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Abstract A single columnmodel with parameterized large‐scale (LS) dynamics is used to better understand

the response of steady‐state tropical precipitation to relative sea surface temperature under various

representations of radiation, convection, and circulation. The large‐scale dynamics are parametrized via the

weak temperature gradient (WTG), damped gravity wave (DGW), and spectral weak temperature gradient

(Spectral WTG) method in NCAR's Single Column Atmosphere Model (SCAM6). Radiative cooling is either

specified or interactive, and the convective parameterization is run using two different values of a parameter that

controls the degree of convective inhibition. Results are interpreted in the context of the Global Atmospheric

System Studies ‐Weak Temperature Gradient (GASS‐WTG) Intercomparison project. Using the same

parameter settings and simulation configuration as in the GASS‐WTG Intercomparison project, SCAM6 under

the WTG and DGW methods produces erratic results, suggestive of numerical instability. However, when key

parameters are changed to weaken the large‐scale circulation's damping of tropospheric temperature variations,

SCAM6 performs comparably to single column models in the GASS‐WTG Intercomparison project. The

Spectral WTG method is less sensitive to changes in convection and radiation than are the other two methods,

performing qualitatively similarly across all configurations considered. Under all three methods, circulation

strength, represented in 1D by grid‐scale vertical velocity, is decreased when barriers to convection are reduced.

This effect is most extreme under specified radiative cooling, and is shown to come from increased static

stability in the column's reference radiative‐convective equilibrium profile. This argument can be extended to

interactive radiation cases as well, though perhaps less conclusively.

Plain Language Summary Single column models, as the name suggests, only model the vertical

dimension of the atmosphere. They are simpler than full‐scale 3D global circulation models, but nonetheless

play an important role in model development and in better understanding physical phenomena. We use NCAR's

Single Column Atmosphere Model (SCAM6) to better understand tropical rainfall. In a single column model,

the atmospheric wind coming from other locations (the large‐scale circulation) must be either specified or

approximated using a parameterization. We implement three different parameterizations of the large‐scale

circulation into SCAM6 and assess how SCAM6 responds to various changes while using these

parameterizations. The Global Atmospheric System Studies‐Weak Temperature Gradient (GASS‐WTG)

Intercomparison project assessed the performance of various other single column models using two

parameterizations of the large‐scale circulation. We fold SCAM6 into this Intercomparison, and we find that

SCAM6 performs substantially differently to its peers under the settings used in the GASS‐WTG

Intercomparison project, but more comparably to its peers when key circulation parameters are relaxed. Another

notable finding is that, across all three parameterizations of large‐scale dynamics, circulation strength decreases

when we reduce SCAM6's barrier to convection.

1. Introduction

Single column models (SCMs) are one‐dimensional (1D) models that only explicitly represent the vertical

dimension of the atmosphere. While the column's full convective, radiative, and moist physics schemes are

retained, the large‐scale (LS) dynamics must be either specified or parameterized. While SCMs only represent a

subset of the processes captured in full‐scale 3D global circulation models (GCMs), they are part of model
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hierarchies which can play important roles both in model development and in better understanding physical

phenomena (Held, 2005).

Parameterizations of the LS dynamics have been developed primarily in the context of the tropical atmosphere.

Due to the smallness of the Coriolis parameter near the equator, tropical horizontal free‐tropospheric pressure and

density gradients are weak (Charney, 1963). For some purposes, it can be assumed that LS dynamics will simply

act to relax the column's temperature to a predefined profile representative of regions adjacent to the column, and

by extension the tropics as a whole. This target profile is often modeled as a radiative convective equilibrium

(RCE) solution over an appropriate sea surface temperature (SST), representing either the tropical mean or the

mean over regions of frequent deep convection (Held et al., 1993; Jakob et al., 2019; Sobel & Bretherton, 2000;

Sobel et al., 2002; Tompkins & Craig, 1998). In RCE, the LS vertical velocity is zero, meaning that radiative

cooling balances convective heating at all pressure levels and column precipitation must equal column evapo-

ration. Any given region within the real tropics can sustain precipitation greater or less than the tropical mean by

importing or exporting moisture via the LS circulation. Parametrizations of LS dynamics try to capture this

process, including its dependence on both external parameters (e.g., local SST) and internal ones (e.g., those that

represent aspects of convective or radiative physics).

The goal of this paper is to test several parameterizations of LS dynamics in NCAR's Single Column Atmosphere

Model, (SCAM6) (Gettelman et al., 2019), the SCM version of NCAR's Community Earth System Model,

CESM2.2.0 (Danabasoglu et al., 2020). SCAM6 retains the full radiation, convection, and other physics schemes

included in CESM2.2.0, but requires the LS circulation to be either specified or parameterized. We parameterize

the circulation via the following methods: the weak temperature gradient (WTG) method (Raymond &

Zeng, 2005; Sobel & Bretherton, 2000), damped gravity wave (DGW) method (Kuang, 2008), and the spectral

weak temperature gradient (Spectral WTG) method (Herman & Raymond, 2014; S. Wang et al., 2016).

These parameterizations of LS dynamics have been implemented into various SCMs and cloud resolving models

(CRMs). To date, the most comprehensive analysis of how the WTG and DGW methods perform across SCMs

and CRMs is the Global Atmospheric Systems Study‐Weak Temperature Gradient (GASS‐WTG) Intercom-

parison project (Daleu et al., 2015, 2016), which assessed the steady‐state response of 12 models to changes in

relative SST (i.e., varying SST while holding the target tropospheric temperature profile fixed) using both WTG

and DGW (but not SpectralWTG) methods. One goal of this study is to fold NCAR's Single ColumnAtmospheric

Model into the results of the GASS‐WTG Intercomparison project by implementing the same parameterizations

of LS dynamics into SCAM6 and replicating the conditions applied by Daleu et al. (2016). The GASS‐WTG

Intercomparison project was important for interpreting discrepancies across models and for understanding the

coupling between convection and LS tropical dynamics. For example, Daleu et al. (2016) find that discrepancies

between published results can be related to the choice of the parametrization of LS dynamics and that simulations

with explicit convection have more constrained behavior than those with parametrized convection. By including

SCAM6 in this intercomparison, we seek to better understand how SCAM6 compares to other SCMs and CRMs

and to leverage SCAM6's reduced dimensionality to better understand how convection and LS dynamics interact

in the tropics. We will also assess how the Spectral WTG method compares to the WTG and DGW methods in

SCAM6, and analyze how the circulation responds to changes to the radiative and convective schemes. Since

SCAM6 is primarily a tool for model development (Gettelman et al., 2019), the analysis of these idealized

simulations may also serve to inform future development of Community Earth System Model (CESM).

Under the conditions applied in the GASS‐WTG Intercomparison project, the WTG and DGW methods produce

erratic results in SCAM6, suggestive of numerical instability (see Results). Thus, we alter key parameters in these

methods to improve performance and subsequently present four different configurations of the convection and

radiation schemes in SCAM6: (a) specified radiation with inhibited convection (RsCi), (b) specified radiation

with uninhibited convection (RsCu), (c) interactive radiation with inhibited convection (RiCi), and (d) interactive

radiation with uninhibited convection (RiCu). Specifically in this study, specified radiation refers to the idealized

radiative cooling profile used in Daleu et al. (2016) and interactive radiation refers to the radiation modeled by the

default radiation package in SCAM6. Likewise, “inhibited” and “uninhibited” convection refer to different values

of a parameter in SCAM6's deep convection scheme that controls the number of model levels over which a rising

parcel can experience negative buoyancy before deep convection is suppressed. This parameter is shown to have

important effects in RCE simulations by Hu et al. (2022). We include specified radiation cases for better com-

parison between SCAM6 and the SCMs in Daleu et al. (2016), and we include interactive radiation cases for better
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assessment of the overall performance of SCAM6 under parameterized LS dynamics (PLSD) and of the inter-

action between its radiation and convection schemes.

This paper is organized as follows. The Methods section describes the details of each parameterization imple-

mented into SCAM6 (WTG, DGW, and Spectral WTGmethods). It also outlines the model set up and each of the

four different configurations of the convection and radiation schemes (RsCi, RsCu, RiCi, and RiCu). The Results

section discusses the performance of each parameterization under the conditions given in Daleu et al. (2016). To

avoid numerical instability, we also relax key circulation parameters and assess the sensitivity of theWTG, DGW,

and Spectral WTG methods to changes in the radiation and convection schemes. The Discussion section presents

key takeaways regarding the relative performance of each parameterization of LS dynamics under the configu-

rations considered and regarding important mechanistic feedbacks between the circulation, convection and ra-

diation schemes. Finally, the Conclusion section summarizes the study and assesses its relevance to NCAR's

GCM CESM2.2.0 and to tropical precipitation more broadly.

2. Methods

2.1. Parameterizations of Large‐Scale Dynamics

This study considers three parameterizations of LS dynamics: the WTG method (Raymond & Zeng, 2005; Sobel

& Bretherton, 2000), the DGW method (Kuang, 2008, 2011), and the spectral WTG (Spectral WTG) method

(Herman & Raymond, 2014; S. Wang et al., 2016).

In the WTG method, we neglect the horizontal advection and time dependent terms from the column's temper-

ature equation, and represent adiabatic warming or cooling due to vertical motion by a Newtonian relaxation of

the domain‐mean virtual potential temperature in the column, θv, back to the target profile, θ
ref
v , on a time scale, τ.

The LS pressure velocity, ω, is then diagnosed according to Raymond and Zeng (2005):

ω
∂θv

∂p
=
(θv − θrefv )

τ

The WTG approximation breaks down in the boundary layer due to the effects of surface turbulent fluxes of heat

and momentum. The LS pressure velocity ought to nearly vanish at the surface in steady state, so we linearly

interpolate ω from its value at 850 Pa to zero at the surface, as is done in Daleu et al. (2016). In addition, to avoid

numerical issues, we place a lower limit of 2 × 10−4 K Pa−1 on the absolute value of the static stability, ∂θv
∂p

(Raymond & Zeng, 2005), used in the calculation of ω.

The DGW method attempts to more explicitly capture the gravity wave dynamics that act to relax the zonal

momentum of the column back to the tropical mean. Using the 2D anelastic nonrotational momentum, continuity,

and hydrostatic equations, the DGW method applies a wave equation for ω. At each time step, a single linear

gravity wave of specified horizontal wave number, k, minimizes deviations in virtual temperature, Tv, from the

target profile, Tref
v (Kuang, 2008, 2011):

∂

∂p
(ϵ ∂ω

∂p
) =

k2RD

pref
(Tv − Tref

v )
here, RD is the gas constant of dry air and ϵ is the specified mechanical damping coefficient. We exclude the time

derivative on the left‐hand side since we are primarily concerned with the column's steady state response. We

apply homogeneous boundary conditions for ω at the surface and at a nominal upper boundary (100 hPa), and

solve the resulting ordinary differential equation at each time step using a standard triangular matrix solver. As in

Daleu et al. (2016), we set the horizontal wave number, k, to 10−6 m−1, corresponding to a wavelength of about

6,000 km.

The spectral WTG method also uses gravity wave dynamics to capture more accurately the LS relaxation to the

target temperature profile. Recognizing that gravity waves of different wavelengths will travel at different speeds,

the spectral WTG method damps each spectral mode's temperature forcing proportionally to that mode's
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theoretical gravity wave speed (Herman & Raymond, 2014). Following S. Wang et al. (2016), who used a slightly

different approximation than Herman and Raymond (2014), we derive these spectral modes and their corre-

sponding theoretical wave speeds by constructing an equation for the vertical velocity, again assuming a 2D non‐

rotating anelastic atmosphere. Homogeneous boundary conditions enforce that the vertical velocity vanish at the

surface and at the tropopause, and Boussinesq‐like assumptions eliminate any single derivatives in the vertical

velocity, w:

(ρw)zz +
N2

c2
(ρw) = 0

Note that the vertical velocity is now in height, not pressure coordinates. For constant Brunt‐Vaisala frequency,N,

each mode will be sinusoidal and its corresponding wave speed can be diagnosed from its eigenvalue. We project

the usual WTG forcing onto these modes, but the damping time constant, τn, of each nth mode varies according to

its wave speed, cn. Since cn is inversely proportional to n, the gravest spectral mode is dampedmost quickly, while

modes associated with larger n are damped more slowly, yielding:

ρw = 3∞
n=1

An

n
sin(nπz

H
)

An =
2

H
+
H

0

ρ(θv − θrefv )
(∂θv∂z )τ1 sin(nπz

H
) dz

here, H is the specified height of the tropopause, An is the normalized projection of the WTG forcing onto the

spectral modes, and τ1 is the damping time constant of the first, or gravest, mode. Since modes of larger n will

generally have smaller magnitude due to the linear scaling of τn with n, we numerically implement the Spectral

WTG method by considering only the first 20 terms of the infinite series. This led to negligible truncation error

(not shown). As with the WTG method, we place a lower limit of 2 K km−1 on the absolute value of the static

stability, ∂θv
∂z
.

2.2. Model Configuration

The WTG, DGW, and Spectral WTG methods all require some choice of a reference temperature profile. Since

circulation implies the horizontal advection of moisture (discussed in more detail below), we must also determine

a reference moisture profile. To replicate the setup used in Daleu et al. (2016), we obtain the reference temperature

and moisture profiles by running SCAM6 in RCE (i.e., imposing zero vertical velocity) for a uniform SST of

300 K, a value intended to be representative of the tropical average. Starting from a moist adiabatic temperature

profile with uniform 70% Relative humidity (RH), we run SCAM6 in RCE for 300 days and average over the final

100 days. In any runs that explore different convection and radiation schemes, we also use these settings to

generate distinct RCE reference temperature and moisture profiles to ensure consistency between the modeled

column and the reference mean tropical state. In all cases, horizontal wind speed is set to a vertically uniform

value of 5 m s−1, a prescription which does not affect the dynamics of convection, but plays an important role in

computing surface fluxes (Daleu et al., 2015, 2016). All RCE reference profiles assume a uniform SST of 300 K.

As in Daleu et al. (2016), this study assumes no horizontal advection of temperature. Thus, the temperature (θv)

tendency due to LS advection can be written as:

(∂θv
∂t

)
LS

= −ω
∂θv

∂p

Moisture (qv) is treated differently and instead is subject to a one‐way “lateral entrainment” described by Ray-

mond and Zeng (2005). In addition to vertical advection by ω, moisture is horizontally advected into the column

by local flow convergence, yet is not altered at levels of local flow divergence. We thus write our LS advective

moisture tendency as:
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(∂qv
∂t

)
LS

= −ω
∂qv

∂p
+max(∂ω

∂p
,0) (qrefv − qv)

Daleu et al. (2016) and many other studies (Herman & Raymond, 2014; Raymond & Sessions, 2007; Sessions

et al., 2010; S. Wang et al., 2013) use this “lateral entrainment” of moisture, whereas other studies used different

representations of the horizontal advection of moisture (Sobel & Bellon, 2009; Sobel et al., 2007; S. Wang &

Sobel, 2012).

Daleu et al. (2016) specifies an idealized radiative cooling profile to isolate interactions between convection and

LS dynamics in each model. They prescribed a uniform 1.5 K day−1 cooling rate below 200 hPa, relaxed the

temperature above 100 hPa to 200 K, and linearly interpolated between these cooling rates between 100 and

200 hPa according to the following formula:

(∂T
∂t
)
RC

=

§«««««
«««««

− 1.5 if p≥ 200

− 1.5(p − 100

100
) − αT (200 − p

100
)(T − 200) if 100< p< 200

− αT(T − 200) if p≤ 100

where p is in hPa, T is in K, and ∂T
∂t
is in K per day. They set the constant αT to 1 day

−1. For this study, we run cases

using either the specified radiative cooling above or the interactive radiation package in SCAM6, a streamlined

version of the rapid radiative transfer method (RRTMG) that derives from a correlated k‐distribution (Lacis

et al., 1979). We refer to cases run using specified radiation with the label “Rs” and refer to cases run using

RRTMG, or fully interactive radiation, with the label “Ri.”

SCAM6 uses a unified turbulence scheme, Cloud Layers Unified by Binormals, for shallow convection (Golaz

et al., 2002) and the Zhang‐McFarlane (ZM) scheme (Zhang & McFarlane, 1995) for deep convection. The ZM

scheme allows an ensemble of convective‐scale updrafts, and associated saturated downdrafts, to occur whenever

the lower troposphere is conditionally unstable and the updrafts have sufficient buoyancy to penetrate the stable

layer. These updrafts act to consume convective available potential energy (CAPE) in the convective layer at a

specified time scale (2 hr).

One of the critical parameters in SCAM6's version of the ZM scheme is zmconv_num_cin, renamed δCIN for this

study, which specifies the number of negative buoyancy levels that are allowed before the convective layer is

capped and CAPE calculations are completed. This parameter determines the scheme's ability to overcome some

amount of convective inhibition (CIN), which in turn often determines the level of convective cloud top. The

default value of δCIN for SCAM6 is one, which sets the lowest neutral‐buoyancy level of a pilot entraining plume

to be the convective cloud top. This choice tends to cause the model to underestimate tropical variability and

convective cloud top in global simulations (M. Wang & Zhang, 2018; Xie et al., 2018) and produces a shallow‐

convection prevailing regime in an idealized RCE framework (Hu et al., 2022). The default value of δCIN for

SCAM6 is therefore being changed to three in future versions of CESM (personal communication). Thus, for this

study we run cases using either δCIN = 1, referred to as inhibited convection (Ci), or δCIN = 3, referred to as

uninhibited convection (Cu).

Finally, each of the parameterizations of LS dynamics contain parameters that specify the strength of the cir-

culation response to a given temperature anomaly. In the WTG and Spectral WTG methods, τ and τ1 set the time

scale at which the column's temperature and the gravest spectral mode of the column's temperature, respectively,

are relaxed back to the tropical mean. In the DGWmethod, ϵ plays a similar role, setting the mechanical damping

coefficient with which the gravity waves are damped, notwithstanding that its units are the inverse of those of τ.

The specified horizontal wave number, k, also plays a significant role in setting the strength of the circulation

response, though this is left constant in the present study, set to 10−6 m−1 as in Daleu et al. (2016). Daleu

et al. (2016) sets τ to 3 hr and ϵ to 1 day−1. These are typical values used in previous studies (Daleu et al., 2012;

Herman & Raymond, 2014; S. Wang & Sobel, 2011; S. Wang et al., 2013) and are chosen to produce comparable

circulation responses to the same free tropospheric temperature anomaly in both the WTG and DGW method.
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However, when using the circulation parameter values given in Daleu et al. (2016), the WTG and DGWmethods

in SCAM6 are led to erratic behavior, suggestive of numerical instability, perhaps due to the ZM convection

scheme. For τ = 3 hr, the WTG method yields vertical velocity and convective heating profiles that oscillate

wildly, and, for ϵ = 1 day−1, the DGW method both crashes at an SST of 298 K and yields unrealistic S‐shaped

vertical velocity profiles at all other SSTs (see Results). This erratic behavior is robust across several different

time step settings: 30 min, 20 min, and 10 min. 5 min time steps were also tested, though these result in undesired

artifacts in the corresponding RCE simulations in Single Column Atmosphere Model (SCAM), consistent with

findings from Hu et al. (2022). Thus, we instead achieve numerical stability by reducing the strength of the

circulation's response to a given temperature anomaly. To do this, we increase τ and ϵ three‐ or five‐fold from the

Daleu et al. (2016) values. While the Spectral WTG method tends to be robust even at lower values of τ1, we

match τ1 to τ in all cases considered. At these higher values of τ, ϵ, and τ1, there is no significant change in results

across the time steps we considered. Thus, all runs presented in this study use a somewhat arbitrary time step of

20 min. It is worth noting that, while increasing τ, ϵ, and τ1 improves the numerical stability of the results, it also

implies changes to some of the underlying physical reasoning inherent in these methods (see Discussion).

We run all cases using PLSD for 400 days under constant SST values of 298, 299, 300, 301, and 302 K. This range

of SST values is comparable to the range used in Daleu et al. (2016). For each run, the steady‐state is obtained by

averaging the final 100 days. All runs presented in this study use 32 pressure levels, which has been used in the

workhorse version of CESM2 (Danabasoglu et al., 2020). Several cases were also run using 60 pressure levels,

though we observed no significant change in results under this increased vertical resolution. Some runs, especially

for lower values of δCIN, τ, and ϵ, demonstrate multiple quasi steady‐state equilibria. In all cases where we observe

such behavior, we extend the run an additional 400 days to ensure no sizable variations occur in the steady‐state

quantities considered. We leave further exploration of such transient phenomena to future study. It is also worth

mentioning that, in cases of interactive radiation (Ri), there is a seasonal cycle of insolation equivalent to that seen

at the equator. However, when averaged over 365 days rather than 400 days, there is no significant change in any

output parameters. Data and code are publically available (Cohen, 2023).

3. Results

3.1. Radiative‐Convective Equilibrium

To begin, we consider the reference RCE state for each model configuration. We present quantities of interest

from these RCE states in Table 1, which displays time‐averaged precipitation and evaporation, and Figure 1,

which displays time‐averaged temperature, RH, and radiative and convective heating profiles.

As expected, the precipitation and evaporation in RCE are nearly identical (Table 1). The choice of specified

versus interactive radiation scheme causes large differences in the time‐averaged precipitation and evaporation.

This result is not a surprise given that the idealized radiative cooling profile in Daleu et al. (2016) implies a

substantially larger vertically integrated cooling than what the interactive scheme computes under these condi-

tions, and this integrated cooling must be balanced by the sum of condensation heating and sensible surface heat

flux in RCE. Differences in convection do not affect precipitation for the interactive radiation cases, and there is

about a 6% change in precipitation between the Ci and Cu cases under specified radiation. Since we specify

radiative cooling, and thus convective heating, to be 1.5 K day−1 below 200 hPa in the idealized radiation

configuration, the changes appear to be primarily the result of relatively large upper tropospheric (above 200 hPa)

temperature differences (Figure 1). The upper troposphere is substantially warmer when δCIN is set to 3, yielding

greater radiative cooling and precipitation.

Figure 1 shows the time‐averaged temperature, RH, radiative cooling, and convective heating in RCE for each of

the convective and radiative conditions considered. One standard deviation in time (gray shaded areas) is shown

for RiCu. Variances for other cases are similar in magnitude, save the specified radiative cooling profile in Rs. On

the whole, the idealized radiation configuration yields a cooler troposphere than the interactive radiation case

does, likely because the specified 1.5 K day−1 radiative cooling rate below 200 hPa is larger than what the

interactive radiation scheme predicts for nearly all pressure levels (Figure 1). Relative humidity is computed with

respect to liquid water, and it remains between 50% and 80% throughout the free troposphere for all RCE cases

except the specified radiation with uninhibited convection case (RsCu), which shows less moisture in the mid

troposphere.
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3.2. Parameterized Large‐Scale Dynamics Under Settings From GASS‐WTG Intercomparison Project

We then simulate a column state in response to cooler and warmer SSTs than the reference 300 K RCE value (298,

299, 300, 301, and 302 K), holding the above RCE temperature and moisture profiles fixed as reference states for

each of the parameterizations of LS dynamics. We first consider the RsCi case as a way to directly compare

SCAM6 with Daleu et al. (2016). We also set the circulation parameters to the values given in Daleu et al. (2016),

with τ1 and τ set to 3 hr and ϵ set to 1 day−1. Results are shown in Figure 2.

Under the WTG approximation, we expect a positive, monotonic relationship between SST and precipitation

(Sobel & Bretherton, 2000). SSTs lower than that used to construct the RCE reference profiles should yield LS

descent that suppresses convection, dries out the free troposphere, and allows relatively little precipitation. By

contrast, higher‐than‐reference SSTs should yield LS ascent that enhances convection, moistens the free tropo-

sphere, and generates relatively heavy precipitation. In Figure 2, we check this expectation by plotting precipi-

tation (blue) and evaporation (red) as a function of SST. While the Spectral WTG method performs as expected,

the WTG and DGW methods not only do not follow this expectation (left column), but also demonstrate erratic

behavior suggestive of numerical instability. This is shown in the simulated profiles of vertical velocity, tem-

perature deviation from RCE, radiative cooling, convective heating, and RH for each method at each SST

(Figure 2, right, colors scale from cool to warm). In the WTG method, both the vertical velocity and convective

heating oscillate wildly, with the substantial variations in SST showing little effect on the solution. The runs using

Figure 1. Column temperature, relative humidity, and convective and radiative heating in radiative convective equilibrium

for each convective and radiative setting considered. Ri indicates use of the default interactive radiation scheme in single

column atmospheric model, Rs indicates use of specified radiative cooling, Ci indicates 1 level of convective inhibition

(CIN) is tolerated in the convection scheme, and Cu indicates three levels of CIN are tolerated in the convection scheme. The

subscript “Daleu Cond” indicates use of all conditions given in Daleu et al. (2015, 2016), or RsCi. For reference, one standard

deviation of model output over the last 100 days is shown for the RiCu case. The tropopause (100 hPa) is shown in dotted

gray.

Table 1

Precipitation and Evaporation (mm/Day) in Radiative Convective Equilibrium for Each Convective and Radiative Setting

Considered

Precipitation/Evaporation Inhibited convection (Ci) Uninhibited convection (Cu)

Interactive Radiation (Ri) 2.74/2.72 2.74/2.74

Specified Radiation (Rs) 4.29/4.30 4.57/4.58

Note. Ri indicates use of the default interactive radiation scheme in SCAM6, Rs indicates use of specified radiative cooling,

Ci indicates 1 level of CIN is tolerated in the convection scheme, and Cu indicates three levels of CIN are tolerated in the

convection scheme.
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the DGW method behave a bit less erratically, but with numerical issues in the upper troposphere. This result is

robust across all rigid lid DGW simulations, even when the height of the rigid lid is varied from 200 to 10 hPa.

Additionally, the DGW method crashes at 298 K SST for this configuration, so no data is shown for this run.

Finally, it is worth noting that the WTG and DGW methods demonstrate similarly erratic behavior for all other

radiative and convective settings (RsCu, RiCi, and RiCu) when τ is set to 3 hr and ϵ is set to 1 day−1 (not shown).

These numerical issues persist even when the vertical resolution is doubled or the time step is halved.

3.3. Parameterized Large‐Scale Dynamics Under Relaxed Settings

If we increase the parameters used in Daleu et al. (2016) to weaken the strength of the circulation response, the

WTG and DGWmethods perform more stably and in line with our expectations based on Daleu et al. (2016). This

is shown in Figure 3, which presents runs using three times the circulation parameters given in Daleu et al. (2016),

with τ1 and τ set to 9 hr and ϵ set to 3 days−1. Radiative and convective settings are left unmodified (RsCi).

Increasing τ, τ1, and ϵ weakens the circulation response to a given temperature perturbation from the reference,

which has the additional effect of smoothing the vertical velocity profiles. The WTG method (top) behaves more

consistently with expectations; low SSTs yield gentle LS descent and light precipitation while high SSTs yield

strong LS ascent and heavy precipitation. Qualitatively, the Spectral WTGmethod performs similarly to theWTG

method for this configuration. However, it is able to sustain a larger magnitude of LS ascent for higher SSTs,

making its steady‐state precipitation for these runs substantially larger. The DGW method yields exceptionally

dry conditions in this configuration; the expected deep convection and heavy precipitation for higher SST is not

achieved. It is also worth noting that some grid‐scale oscillation is observed for low SST runs in the upper

tropospheric RH profiles of the DGW and Spectral WTG methods.

If we increase the circulation parameters given in Daleu et al. (2016) even further to five times their original

values (with τ1 and τ set to 15 hr and ϵ set to 5 days−1), again leaving radiative and convective settings un-

modified, the DGW method begins to yield heavy precipitation for higher SST (Figure 4). Thus, for this

configuration, all methods behave qualitatively similarly, following the broad theoretical expectation that low

SST will yield LS descent and low precipitation while high SST will yield LS ascent and heavy precipitation.

However, the SST at which heavy precipitation begins to occur varies substantially from method to method, with

this transition occurring at the expected 300 K SST for the Spectral WTG method, 301 K SST for the WTG

Figure 2. RsCi: Steady‐state precipitation and evaporation rates and steady‐state profiles of large‐scale pressure velocity, temperature anomaly, relative humidity, and

convective and radiative heating in weak temperature gradient (WTG), damped gravity wave, and Spectral WTG for τ1 and τ set to 3 hr and ϵ set to 1 day−1 using

specified radiative cooling and tolerating one level of convective inhibition in the convection scheme. The tropopause and boundary layer height are shown in dotted

gray. Note that different scales are used for convective and radiative heating rates.
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method, and 302 K SST for the DGWmethod. In addition, vertical velocity profiles tend to be more top‐heavy for

the WTG method and Spectral WTG method than for the DGW method, a difference also observed in Daleu

et al. (2016) and Romps (2012). Vertical velocity profiles are smoother for the Spectral WTG and DGWmethods

than for the WTG method because the second order wave equation in the DGWmethod and the mode‐dependent

damping in the Spectral WTG method allow temperature perturbations in the column to produce non‐local re-

sponses in ω in ways that favor larger vertical scales in the latter (Herman & Raymond, 2014; Kuang, 2008; S.

Wang et al., 2016). However, while these smoothing effects are observed in the convective heating profiles and

the temperature deviation from RCE, they do not appear to smooth the column's RH profile. This oscillatory

structure of upper‐tropospheric moisture is also observed in Hu et al. (2022), though that study focused on SCAM

Figure 3. RsCi: Same as in Figure 2, but with τ1 and τ set to 9 hr and ϵ set to 3 days−1.

Figure 4. RsCi: Same as in Figures 2 and 3, but with τ1 and τ set to 15 hr and ϵ set to 5 days−1.
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under RCE, not under PLSD. Nonetheless, the hypothesis posed in Hu et al. (2022)—that these oscillations in

upper tropospheric moisture are caused by variations in convective height—is likely still relevant under PLSD at

low SST.

The temperature deviation from the RCE reference profile tends to follow a similar structure across all methods.

Temperature deviations across the mid troposphere are of opposite sign as the LS pressure velocity (almost by

design), with positive temperature anomalies being associated with LS ascent and negative temperature anomalies

being associated with LS descent (Figure 4). However, in the upper and lower troposphere (above >200 hPa and

below >600 hPa, respectively), we observe the opposite relationship for the DGW and Spectral WTG methods:

LS ascent is associated with negative temperature anomalies and LS descent is associated with positive tem-

perature anomalies. It is worth noting that this inverted relationship between the temperature anomaly and the LS

pressure velocity in the upper and lower troposphere is much weaker (if perhaps non‐existant) for the WTG

method. In the WTG method, the LS pressure velocity is purely driven by the local temperature anomaly. By

contrast, the wave equation in the DGW method and the spectral decomposition in the Spectral WTG method

enable temperature anomalies to affect the LS pressure velocity non‐locally.

Next, we consider configurations with different radiative and convective settings, all using circulation parameters

with five times the values given in Daleu et al. (2016), a setting that most consistently produces results in line with

expectations. To begin, we consider RsCu, where the number of tolerated negative buoyancy regions in the

convective scheme (δCIN) is increased from one to three, but the radiation is still specified (Figure 5). In this case,

all methods perform remarkably similarly to one another, transitioning from light to heavy precipitation at the

same SST. Relative humidity and vertical velocity profiles also look remarkably similar across methods. How-

ever, in cases where deep convection does occur, convective ascent is generally weaker and the mid troposphere

thus contains notably less moisture than it does for RsCi. We will show below that these differences in the

magnitude of the vertical velocity likely stem more from differences in the RCE reference profiles than from

differences in the behavior of the convective scheme for a fixed reference profile. Under less‐inhibited convection

settings (Cu), the RCE profile is more statically stable (Figure 1), meaning the free tropospheric temperature

anomalies are smaller and the circulation is weaker (see Discussion for details).

Next, we consider configurations using SCAM6's default interactive radiation scheme (RRTMG) rather than the

idealized radiative cooling profile from Daleu et al. (2016). We present results for RiCi (Figure 6) and RiCu

(Figure 7). Runs with lower SSTs tend to yield greater radiative cooling in the majority of the troposphere,

primarily due to lower cloud fraction and thus reduced shortwave heating (not shown). As with the idealized

Figure 5. RsCu: Same as in Figure 4, but tolerating three levels of convective inhibition in the convection scheme.

Journal of Advances in Modeling Earth Systems 10.1029/2023MS003866

COHEN ET AL. 10 of 17

 1
9

4
2

2
4

6
6

, 2
0

2
4

, 6
, D

o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://ag
u

p
u

b
s.o

n
lin

elib
rary

.w
iley

.co
m

/d
o

i/1
0

.1
0

2
9

/2
0

2
3

M
S

0
0

3
8

6
6

 b
y

 T
est, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [0

7
/0

4
/2

0
2
5
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n

s L
icen

se



radiation cases, using δCIN = 3 tends to yield weaker convective ascent than using δCIN = 1. However, this

difference is smaller when using interactive radiation than when using specified radiation.

Sharp vertical oscillations in convective heating suggest numerical issues in the 302 K SST run for the WTG

method in Figure 7 (RiCu). In fact, while nearly all cases using circulation parameters with five times the values

given in Daleu et al. (2016) performed reasonably, the WTG method performed somewhat strangely under

interactive radiation and uninhibited convection. The expected monotonic relationship between SST and

Figure 6. RiCi: Same as in Figure 4, but using interactive radiative cooling.

Figure 7. RiCu: Same as in Figure 5, but using interactive radiative cooling.
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precipitation is apparent, but the method tends to favor deep convection. Even at the lowest SST, LS descent is

weaker than in the other methods, and correspondingly the troposphere remains relatively moister.

Across configurations, there is significant variation in the “pickup” SST at which heavy precipitation begins to

occur. Perhaps most notable in this regard is the DGWmethod; for RsCi (Figure 4) heavy precipitation begins to

occur at an SST of 302 K, while for RiCi (Figure 6) this transition occurs at an SST of 299 K. The WTG

approximation would suggest that, all else being equal, precipitation should exceed the RCE value for SSTs

warmer than the reference value (interpreted as representing the tropical mean) and should be less than the RCE

value for SSTs colder than the reference. Thus, we would expect a pickup SST of about 300 K for all cases

considered in this study. The observed deviation from this expectation suggests that deep convection is being

triggered (or suppressed) by mechanisms other than the parameterized LS circulation.

4. Discussion

4.1. Comparison to GASS‐WTG Intercomparison Project

One of the main goals of this study is to compare the performance of SCAM6 under PLSD to those of the models

in the GASS‐WTG Intercomparison project (Daleu et al., 2016). Figure 8 compares precipitation versus SST

curves for the WTG, DGW, and Spectral WTGmethods in SCAM6 (under RsCi and RsCu) to the range of values

seen in SCMs and CRMs in Figure 3 of Daleu et al. (2016). For circulation parameters equal to those used in the

GASS‐WTG Intercomparison project (left), the WTG and DGW methods are numerically unstable in SCAM6

and thus the relationship between SST and precipitation is not physically reasonable.

However, if key circulation parameters τ and ϵ are increased fivefold to 15 hr and 5 days−1 respectively (right), the

circulation response to a given free tropospheric temperature anomaly decreases and the stability of the solutions

is improved. These “relaxed” simulations produce the expected steep transition from light precipitation at low

SST to heavy precipitation at high SST, yielding SST‐precipitation curves which fall within the range of values

seen in the SCMs considered in Daleu et al. (2016). In addition, the magnitudes and shapes of the vertical velocity

profiles produced by theWTG and DGWmethods in SCAM6 under relaxed settings likewise fall within the range

of values seen in the SCMs considered in the GASS‐WTG Intercomparison project (not shown).

However, it is worth noting that weakening the circulation response to temperature perturbations by increasing τ

and ϵ does imply changes to the physical reasoning used to justify and interpret these methods. Since the

elimination of temperature gradients in the tropics is a consequence of gravity waves, the time scale τ, for

example, has been interpreted as the time it takes for the deepest dry gravity wave mode to traverse a given

horizontal distance. By increasing τ and ϵ three‐ or five‐fold, we are increasing the implied horizontal scale of the

domain represented by the SCM a multiple of three or five as well. The resulting horizontal relaxation scales

(>1,600 km for τ1 and τ set to 9 hr and ϵ set to 3 days−1 and >2,600 km for τ1 and τ set to 15 hr and ϵ set to

5 days−1) are correspondingly greater than those implied by the smaller values used in Daleu et al. (2016).

The Spectral WTG method, in contrast to the WTG and DGW methods, achieves the expected relationship

between SST and precipitation at all τ1 considered. Consistent with Herman and Raymond (2014), we suggest that

the relative robustness of the Spectral WTGmethod in SCAM6 stems from its wavenumber‐dependent relaxation

of the tropospheric temperature anomalies, which emphasizes the effect of smoother low wave number gravity

wave modes and relaxes temperature anomalies not locally but via a column‐average. Thus, the Spectral WTG

method can integrate across grid‐scale discontinuities, making them less likely to adversely affect the resulting

circulation.

4.2. Role of Static Stability Under Radiative‐Convective Equilibrium

The overall strength of the LS circulation for given radiative and convective settings remains sufficiently constant

across all LS parameterizations to allow us to investigate the effect of modifying the radiation and convection

schemes. Most notably in this regard, decreasing δCIN (Cu → Ci) tends to increase the strength of the circulation

response, more so in the case of idealized radiation than for interactive radiation.

The increase in circulation strength when δCIN is decreased can be explained by variations in the static stability of

the RCE temperature profile from one configuration to another (Figure 9). In RCE under inhibited convection

settings (Ci, δCIN = 1), deep convection cannot grow as easily nor consume as much available instability (Hu
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et al., 2022). This results in a less statically stable tropospheric temperature profile than that under uninhibited

convection settings (Cu, δCIN = 3). However, at high SST (302 K) under PLSD, convection can grow deeply

regardless of the convective settings. In this case, the balance in the temperature equation is between the

convective heating and the vertical advection by the LS circulation, since radiative cooling is much smaller than

convective heating (Figures 4 and 5). The steady‐state solution in the column is effectively a time‐averaged

balance between two forcings: the convection scheme acting to approximately relax the column's temperature

profile to an entraining moist adiabat set by the locally warm SST and the circulation pushing the column's

temperature towards the RCE reference profile. Thus, if the RCE profile is less statically stable (as it is under

inhibited convection settings, Ci), there will be a larger temperature difference between this RCE profile and the

entraining moist adiabat towards which the convection scheme is relaxing (Figure 9). This larger temperature

difference introduces more CAPE into the column for a given circulation strength, yielding more LS ascent, more

convection, and more steady‐state precipitation.

In addition, lower static stability in the column means that a larger vertical velocity is needed to create the same

temperature tendency. Thus, even at low SST where convection is nearly absent, decreasing δCIN (Cu → Ci)

increases the strength of the (subsiding) circulation, though it is of opposite sign. In these cases, the energetic

balance is primarily between the radiation and the circulation, so a lower column static stability under Ci requires

a stronger downward LS vertical velocity (Figures 4 and 5) for similar deviation from the RCE temperature

(Figure 9). We display this effect in Figure 9 for the WTG method; equivalent plots for the DGW and Spectral

WTGmethods are qualitatively similar (not shown). UnderWTG, the time‐averaged potential temperature profile

at 302 K SST is much further from the RCE potential temperature profile for inhibited convection (δCIN = 1, red

dotted profile) than for uninhibited convection (δCIN = 3, red solid profile). This increased competition between

the circulation and the convection scheme yields a stronger circulation response and thus more steady‐state

precipitation.

How can we ensure the differences in circulation and precipitation described above are due to differences in the

RCE reference states and not to the effect of δCIN on the convection directly? At high SST (302 K), the time‐

average top of convection (defined as the level at which the convective heating vanishes) is near the tropo-

pause for all methods, regardless of the value of δCIN (not shown). However, in RCE, the top of convection is

much lower for inhibited convection than for uninhibited convection. Since δCIN affects the convection scheme

chiefly by setting the top of convection, this means that, at least in a time average sense, δCIN has a minimal effect

Figure 8. Normalized precipitation versus sea surface temperature curves for the weak temperature gradient (WTG), damped

gravity wave (DGW), and Spectral WTGmethods in SCAM6 under RsCi and RsCu. Curves are shown for τ1 and τ set to 3 hr

and ϵ set to 1 day−1 (left) and for τ1 and τ set to 15 hr and ϵ set to 5 days−1 (right). They are compared to the range of values

seen in single column models (light shading) and cloud resolving models (dark shading) in Daleu et al. (2016). For ϵ set to

1 day−1, the DGW method crashes at 298 K for RsCi and at all SSTs for RsCu, so these results are not plotted.
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on the column itself at high SST, and mostly affects the column through its modification to the RCE reference

profile. These results are in line with findings from Hu et al. (2022).

We suggest that the above argument holds for interactive radiation cases as well (Figure 9, right). As in the

specified radiation cases, increasing δCIN tends to increase the static stability of the reference RCE profile

(Figure 9, right) and decrease the precipitation and strength of the circulation response at high SST (Figure 10),

even though this effect is less extreme.

Figure 10 shows the relationship between a bulk measure of RCE static stability (the temperature drop from 700 to

300 hPa) and the 302 K SST precipitation under both specified and interactive radiation. In both cases, precip-

itation at 302 K SST increases as the temperature drop from 700 to 300 hPa in the RCE reference state increases,

that is, the static stability decreases. While the change in static stability in RCE across CIN parameters is smaller

under interactive radiation than that under specified radiation, the effect on precipitation at high relative SST is

qualitatively the same. Moreover, the top of convection is again relatively independent of δCIN at high SST (not

shown) and convective heating likewise dominates over radiative cooling. Still, the fact that radiation is inter-

active leaves open the possibility that differences in radiative effects in the column itself play a role in setting the

strength of the circulation response.

5. Conclusions

This study has implemented various parameterizations of LS dynamics into NCAR's single column atmospheric

model SCAM6, with the purpose of both furthering development of NCAR's CESM and exploring the mecha-

nisms that drive steady‐state tropical precipitation. We implemented three parameterizations of LS dynamics into

SCAM6: the WTG method (Raymond & Zeng, 2005), the DGW method (Kuang, 2011), and the spectral WTG

Figure 9. Time‐averaged potential temperature profiles for radiative convective equilibrium at 300 K sea surface temperature

(SST) (black), and weak temperature gradient at 298 K SST (blue) and 302 K SST (red) for τ set to 15 hr and tolerating either

one (dashed) or three (solid) levels of convective inhibition in the convection scheme. Results are shown for specified

radiation (left) and interactive radiation (right).
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(Spectral WTG) method (S. Wang et al., 2016). SCAM6 was run under a variety of convective and radiative

settings with the same LS parametrization settings as in the GASS‐WTG Intercomparison Project (Daleu

et al., 2016) and with key LS circulation parameters relaxed.

The WTG and DGW methods lead to erratic behavior, with indications of numerical instability, in SCAM6 with

the values of τ and ϵ used in the GASS‐WTG Intercomparison project (Daleu et al., 2015, 2016). However, when

these circulation parameters are increased fivefold, weakening the coupling between circulation and temperature,

the WTG and DGW methods yield results qualitatively similar to those of Daleu et al. (2016), and reproduce the

broad theoretical expectation that low SST will yield LS descent and low precipitation while high SST will yield

LS ascent and heavy precipitation. The Spectral WTG method is more insensitive to changes in the circulation,

radiation, and convection schemes, showing both greater numerical stability and a more consistent transition from

light to heavy precipitation, always at or near the RCE SST, as expected.

For a given radiative and convective setting, all parameterizations of LS dynamics produce similar circulation

strengths and precipitation levels to each other at very high and very low SST. In contrast, circulation strength and

precipitation level change substantially across convective settings. Changing δCIN from one (inhibited convec-

tion) to three (uninhibited convection) weakens the circulation and reduces precipitation at high SST. We

demonstrate that this change is driven primarily by an increase in the static stability of the RCE reference profile.

Future study is needed to ascertain the relevance of these results to CESMmodel development and to steady state

tropical precipitation more broadly. Next steps might include running CESM with inhibited (δCIN = 1) and

uninhibited convection (δCIN = 3) to see if the GCM replicates the changes to circulation strength and precipi-

tation at high SST that we observe in SCAM6. Furthermore, if these changes are replicated, what effect do they

have on climatological features in the tropics such as the intertropical convergence zone and the Walker circu-

lation? Does the static stability of the tropical average change with radiative forcing and is this associated with a

change in the relationship between SST and precipitation?

Figure 10. Mean precipitation at 302 K sea surface temperature (SST) for all parameterized large‐scale dynamics (PLSD)

methods versus the temperature change from 300 to 700 hPa in radiative convective equilibrium (RCE). Higher tropospheric

temperature change in RCE (at 300 K) indicates greater lapse rate and lower static stability in the RCE reference profile,

causing greater time‐averaged precipitation under PLSD at high SST (302 K). Lines, dashed and solid, indicate changes from

Cu to Ci across individual methods (weak temperature gradient (WTG), damped gravity wave, Spectral WTG).
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While it is difficult to extrapolate from the simulations presented in this study, we can reasonably speculate that

decreasing the barrier to convection (using δCIN= 3 rather than δCIN= 1) in CESM's convection scheme will yield

a more realistic representation of tropical convection. Tropical temperature profiles tend to be broadly moist

adiabatic, but the SCAM6 simulations using inhibited convection show sizable upper tropospheric deviations

from a moist adiabatic (Figure 9) due to the fact that the convection scheme predicts a chronically low convective

cloud top. Using uninhibited convection seems to alleviate this problem and could potentially prevent CESM

from overestimating tropical circulation strength. This appears to be in line with findings from previous studies

(Hu et al., 2022; S. Wang & Zhang, 2018; Xie et al., 2018). However, these predictions are speculative and should

be explored in future research.

Similarly, it is still an open question why SCAM6 requires more relaxed circulation parameters than the SCMs

considered in Daleu et al. (2016) for the WTG and DGWmethods in order to behave well. Given the centrality of

the deep convection scheme in setting the column's circulation and precipitation, it may be that the ZM scheme

(which is not used by any of the other SCMs in Daleu et al.) is more prone to generating grid‐scale discontinuities

that can yield runaway feedbacks when paired with the WTG and DGW methods. Consistent with Herman and

Raymond (2014), we suggest that the Spectral WTGmethod is perhaps more resilient to grid‐scale discontinuities

due to its wavenumber‐dependent relaxation of column‐averaged tropospheric temperature anomalies. In any

case, our results suggest that the Spectral WTG method's insensitivity to changes in radiation, convection, and

circulation make it better suited to use in SCAM6 and model development for CESM.

Data Availability Statement

All raw data and plotting code is available at https://zenodo.org/record/7999372.
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