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Wave-cloud dynamics in the
atmospheric boundary layer

By A. Balakrishna, H. Fu†, P. Moin AND M. E O’Neill‡

We study gravity waves incident on low-altitude clouds with numerical simulation.
The gravity waves are introduced as an imposed vertical momentum forcing upon a rig-
orously constructed stationary stratocumulus-topped boundary layer. The forcing form
recovers the internal gravity wave dispersion relation in a dry framework, and baseline
parameters of the forcing are estimated from satellite measurement. The effect of the
forcing amplitude on the boundary layer in terms of breakup propensity as well as the
modulation of the energetics and turbulent stress state is explored.

1. Introduction

Stratocumulus clouds are low-altitude clouds that extensively cover Earth’s subtropical
and midlatitude oceans. Consequently, stratocumulus play an important role in setting
the radiative-exchange budget of the atmosphere by cooling the surface via reflection of
sunlight (Wood 2012). Given the role stratocumulus clouds play in regulating the climate,
it is important to study the factors that lead to their breakup.

In this study, we are interested in how external forcings influence the stratocumulus-
topped boundary layer (STBL). Previous modeling work in this vein involved varying the
background aerosol concentration profile, which can delay breakup timing (Goren et al.
2019). Thermodynamic forcings have also been explored via the modulation of the base
state moisture or temperature profiles (Bohnert 1994; Wang et al. 2010) in addition to
climatic forcings like doubling carbon dioxide concentrations (Schneider et al. 2019).

A relatively unexplored type of perturbation mechanism is atmospheric gravity waves
(AGW) traveling through the STBL. These waves transfer momentum and energy to the
global circulation, exhibit a broadband spectrum in terms of their wavelength and period,
and are generated by a variety of sources in the atmosphere (Achatz et al. 2024). Recent
satellite observations (e.g., Allen et al. 2013) revealed trains of horizontally propagating
wave packets that led to pockets of open cells (POCs) in the cloud deck. Large-eddy
simulation (LES) is an attractive paradigm to study this problem, as it allows mean
convective and turbulence effects to be resolved while also providing a computationally
cost-effective tool to explore the wave parameter space. Initial LES of this case has
shown that fractional diurnal period waves augmented precipitation in the cloud leading
to cellularization (Jiang & Wang 2012), whereas successive waves were shown to clear
the deck due to the instigating of dry air entrainment and attenuated longwave cooling
(Connolly et al. 2013).

We seek to build upon the aforementioned through additional parametric study of
gravity waves incident on stratocumulus. The forced waves will instead be in the short
wavelength/period regime (T ∼ O(10) min; Jia et al. 2019) rather than a globally felt
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subsidence forcing as in Jiang & Wang (2012) and Connolly et al. (2013). Additionally,
we systematically control for nonstationary effects like the diurnal cycle by constructing
a novel radiative-convective equilibrium (RCE) framework for the STBL, and ensure
sufficient resolution of the inversion to capture entrainment scales (Bretherton et al.
1999). Characterization of the STBL turbulence through detailed examination of the
energy budgets and turbulent stress state among the various wave forcings tested merits
further study of this potential breakup regime.

2. Methodology

2.1. Model setup

We perform cloud-permitting LES with Cloud Model 1 (CM 1, Bryan & Fritsch 2002).
The governing equations for mass conservation and momentum in a compressible frame-
work in tensor notation are

∂ρ∗

∂t∗
+

∂

∂x∗j
(ρ∗u∗j ) = 0, (2.1)

∂u∗i
∂t∗

+ u∗j
∂u∗i
∂x∗j

= −cpθ∗ρ
∂π′

∂x∗i
− 2ϵijkΩj(u

∗
k − u∗Gk ) +

g

θ∗ρ0
θ′∗ρ δi3 + T ∗

i +W ∗
i +N∗

i . (2.2)

Here cp is the dry air specific heat; Ω is Earth’s rotation rate; ρ∗ is the density of the
moist parcel; u∗i is the velocity in the three ordinate directions; θ∗ρ = θ∗(1 + qv/ϵ)/(1 +
qv + ql) is the density potential temperature as a function of the potential temperature
and specific humidities for vapor and liquid; π = (p∗/po)R/cp is the Exner function;
T ∗
i is the subgrid-scale stress (SGS) term; W ∗

i is the contribution due to the large-
scale subsidence field; and lastly, N∗

i represents a sponge layer term. Primes denote
deviations from the base state (indicated by a subscript 0) and asterisked quantities
indicate dimensional variables. See the CM 1 documentation for a detailed description of
the prognostic moisture, temperature and pressure equations and the modified Deardorff
(1980) SGS model utilized in this study.

A few key forcings are necessary to maintain the structure of the STBL (Balakrishna
et al. 2024). A mean wind of uo = 7 m/s and vo = −5.5 m/s in the boundary layer
was chosen based on observation (Stevens et al. 2005) and enforced as the geostrophic
component, u∗Gk in the Coriolis term of Eq. (2.2). Next, to model the impact of circulation
on the boundary layer, a large-scale subsidence velocity is prescribed

w∗
LS = −Dz∗, (2.3)

where D > 0 is a constant indicative of the bulk divergence. We choose D = 3.75 ×
10−6 s−1 and this velocity is added as a source term,

W ∗
i = w∗

LS

(
∂ϕ

∂z∗
δi1 +

∂ϕ

∂z∗
δi2

)
(2.4)

for ϕ = [u∗, v∗, θ∗, qv, ql] all in line with the process described in Stevens et al. (2005). The
initial state is quite susceptible to strong convective warming, so an adequate radiative
cooling model is needed to reach an equilibrium. The radiation model we employ is a
modification to that presented in Stevens et al. (2005),
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Figure 1. Spatiotemporal contour of (a) equivalent potential temperature and (b) cloud–con-
densate specific humidity for the current setup. The onset of radiative-convective equilibrium is
denoted by the black dashed lines in both panels.

Frad = Fo exp

[
− κ

∫ ∞

z∗
ρ∗rl dz

∗
]
+ F1 exp

[
− κ

∫ z∗

0

ρ∗rl dz
∗
]

(2.5)

where the first two terms accounting for the cloud-top cooling and cloud base warming
are retained. Following Balakrishna et al. (2024), we prescribe a newtonian cooling term
with a constant timescale τc = 3 hr, but with the modification to constrain this term to
the region above the inversion layer, representing free troposphere cooling

Q̇∗
θ =

θ′∗

τc
. (2.6)

We initialize the STBL based on the Dynamics and Chemistry of Marine Stratocu-
mulus (DYCOMS-II) field campaign–derived (Stevens et al. 2003, 2005) potential tem-
perature and vapor specific humidity. The domain is configured like a channel with
Lx = Ly = 4π km and Lz = 1.5 km to support a wide range of wavelengths with
potential for horizontal propagation. A grid of ∆x = ∆y = 30.0 m and ∆z = 5 m leads
to approximately 5 grid points across the inversion, commensurate with the entrainment-
resolving guidelines given in Bretherton et al. (1999).

Boundary conditions in the horizontal directions are periodic. The bottom boundary
condition is a neutral log law wall model for the ocean surface with a constant sea
surface temperature of 292.5 K along with corresponding surface sensible and latent
heat fluxes. The top boundary condition is a free slip condition with a sponge layer
that relaxes the flow field toward the horizontal average in the upper 300 m to prevent
spurious downward wave reflection. Figure 1 shows the equivalent potential temperature
and cloud condensate vertical profiles as a function of time. Stationarity in the STBL
is attained after t = 125 hr according to the criterion presented in Balakrishna et al.
(2024).
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Figure 2. Dry, uniformly stratified setup with Eq. (2.7) imposed in the center of the domain.
Dimensionless density perturbation contour of (a) a forcing whose relative frequency yields a
measured wave vector angle of 31.9◦, and (b) 60.0° which agrees quite well with linear theory
values of 30° and 60°, respectively. Both contours are shown after three periods of forcing. N
denotes the background buoyancy frequency.

2.2. Gravity wave forcing

Our gravity wave model is a third imposed forcing acting directly on the vertical mo-
mentum equation

F∗
i = Ae−

(
x∗−xc

a

)2
−
(

z∗−zc
b

)2
sin(−ωt∗)δi3 (2.7)

where A is the amplitude; a, b are the half-widths in the x and z directions; ω is the
temporal frequency; and (xc, zc) is the center location of the forcing. The form of Eq.
(2.7) is inspired by a plane wave packet; the Gaussian term also ensures a smooth spatial
decay in the forcing. Each parameter constitutes a member of the analysis sweep in this
study as A dictates the strength of the forcing, choice of (xc, zc) exposes the forcing
to differing regions of stratification in the STBL and ω implicitly sets the spectrum of
wavelengths that are excited by the forcing. The half-widths are chosen to constrain the
forcing below the inversion so as to not energize the nonturbulent free troposphere. In
the limit of a, b → ∞ and oscillatory period of ∼ 1 hr, the forcing form approaches
the (global) subsidence forcing in Connolly et al. (2013). The use of Eq. (2.7) is further
validated, as this forcing captures the linear dispersion relation of internal gravity waves
in a dry, stably stratified setup (Vallis 2017)

ω/N = cosα, (2.8)

where α is the angle the wavevector (perpendicular to the wave group) makes with the
horizontal. Figure 2 illustrates the density perturbation contours for two choices of ω/N .
The angle of the phase lines for each case agrees well with the expected α in Eq. (2.8).

2.3. Proposed nondimensionalization

It is helpful to understand the relative magnitude of these forcings in the context of a
nondimensionalized momentum equation. We take a velocity scale U ∼

√
u2o + v2o , length

scale L ∼ zi, where zi is the average inversion height defined by the qt = ql+qv = 8 g/kg
isoline (Stevens et al. 2005), temperature scale θs ∼ θρ0, the Coriolis parameter f to
normalize Ω∗ and a vertical convective overturning timescale ts ∼ zi/U . Applying the
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Run ID A = Azi/U
2 zc/zi ω/ωref tfω/2π

Base 0.11 0.5 1 1
A1 0.56 0.5 1 1
A2 1.13 0.5 1 1
A3 1.98 0.5 1 1
A4 2.82 0.5 1 1

Table 1. Gravity wave forcing parameter sweep runs.

normalization in this manner leads to the dimensionless momentum equations

∂ui
∂t

+ uj
∂ui
∂xj

= −Jamθρ
∂π′

∂xi
− 2

Ro
ϵijkΩj(uk − uGk ) +

1

Fr2
θ′ρδi3

+
zi
U2

[
F∗δi3 + T ∗

i +N∗
i +W ∗

i

]
, (2.9)

with the three nondimensional parameters being the Froude number (Fr), Rossby number
(Ro) and what we term a moist Jakob number (Jam) defined as

Jam =
cpθρ0
U2

, (2.10)

Ro =
U

fzi
, (2.11)

and

Fr =
U√
gzi

. (2.12)

Table 1 summarizes the simulations performed in terms of the nondimensional ampli-
tude, vertical location, frequency and number of periods forced. The experimental run
Base has wave parameters whose values are observationally grounded. We define a ref-
erence period of Tref = 1.5 hr (such that ωref = 2π/Tref ), which is the same as the
satellite-derived measurements in Connolly et al. (2013). Choice of this forcing’s am-
plitude is based on an order-of-magnitude analysis. In Connolly et al. (2013), the peak
forced subsidence velocity occurred at zi with a corresponding value of O(10−1) m/s.
Assuming the acceleration timescale is also ts = O(101) s, this leads to a dimensional
amplitude estimate of 10−2 m/s2.

Here, we focus on the effect of the forcing amplitude. Note that all runs have an active
forcing time of one integer period. Each forcing is applied during the RCE state (Figure
1); a horizontal sponge is additionally applied 300 m from each boundary to prevent
lateral reflections toward the domain interior. Figure 3 illustrates a Hovmöller diagram
of the forcing for case A1 and A3 in Table 1, reflecting the location and intensity of the
various forcings. All experiments utilized a/zi = 1.12, xc/zi = 3.36, b/zi = 0.223. Note
that zi = 894 m in the RCE state of the STBL.

3. Amplitude effect

A simple statistic to compare the various cases in the forcing parameter sweep is the
percentage of cloud cleared during the simulation time period. A region deficit of cloud

235



Balakrishna et al.

0 20 40 60

"t

0

0.5

1

1.5

z

A = 0.56(b)

-0.1

-0.05

0

0.05

0.1

F

0 20 40 60

"t

0

0.5

1

1.5

z

A = 1.98(d)

-0.1

-0.05

0

0.05

0.1

F

(b)(a)

Figure 3. Spatiotemporal contour for the amplitude simulations: (a) A1 and (b) A3.
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Figure 4. Total cloud-cleared percentage as a function of time since the forcing onset for Base,
A1, A2 and A3. The red dashed lines denote the time window in which the forcings were active.

is defined as having a liquid water path (LWP) less than 10−3 kg/m2 where

LWP =

∫ ∞

0

ρ∗rl dz
∗. (3.1)

Figure 4 shows the time trace of cleared cloud relative to the forcing onset for the four
cases in which the amplitude was varied. The observationally derived forcing (Base) led
to no change in the cloud deck, as did a forcing whose amplitude was five times larger.
Some weak signature of breakup is observed for A = 1.13, which supports the nondimen-
sionalization choice to derive Eq. (2.9): an O(1) term was necessary to overcome the RCE
balance. Increasing the amplitude further to A = 1.98 leads to a pronounced signal and a
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Figure 5. Snapshots of LWP through time for case A3. Red plot titles indicate active forcing.
Panel (b) is at the max clearing time, and (f) is at the peak “rebound” point after the forcing
ceased, as seen in Figure 4.

peak breakup of nearly 6%. Curiously for A3, there is a second peak within ∆t = 5 of the
first peak at ∆t = 32 before the recovery of the cloud deck after the forcing ceased. This
second peak is not correlated with the zero-crossing of the forcing nor with the time trace
of entrainment velocity, suggesting the behavior is likely attributable to additional non-
linear effects between the forcing and STBL. All four cases exhibit an equilibration back
to the stationary state by ∆t = 300, though the STBL under the largest amplitude forc-
ing experiences another slight uptick in clearing near ∆t = 120. After this uptick, there
is a decaying oscillation-like behavior with a period of approximately (Lx/zi) sec(vo/uo),
which is a domain recirculation time due to the periodic boundary conditions.

Figure 5 illustrates the full liquid water path field through time for A3. Panels (b),
(c), and (f) show the LWP field at the three local maxima in Figure 4 where open
cellular structures are initially clustered together. As time progresses, these open cells
are advected to the southeast by the mean winds forming a horizontal line of POCs.
After ∆t > 200, open cellular convection transitions back to its closed cell counterpart.

3.1. Turbulent state

To better understand how the turbulent state is modulated by the forcing, we analyze
budgets of the turbulent kinetic energy (TKE) equation

∂

∂t

(
1

2
u′iu

′
i

)

∂k/∂t

= −u′iu′j
∂ui
∂xj

P

−Jamu′iθρ
∂π′

∂xi
Π

−uj
∂

∂xj

(
1

2
u′iu

′
i

)
− u′j

∂

∂xj

(
1

2
u′iu

′
i

)

τ

+
1

Fr2
u′iθ

′
ρδi3

B

+
zi
U2

(
u′iT

′∗
i + u′iN

′∗
i

ε

+u′iF ′∗δi3
Λ

)
. (3.2)

The terms on the right-hand side are production (P), pressure correlation (Π), com-
bined mean and turbulent transport of TKE (τ), buoyancy generation/destruction (B),
dissipation (ϵ) and forcing injection (Λ). Note that we are neglecting the TKE due to
subsidence as it is quite small relative to the other terms. Figure 6 shows the various
budget terms from Eq. (3.2) evolving through time and as a function of the vertical for
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Figure 6. TKE budget terms as a function of (a) time upon volume averaging and (b) z
averaging over three forcing periods for A3.

case A3. In terms of the temporal plot, the shape of the buoyancy curve has the same
structure as the imposed forcing; Figure 6(a) illustrates B undergoing one periodic oscil-
lation. The buoyancy term plays a dual role in draining TKE to the mean kinetic energy
for the first 20 time units, while energizing the turbulence in the latter part of the active
forcing window. Turbulent dissipation lags the buoyancy term. The magnitude of P is
less than half of B. Weak shear production is primarily due to local vertical gradients in
u and v near the surface; the forcing does not introduce significant horizontal gradients
to augment other components of P.

How TKE is distributed throughout the boundary layer can be understood by analyz-
ing the transport and pressure correlation terms shown in Figure 6(b). Peak injection of
TKE via the forcing at z ∼ 0.5 is mediated by the pressure correlation transferring energy
back to the mean flow and returning that energy to the turbulence near the inversion,
z ∼ 1. The combined transport term is largely opposite in sign to Π.

3.2. Transition to patchy regime

As seen above, increasing the forcing wave energy leads to more transient clearing. A
question that remains is if there exists a minimum forcing amplitude that pushes the
STBL away from RCE in a quasi-permanent manner. Figure 7 shows one such case
where A = 2.82. Not only does the cloud deck dramatically clear during active forcing
seen in Figure 7(b–d), this is sustained after the forcing ceases. The LWP at ∆t = 404.48
exemplifies the complete transition to sparse areas of spotlike patches of cloud. The
largest amplitude tested that did not result in this new cloud state was A = 2.40, so
more investigation is necessary if A = 2.82 is indeed a critical value.

Lastly, since the gravity wave forcing is introduced as a source term for solely the
vertical momentum, it is also useful to characterize the anisotropy of the flow. This is
quantified by the Reynolds stress anisotropy tensor

bij =
u′iu

′
j

u′ku
′
k

− 1

3
δij . (3.3)

Figure 8 is a Lumley triangle visualization where ξ and η represent invariants of bij ,
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Figure 7. Snapshots of LWP through time for case A4. Again, the red panel titles denote
active forcing.
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Figure 8. Lumley triangle diagram for case (a) A3 and (b) A4. Circular markers show
progression through time from white to black.

which can be expressed in terms of its eigenvalues (Pope 2000). The (0, 0) point repre-
sents the isotropic limit whereas the right (left) corner indicate that one (two) diagonal
components of the Reynolds stress are dominant (Yi & Koseff 2022). Overbars in Eq.
(3.3) denote a full volume average in this case. The black lines of the triangle bound the
possible turbulent states. In the RCE state and during the onset of forcing, both A3 and
A4 start near the bottom left of the η = +ξ axisymmetric line. As time progresses, the
(η, ξ) coordinate approaches the top right so-called rodlike limit of bij . After the forcing
ceases around t ∼ 50, the A3 stress state converges near the RCE point as expected.
However, the A4 state appears to traverse toward the η = −ξ disklike leg before settling
again near the rodlike leg, but closer to the isotropic limit.

4. Conclusions

We have explored the effect of a gravity wave forcing on the stratocumulus-topped
boundary layer with LES. The forcing took the form of a plane wave and acted as a source
term for the vertical momentum equation. In the limit of a dry, shear-free configuration,
the forcing recovers the linear dispersion relation of internal gravity waves.
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In order to ascertain the impact of the forcing itself, we constructed a novel radiative-
convective equilibrium framework for the STBL by introducing a newtonian relaxation
term in the area above the cloud that represents free troposphere cooling. The degree of
stationarity is measured by the equivalent potential temperature. Initializing the STBL
with field campaign–derived profiles from Stevens et al. (2005) leads to the onset of RCE
after 125 hours of model spin-up.

The characteristics of a nominal forcing were estimated from satellite measurements of
these wave packets in the southeastern Pacific (Allen et al. 2013; Connolly et al. 2013).
From this baseline we focused on the impact of the forcing amplitude. Only forcings
where A > 1 led to any large-scale change in the LWP, which lends support for the pro-
posed nondimensional scales of the average inversion height and bulk base state velocity.
Increasing the amplitude to an apparent critical value (A4) also led to a largely broken
cloud deck that did not recover back to RCE, unlike the other experiments (within the
total simulation time window).

Lastly, we looked at turbulent kinetic energy budgets as well as the degree of anisotropy
across all the forced simulations. Investigation of the A = 1.98 case revealed the domi-
nance of the buoyancy generation term relative to shear production. A Lumley triangle
analysis also revealed the possible stress states the STBL experiences upon the onset of
forcing and well after the forcing passes. The anisotropy largely straddled the rodlike leg
for A3 and A4, but the latter tended further toward the isotropic limit.

Future studies with this novel STBL RCE-wave framework should also consider the
impact of varying the period, vertical location and chromaticity of the forcing. It would
also be illuminating to further dissect the flow field into a mean (ui), fluctuating (u′i)
and wave components (ũi) to better understand the interplay between the background
and forcing modes superposed on the turbulent state. In order to construct ũi, one
must identify a singular, distinct period to define a phase average (Hussain & Reynolds
1970). Performing this decomposition may also prove insightful to understand the forcing
amplitude threshold that separates a temporary broken regime from one where the clouds
are persistently patchy.
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