ice nucleation. Sub-grid scale σw increases grid-averaged ice number 
concentrations significantly by one or two orders of magnitude over mountains and high plateaus. Grid-averaged 
IWC increases on the order of 0.1 mg m −3 over high mountains in high latitudes. Grid-averaged ice effective 
radius decreases over the Northern Rocky Mountains, the Southern Andes Mountains, and the Antarctic Penin-
sula. Over the Himalayas, grid-averaged ice effective radius does not change much. Orographic cirrus leads to 
a net positive radiative forcing of +0.330 ± 0.457 W m −2 at the TOA and reduces the LWCF bias in CAM6 
compared to the observation. The occurrence of orographic cirrus with high ice number concentrations may also 
influence the cirrus feedback predicted by CAM6, to be further quantified in the future study.

The McFarlane OGW scheme performs well in generating sub-grid scale fluctuations for ice nucleation. In future 
studies, the more complicated OGW schemes, which consider the anisotrophic orography and low-level blocking, 
such as the ridge-β scheme and the ridge-ϒ scheme, can be used to further improve the simulation of OGWs. For 
cloud dynamics driving the ice nucleation, other sub-grid scale σw sources should be considered in addition to 
OGWs, such as non-orographic gravity waves. Reducing the bias in simulated aerosols (e.g., INPs) can further 
improve the simulation of ice number concentration in the upper troposphere. Last, it is important to increase the 
horizontal and vertical resolution in GCMs in the upper troposphere and lower stratosphere to better simulate 
cirrus.

Our work shows clearly that the CLUBB scheme in CESM2 cannot represent the dynamics of the upper tropo-
sphere. Turbulence from CLUBB is not able to reproduce the observed sub-grid scale σw in the upper troposphere 
which is important for ice nucleation in cirrus clouds. As a result, CESM2 underestimates substantially Ni hence 
biasing the properties of cirrus and by extension the radiative balance of the Earth. The low bias of Ni found in 
this study can be an important factor for the too low LWCF in CESM2. Since CESM2 is a major model partic-
ipating in the climate assessments our results of CESM2 biases in the properties and radiative effects of cirrus 
imply further uncertainty in the climate predictions by CESM2. Future CESM2 developments should make an 
effort to reduce the biases in cirrus properties (e.g., Ni) by introducing the sub-grid scale σw from gravity waves 
to the model cloud microphysical parameterization.
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Data Availability Statement
The Community Earth System Model version 2.1.0 (CESM2.1.0) is available at Downloading CESM2 
(CESM2.1) — CESM CESM2.1 documentation (escomp.github.io). The model datasets are archived at https://
doi.org/10.5281/zenodo.7734751. Data used for this work was obtained during the SPartICus field campaign. 
These data are freely available to interested researchers through the DOE ARM program. Data from the 2D-S and 
other cloud probes can be accessed (http://campaign.arm.gov/sparticus/measurements). The DARDAR-Nice data 
is provided by the AERIS/ICARE data center (https://www.icare.univ-lille.fr/dardar/data-access/).
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