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Abstract. We demonstrate that LFRic-Atmosphere, a model built using the Met Office’s GungHo dynamical core, is able to

reproduce idealised large-scale atmospheric circulation patterns specified by several widely-used benchmark recipes. This is

motivated by the rapid rate of exoplanet discovery and the ever-growing need for numerical modelling and characterisation of

their atmospheres. Here we present LFRic-Atmosphere’s results for the idealised tests imitating circulation regimes commonly

used in the exoplanet modelling community. The benchmarks include three analytic forcing cases: the standard Held-Suarez5

test, the Menou-Rauscher Earth-like test, and the Merlis-Schneider Tidally Locked Earth test. Qualitatively, LFRic-Atmosphere

agrees well with other numerical models and shows excellent conservation properties in terms of total mass, angular momentum

and kinetic energy. We then use LFRic-Atmosphere with a more realistic representation of physical processes (radiation,

subgrid-scale mixing, convection, clouds) by configuring it for the four TRAPPIST-1 Habitable Atmosphere Intercomparison

(THAI) scenarios. This is the first application of LFRic-Atmosphere to a possible climate of a confirmed terrestrial exoplanet.10

LFRic-Atmosphere reproduces the THAI scenarios within the spread of the existing models across a range of key climatic

variables. Our work shows that LFRic-Atmosphere performs well in the seven benchmark tests for terrestrial atmospheres,

justifying its use in future exoplanet climate studies.

1 Introduction

We are on the precipice of a new era in planetary science, as the atmospheres of Earth-sized terrestrial extrasolar planets (exo-15

planets) are likely to soon be detected and then characterised. Interpreting these observations to the fullest extent will demand

efficient use of one of the key tools we have to study atmospheric processes, 3D general circulation models (GCMs). Here,

we present the first results of the Met Office’s next generation atmospheric model, LFRic-Atmosphere, applied to terrestrial

planets and validate it against several other GCMs using a set of commonly-used benchmarks (previously used to test and adapt

the current operational GCM of the Met Office, the Unified Model or UM, see Mayne et al., 2014b), and the cases adopted as20

part of a recent exoplanet model intercomparison project (Fauchez et al., 2020).
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GCMs are instrumental in our understanding of planetary atmospheres as they encapsulate a range of physical and chemical

processes interacting with each other, with the treatments constrained by both theory and observations (Balaji et al., 2022).

Over the last two decades, a number of GCMs have been applied to explore the climate evolution, observability and potential

habitability of terrestrial exoplanets (see e.g. Wordsworth and Kreidberg, 2022). Through the application of GCMs, numerous25

confirmed and hypothetical exoplanet atmospheres have been investigated, and important mechanisms or processes studied

(e.g. Wordsworth et al., 2011; Yang et al., 2013; Leconte et al., 2013; Turbet et al., 2016; Kopparapu et al., 2017; Noda et al.,

2017; Komacek and Abbot, 2019, to name but a few). GCMs applied in such studies vary in complexity and the expanding

list includes, but is not limited to: ExoCAM (Wolf et al., 2022), Exo-FMS (Heng and Showman, 2015), ExoPlaSim (Paradise

et al., 2022), Isca (Vallis et al., 2018), MITgcm (Carone et al., 2014), Planetary Climate Model (PCM, Turbet et al., 2021,30

and references therein), The Resolving Orbital and Climate Keys of Earth and Extraterrestrial Environments with Dynamics

(ROCKE-3D, Way et al., 2017), and THOR (Deitrick et al., 2020). The growing variety of GCMs provides an invaluable multi-

model perspective on exoplanet atmospheres, which is especially important in the light of the extreme scarcity of observational

data (Fauchez et al., 2021).

The current operational weather and climate prediction model of the Met Office, the UM, has been extensively used to study35

an array of processes in planetary atmospheres, for both terrestrial (e.g. Eager et al., 2020; Braam et al., 2022; Cohen et al.,

2022; Ridgway et al., 2023; McCulloch et al., 2023) and gaseous (e.g. Mayne et al., 2014a; Amundsen et al., 2016; Christie

et al., 2021; Zamyatina et al., 2023) planets; and has also participated in the pioneering exoplanet model intercomparison

projects (Fauchez et al., 2020; Christie et al., 2022). However, its application for more ambitious numerical experiments both for

exoplanet and Earth climates, such as in global kilometre-scale cloud-resolving setups (e.g. Stevens et al., 2019), faces several40

challenges. The first key challenge is that the UM is based on a traditional latitude-longitude (lat-lon) grid, whose simplicity

comes at the cost of a computational bottleneck due to the grid convergence at the poles (Staniforth and Thuburn, 2012; Wood

et al., 2014). As a result, in high-resolution multi-processor setups the UM reaches a plateau of scalability (Lawrence et al.,

2018). This limitation has restricted applications at high, convection-permitting resolutions to small regions within the global

model (e.g. Sergeev et al., 2020; Saffin et al., 2023). The second major challenge is that the UM lacks portability and flexibility45

with respect to high-performance computing platforms making adaptation to new hardware difficult (Adams et al., 2019).

To address the limitations of the UM, a new modelling framework has been developed by the Met Office and its partners. The

infrastructure for this model is called LFRic (named after L. F. Richardson; for more details see Adams et al., 2019). Crucially,

it is based on a new dynamical core, GungHo, designed for finite element methods on unstructured meshes, such as the cubed-

sphere mesh, that avoid the polar singularity problem and allow for better parallel scalability. Alongside GungHo and the LFRic50

infrastructure, physical parameterisations that are already well tested in the UM are combined to create a model we refer to

as the LFRic-Atmosphere. While GungHo and the LFRic infrastructure are still under active development, it already shows

promising results in simulating geophysical flows (Melvin et al., 2019; Maynard et al., 2020; Kent et al., 2023). Critically,

LFRic will also be an open-source framework (under the BSD 3-clause license) aiding wider collaborative efforts.

Complementary to these studies, the purpose of our paper is to demonstrate that LFRic-Atmosphere is capable of robustly55

simulating global-scale atmospheric circulation on terrestrial planets in a selection of commonly-used benchmark cases. Specif-
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ically, we perform experiments with temperature and wind forcing, analytically prescribed following Held and Suarez (1994),

Menou and Rauscher (2009), and Merlis and Schneider (2010). These tests are the simplest way to obtain an idealised at-

mospheric circulation over a climatic period in a 3D GCM. Stepping up the model complexity ladder, we then switch to

treating unresolved processes such as radiative transfer, turbulence, and moist physics more realistically via the suite of phys-60

ical parameterisations inherited by LFRic-Atmosphere from the UM. With this setup, we simulate the four temperate climate

scenarios prescribed by the TRAPPIST-1 Habitable Atmosphere Intercomparison protocol (THAI, Fauchez et al., 2020) for an

Earth-sized rocky exoplanet, TRAPPIST-1e (Gillon et al., 2017; Turbet et al., 2020). This proves for the first time that LFRic-

Atmosphere is capable of reliably simulating non-Earth climates on temperate exoplanets. Our work thus provides a necessary

stepping stone for future theoretical studies focused on planetary atmospheres using LFRic-Atmosphere.65

In the next section (Sec. 2) we give a description of the LFRic-Atmosphere model, detailing the main features of its dy-

namical core called GungHo. In Sec. 3, we show that LFRic-Atmosphere is capable of reproducing three temperature forcing

benchmarks: Held-Suarez (Sec. 3.1), Earth-like (Sec. 3.2), and Tidally Locked Earth (Sec. 3.3). Next, in Sec. 4 we apply

LFRic-Atmosphere with a full suite of physical parameterisations to the four THAI cases and demonstrate that it reproduces

them with sufficient fidelity. Sec. 5 summarises our findings and gives an outlook for future LFRic-Atmosphere development70

in the context of extraterrestrial atmospheres.

2 LFRic-Atmosphere description

LFRic (named after the pioneer of numerical weather prediction Lewis Fry Richardson) is the next generation modelling frame-

work developed by the Met Office (Adams et al., 2019). At its heart lies the GungHo dynamical core (see Sec. 2.1), designed

to be efficiently scalable on exascale supercomputers. The combination of GungHo and a suite of physical parameterisations75

(see Sec. 4) can be referred to as LFRic-Atmosphere. LFRic as a project is in an active development stage, with the aim of

deployment for operational weather forecasts by mid-2020s.

From the perspective of the software infrastructure, LFRic’s key feature is the ‘separation of concerns’ between science code

and parallelisation-related code. This concept is called PSyKAl after the three layers of code it comprises: Parallel Systems

(PSy), Kernel code, and Algorithm code (Adams et al., 2019).80

2.1 The GungHo dynamical core

The dynamical core, a fundamental component of every GCM, solves a form of the Navier-Stokes equations to simulate the

movement of mass and energy resolved by the underlying mesh. It is then coupled to a set of parameterisations representing

subgrid physical or chemical processes, such as radiative heating and cooling, cloud microphysics, convection, boundary-layer

turbulence, etc. In this section, a brief description of the dynamical core GungHo is given, while Sec. 4.2 gives an overview of85

the physical parameterisations used in the THAI experiments. Key features of GungHo include the non-hydrostatic equations

(Sec. 2.2) already shown to be important for certain exoplanets (Mayne et al., 2019), a quasi-uniform cubed sphere grid
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(Sec. 2.3), a mimetic finite-element discretisation (Sec. 2.4), a mass-conserving finite-volume transport scheme (Sec. 2.5), and

a multigrid preconditioner (Sec. 2.6).

2.2 Continuous equations90

GungHo solves the fully-compressible non-hydrostatic Euler equations for an ideal gas in a rotating frame:

∂u

∂t
=− (u · ∇)u− 2Ω×u−∇Φ− cpθ∇Π, (1a)

∂ρ

∂t
=−∇ · (ρu), (1b)

∂θ

∂t
=−u · ∇θ, (1c)

Π
1−κ

κ =
R

p0
ρθ, (1d)95

where u = (u,v,w) is the velocity vector, ρ is density, θ is potential temperature, and Π = (p/p0)κ is the Exner pressure

function, Φ is the geopotential. Additionally, Ω is the planet rotation vector, R is the specific gas constant, p0 is a reference

pressure and κ = R/cp, where cp is the specific heat at constant pressure.

As in its predecessor ENDGame (used in the UM, see Wood et al., 2014), GungHo’s equations include a few approximations.

First, the geopotential Φ in Eq. (1a) includes contributions from both the gravitational potential and the centrifugal potential,100

which are constant with time (constant apparent gravity approximation). Second, the geopotential is assumed to be spherically

symmetric, i.e to vary only with height above the planet’s surface and not with longitude or latitude. Third, the effect of the

mass of the atmosphere itself on the distribution of gravity is also neglected. For most types of planetary atmospheres that

could be modelled in GungHo, errors introduced by these approximations are negligible (for further discussion, see e.g. White

et al., 2005; Mayne et al., 2014a, 2019).105

2.3 Mesh

A key advantage of GungHo is its cubed-sphere grid, underpinning the model’s greater computational scalability compared

to that of ENDGame and other dynamical cores that use the traditional lat-lon grid (Staniforth and Thuburn, 2012; Adams

et al., 2019). Due to its advantages, cubed-sphere meshes are gaining in popularity in other atmospheric models, used for both

Earth climate and weather prediction (e.g. Molod et al., 2015; Harris et al., 2020b; Shashkin and Goyman, 2021) and exoplanet110

studies (e.g. Showman et al. 2009; Lee et al. 2021; Komacek et al. 2022; see also discussion in Fauchez et al. 2021).

Gungho’s cubed-sphere mesh is constructed by gnomonically projecting a cube on a sphere, resulting in a six-faced equi-

angular mesh of quadrilateral cells (Fig. 1). This mesh is horizontally quasi-uniform, albeit at the expense of losing orthogo-

nality of cell edges. Quadrilateral grids have a number of advantages such as the number of edges being twice the number of

faces, a necessary condition for avoiding computational modes; and often a logically rectangular structure that facilitates cer-115

tain schemes such as Semi-Lagrangian methods (Staniforth and Thuburn, 2012). The horizontal mesh is then radially extruded

to form a full 3D spherical shell, with the mesh treated as structured in the vertical (radial) direction. The latter allows for data
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Figure 1. LFRic-Atmosphere’s C48 cubed-sphere mesh shown using illustrative snapshots of the THAI Hab 1 simulation (see Sec. 4): (left)

surface temperature in K, (right) wind speed in ms−1 at ≈10 km above the planet’s surface.

arrays to be contiguous in memory along the radial direction (Adams et al., 2019), which requires a significant refactoring of

the underlying code when porting physical parameterisations from the UM to LFRic-Atmosphere (see Sec. 4.2).

The mesh resolution is denoted as CnLm where n is the number of cells along one edge of a panel and m is the number120

of vertical levels. Thus there are 6n2 model columns and 6n2m cells in the 3D mesh. In this study, we use a resolution of

C48L32 for the Temperature Forcing cases (Sec. 3) and C48L38 for the THAI cases (Sec. 4). A mesh with the same number of

columns (13824) was used for recent hot Jupiter studies with Exo-FMS (Lee et al., 2021) and MITgcm (Komacek et al., 2022),

while a similar number of columns (albeit with a lat-lon grid) was used in the UM simulations of the Temperature Forcing and

THAI benchmarks (Mayne et al., 2014b; Sergeev et al., 2022a, respectively). For visualisation purposes, we interpolate LFRic-125

Atmosphere’s output from its native mesh to a lat-lon grid of 144 longitudes and 90 latitudes using conservative interpolation.

2.4 Finite element discretisation

The system of equations (1) is discretised in spatial dimensions using the mimetic finite element method (FEM). The outcome

is equivalent of the Arakawa C-grid with Charney-Phillips staggering used in ENDGame (Wood et al., 2014), but more general

in terms of the underlying mesh, which is not necessarily orthogonal. This FEM is also attractive because it has good wave130

discretisation properties, avoids spurious computational modes and allows for the conservation of key physical quantities

(Melvin et al., 2019, see also Sec. 3 and Fig. 2).
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In GungHo’s mixed FEM, a set of four function spaces for hexahedral finite elements with differential mappings between

them are defined: the W2 space of vector functions corresponding to fluxes (located on cell faces), the W3 space of scalar

functions corresponding to volume integrals (located in cube centres), the Wθ space (located in the centre of the top and135

bottom faces of a cell), and the Wχ space; see Fig. 2 in Adams et al. (2019) for visual aid.1 Each variable is assigned to one of

the function spaces: u ∈W2, (Φ,ρ,Π) ∈W3, and θ ∈Wθ. The Wχ space is used to decouple the coordinate field from other

FEM spaces. See Melvin et al. (2019) and Kent et al. (2023) for the full justification of the mixed FEM used in GungHo (for

cartesian and spherical geometry applications, respectively).

2.5 Advection140

GungHo uses an Eulerian finite-volume advection scheme based on the method of lines that maintains inherent local con-

servation of mass (Adams et al., 2019; Melvin et al., 2019). In this method, the temporal part is handled using an explicit

scheme, specifically the third-order, three-stage, strong stability preserving Runge–Kutta scheme. The spatial part is treated by

finite-volume upwind polynomial reconstructions. For more details on each of these aspects, see Kent et al. (2023).

2.6 Multigrid preconditioner145

On every time step, GungHo repeatedly solves its discretised equations as a large linear equation system for corrections

to the prognostic variables (u,θ,ρ,Π), which is computationally one of the most costly parts of the model. Unlike tradi-

tional finite-difference and finite-volume methods, the mimetic finite-element discretisation of Eq. (1) requires an approximate

Schur-complement preconditioner (Zhang, 2005) due to the non-diagonal operator associated with the velocity correction. As

described in detail in Maynard et al. (2020), a bespoke multigrid preconditioner for the Schur-complement pressure correction150

equation has been recently developed for GungHo where the problematic operator is approximated by a diagonal operator.

The key idea behind the multigrid algorithm is to then coarsen the model mesh in the horizontal dimensions only over several

(multigrid) levels, typically four (as used in this study) is sufficient, along with an exact solve in the vertical direction on each

multigrid level.

The benefits of using a multigrid preconditioner are twofold. First, it allows for the superior performance and robustness155

of the solver for the pressure correction when compared to Krylov subspace methods (used by default in an early version of

GungHo). Second, it offers excellent parallel scalability because it avoids expensive global sum operations, typically performed

multiple times per time step by other methods and much of the computational work is shifted to the coarsest mesh where there

are relatively few unknowns to solve for. While a relatively coarse global mesh is used in this study (Fig. 1), we still obtained

improved performance when employing the multigrid preconditioner. Furthermore, our future plans for LFRic-Atmosphere,160

such as global convection-resolving simulations, and applications to combined interior convection and atmospheric circulation

in gas giant planets, will require the scalability that this algorithm offers (Maynard et al., 2020).

1In earlier versions of GungHo, two additional function spaces were used, as described in Melvin et al. (2019): the W0 space of pointwise scalar functions

(located in cell vertices) and the W1 space of vector functions corresponding to circulations (located on cell edges).
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3 Temperature forcing cases

LFRic-Atmosphere’s dynamical core, GungHo, has been successfully validated using a set of benchmarks in Cartesian geom-

etry (Melvin et al., 2019) and in spherical geometry (Kent et al., 2023). The latter study, using GungHo as a shallow water165

model, demonstrated that it has a similar level of accuracy to other well known shallow water codes. We thus proceed with a

more complex setup: we use GungHo and force it by temperature increments prescribed analytically, following Mayne et al.

(2014b). These tests allow us to simulate an idealised global circulation of the atmosphere over a climatic timescale and qual-

itatively compare its steady state to that in other 3D GCMs. At the same time, these tests are free from the uncertainty that

inevitably comes with more realistic physical parameterisations (see Sec. 4).170

The test cases presented here are the classic Held-Suarez test (HS, Held and Suarez, 1994), an Earth-like test with a strato-

sphere (EL, Menou and Rauscher, 2009), and a hypothetical Tidally Locked Earth with a longitudinal dipole of the temperature

forcing (TLE, Merlis and Schneider, 2010; Heng et al., 2011). The tests consist of two parts: temperature forcing (heating and

cooling) and horizontal wind forcing (friction), which are added to the right-hand side of the thermodynamic equation (Eq. 1c)

and the momentum equation (Eq. 1a), respectively.175

Temperature forcing is parameterised as a Newtonian relaxation of potential temperature θ to an equilibrium profile θeq:

FT =
T −Teq

τrad
=−Π

θ− θeq

τrad
, (2)

where τrad is the relaxation timescale representing a typical radiative timescale. In sections below, the equilibrium temperature

profiles are expressed in terms Teq.

Wind forcing is parameterised as a Rayleigh friction term, which damps the horizontal wind close to the planet’s surface:180

Fu =− u

τfric
, (3)

where τfric is the friction timescale.

The initial condition in all three tests is a hydrostatically balanced isothermal atmosphere (Tinit = 300K) at rest (Table 1).

We allow the model to ‘spin up’ for 200 days (throughout the paper ‘days’ refers to Earth days), after which we assume it has

reached a statistically steady state (Fig. 2). To show the mean climate (Fig. 3–5), we average the results over the subsequent185

1000 days, following Held and Suarez (1994) and Mayne et al. (2014b). The total simulation length is thus 1200 days. The rest

of the relevant model parameters are given in Table 1.

Validating our results against previous studies requires interpolation of the model output from LFRic-Atmosphere’s native

hybrid-height coordinate to a pressure-based σ coordinate:

σ =
p

psurf
, (4)190

where p is the pressure at each model level and psurf is the pressure at the surface. For each time step of LFRic’s output,

we linearly interpolate the data to an evenly spaced set of 34 σ-levels (closely matching those used in Mayne et al., 2014b).

Temporal and zonal averaging is then performed on the interpolated data on σ-levels.
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Table 1. Experimental Setup in the Temperature Forcing Cases.

Symbol Units Description Held-Suarez Earth-like Tidally Locked Earth

- - Horizontal resolution C48

- - Vertical grid, number of levels, model top Uniform in height, 32 levels, 32 km

∆t s Model time step 1800

- days Simulation length 1200

- - Damping layer height - - 20 km

- - Damping layer strength - - 0.05

Tinit K Initial temperature 300

uinit ms−1 Initial wind 0

Teq - Temperature reference profile Eq. 5 Eq. 8 Eq. 11

zstra km Height of the tropopause - 12 -

Tstra K Stratospheric temperature 200 212 (Eq. 9) 200

Tsurf K Surface temperature at the equator 315 288 315

∆Thoriz K Equator to pole temperature difference 60

∆Tvert K Stability parameter 10 2 10

τrad days Radiative timescale 4–40 (Eq. 6) 15 4–40 (Eq. 6)

Fu - Wind forcing Held-Suarez

τfric days Friction timescale 0–1 (Eq. 7)

cp Jkg−1 K−1 Isobaric specific heat capacity 1005

Rd Jkg−1 K−1 Specific gas constant for dry air 287.05

ω s−1 Planetary rotation rate 1.99784× 10−7 1.99784× 10−7 7.292116× 10−5

ap m Planetary radius 6371229

g ms−2 Planetary surface gravity 9.80665

We compare our results with several previous GCM studies, first and foremost with LFRic-Atmosphere’s predecessor, the

UM, benchmarked in Mayne et al. (2014b). Note, however, that since the version used in Mayne et al., the UM’s code has195

evolved, leading to minor differences in these temperature forcing cases. We therefore supply figures for the latest version of

the UM (vn13.1) in the Appendix A.

3.1 Held-Suarez

The HS test was proposed by Held and Suarez (1994) and while it has been used in many GCM studies (e.g. Wedi and

Smolarkiewicz, 2009; Heng et al., 2011; Heng and Vogt, 2011; Mayne et al., 2014b; Vallis et al., 2018; Kopparla et al., 2021;200
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Figure 2. Normalised conservation diagnostics in the (blue) Held-Suarez, (orange) Earth-like, and (green) Tidally Locked Earth cases. The

left panel shows the total atmosphere mass, middle — total axial angular momentum (AAM), and right — total kinetic energy.

Mendonça, 2022), for completeness we summarise it here. The HS test prescribes an equilibrium temperature profile of

Teq =max
{
Tstra,

[
Tsurf −∆Thoriz sin2 ϕ

−∆Tvert log
(

p

p0

)
cos2 ϕ

](
p

p0

)κ}
,

(5)

where ϕ is latitude, Tstra = 200K Tsurf = 315K, ∆Thoriz = 60K , ∆Tvert = 10K, and p0 = 105 Pa (Table 1).

The timescale of the temperature forcing (Eq. 2) is calculated as

1
τrad

=
1

τrad,d

+
(

1
τrad,u

− 1
τrad,d

)
max

{
0,

σ−σb

1−σb

}
cos4 ϕ,

(6)205

where τrad,d = 40days, τrad,u = 4days, and σb = 0.7, which is the top of the boundary layer.

The timescale of the wind forcing (Eq. 3) is given by

1
τfric

=
1

τfric,f
max

{
0,

σ−σb

1−σb

}
, (7)

where τfric,f = 1day. The rest of the parameters, including planetary parameters and gas constants, are given in Table 1.

The time evolution of the HS climate simulated using LFRic-Atmosphere is shown in Fig. 2 in terms of integral metrics210

of the atmosphere: total mass, total axial angular momentum, and total kinetic energy. It is clear from Fig. 2a that LFRic-

Atmosphere conserves the total atmospheric mass as stated in Sec. 2.5. Likewise, the angular momentum curve is almost flat

indicating good conservation properties of the model (Fig. 2b). This is particularly important for an accurate representation of
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Figure 3. Zonal mean steady state in the Held-Suarez case: (left) air temperature in K, (right) eastward wind in ms−1.

the zonal jets that dominate the large-scale circulation of the free troposphere (Staniforth and Thuburn, 2012). Total kinetic

energy reaches a peak in the first hundred days and then exhibits small-amplitude fluctuations around an overall constant level215

(Fig. 2c).

Once in steady state, the HS climate is characterised by a zonally symmetric temperature distribution and two prograde zonal

jets with the average speed reaching 31 ms−1 (Fig. 3). Our results are in good agreement with the original study which used

a GCM with a finite-difference core (Held and Suarez, 1994), though the near-surface temperature stratification is generally

more stable in LFRic-Atmosphere, while the upper atmosphere does not drop below 190 K as it does in the original study. It220

also agrees well with the finite-difference lat-lon grid GCM benchmarked in Heng et al. (2011).

Compared to its predecessor, the UM (Mayne et al., 2014b), LFRic-Atmosphere produces a very similar temperature and

wind distribution (Fig. A1). The largest temperature difference between LFRic-Atmosphere and the UM is in the equatorial

lower troposphere, indicating a generally colder surface climate in LFRic-Atmosphere (compare Fig. 3a to Fig. A1a). Addi-

tionally, the upper atmosphere is a few degrees colder at the poles, resulting in a weaker equator-pole temperature gradient in225

LFRic-Atmosphere than that in the UM (note the 210 K isotherm in the same figures). Nevertheless, the shape of the zonal

mean temperature distribution in LFRic-Atmosphere matches that in the UM well. The differences in the zonal mean eastward

wind speed are negligible between LFRic-Atmosphere and the UM, and the dominant jets are only 3 ms−1 slower in LFRic-

Atmosphere than in the UM (compare Fig. 3b and Fig. A1b). We thus conclude that LFRic-Atmosphere produces qualitatively

good results for the HS case.230
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3.2 Earth-Like

Another test used to represent an idealised temperature distribution in the Earth’s atmosphere was suggested by Menou and

Rauscher (2009) and then used to benchmark planetary climate models by e.g. Heng et al. (2011), Heng and Vogt (2011),

and Mayne et al. (2014b). The Earth-Like (EL) test is formulated such that the equilibrium temperature has two regions: a

troposphere, where the temperature linearly decreases with height, and a stratosphere, where temperature is constant with235

height. It can be considered a variation of the HS benchmark.

The EL equilibrium temperature profile is given by

Teq = Tvert + βtrop∆Thoriz

(
1
3
− sin2 ϕ

)
, (8)

where

Tvert =





Tsurf −Γtrop

(
zstra + z−zstra

2

)

+
([

Γtrop(z−zstra)
2

]2

+ ∆T 2
vert

) 1
2

, z ≤ zstra

Tsurf −Γtropzstra + ∆Tvert, z > zstra,

(9)240

and Tsurf = 288K is the surface temperature, Γtrop = 6.5×10−3 Km−1 is the tropospheric lapse rate, and ∆Tvert is effectively

an offset to smooth the transition between the troposphere (with a finite lapse rate) and the (isothermal) stratosphere. Finally, z

is height and ϕ is latitude. Further, the latitudinal temperature gradient changes with height:

βtrop = max
{

0,sin
π (σ−σstra)
2(1−σstra)

}
. (10)

zstra = 12km and σstra are the locations of the tropopause in z and σ coordinates, respectively. The timescale of the tempera-245

ture forcing (Eq. 2) is set to a constant τrad = 15 days, while the timescale and profile of the wind forcing (Eq. 3) is the same

as in the HS case (Sec. 3.1), following Heng et al. (2011). The rest of the parameters are the same as in HS test and are given

in Table 1.

Like in the HS case, the spin-up of the EL test is under 200 days and the key atmospheric quantities — total mass, angular

momentum, kinetic energy — are conserved well (Fig. 2). Our steady-state LFRic-Atmosphere results agree well with the pre-250

vious studies (Menou and Rauscher, 2009; Heng et al., 2011; Mayne et al., 2014b): the temperature field is zonally symmetric

and has a near-surface equator-pole gradient of up to 50 K, and the wind structure has two zonal jets reaching the magnitude of

26 ms−1. Keep in mind that Menou and Rauscher 2009 show a snapshot of their simulation, not a long-term average, resulting

in larger extremes in these fields. Compared to the UM simulations, LFRic-Atmosphere produces exactly the same temperature

distribution and almost exactly the same wind pattern (compare Fig. 4 to Fig. A2). In summary, LFRic-Atmosphere reproduces255

the EL climate sufficiently well.

3.3 Tidally Locked Earth

Exoplanets in close-in short-period orbits around M-dwarf stars are currently the best targets for atmospheric detection and

characterisation (Dressing and Charbonneau, 2015) and they are likely to be tidally locked because of the small planet-star
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Figure 4. Zonal mean steady state in the Earth-like case: (left) air temperature in K, (right) eastward wind in ms−1.

separation (Barnes, 2017). To mimic a synchronously rotating planet tidally locked to its host star, the Tidally Locked Earth260

(TLE) benchmark was introduced by Merlis and Schneider (2010) and subsequently used by Heng et al. (2011); Mayne et al.

(2014b); Deitrick et al. (2020).

The TLE setup consists of introducing a strong longitudinal (λ) asymmetry in the temperature forcing by replacing the

−sin2 ϕ term in the HS equilibrium temperature profile (Eq. 5) with +cos(λ−λsub)cosϕ:

Teq =max{Tstra, [Tsurf + ∆Thoriz cos(λ−λsub)cosϕ

−∆Tvert log
(

p

p0

)
cos2 ϕ

](
p

p0

)κ}
.

(11)265

Here the notations are the same as above, and λsub is the longitude of the substellar point, i.e. the centre of the day side of the

planet. Note that Merlis and Schneider (2010) used λsub = 270◦, while Heng et al. (2011), Mayne et al. (2014b) and Deitrick

et al. (2020) used λsub = 180◦. In the present paper, we use λsub = 0◦ in alignment with the THAI setup (Sec. 4). Since we

are assuming a hypothetical tidally locked Earth, we also slow down the rotation rate so that one planetary year is equal to one

planetary day: ωTLE = ωHS,EL/365 (Table 1). The rest of the parameters are the same as in the HS case (Sec. 3.1).270

Following Mayne et al. (2014b), we use a sponge layer at the top of the model domain to damp the vertical velocity and

improve the model stability. This is done via an extra term in the vertical velocity equation (Eq. 62 in Melvin et al., 2010) that

acts above a threshold height (20 km). The damping coefficient is set to 0.05 (Table 1). In an additional sensitivity test (not

shown), we switched the damping off, which did not noticeably affect the resulting climate, offering a promising suggestion

that LFRic-Atmosphere could be more numerically stable in tidally locked setups. However, to stay close to Mayne et al.275

(2014b) and the tidally locked cases in Sec. 4, we choose to keep the damping layer for the TLE test.
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Figure 5. Maps of the steady state in the Tidally Locked Earth case at two σ-levels: (left column) air temperature in K, (center column)

eastward wind in ms−1, and (right column) northward wind in ms−1. The horizontal winds are also shown as grey arrows for reference.

The top row is for σ = 0.22, the bottom row is for σ = 0.97.

The LFRic-Atmosphere simulation of the TLE case conserves the mass, kinetic energy, and axial angular momentum (AAM)

well: there is no discernible long-term drift in any of these variables (Fig. 2). The AAM evolution appears to have larger

fluctuations (green curve in Fig. 2b), but this is because for display purposes AAM is multiplied by 365 to account for the

slower rotation rate in TLE. The total kinetic energy again takes about 200 days for it reach an equilibrium level.280

The time mean near-surface temperature field has a dipole distribution with the hot spot centred at or near the substellar point

and the coldest region occupying the antistellar point (Fig. 5d). The day-night temperature contrast in the lower atmosphere

exceeds 50 K, broadly matching the results in Heng et al. (2011) and Mayne et al. (2014b) (see also Fig. A3d). The upper

atmosphere (σ = 0.22) is more isothermal, in comparison: the largest thermal gradient is about 10 times smaller (Fig. 5a),

similar to that in Deitrick et al. (2020) and in the latest version of the UM (Fig. A3a).285

This zonally asymmetric temperature forcing drives a global circulation cell transporting heat from the day side to the night

side of the planet, dominated by the divergent component of the wind field (Hammond and Lewis, 2021). Branches of this

circulation are clear in the middle and right columns of Fig. 5. The horizontal wind components show a vigorous low-level

flow convergence at the substellar point, with the individual wind components reaching ≈20 ms−1, in agreement with Heng
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et al. (2011) and Mayne et al. (2014b) (see also Fig. A3e,f). The convergence area is elongated zonally, broadly tracing the290

isoline of the highest temperature. This also corresponds to the region of the strongest updraughts (not shown, see Fig. 17 in

Mayne et al., 2014b).

Aloft, the flow diverges at the substellar point, transporting energy poleward and to the night side at a wind speed reach-

ing 33 ms−1 (Fig. 5b,c). The shape of the upper-level circulation exhibits certain departures from that shown in Merlis and

Schneider (2010): LFRic-Atmosphere predicts equatorial regions of counter-flow in the zonal wind (Fig. 5b), while it is purely295

divergent from the substellar point in Merlis and Schneider (2010, Fig. 4a). Compared to a more recent paper by Deitrick et al.

(2020), the strongest meridional flow in the upper atmosphere simulated by LFRic-Atmosphere is larger by up to 9 ms−1. This

difference could be due to a slightly different level (pressure rather than σ) used to display the data. Compared to Heng et al.

(2011), LFRic-Atmosphere produces a similar structure of the horizontal wind in both the lower and upper sections of the

atmosphere, which also agrees well with the latest version of the UM presented in Fig. A3. Overall, we conclude that LFRic-300

Atmosphere reproduces the TLE case sufficiently close to previous well-established GCMs, serving as a necessary prelude to

a more complex and computationally demanding model setup for a terrestrial tidally locked exoplanet. Such setup replaces the

analytic forcing terms with interactive physical parameterisations, as discussed in Sec. 4.2.

4 THAI experiments

While LFRic-Atmosphere performs well in experiments where its dynamical core is forced by the analytic temperature profiles305

discussed above, we need to test its ability to simulate atmospheres on rocky exoplanets with the full suite of physical parame-

terisations. In this section we show that LFRic-Atmosphere is able to reproduce the results of the recent GCM intercomparison

for a tidally locked exoplanet, the TRAPPIST-1 Habitable Atmosphere Intercomparison (THAI, see Fauchez et al., 2020). This

section is structured as follows. After a brief description of the THAI protocol, we include a summary of LFRic-Atmosphere’s

physical parameterisations, which are ported from the UM (Sec. 4.2). The results are then presented in Sec. 4.3 and 4.4.310

4.1 THAI protocol

With exoplanet atmosphere observations being extremely scarce compared to those of Earth’s atmosphere, multi-model in-

tercomparisons offer a way to develop and validate GCMs for exoplanets (Fauchez et al., 2021). This has been performed at

varying scopes for hot Jupiters in Polichtchouk et al. (2014), for hypothetical tidally locked rocky planets in Yang et al. (2019)

and for TRAPPIST-1e (Fauchez et al., 2020), while several more are currently in progress under the Climates Using Interactive315

Suites of Intercomparisons Nested for Exoplanet Studies (CUISINES) umbrella (e.g. Christie et al., 2022; Haqq-Misra et al.,

2022).

In THAI, the pilot CUISINES project, four GCMs were used to simulate four types of potential atmospheres of TRAPPIST-

1e, which is a confirmed rocky exoplanet and a primary target for future atmospheric characterisation (Turbet et al., 2022;

Sergeev et al., 2022a; Fauchez et al., 2022). The full THAI protocol is given in Fauchez et al. (2020), but we repeat the key320

details here for completeness. The host star, TRAPPIST-1, is an ultra-cool M-dwarf with a temperature of 2600 K and spectrum
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Table 2. Planetary Parameters Used in the THAI Experiments Following Fauchez et al. (2020).

Parameter Value Units

Semi-major axis 0.02928 AU

Orbital period 6.1 Earth day

Rotation period 6.1 Earth day

Obliquity 0 degrees

Eccentricity 0

Instellation 900.0 Wm−2

Planet radius 5798 km

Surface gravity 9.12 ms−2

taken from BT-Settl with Fe/H=0 (Rajpurohit et al., 2013). TRAPPIST-1e is assumed to be tidally locked to the star, so that

the planet’s orbital period is equal to its rotation period (6.1 days, see Table 2). Two experiments are designed to be dry, Ben 1

and Ben 2, acting primarily as benchmarks for the dynamical cores and radiative transfer modules. Ben 1 is a colder climate

with a N2 atmosphere and 400 ppm of CO2, while Ben 2 is a warmer climate with CO2 atmosphere; both of them have a mean325

surface pressure of 1 bar (Turbet et al., 2022). Their moist counterparts, Hab 1 and Hab 2, are designed to represent habitable

climate states, in this context having an active hydrological cycle with H2O as the condensible species (Sergeev et al., 2022a).

The bottom boundary is assumed to be a flat land-only surface in the Ben experiments, or an aquaplanet with infinite water

supply (slab ocean) in the Hab experiments. In the Ben cases, the surface bolometric albedo is fixed at 0.3, and the heat capacity

is 2× 106 Jm−2 K−1. In the Hab cases, the albedo is 0.06 for open water (above the freezing temperature) and 0.25 for sea330

ice (below the freezing temperature), while the heat capacity of the slab ocean is 4× 106 Jm−2 K−1. In all experiments, the

roughness length is set to 0.01 m for momentum and to 0.001 m for heat.

All simulations start from a hydrostatic isothermal (Tinit = 300K) dry atmosphere at rest. LFRic-Atmosphere is then inte-

grated until it reaches a statistically steady state, qualitatively determined by the absence of a long-term trend in global mean

fields such as the surface temperature and the net top of the atmosphere (TOA) radiative flux. In practice, we have integrated335

LFRic-Atmosphere for 2400 and 3600 days for the Ben and Hab cases, respectively. In the analysis below (Sec. 4.3 and 4.4),

we focus on the time-mean state, for which we use instantaneous daily output from last 610 days (100 TRAPPIST-1e orbits).

4.2 Model setup

Overall, for THAI experiments LFRic-Atmosphere’s dynamical core is configured similarly to that used in the Temperature

Forcing experiments (Sec. 3). Namely, we use the C48 mesh with a multigrid preconditioner (Sec. 2.6), while most of the340

FEM and transport scheme settings are the same. In the vertical, we use 38 levels, quadratically stretched from 0 to ≈40 km

in height, with a higher resolution closer to the surface. Note that the model top is lower than that used in the UM simulations
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of the Ben 1 and Hab 1 cases (with 41 levels up to 63 km, see Turbet et al., 2022). However, the vertical resolution within the

lowest 40 km is the same, and it has been used in previous exoplanet studies based on the UM (e.g. Boutle et al., 2017, 2020;

Eager et al., 2020; Sergeev et al., 2020).345

LFRic-Atmosphere inherits most of the existing and well-tested physical schemes from the UM (Walters et al., 2019). They

include parameterisations of radiative transfer, subgrid-scale turbulence, convection, large-scale clouds, microphysics, gravity

wave drag, and air-surface interaction. The suite of parameterisations used in our simulations is the same as that used in the UM

THAI experiments, so the reader is referred to Turbet et al. (2022, Sec. 2) and Sergeev et al. (2022a, Sec. 2.2) and references

therein for more details. Here we give only a short overview in a form of Table 3.350

Note that while the parameterisations used in the UM and LFRic-Atmosphere is the same, the science configuration, i.e.

how these parameterisations are configured, is different: LFRic-Atmosphere uses the latest Global Atmosphere 9.0 (GA9.0)

configuration, while the UM was configured to use the GA7.0 configuration (with appropriate modifications according to the

THAI protocol). This has been the result of extensive research and UM validation, addressing various model biases and code

bugs. The GA9.0 configuration is soon to become operational at the Met Office, and a detailed description of it is currently in355

preparation.

The change between GA7.0 and GA9.0 introduces an additional source of differences between the UM and LFRic-Atmosphere.

This is exacerbated by the fact that the climate of TRAPPIST-1e is prone to bistability, which could be triggered by small

changes in the model configuration (Sergeev et al., 2020, 2022b). To check this, we re-ran the THAI cases using the UM in

the GA9.0 configuration. While a detailed analysis of these experiments is out of scope of the present paper, the key result is360

that in the colder, nitrogen-dominated atmospheres (Ben 1 and Hab 1 cases) the circulation regime changes, but in the warmer,

CO2-dominated atmospheres of Ben 2 and Hab 2 it stays the same. Overall though, we confirm that predictions of the key

global climate metrics by the the UM are closer to those by LFRic-Atmosphere when the GA9.0 configuration is used.

In the following two sections, we present results of the dry (Sec. 4.3) and moist (Sec. 4.4) THAI simulation pairs. We

analyse the key metrics of the steady-state climate in these simulations, from radiative fluxes to surface temperature, to global365

circulation, and, in the Hab cases, to moisture variables such as water vapour, cloud content and fraction. Almost all of these

metrics are shown to be within a few percent difference compared to those predicted by the UM (GA7.0) and within the

overall inter-model spread in the THAI project (Turbet et al., 2022; Sergeev et al., 2022a), validating the application of LFRic-

Atmosphere to terrestrial exoplanets of this nature.

4.3 Dry cases370

The Ben 1 and Ben 2 cases are the key step between the temperature forcing experiments (Sec. 3) and a full-complexity moist

Hab experiments (Sec. 4.4). These dry cases allow us to show that LFRic-Atmosphere’s dynamical core (Sec. 2.1), coupled

only to radiative transfer and turbulence schemes, (i) is numerically stable over sufficient long integration periods, and (ii)

produces results close to those in the UM. Nevertheless, there are small LFRic-Atmosphere to UM differences in the time-

mean global diagnostics, most notably in the Ben 1 case: e.g. LFRic-Atmosphere is ≈6 K colder on average (Table 4), while375

its circulation regime is is dominated by a single superrotating jet (see more details below).
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Table 3. LFRic-Atmosphere’s Physical parameterisations in the THAI Setup.

Parameterization Details

Radiative Transfer • Suite of Community Radiative Transfer codes based on Edwards and Slingo (SOCRATES)

• Two-stream, correlated-k

• Spectral range: 0.2–20 µm (SW), 3.3–10.000 µm (LW)

• 21×12 bands (SW×LW) for Ben 1 and Hab 1†

• 42×17 bands (SW×LW) for Ben 2 and Hab 2‡

• Spectroscopy database: HITRAN2012

• MT_CKD v3.0 continuum

• Scaling factors for subgrid cloud variability

• Key references: Edwards and Slingo (1996); Manners et al. (2022)

Subgrid Turbulence • Unstable conditions: first-order scheme with explicit non-local closure

• Stable conditions and free troposphere: closure based on local Richardson number

• Key references: Smith (1990); Lock et al. (2000); Lock (2001); Brown et al. (2008)

Convection • Mass-flux approach

• Separate treatment of mid-level & shallow convection

• Triggered by conditional instability diagnosed by undilute parcel ascent

• CAPE-based closure dependent on the vertical velocity or cloud

• Includes downdrafts and convective momentum transport

• Key references: Gregory and Rowntree (1990)

Large-Scale Clouds and Microphysics • Prognostic Cloud Prognostic Condensate (PC2)

• Process-based liquid-ice cloud particle separation

• Exponential random overlap cloud fraction

• Prognostic precipitation, subgrid-scale variability of cloud and rain

• Key references: Wilson and Ballard (1999); Wilson et al. (2008); Boutle et al. (2014)

Surface Model • Joint UK Land Environment Simulator (JULES)*

• Air-surface energy exchange based on the Monin-Obukhov similarity theory

• Key references: Best et al. (2011); Wiltshire et al. (2020)

†Spectral files are available at https://portal.nccs.nasa.gov/GISS_modelE/ROCKE-3D/spectral_files as sp_sw_21_dsa and sp_lw_12_dsa.
‡Spectral files are available at https://portal.nccs.nasa.gov/GISS_modelE/ROCKE-3D/spectral_files as sp_sw_42_dsa_mars and sp_lw_17_dsa_mars
*Publicly available at https://jules.jchmr.org/

Since the atmosphere is dry and cloud-free, the stellar (or shortwave, SW) radiation coming from the host star is absorbed

and scattered only by N2 and CO2 molecules in the Ben 1 case and only by CO2 in the Ben 2 case. Most of it still reaches the

planet’s surface, symmetrically illuminating the day side of the planet as shown in Fig. 6a,b. For Ben 1, the downward SW flux
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Figure 6. Maps of the steady state radiation fluxes (Wm−2) in the THAI experiments: (top row) downward shortwave flux at the surface,

(middle row) upward longwave flux at the surface, and (bottom row) upward longwave flux at TOA. Note the different colour bar limits.

reaches 862 Wm−2, while for Ben 2 it is about a quarter smaller, 637 Wm−2. Thus, due to a much higher CO2 concentration,380

Ben 2 atmosphere absorbs substantially more SW radiation due to molecular CO2 absorption and to a lesser extent due to

collision-induced absorption, which is consistent with Turbet et al. (2022). 30 % of the SW radiation flux is subsequently

reflected by the planet’s surface because of the fixed surface albedo.

The surface properties, most importantly the albedo and heat capacity, are the same in both Ben 1 and Ben 2 experiments,

so the differences in the LW radiation flux at the surface (Fig. 6e,f) are due to the temperature differences of the surface385

(Fig. 7a,b) and the atmosphere. The net upward LW flux is almost twice as large in the Ben 1 case than that in the Ben 2

case. This difference also manifests at the top-of-atmosphere (TOA), where the the outgoing LW flux reaches 485 Wm−2 and

329 Wm−2 in the Ben 1 and Ben 2 experiments, respectively (Fig. 6i,j). However, the mean TOA LW flux is smaller in the

Ben 1 case (161 Wm−2), than that in the Ben 2 case (182 Wm−2), demonstrating that on average the Ben 2 planet is warmer

due to a larger greenhouse effect. These numbers agree well (within ±1 Wm−2) with the UM results and are quite close to the390

results of the other three GCMs analysed in Turbet et al. (2022).

LFRic-Atmosphere reproduces the surface temperature features likewise close to that in the UM simulations of the Ben

cases (compare Fig. 7a,b to Fig. 5 in Turbet et al., 2022). Both the mean values and extrema depart only by a few K when

compared to the UM (Table 4) and are within the inter-model variability reported in the intercomparison (Turbet et al., 2022).
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Figure 7. Maps of the steady state surface temperature (K) in the THAI cases. Also displayed are horizontal wind vectors at 8000m height.

Note the different colour bar limits.

At the same time, the day-side temperature distribution in the Ben 1 case (between 0◦ and 90◦ degrees longitude) is slightly395

different to that in the UM (GA7.0), because of the structurally different circulation regime.

Indeed, when the Ben 1 case zonal mean zonal wind predicted by LFRic-Atmosphere (Fig. 8a) is compared to that of the UM

(Fig. 6a in Turbet et al. 2022), it becomes obvious that the troposphere (the lowest≈16 km) is dominated by a single equatorial

superrotating jet in our study, unlike the two high-latitude jets produced by the UM (GA7.0). The former is sometimes labelled

as the Rhines-rotator regime, while the latter is the fast-rotator regime in the nomenclature of Haqq-Misra et al. (2018). Regime400

transitions in Earth-like atmospheres were modelled previously by Edson et al. (2011), Carone et al. (2015), Carone et al. (2016)

and Noda et al. (2017). Evidence from these studies suggests that TRAPPIST-1e has a combination of the planetary radius and

rotation rate that places it on the edge of between two distinct circulation patterns (Carone et al., 2018). Thus even minor

changes in physical parameterisations within one GCM (Sergeev et al., 2020) or using different GCMs (e.g. ROCKE-3D in

Turbet et al., 2022) can lead to a fundamentally different regime. We confirm this by re-running the UM in the same science405

configuration as that used in LFRic-Atmosphere (GA9.0), which leads to the regime change in the Ben 1 case and an overall

better agreement between the UM and LFRic-Atmosphere (not shown).

Circulation regime bistability in the case of TRAPPIST-1e specifically was recently explored in more depth by Sergeev et al.

(2022b), albeit for a moist case (THAI Hab 1). One of the conclusions of that study was that the regime bistability is likely

driven by moisture feedbacks in the GCM, and dry simulations should be less prone to flipping between single-jet and double-410

jet regimes. Our LFRic-Atmosphere simulation results provide a valuable sensitivity experiment, which was not possible to do

using the UM. Namely, we effectively swapped the dynamical core while leaving the physical parameterisations the same (and

upgrading their science configuration to GA9.0). Even for the dry atmosphere of the Ben 1 case, this was enough for the global

tropospheric circulation to settle into a qualitatively different state. We aim to further investigate the circulation bistability

on planets like TRAPPIST-1e using LFRic-Atmosphere in a future work, but it is beyond the scope of this paper: here we415

primarily ensure that LFRic-Atmosphere is numerically stable and reproduces an atmospheric state for the THAI setup within

the inter-model variability of the original THAI GCMs.
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4.4 Moist cases

The Hab THAI cases present another layer of GCM complexity, i.e. the inclusion of a hydrological cycle. The imprint of clouds

is immediately seen in the maps of radiative fluxes in Fig. 6 (two rightmost columns): there is a distinct shift of the ‘hot spot’420

to the west of the substellar point (λsub = 0◦) due to the reflection of stellar radiation by the day-side cloud cover concentrated

the substellar point (Fig. 9g,h).

In the Hab 1 scenario, the downward SW flux that reaches the planet’s surface peaks at 463 Wm−2 (Fig. 6c) — much higher

than 296 Wm−2 in the UM, but closer to that in the other three THAI GCMs (Fig. 1 in Sergeev et al., 2022a). This can be

explained by the cloud cover differences on the day side of the planet: compared to the UM, LFRic-Atmosphere produces a425

larger cloud gap to the west of the substellar point (Fig. 9g). This crescent-shaped region of relatively low cloudiness is mostly

due to a reduction in cloud ice, while cloud liquid water has a fairly uniform east-west distribution on the day side (Fig. 9c,e).

Consequently, the surface temperature maximum is about 10 K higher in LFRic-Atmosphere (Fig. 7c) than in the UM

(Fig. 3d in Sergeev et al. 2022a). While LFRic-Atmosphere reproduces the overall temperature distribution, it predicts the night-

side cold spots warmer by 17 K than those found using the the UM (also raising the global mean temperature substantially).430

However, the UM was a cold outlier in the original Hab 1 experiment, so LFRic-Atmosphere is actually closer to the other

three GCMs that participated in the THAI project (and further from the relatively cold ExoPlaSim simulations in Paradise

et al. 2022). Concomitantly, LFRic-Atmosphere produces a higher amount of cloud cover on the night side of the planet, most

noticeably over the coldest spots (Fig. 9g). Another potential source of LFRic-Atmosphere to UM departure is the uniform

horizontal grid spacing in GungHo, which has a lower resolution over the high-latitude night-side gyres than the UM’s lat-435

lon grid. Because of the warmer surface, especially on the night side of the planet, the TOA outgoing LW radiation flux is

also larger in LFRic-Atmosphere’s Hab 1 case than that found using the UM, though they have a very similar spatial pattern

(Fig. 6k). This again makes LFRic-Atmosphere agree better with the other three THAI GCMs, especially LMD-G (Sergeev

et al., 2022a). With regards to the net thermal flux at the surface, the LFRic-Atmosphere to UM mean difference is about

7 Wm−2 (Fig. 6g).440

The global tropospheric circulation in the Hab 1 scenario is in the same regime as that in the Ben 1 and Ben 2 scenarios: a

strong prograde flow at the equator (Fig. 8c). When compared to the UM (Sergeev et al., 2022a, Fig. 10d), the superrotating jet

in LFRic-Atmosphere has a more defined core confined to the low latitudes, but the overall pattern is the same (see quivers in

Fig. 7c). Interestingly, the stratospheric zonal wind structure differs markedly in the LFRic-Atmosphere from that in the UM:

in LFRic-Atmosphere, there is a pronounced eastward jet in the lower stratosphere (≈20–32 km), superseded by a counter-445

rotating westward flow aloft (Fig. 8c). The UM, on the other hand, produces a weak subrotation throughout most of the tropical

stratosphere, with two eastward jets in high latitudes similar to those in the Ben 1 case in LFRic-Atmosphere (Fig. 8a). There

are two main causes for this inter-model disagreement: (i) a newer science configuration (GA9.0) used in LFRic-Atmosphere,

and (ii) a different spatial extent of the so-called sponge layer near the model top. As discussed above, we confirm the former

by running the UM with the GA9.0 configuration, which results in a double-jet tropospheric circulation regime, accompanied450

by the weakening of the stratospheric flow (not shown). The second point is confirmed by an additional sensitivity experiment
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Figure 8. Zonal mean eastward wind (contours, ms−1) in steady state of the THAI experiments.

with the UM: a different shape of the sponge layer triggers the regime change yet again. The role of the wind damping at the

model top has been discussed in more detail in Carone et al. (2018); we delegate a full re-assessment of this problem to a future

study.

In the Hab 2 scenario, LFRic-Atmosphere predicts a climate state quite similar to that in the original UM THAI simulation,455

and the inter-model differences are overall smaller than those for the Hab 1 case (Table 4). The global average difference in the

radiative fluxes at the surface, both SW and LW (Fig. 6d,h), are within a few Wm−2, which is within the inter-GCM spread

in the THAI project (Fig. 13h,l in Sergeev et al., 2022a). Moreover, the key spatial features are virtually indistinguishable

between LFRic-Atmosphere and the UM. The downward SW flux reaches its highest values to the west of the substellar point.

Both its maximum (299 Wm−2) and mean (68 Wm−2) are among the highest among the THAI ensemble (and closest to460

those for ExoCAM). As Fig. 6l shows, the TOA LW radiation has a typical minimum east of the substellar point (180 Wm−2)

corresponding to the highest cloud tops which have the lowest emission temperature. As a result, bisected along the equator,

the longwave flux has two pronounced peaks along the equator, similar to that in ExoCAM (Wolf et al., 2022).

The TOA LW flux distribution matches the pattern of the cloud content, especially the cloud ice (Fig. 9d). Due to its warmer

climate, the Hab 2 simulation has more cloud water (Fig. 9f) and less cloud ice than does the Hab 1 climate; the distribution of465

cloud particles around the planet is also more uniform. The amount of total column cloud water in LFRic-Atmosphere agrees

well with the mean values predicted by the UM, while the cloud fraction is a few percent higher (Fig. 9h here and Fig. 19 in

Sergeev et al. 2022a). The overall spatial distribution is very similar between the models.

The Hab 2 tropospheric flow regime is likewise similar to that in Hab 1 (as well as the Ben scenarios), though the Hab 2

tropospheric jet is the strongest and widest among our THAI simulations (Fig. 7d). In the zonal average, the prograde flow470

dominates the troposphere at all latitudes (Fig. 8d) and its speed exceeds 50 ms−1. Its wide latitudinal extent suggest that the

circulation is near to a transition into the double-jet, or fast-rotator, regime (Noda et al., 2017; Sergeev et al., 2022b). The

stratospheric circulation exhibits a very weak secondary jet and a strong retrograde rotation aloft — almost a mirror image of

its tropospheric counterpart — similar to the UM prediction for the Hab 2 case (Sergeev et al., 2022a).

Taking the results of all four THAI simulations together, we conclude that LFRic-Atmosphere is able to reproduce the results475

obtained by its forerunner, the UM. Despite relatively minor departures in the global climate metrics, LFRic-Atmosphere stays

well within the inter-model spread reported for the core THAI simulations (Turbet et al., 2022; Sergeev et al., 2022a) as well as
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Table 4. Global Mean Climate Diagnostics of the THAI Simulations in LFRic-Atmosphere (GA9.0) compared to those in the UM (GA7.0):

Surface Temperature (Tsurf ), Top-of-Atmosphere Outgoing LW Radiation (TOA OLR), and Planetary Albedo (αp), see Turbet et al. (2022)

and Sergeev et al. (2022a) for more details.

Tsurf (K) TOA OLR (Wm−2) αp

Ben 1

LFRic-Atmosphere 207 161 0.29

UM 213 162 0.28

Ben 2

LFRic-Atmosphere 238 182 0.19

UM 239 182 0.19

Hab 1

LFRic-Atmosphere 242 187 0.17

UM 232 160 0.28

Hab 2

LFRic-Atmosphere 278 206 0.10

UM 280 193 0.16

in the follow-up GCM studies (Paradise et al., 2022; Sergeev et al., 2022b; Wolf et al., 2022). From the technical perspective,

we also see that thanks to the recent updates to GungHo, LFRic-Atmosphere is able to reproduce N2 or CO2-dominated

exoplanetary climates with sufficient numerical stability and over sufficiently long simulations.480

5 Conclusions

We have shown that LFRic-Atmosphere, the Met Office’s next generation atmospheric model, reproduces global atmospheric

circulation and climate in a variety of idealised planetary setups. It does this sufficiently well to qualitatively match results

obtained with other well-established exoplanet GCMs (for overview, see e.g. Fauchez et al., 2021). Complementary to a more

rigorous and extensive Earth-focused testing of the new model currently under way at the Met Office (Melvin et al., 2019;485

Adams et al., 2019; Kent et al., 2023), our findings provide a necessary first step in using LFRic-Atmosphere for a wide range

of planetary atmospheres.

Here, we first apply three commonly used prescriptions of terrestrial planetary atmospheric circulation forced by an analytic

temperature profile. These temperature forcing benchmarks are the Held-Suarez test (Held and Suarez, 1994), an Earth-like

test (Menou and Rauscher, 2009), and a hypothetical tidally locked Earth (Merlis and Schneider, 2010). Overall, LFRic-490

Atmosphere agrees well with its forerunner, the UM (Mayne et al., 2014b, see also Appendix A), and with other 3D GCMs

used in exoplanet modelling (e.g. Heng et al., 2011; Deitrick et al., 2020). At the same time, LFRic-Atmosphere conserves
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key integral characteristics of an atmospheric flow — total mass, angular momentum, and kinetic energy — thus passing an

important test especially important for our future simulations of gas giant atmospheres.

A higher level of model complexity is tested in the four simulations of the THAI protocol. The THAI cases comprise dry495

or moist N2 or CO2-dominated setups (Fauchez et al., 2020), which cover the key points of the parameter space in terms of

atmospheric composition. While we cannot judge which THAI GCM is more correct due to the absence of observations, we see

that LFRic-Atmosphere reproduces the global climate sufficiently close to the original ensemble of the THAI GCMs (Sergeev

et al., 2022a; Turbet et al., 2022) across the range of key metrics: the surface temperature, TOA and surface radiation fluxes,

circulation patterns, and cloud cover. The LFRic-Atmosphere to UM differences in the global mean surface temperature are500

relatively small, well within the THAI inter-model spread. Generally, LFRic-Atmosphere simulations tend to be on the colder

edge of the spectrum when compared to the other four THAI GCMs (though warmer than the UM in the Hab 1 case). The

dominant wind pattern in the troposphere — a prograde equatorial jet — is similar in shape and strength to that reported for the

UM for all cases but Ben 1 (Sec. 4.3). The inter-model differences in the jet structure is likely a manifestation of the climate

bistability (Sergeev et al., 2022b) and will be the focus of a follow-up study. The disagreement between LFRic-Atmosphere and505

the UM are due to the different dynamical core (including a different horizontal mesh), the updates in the science configuration

from GA7.0 to GA9.0 (see Sec. 4.1), as well as the use of a different shape of the sponge layer near the model top needed for

numerical stability.

LFRic-Atmosphere’s numerical stability and its ability to capture the salient climatic features opens a new avenue for apply-

ing it to rocky exoplanets, building and improving upon studies done with the UM in the recent years (e.g. Joshi et al., 2020;510

Boutle et al., 2020; Sergeev et al., 2020; Cohen et al., 2022; Braam et al., 2022; Ridgway et al., 2023). Our LFRic-Atmosphere

simulations also provide a valuable sensitivity experiment, which is possible to perform with very few GCMs: the physical

parameterisations are effectively the same as in the UM’s THAI simulations, but the dynamical core is completely different.

This LFRic-Atmosphere to UM intercomparison could be used more generally to test and debug various parameterisations

used by both models.515

In our future work, we aim to use LFRic-Atmosphere to investigate the atmospheric circulation on rocky planets in more

detail. At the same time, we have started adapting the model to a broader range of atmospheres, namely those on extrasolar gas

giants following Mayne et al. (2014a); Amundsen et al. (2016). We will then add an idealised parameterisation for hot Jupiter

clouds (Christie et al., 2021) and a flexible chemistry scheme (Zamyatina et al., 2023). These steps will allow us to simulate

a variety of atmospheric processes on exoplanets at higher resolution and with better computational efficiency; compare our520

results with the data coming from the recently launched JWST as well as future observational facilities. The present paper is a

crucial milestone towards this future.

Code availability. The LFRic-Atmosphere source code and configuration files are freely available from the Met Office Science Repository

Service (https://code.metoffice.gov.uk) upon registration and completion of a software licence. The UM and JULES code used in the publi-

cation has been committed to the UM and JULES code trunks, having passed both science and code reviews according to the UM and JULES525
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working practices; in the UM/JULES versions stated in the paper (vn13.1). Scripts to post-process and visualise the model data are as a Zen-

odo archive: https://doi.org/10.5281/zenodo.7818107. The scripts depend on the following open-source Python libraries: aeolus (Sergeev

and Zamyatina, 2022), geovista (Little, 2023), iris-esmf-regrid (https://github.com/SciTools-incubator/iris-esmf-regrid), iris

(Met Office, 2022), matplotlib (Hunter, 2007), numpy (Harris et al., 2020a).

Data availability. A post-processed dataset is provided in a Zenodo archive: https://doi.org/10.5281/zenodo.7818107. Along with visualisa-530

tion scripts, it contains LFRic-Atmosphere output, averaged in time and interpolated to a common lat-lon grid. It also contains time mean

UM data shown in the Appendix A.

Appendix A: Temperature Forcing Cases in the latest version of the UM

In this section, we include supplementary figures showing the steady-state climate in the Temperature Forcing cases simulated

by the latest version of the UM. These newest UM simulations are shown in Fig. A1–A3 using the same contour ranges and535

can thus be easily compared with their LFRic-Atmosphere counterparts in Fig. 3–5, respectively. For the original versions of

these plots, see Fig. 2, 3, 8, 14 and 16 in Mayne et al. (2014b). To produce these figures, we used the same model grid, time

step, and experiment duration as those used in Mayne et al. (2014b)
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Adams, S., Ford, R., Hambley, M., Hobson, J., Kavčič, I., Maynard, C., Melvin, T., Müller, E., Mullerworth, S., Porter, A., Rezny, M.,550

Shipway, B., and Wong, R.: LFRic: Meeting the challenges of scalability and performance portability in Weather and Climate models,

Journal of Parallel and Distributed Computing, 132, 383–396, https://doi.org/10.1016/j.jpdc.2019.02.007, 2019.

Amundsen, D. S., Mayne, N. J., Baraffe, I., Manners, J., Tremblin, P., Drummond, B., Smith, C., Acreman, D. M., and Homeier, D.: The

UK Met Office global circulation model with a sophisticated radiation scheme applied to the hot Jupiter HD 209458b, Astronomy &

Astrophysics, 595, A36, https://doi.org/10.1051/0004-6361/201629183, 2016.555

Balaji, V., Couvreux, F., Deshayes, J., Gautrais, J., Hourdin, F., and Rio, C.: Are general circulation models obsolete?, Proceedings of the

National Academy of Sciences, 119, e2202075 119, https://doi.org/10.1073/pnas.2202075119, 2022.

Barnes, R.: Tidal locking of habitable exoplanets, Celestial Mechanics and Dynamical Astronomy, 129, 509–536,

https://doi.org/10.1007/s10569-017-9783-7, 2017.

Best, M. J., Pryor, M., Clark, D. B., Rooney, G. G., Essery, R. L. H., Ménard, C. B., Edwards, J. M., Hendry, M. A., Porson, A., Ged-560

ney, N., Mercado, L. M., Sitch, S., Blyth, E., Boucher, O., Cox, P. M., Grimmond, C. S. B., and Harding, R. J.: The Joint UK Land

Environment Simulator (JULES), model description – Part 1: Energy and water fluxes, Geoscientific Model Development, 4, 677–699,

https://doi.org/10.5194/gmd-4-677-2011, 2011.

Boutle, I. A., Eyre, J. E. J., and Lock, A. P.: Seamless Stratocumulus Simulation across the Turbulent Gray Zone, Monthly Weather Review,

142, 1655–1668, https://doi.org/10.1175/MWR-D-13-00229.1, 2014.565

Boutle, I. A., Mayne, N. J., Drummond, B., Manners, J., Goyal, J., Hugo Lambert, F., Acreman, D. M., and Earnshaw, P. D.: Exploring

the climate of Proxima B with the Met Office Unified Model, Astronomy & Astrophysics, 601, A120, https://doi.org/10.1051/0004-

6361/201630020, 2017.

Boutle, I. A., Joshi, M., Lambert, F. H., Mayne, N. J., Lyster, D., Manners, J., Ridgway, R., and Kohary, K.: Mineral dust increases the

habitability of terrestrial planets but confounds biomarker detection, Nature Communications, 11, 2731, https://doi.org/10.1038/s41467-570

020-16543-8, 2020.

Braam, M., Palmer, P. I., Decin, L., Ridgway, R. J., Zamyatina, M., Mayne, N. J., Sergeev, D. E., and Abraham, N. L.: Lightning-

induced chemistry on tidally-locked Earth-like exoplanets, Monthly Notices of the Royal Astronomical Society, 517, 2383–2402,

https://doi.org/10.1093/mnras/stac2722, 2022.

Brown, A. R., Beare, R. J., Edwards, J. M., Lock, A. P., Keogh, S. J., Milton, S. F., and Walters, D. N.: Upgrades to the575

Boundary-Layer Scheme in the Met Office Numerical Weather Prediction Model, Boundary-Layer Meteorology, 128, 117–132,

https://doi.org/10.1007/s10546-008-9275-0, 2008.

Carone, L., Keppens, R., and Decin, L.: Connecting the dots: a versatile model for the atmospheres of tidally locked Super-Earths, Monthly

Notices of the Royal Astronomical Society, 445, 930–945, https://doi.org/10.1093/mnras/stu1793, 2014.

Carone, L., Keppens, R., and Decin, L.: Connecting the dots – II. Phase changes in the climate dynamics of tidally locked terrestrial exo-580

planets, Monthly Notices of the Royal Astronomical Society, 453, 2413–2438, https://doi.org/10.1093/mnras/stv1752, 2015.

Carone, L., Keppens, R., and Decin, L.: Connecting the dots – III. Nightside cooling and surface friction affect climates of tidally locked

terrestrial planets, Monthly Notices of the Royal Astronomical Society, 461, 1981–2002, https://doi.org/10.1093/mnras/stw1265, 2016.

Carone, L., Keppens, R., Decin, L., and Henning, T.: Stratosphere circulation on tidally locked ExoEarths, Monthly Notices of the Royal

Astronomical Society, 473, 4672–4685, https://doi.org/10.1093/mnras/stx2732, 2018.585

25

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Christie, D. A., Mayne, N. J., Lines, S., Parmentier, V., Manners, J., Boutle, I., Drummond, B., Mikal-Evans, T., Sing, D. K., and Kohary,

K.: The impact of mixing treatments on cloud modelling in 3D simulations of hot Jupiters, Monthly Notices of the Royal Astronomical

Society, 506, 4500–4515, https://doi.org/10.1093/mnras/stab2027, 2021.

Christie, D. A., Lee, E. K. H., Innes, H., Noti, P. A., Charnay, B., Fauchez, T. J., Mayne, N. J., Deitrick, R., Ding, F., Greco, J. J., Hammond,

M., Malsky, I., Mandell, A., Rauscher, E., Roman, M. T., Sergeev, D. E., Sohl, L., Steinrueck, M. E., Turbet, M., Wolf, E. T., Zamyatina,590

M., and Carone, L.: CAMEMBERT: A Mini-Neptunes General Circulation Model Intercomparison, Protocol Version 1.0.A CUISINES

Model Intercomparison Project, The Planetary Science Journal, 3, 261, https://doi.org/10.3847/PSJ/ac9dfe, 2022.

Cohen, M., Bollasina, M. A., Palmer, P. I., Sergeev, D. E., Boutle, I. A., Mayne, N. J., and Manners, J.: Longitudinally Asymmetric Strato-

spheric Oscillation on a Tidally Locked Exoplanet, The Astrophysical Journal, 930, 152, https://doi.org/10.3847/1538-4357/ac625d, 2022.

Deitrick, R., Mendonça, J. M., Schroffenegger, U., Grimm, S. L., Tsai, S.-M., and Heng, K.: THOR 2.0: Major Improvements to the Open-595

source General Circulation Model, The Astrophysical Journal Supplement Series, 248, 30, https://doi.org/10.3847/1538-4365/ab930e,

2020.

Dressing, C. D. and Charbonneau, D.: THE OCCURRENCE OF POTENTIALLY HABITABLE PLANETS ORBITING M DWARFS ES-

TIMATED FROM THE FULL KEPLER DATASET AND AN EMPIRICAL MEASUREMENT OF THE DETECTION SENSITIVITY,

The Astrophysical Journal, 807, 45, https://doi.org/10.1088/0004-637X/807/1/45, 2015.600

Eager, J. K., Reichelt, D. J., Mayne, N. J., Hugo Lambert, F., Sergeev, D. E., Ridgway, R. J., Manners, J., Boutle, I. A., Lenton, T. M., and

Kohary, K.: Implications of different stellar spectra for the climate of tidally locked Earth-like exoplanets, Astronomy & Astrophysics,

639, A99, https://doi.org/10.1051/0004-6361/202038089, 2020.

Edson, A., Lee, S., Bannon, P., Kasting, J. F., and Pollard, D.: Atmospheric circulations of terrestrial planets orbiting low-mass stars, Icarus,

212, 1–13, https://doi.org/10.1016/j.icarus.2010.11.023, 2011.605

Edwards, J. M. and Slingo, A.: Studies with a flexible new radiation code. I: Choosing a configuration for a large-scale model, Quarterly

Journal of the Royal Meteorological Society, 122, 689–719, https://doi.org/10.1002/qj.49712253107, 1996.

Fauchez, T. J., Turbet, M., Wolf, E. T., Boutle, I., Way, M. J., Del Genio, A. D., Mayne, N. J., Tsigaridis, K., Kopparapu, R. K., Yang, J.,

Forget, F., Mandell, A., and Domagal Goldman, S. D.: TRAPPIST-1 Habitable Atmosphere Intercomparison (THAI): motivations and

protocol version 1.0, Geosci. Model Dev, 13, 707–716, https://doi.org/10.5194/gmd-13-707-2020, 2020.610

Fauchez, T. J., Turbet, M., Sergeev, D. E., Mayne, N. J., Spiga, A., Sohl, L., Saxena, P., Deitrick, R., Gilli, G., Domagal-Goldman, S. D.,

Forget, F., Consentino, R., Barnes, R., Haqq-Misra, J., Way, M. J., Wolf, E. T., Olson, S., Crouse, J. S., Janin, E., Bolmont, E., Leconte,

J., Chaverot, G., Jaziri, Y., Tsigaridis, K., Yang, J., Pidhorodetska, D., Kopparapu, R. K., Chen, H., Boutle, I. A., Lefevre, M., Charnay,

B., Burnett, A., Cabra, J., and Bouldin, N.: TRAPPIST Habitable Atmosphere Intercomparison (THAI) Workshop Report, The Planetary

Science Journal, 2, 106, https://doi.org/10.3847/PSJ/abf4df, 2021.615

Fauchez, T. J., Villanueva, G. L., Sergeev, D. E., Turbet, M., Boutle, I. A., Tsigaridis, K., Way, M. J., Wolf, E. T., Domagal-

Goldman, S. D., Forget, F., Haqq-Misra, J., Kopparapu, R. K., Manners, J., and Mayne, N. J.: The TRAPPIST-1 Habitable Atmo-

sphere Intercomparison (THAI). III. Simulated Observables—the Return of the Spectrum, The Planetary Science Journal, 3, 213,

https://doi.org/10.3847/PSJ/ac6cf1, 2022.

Gillon, M., Triaud, A. H. M. J., Demory, B.-O., Jehin, E., Agol, E., Deck, K. M., Lederer, S. M., de Wit, J., Burdanov, A., Ingalls, J. G.,620

Bolmont, E., Leconte, J., Raymond, S. N., Selsis, F., Turbet, M., Barkaoui, K., Burgasser, A., Burleigh, M. R., Carey, S. J., Chaushev,

A., Copperwheat, C. M., Delrez, L., Fernandes, C. S., Holdsworth, D. L., Kotze, E. J., Van Grootel, V., Almleaky, Y., Benkhaldoun, Z.,

26

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Magain, P., and Queloz, D.: Seven temperate terrestrial planets around the nearby ultracool dwarf star TRAPPIST-1, Nature, 542, 456–460,

https://doi.org/10.1038/nature21360, 2017.

Gregory, D. and Rowntree, P. R.: A Mass Flux Convection Scheme with Representation of Cloud Ensemble Char-625

acteristics and Stability-Dependent Closure, Monthly Weather Review, 118, 1483–1506, https://doi.org/10.1175/1520-

0493(1990)118<1483:AMFCSW>2.0.CO;2, 1990.

Hammond, M. and Lewis, N. T.: The rotational and divergent components of atmospheric circulation on tidally locked planets, Proceedings

of the National Academy of Sciences, 118, e2022705 118, https://doi.org/10.1073/pnas.2022705118, 2021.

Haqq-Misra, J., Wolf, E. T., Joshi, M., Zhang, X., and Kopparapu, R. K.: Demarcating Circulation Regimes of Synchronously Rotating630

Terrestrial Planets within the Habitable Zone, The Astrophysical Journal, 852, 67, https://doi.org/10.3847/1538-4357/aa9f1f, 2018.

Haqq-Misra, J., Wolf, E. T., Fauchez, T. J., Shields, A. L., and Kopparapu, R. K.: The Sparse Atmospheric Model Sampling Analysis

(SAMOSA) Intercomparison: Motivations and Protocol Version 1.0: A CUISINES Model Intercomparison Project, The Planetary Science

Journal, 3, 260, https://doi.org/10.3847/PSJ/ac9479, 2022.

Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P., Cournapeau, D., Wieser, E., Taylor, J., Berg, S., Smith, N. J.,635

Kern, R., Picus, M., Hoyer, S., van Kerkwijk, M. H., Brett, M., Haldane, A., del Río, J. F., Wiebe, M., Peterson, P., Gérard-Marchant,

P., Sheppard, K., Reddy, T., Weckesser, W., Abbasi, H., Gohlke, C., and Oliphant, T. E.: Array programming with NumPy, Nature, 585,

357–362, https://doi.org/10.1038/s41586-020-2649-2, 2020a.

Harris, L., Zhou, L., Lin, S., Chen, J., Chen, X., Gao, K., Morin, M., Rees, S., Sun, Y., Tong, M., Xiang, B., Bender, M., Benson, R.,

Cheng, K., Clark, S., Elbert, O. D., Hazelton, A., Huff, J. J., Kaltenbaugh, A., Liang, Z., Marchok, T., Shin, H. H., and Stern, W.: GFDL640

SHiELD: A Unified System for Weather-to-Seasonal Prediction, Journal of Advances in Modeling Earth Systems, 12, e2020MS002 223,

https://doi.org/10.1029/2020MS002223, 2020b.

Held, I. M. and Suarez, M. J.: A Proposal for the Intercomparison of the Dynamical Cores of Atmospheric General Circulation Models,

Bulletin of the American Meteorological Society, 75, 1825–1830, https://doi.org/10.1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2,

1994.645

Heng, K. and Showman, A. P.: Atmospheric Dynamics of Hot Exoplanets, Annual Review of Earth and Planetary Sciences, 43, 509–540,

https://doi.org/10.1146/annurev-earth-060614-105146, 2015.

Heng, K. and Vogt, S. S.: Gliese 581g as a scaled-up version of Earth: atmospheric circulation simulations, Monthly Notices of the Royal

Astronomical Society, 415, 2145–2157, https://doi.org/10.1111/j.1365-2966.2011.18853.x, 2011.

Heng, K., Menou, K., and Phillipps, P. J.: Atmospheric circulation of tidally locked exoplanets: a suite of benchmark tests for dynamical650

solvers, Monthly Notices of the Royal Astronomical Society, 413, 2380–2402, https://doi.org/10.1111/j.1365-2966.2011.18315.x, 2011.

Hunter, J. D.: Matplotlib: A 2D Graphics Environment, Computing in Science & Engineering, 9, 90–95,

https://doi.org/10.1109/MCSE.2007.55, 2007.

Joshi, M. M., Elvidge, A. D., Wordsworth, R., and Sergeev, D.: Earth’s Polar Night Boundary Layer as an Analog for Dark Side Inversions

on Synchronously Rotating Terrestrial Exoplanets, The Astrophysical Journal, 892, L33, https://doi.org/10.3847/2041-8213/ab7fb3, 2020.655

Kent, J., Melvin, T., and Wimmer, G. A.: A mixed finite-element discretisation of the shallow-water equations, Geoscientific Model Devel-

opment, 16, 1265–1276, https://doi.org/10.5194/gmd-16-1265-2023, 2023.

Komacek, T. D. and Abbot, D. S.: The Atmospheric Circulation and Climate of Terrestrial Planets Orbiting Sun-like and M Dwarf Stars over

a Broad Range of Planetary Parameters, The Astrophysical Journal, 871, 245, https://doi.org/10.3847/1538-4357/aafb33, 2019.

27

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Komacek, T. D., Gao, P., Thorngren, D. P., May, E. M., and Tan, X.: The Effect of Interior Heat Flux on the Atmospheric Circulation of Hot660

and Ultra-hot Jupiters, The Astrophysical Journal Letters, 941, L40, https://doi.org/10.3847/2041-8213/aca975, 2022.

Kopparapu, R. K., Wolf, E. T., Arney, G., Batalha, N. E., Haqq-Misra, J., Grimm, S. L., and Heng, K.: Habitable Moist Atmo-

spheres on Terrestrial Planets near the Inner Edge of the Habitable Zone around M Dwarfs, The Astrophysical Journal, 845, 5,

https://doi.org/10.3847/1538-4357/aa7cf9, 2017.

Kopparla, P., Deitrick, R., Heng, K., Mendonça, J. M., and Hammond, M.: General Circulation Model Errors Are Variable across Exoclimate665

Parameter Spaces, The Astrophysical Journal, 923, 39, https://doi.org/10.3847/1538-4357/ac2d27, 2021.

Lawrence, B. N., Rezny, M., Budich, R., Bauer, P., Behrens, J., Carter, M., Deconinck, W., Ford, R., Maynard, C., Mullerworth, S., Osuna,

C., Porter, A., Serradell, K., Valcke, S., Wedi, N., and Wilson, S.: Crossing the chasm: how to develop weather and climate models for

next generation computers?, Geoscientific Model Development, 11, 1799–1821, https://doi.org/10.5194/gmd-11-1799-2018, 2018.

Leconte, J., Forget, F., Charnay, B., Wordsworth, R., Selsis, F., Millour, E., and Spiga, A.: 3D climate modeling of close-in land plan-670

ets: Circulation patterns, climate moist bistability, and habitability, Astronomy & Astrophysics, 554, A69, https://doi.org/10.1051/0004-

6361/201321042, 2013.

Lee, E. K. H., Parmentier, V., Hammond, M., Grimm, S. L., Kitzmann, D., Tan, X., Tsai, S.-M., and Pierrehumbert, R. T.: Simulating gas

giant exoplanet atmospheres with Exo-FMS: Comparing semi-grey, picket fence and correlated-k radiative-transfer schemes, MNRAS,

000, 1–17, http://arxiv.org/abs/2106.11664, 2021.675

Little, B.: geovista, https://doi.org/10.5281/zenodo.7608302, 2023.

Lock, A. P.: The Numerical Representation of Entrainment in Parameterizations of Boundary Layer Turbulent Mixing, Monthly Weather

Review, 129, 1148–1163, https://doi.org/10.1175/1520-0493(2001)129<1148:TNROEI>2.0.CO;2, 2001.

Lock, A. P., Brown, A. R., Bush, M. R., Martin, G. M., and Smith, R. N. B.: A New Boundary Layer Mixing Scheme. Part

I: Scheme Description and Single-Column Model Tests, Monthly Weather Review, 128, 3187–3199, https://doi.org/10.1175/1520-680

0493(2000)128<3187:ANBLMS>2.0.CO;2, 2000.

Manners, J., Edwards, J. M., Hill, P., and Thelen, J.-C.: SOCRATES (Suite Of Community RAdiative Transfer codes based on Edwards and

Slingo) Technical Guide, https://code.metoffice.gov.uk/trac/socrates, 2022.

Maynard, C., Melvin, T., and Müller, E. H.: Multigrid preconditioners for the mixed finite element dynamical core of the LFRic atmospheric

model, Quarterly Journal of the Royal Meteorological Society, 146, 3917–3936, https://doi.org/10.1002/qj.3880, 2020.685

Mayne, N. J., Baraffe, I., Acreman, D. M., Smith, C., Browning, M. K., Amundsen, D. S., Wood, N., Thuburn, J., and Jackson, D. R.: The

unified model, a fully-compressible, non-hydrostatic, deep atmosphere global circulation model, applied to hot Jupiters, Astronomy &

Astrophysics, 561, A1, https://doi.org/10.1051/0004-6361/201322174, 2014a.

Mayne, N. J., Baraffe, I., Acreman, D. M., Smith, C., Wood, N., Amundsen, D. S., Thuburn, J., and Jackson, D. R.: Using the UM dynam-

ical cores to reproduce idealised 3-D flows, Geoscientific Model Development, 7, 3059–3087, https://doi.org/10.5194/gmd-7-3059-2014,690

2014b.

Mayne, N. J., Drummond, B., Debras, F., Jaupart, E., Manners, J., Boutle, I. A., Baraffe, I., and Kohary, K.: The Limits of the Prim-

itive Equations of Dynamics for Warm, Slowly Rotating Small Neptunes and Super Earths, The Astrophysical Journal, 871, 56,

https://doi.org/10.3847/1538-4357/aaf6e9, 2019.

McCulloch, D., Sergeev, D. E., Mayne, N., Bate, M., Manners, J., Boutle, I., Drummond, B., and Kohary, K.: A modern-day Mars climate695

in the Met Office Unified Model: dry simulations, Geoscientific Model Development, 16, 621–657, https://doi.org/10.5194/gmd-16-621-

2023, 2023.

28

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Melvin, T., Dubal, M., Wood, N., Staniforth, A., and Zerroukat, M.: An inherently mass-conserving iterative semi-implicit semi-Lagrangian

discretization of the non-hydrostatic vertical-slice equations, Quarterly Journal of the Royal Meteorological Society, 136, 799–814,

https://doi.org/10.1002/qj.603, 2010.700

Melvin, T., Benacchio, T., Shipway, B., Wood, N., Thuburn, J., and Cotter, C.: A mixed finite-element, finite-volume, semi-implicit dis-

cretization for atmospheric dynamics: Cartesian geometry, Quarterly Journal of the Royal Meteorological Society, 145, 2835–2853,

https://doi.org/10.1002/QJ.3501, 2019.

Mendonça, J. M.: Mass transport in a moist planetary climate model, Astronomy & Astrophysics, 659, A43, https://doi.org/10.1051/0004-

6361/202141638, 2022.705

Menou, K. and Rauscher, E.: ATMOSPHERIC CIRCULATION OF HOT JUPITERS: A SHALLOW THREE-DIMENSIONAL MODEL,

The Astrophysical Journal, 700, 887–897, https://doi.org/10.1088/0004-637X/700/1/887, 2009.

Merlis, T. M. and Schneider, T.: Atmospheric Dynamics of Earth-Like Tidally Locked Aquaplanets, Journal of Advances in Modeling Earth

Systems, 2, n/a–n/a, https://doi.org/10.3894/JAMES.2010.2.13, 2010.

Met Office: Iris: A Python library for analysing and visualising meteorological and oceanographic data sets, http://scitools.org.uk/, 2022.710

Molod, A., Takacs, L., Suarez, M., and Bacmeister, J.: Development of the GEOS-5 atmospheric general circulation model: evolution from

MERRA to MERRA2, Geoscientific Model Development, 8, 1339–1356, https://doi.org/10.5194/gmd-8-1339-2015, 2015.

Noda, S., Ishiwatari, M., Nakajima, K., Takahashi, Y., Takehiro, S., Onishi, M., Hashimoto, G., Kuramoto, K., and Hayashi, Y.-Y.: The

circulation pattern and day-night heat transport in the atmosphere of a synchronously rotating aquaplanet: Dependence on planetary

rotation rate, Icarus, 282, 1–18, https://doi.org/10.1016/j.icarus.2016.09.004, 2017.715

Paradise, A., Macdonald, E., Menou, K., Lee, C., and Fan, B. L.: ExoPlaSim: Extending the Planet Simulator for exoplanets, Monthly Notices

of the Royal Astronomical Society, 511, 3272–3303, https://doi.org/10.1093/mnras/stac172, 2022.

Polichtchouk, I., Cho, J.-K., Watkins, C., Thrastarson, H., Umurhan, O., and de la Torre Juárez, M.: Intercomparison of general circulation

models for hot extrasolar planets, Icarus, 229, 355–377, https://doi.org/10.1016/j.icarus.2013.11.027, 2014.

Rajpurohit, A. S., Reylé, C., Allard, F., Homeier, D., Schultheis, M., Bessell, M. S., and Robin, A. C.: The effective temperature scale of M720

dwarfs, Astronomy & Astrophysics, 556, A15, https://doi.org/10.1051/0004-6361/201321346, 2013.

Ridgway, R. J., Zamyatina, M., Mayne, N. J., Manners, J., Lambert, F. H., Braam, M., Drummond, B., Hébrard, E., Palmer, P. I., and Kohary,

K.: 3D modelling of the impact of stellar activity on tidally locked terrestrial exoplanets: atmospheric composition and habitability,

Monthly Notices of the Royal Astronomical Society, 518, 2472–2496, https://doi.org/10.1093/mnras/stac3105, 2023.

Saffin, L., Lock, A., Tomassini, L., Blyth, A., Böing, S., Denby, L., and Marsham, J.: Kilometer-Scale Simulations of725

Trade-Wind Cumulus Capture Processes of Mesoscale Organization, Journal of Advances in Modeling Earth Systems, 15,

https://doi.org/10.1029/2022MS003295, 2023.

Sergeev, D. E. and Zamyatina, M.: Aeolus - a Python library for the analysis and visualisation of climate model output.,

https://doi.org/10.5281/ZENODO.6478085, 2022.

Sergeev, D. E., Lambert, F. H., Mayne, N. J., Boutle, I. A., Manners, J., and Kohary, K.: Atmospheric Convection Plays a Key Role in730

the Climate of Tidally Locked Terrestrial Exoplanets: Insights from High-resolution Simulations, The Astrophysical Journal, 894, 84,

https://doi.org/10.3847/1538-4357/ab8882, 2020.

Sergeev, D. E., Fauchez, T. J., Turbet, M., Boutle, I. A., Tsigaridis, K., Way, M. J., Wolf, E. T., Domagal-Goldman, S. D., Forget, F., Haqq-

Misra, J., Kopparapu, R. K., Lambert, F. H., Manners, J., and Mayne, N. J.: The TRAPPIST-1 Habitable Atmosphere Intercomparison

(THAI). II. Moist Cases—The Two Waterworlds, The Planetary Science Journal, 3, 212, https://doi.org/10.3847/PSJ/ac6cf2, 2022a.735

29

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Sergeev, D. E., Lewis, N. T., Lambert, F. H., Mayne, N. J., Boutle, I. A., Manners, J., and Kohary, K.: Bistability of the Atmospheric

Circulation on TRAPPIST-1e, The Planetary Science Journal, 3, 214, https://doi.org/10.3847/PSJ/ac83be, 2022b.

Shashkin, V. V. and Goyman, G. S.: Semi-Lagrangian shallow water equations solver on the cubed-sphere grid as a prototype

of new-generation global atmospheric model, Journal of Physics: Conference Series, 1740, 012 073, https://doi.org/10.1088/1742-

6596/1740/1/012073, 2021.740

Showman, A. P., Fortney, J. J., Lian, Y., Marley, M. S., Freedman, R. S., Knutson, H. A., and Charbonneau, D.: ATMOSPHERIC CIRCU-

LATION OF HOT JUPITERS: COUPLED RADIATIVE-DYNAMICAL GENERAL CIRCULATION MODEL SIMULATIONS OF HD

189733b and HD 209458b, The Astrophysical Journal, 699, 564–584, https://doi.org/10.1088/0004-637X/699/1/564, 2009.

Smith, R. N. B.: A scheme for predicting layer clouds and their water content in a general circulation model, Quarterly Journal of the Royal

Meteorological Society, 116, 435–460, https://doi.org/10.1002/qj.49711649210, 1990.745

Staniforth, A. and Thuburn, J.: Horizontal grids for global weather and climate prediction models: a review, Quarterly Journal of the Royal

Meteorological Society, 138, 1–26, https://doi.org/10.1002/qj.958, 2012.

Stevens, B., Satoh, M., Auger, L., Biercamp, J., Bretherton, C. S., Chen, X., Düben, P., Judt, F., Khairoutdinov, M., Klocke, D., Kodama,

C., Kornblueh, L., Lin, S.-J., Neumann, P., Putman, W. M., Röber, N., Shibuya, R., Vanniere, B., Vidale, P. L., Wedi, N., and Zhou,

L.: DYAMOND: the DYnamics of the Atmospheric general circulation Modeled On Non-hydrostatic Domains, Progress in Earth and750

Planetary Science, 6, 61, https://doi.org/10.1186/s40645-019-0304-z, 2019.

Turbet, M., Leconte, J., Selsis, F., Bolmont, E., Forget, F., Ribas, I., Raymond, S. N., and Anglada-Escudé, G.: The habitability of Proxima

Centauri b, Astronomy & Astrophysics, 596, A112, https://doi.org/10.1051/0004-6361/201629577, 2016.

Turbet, M., Bolmont, E., Bourrier, V., Demory, B.-O., Leconte, J., Owen, J., and Wolf, E. T.: A Review of Possible Planetary Atmospheres

in the TRAPPIST-1 System, Space Science Reviews, 216, 100, https://doi.org/10.1007/s11214-020-00719-1, 2020.755

Turbet, M., Bolmont, E., Chaverot, G., Ehrenreich, D., Leconte, J., and Marcq, E.: Day–night cloud asymmetry prevents early oceans on

Venus but not on Earth, Nature, 598, 276–280, https://doi.org/10.1038/s41586-021-03873-w, 2021.

Turbet, M., Fauchez, T. J., Sergeev, D. E., Boutle, I. A., Tsigaridis, K., Way, M. J., Wolf, E. T., Domagal-Goldman, S. D., Forget, F., Haqq-

Misra, J., Kopparapu, R. K., Lambert, F. H., Manners, J., Mayne, N. J., and Sohl, L.: The TRAPPIST-1 Habitable Atmosphere Intercom-

parison (THAI). I. Dry Cases—The Fellowship of the GCMs, The Planetary Science Journal, 3, 211, https://doi.org/10.3847/PSJ/ac6cf0,760

2022.

Vallis, G. K., Colyer, G., Geen, R., Gerber, E., Jucker, M., Maher, P., Paterson, A., Pietschnig, M., Penn, J., and Thomson, S. I.: Isca, v1.0:

a framework for the global modelling of the atmospheres of Earth and other planets at varying levels of complexity, Geoscientific Model

Development, 11, 843–859, https://doi.org/10.5194/gmd-11-843-2018, 2018.

Walters, D., Baran, A. J., Boutle, I., Brooks, M., Earnshaw, P., Edwards, J., Furtado, K., Hill, P., Lock, A., Manners, J., Morcrette, C., Mulcahy,765

J., Sanchez, C., Smith, C., Stratton, R., Tennant, W., Tomassini, L., Van Weverberg, K., Vosper, S., Willett, M., Browse, J., Bushell, A.,

Carslaw, K., Dalvi, M., Essery, R., Gedney, N., Hardiman, S., Johnson, B., Johnson, C., Jones, A., Jones, C., Mann, G., Milton, S.,

Rumbold, H., Sellar, A., Ujiie, M., Whitall, M., Williams, K., and Zerroukat, M.: The Met Office Unified Model Global Atmosphere

7.0/7.1 and JULES Global Land 7.0 configurations, Geoscientific Model Development, 12, 1909–1963, https://doi.org/10.5194/gmd-12-

1909-2019, 2019.770

Way, M. J., Aleinov, I., Amundsen, D. S., Chandler, M. A., Clune, T. L., Genio, A. D. D., Fujii, Y., Kelley, M., Kiang, N. Y., Sohl, L.,

and Tsigaridis, K.: Resolving Orbital and Climate Keys of Earth and Extraterrestrial Environments with Dynamics (ROCKE-3D) 1.0:

30

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



A General Circulation Model for Simulating the Climates of Rocky Planets, The Astrophysical Journal Supplement Series, 231, 12,

https://doi.org/10.3847/1538-4365/aa7a06, 2017.

Wedi, N. P. and Smolarkiewicz, P. K.: A framework for testing global non-hydrostatic models, Quarterly Journal of the Royal Meteorological775

Society, 135, 469–484, https://doi.org/10.1002/qj.377, 2009.

White, A. A., Hoskins, B. J., Roulstone, I., and Staniforth, A.: Consistent approximate models of the global atmosphere: shallow,

deep, hydrostatic, quasi-hydrostatic and non-hydrostatic, Quarterly Journal of the Royal Meteorological Society, 131, 2081–2107,

https://doi.org/10.1256/qj.04.49, 2005.

Wilson, D. R. and Ballard, S. P.: A microphysically based precipitation scheme for the UK meteorological office unified model, Quarterly780

Journal of the Royal Meteorological Society, 125, 1607–1636, https://doi.org/10.1002/qj.49712555707, 1999.

Wilson, D. R., Bushell, A. C., Kerr-Munslow, A. M., Price, J. D., and Morcrette, C. J.: PC2: A prognostic cloud fraction and condensation

scheme. I: Scheme description, Quarterly Journal of the Royal Meteorological Society, 134, 2093–2107, https://doi.org/10.1002/qj.333,

2008.

Wiltshire, A. J., Duran Rojas, M. C., Edwards, J. M., Gedney, N., Harper, A. B., Hartley, A. J., Hendry, M. A., Robertson, E., and Smout-Day,785

K.: JULES-GL7: the Global Land configuration of the Joint UK Land Environment Simulator version 7.0 and 7.2, Geoscientific Model

Development, 13, 483–505, https://doi.org/10.5194/gmd-13-483-2020, 2020.

Wolf, E. T., Kopparapu, R., Haqq-Misra, J., and Fauchez, T. J.: ExoCAM: A 3D Climate Model for Exoplanet Atmospheres, The Planetary

Science Journal, 3, 7, https://doi.org/10.3847/PSJ/AC3F3D, 2022.

Wood, N., Staniforth, A., White, A., Allen, T., Diamantakis, M., Gross, M., Melvin, T., Smith, C., Vosper, S., Zerroukat, M., and Thuburn,790

J.: An inherently mass-conserving semi-implicit semi-Lagrangian discretization of the deep-atmosphere global non-hydrostatic equations,

Quarterly Journal of the Royal Meteorological Society, 140, 1505–1520, https://doi.org/10.1002/qj.2235, 2014.

Wordsworth, R. and Kreidberg, L.: Atmospheres of Rocky Exoplanets, Annual Review of Astronomy and Astrophysics, 60, 159–201,

https://doi.org/10.1146/annurev-astro-052920-125632, 2022.

Wordsworth, R. D., Forget, F., Selsis, F., Millour, E., Charnay, B., and Madeleine, J.-B.: GLIESE 581D IS THE FIRST795

DISCOVERED TERRESTRIAL-MASS EXOPLANET IN THE HABITABLE ZONE, The Astrophysical Journal, 733, L48,

https://doi.org/10.1088/2041-8205/733/2/L48, 2011.

Yang, J., Cowan, N. B., and Abbot, D. S.: STABILIZING CLOUD FEEDBACK DRAMATICALLY EXPANDS THE HABITABLE ZONE

OF TIDALLY LOCKED PLANETS, The Astrophysical Journal, 771, L45, https://doi.org/10.1088/2041-8205/771/2/L45, 2013.

Yang, J., Leconte, J., Wolf, E. T., Merlis, T., Koll, D. D. B., Forget, F., and Abbot, D. S.: Simulations of Water Vapor and Clouds on Rapidly800

Rotating and Tidally Locked Planets: A 3D Model Intercomparison, The Astrophysical Journal, 875, 46, https://doi.org/10.3847/1538-

4357/ab09f1, 2019.

Zamyatina, M., Hébrard, E., Drummond, B., Mayne, N. J., Manners, J., Christie, D. A., Tremblin, P., Sing, D. K., and Kohary, K.: Ob-

servability of signatures of transport-induced chemistry in clear atmospheres of hot gas giant exoplanets, Monthly Notices of the Royal

Astronomical Society, 519, 3129–3153, https://doi.org/10.1093/mnras/stac3432, 2023.805

Zhang, F., ed.: The Schur Complement and Its Applications, vol. 4 of Numerical Methods and Algorithms, Springer-Verlag, New York,

https://doi.org/10.1007/b105056, 2005.

31

https://doi.org/10.5194/egusphere-2023-647
Preprint. Discussion started: 5 June 2023
c© Author(s) 2023. CC BY 4.0 License.



Figure 9. Maps of the steady state total column moisture diagnostics in the THAI Hab 1 and Hab 2 experiments: (first row) water vapour in

kgm−2, (second row) cloud ice in kgm−2, (third row) cloud liquid in kgm−2, and (fourth row) cloud fraction in %.
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Figure A1. UM vn13.1 results. Zonal mean steady state in the Held-Suarez case: (left) air temperature in K, (right) eastward wind in

ms−1.

Figure A2. UM vn13.1 results. Zonal mean steady state in the Earth-like case: (left) air temperature in K, (right) eastward wind in ms−1.
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Figure A3. UM vn13.1 results. Maps of the steady state in the Tidally Locked Earth case at two σ-levels: (left column) air temperature

in K, (center column) eastward wind in ms−1, and (right column) northward wind in ms−1. The horizontal winds are also shown as grey

arrows for reference. The top row is for σ = 0.22, the bottom row is for σ = 0.97.
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