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Abstract.

The Met Office Unified Model (UM) is a world-leading atmospheric weather and climate model. In addition to comprehen-

sive simulations of the atmosphere, the UM is capable of running idealised simulations, such as the dry physics Held–Suarez

test case, radiative convective equilibrium and simulating planetary atmospheres other than Earth. However, there is a discon-

nect between the simplicity of the idealised UM model configurations and the full complexity of the UM. This gap inhibits the5

broad use of climate model hierarchy approaches within the UM. To fill this gap, we have developed the Flexible modelling

framework of the UM – Flex-UM – which broadens the climate model hierarchy capabilities within the UM. Flex-UM was

designed to replicate the atmospheric physics of the Geophysical Fluid Dynamics Laboratory (GFDL) idealised moist physics

aquaplanet model. New parameterisations have been implemented in Flex-UM, including simplified schemes for: convection,

large-scale precipitation, radiation, boundary layer and sea surface temperature (SST) boundary conditions. These idealised10

parameterisations have been implemented in a modular way, so that each scheme is available for use in any model configu-

ration. This has the advantage that we can incrementally add or remove complexity within the model hierarchy. We compare

Flex-UM to ERA5 and aquaplanet simulations using the Isca climate modelling framework (based on the GFDL moist physics

aquaplanet model) and comprehensive simulations of the UM (using the GA7.0 configuration). We also use two SST boundary

conditions to compare the models (fixed SST and a slab ocean). We find the Flex-UM climatologies are similar to both Isca15

and GA7.0 (though Flex-UM is generally a little cooler, with higher relative humidity, and a less pronounced storm track).

Flex-UM has a single InterTropical Convergence Zone (ITCZ) in the slab ocean simulation but a double-ITCZ in the fixed

SST simulation. Further work is needed to ensure that the atmospheric energy budget closes to within 1-2Wm−2 , as the

current configuration of Flex-UM gains 9-11 Wm−2 (the range covers the two SST boundary conditions). Flex-UM greatly

extends the modelling hierarchy capabilities of the UM and offers a simplified framework for developing, testing and evaluating20

parameterisations within the UM.
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cence does not affect the Crown copyright work, which is re-usable under the Open Government Licence (OGL). The Creative Commons

Attribution 4.0 License and the OGL are interoperable and do not conflict with, reduce or limit each other.
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1 Introduction

Earth system models are invaluable tools for predicting future climates and for informing mitigation strategies in response to

climate change. However, climate models have grown to be some of the most elaborate computer programs in existence (Jee-

vanjee et al., 2017). The complexity of Earth system models limit their suitability for investigating the fundamental behaviour5

of the climate (Polvani et al., 2017) or for making progress in reducing persistent model biases, such as the double-ITCZ or

too weak ENSO signal. This is where the power of idealised climate models is realised. Idealised models are used for testing a

theory or physical process in which all the redundant complexity (for the problem at hand) has been removed. An idealised cli-

mate model seeks to represent the most fundamental components of the climate at the cost of quantitative accuracy and realism

(Maher et al., 2019). It is easy to criticise the fidelity of an idealised model, however, their usefulness is not in their accuracy,10

it is in their simplicity. They offer a simplified test bed for understanding processes, developing new theories, testing hypothe-

ses, bug fixing model code, and developing new parameterisations. They also offer a platform for directly comparing model

behaviour, for example the Aqua-Planet Experiment (APE, Williamson et al. (2013)), Tropical Rain belts with an Annual cycle

and Continent Model Intercomparison Project (TRAC-MIP, Voigt et al. (2016)) and Radiative Convective Equilibrium Model

Intercomparison (RCEMIP, Wing et al. (2018)).15

Idealised models offer hope for scientists trying to understand and model the climate by providing an easier to interpret

climate system. We then connect idealised models to Earth system models, through a series of intermediate complexity models.

This sequence of models, known as a climate model hierarchy, connects our understanding of the Earth system to observations

of the real world (Maher et al., 2019).

Having motivated the utility of idealized climate models and how they are used to create a climate model hierarchy, let20

us consider the current hierarchy capabilities of the UK Met Office atmospheric weather and climate model – the Unified

Model (UM). When the UM is coupled to an interactive ocean and sea-ice models (Hewitt et al., 2011), it forms the Hadley

Centre Global Environmental Model (HadGEM3-GC3.0, Williams et al. (2018), now in its third version (HadGEM3) and third

Global Configuration (GC3.0). This configuration describes the Met Office global climate model (GCM) used to contribute

simulations for phase six of the Climate Model Intercomparison Project (CMIP6). When HadGEM3-GC3.0 is coupled to25

chemistry (UKCA), vegetation (JULES), ocean biogeochemistry (MEDUSA), and land ice (BISICLES) models, it forms the

UK’s Earth System Model (UKESM1, Sellar et al. (2019)). This earth system model is the most sophisticated model within

the UK Met Office model hierarchy and was used to contribute Earth system model simulations for CMIP6.

Not all scientific questions or model development tasks require the sophistication of Earth system models, such as UKESM1,

or even require an interactive ocean used in the global climate model, such as HadGEM3-GC3.0. For many applications is it30

useful to assume idealised sea surface boundary conditions. Two examples include replacing the ocean model with prescribed

Sea Surface Temperature (SST), following the Atmospheric Model Intercomparions Project (AMIP) (Gates et al., 1999) ap-

proach, or by removing the land to create an ocean covered globe without zonal variability in the SST, the so-called “aquaplanet
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model”. The aquaplanet formulation of the UM was developed by Neale (1999), building on the earlier work of Swinbank et al.

(1988), and later published in Neale and Hoskins (2000a, b). This provided the foundation on which the AquaPlanet Exper-

iment (APE) (Blackburn et al., 2013; Williamson et al., 2013) was built. For many modelling centers around the world, the

aquaplanet configuration is a benchmark model for testing model performance (Stevens and Bony, 2013; Voigt and Shaw,

2015) and for implementing new parameterisations. Indeed the aquaplanet UM has been illuminating for studying tropical5

convection, for example the Madden–Julian Oscillation (Woolnough et al., 2001; Inness et al., 2001), the double-ITCZ (Talib

et al., 2018), atmospheric tides and the diurnal cycle (Woolnough et al., 2004), and the sensitivity of convectively coupled

equatorial waves to entrainment (Peatman et al., 2018).

At the most idealised end of the UM model hierarchy is the “idealised UM”. This model configuration broadly describes

a number of idealisations including the Held-Suarez Newtonian relaxation (Held and Suarez, 1994; Mayne et al., 2014b),10

radiative convective equilibrium (Holloway and Woolnough), and exo-planet configurations (Mayne et al., 2014a; Lines et al.,

2018; Boutle et al., 2017; Sergeev et al., 2020). The global configuration of the idealised model has also been broadly used for

testing and developing the current dynamical core of the UM (ENDGAME) (Wood et al., 2014).

When viewing all the possible UM configurations through the climate model hierarchy lens – the idea that simple models

are connected to sophisticated models via incremental steps – a large gap emerges between the simplified parameterisations15

of the idealised UM (e.g. the Held-Suarez model), and the sophisticated parameterisations within the comprehensive UM.

Specifically, there is a gap in the intermediate complexity parameterisations of the atmosphere. The purpose of this paper is to

narrow this gap in the UM climate model hierarchy using the Flexible framework for the UM (Flex-UM). In doing so, we will

highlight the utility of Flex-UM and motivate possible directions for research and model development.

Flex-UM was designed to replicate the atmospheric physics of the Geophysical Fluid Dynamics Laboratory (GFDL) sim-20

plified moist physics aquaplanet (Frierson et al., 2006, 2007), which is a benchmark intermediate complexity climate model.

Specifically, Flex-UM can be configured as a slab ocean aquaplanet, with a grey radiation scheme, simplified Betts-Miller

convection scheme and simple boundary layer scheme, we describe these in detail in Section 2. Flex-UM is not an independent

version of the UM. Flex-UM simply describes a collection of new intermediate complexity parameterisations that have been

incorporated into the UM. Each of these new parameterisations can be switched on or off depending on the use case. This25

implementation allows for a broad range of intermediate complexity configurations within the UM model hierarchy.

The reanalysis data and model configurations are described in Section 3. In Section 4 we compare the model climatologies for

two different SST boundary conditions and then validate these against reanalysis. The first SST boundary condition we consider

is the slab-ocean aquaplanet configuration in Section 4.1, where we validate Flex-UM against the similarly configured Isca

climate model. The second SST boundary condition we consider is the fixed-SST aquaplanet configuration, where we compare30

the behaviour of Flex-UM against the comprehensive UM in Section 4.2. We then evaluate the slab ocean configuration of

Flex-UM against the comprehensive UM in Section 4.3. We then summarise the new features of Flex-UM in Section 5 and

motivate possible use cases for the new capabilities within the UM model hierarchy.
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2 Flex-UM Model Description

Flex-UM is a collection of parameterisations designed to fill the gap between the idealised UM and the full complexity of the

UM. These parameterisations have been incorporated into the model in a modular way so that the model can be easily changed

to build different configurations. Flex-UM is not a static model configuration, rather it is flexible to the design choices of the

user. The inspiration for the default configuration of Flex-UM is the GFDL moist aquaplanet model (Frierson et al., 2006),5

commonly referred to as Frierson’s model, which uses simplified physical parameterisations on top of an existing dynamical

core. In developing Flex-UM, we started with the Global Atmosphere 7.0 (GA7.0, Walters et al. (2019)) configuration of the

UM. The GA7.0 dynamical core ENDGame (Walters et al., 2019) is used in Flex-UM without alteration to the code. The only

variations to the default ENDGame configuration for Flex-UM is the model resolution (described in Section 3) and resolution

dependent settings (e.g. the model timestep).10

In developing Flex-UM, each parameterisation of GA7.0 was either turned off (as it is not needed), re-configured to be

more idealised, or replaced with a new idealised parameterisation. These adaptations retain the existing code base and allow

for easy transitions between idealised and more complex model configurations. There are six key components of the default

Flex-UM configuration: radiation, large-scale precipitation, convection, boundary layer, surface fluxes, and SST forcing. In the

remainder of this section we will describe each key component and point to the relevant literature for further details.15

The default GA7.0 radiation scheme SOCRATES (Manners et al., 2021; Edwards and Slingo, 1996) is turned off in Flex-UM

and a new grey radiation scheme has been developed. The grey radiation scheme uses an idealised optical depth to approximate

the atmospheric water vapour structure and uses a two-stream approximation to provide an infrared cooling effect through the

depth of the atmosphere, described in more detail in Section 2(b) of Frierson et al. (2006). In principal, SOCRATES could

be adapted to mimic the grey radiation scheme, and this will be considered for later configurations of Flex-UM to explore the20

impact of the radiation parameterisation on the model behaviour. The incoming solar radiation for Flex-UM is idealised, so that

the radiation directly warms the surface and is a function of latitude only. There is no absorption of the solar radiation in the

atmosphere, and there is also no seasonal or diurnal cycle. The details of this forcing are described in section 2(b) of Frierson

et al. (2006). Unlike SOCRATES, the grey radiation scheme does not account for the radiative impact of aerosols, trace gases,

and ozone. Furthermore, Flex-UM does not include clouds or their radiative impact.25

The second key component of Flex-UM is the resolved precipitation (also known as large-scale precipitation). The single-

moment microphysics scheme in GA7.0 is turned off and is replaced with a simplified large-scale condensation scheme,

described in section 2(e) of Frierson et al. (2006). This scheme generates resolved precipitation when a grid-box is super-

saturated. Precipitation falls out of the grid box immediately and is re-evaporated below. The resolved precipitation only

reaches the surface if each subsequent layer below is also saturated.30

The Gregory-Rowntree convection scheme in GA7.0 is turned off and replaced with the simplified Betts-Miller scheme

of Frierson (2007), an idealised version of the Betts-Miller convection scheme (Betts, 1986; Betts and Miller, 1986). The

simplified Betts-Miller scheme is an adjustment style convection scheme, where an unstable atmosphere is stabilised via

adjustment of the moisture and temperature profiles to reference profiles, see Section 2 of Frierson (2007) for details. The
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“shallower” shallow convection of Frierson (2007) is used, consistent with Isca. The two tunable parameters for the convection

scheme are the critical relative humidity and the relaxation time, which are set to 70%, and 2 hours, respectively, consistent with

the default parameters of Isca. The simplified Betts-Miller scheme that we developed for Flex-UM has already been included

in a recent convection scheme comparison by Hwong et al. (2021).

The fourth key component of Flex-UM is the boundary layer scheme. The boundary layer scheme of GA7.0 is adapted to5

create a simplified Monin-Obukhov boundary layer, see Section 2(d) of Frierson et al. (2006) for details. The existing boundary

layer code was modified, rather than replaced, to make use of the existing vertical diffusion code. The diffusion coefficients

from GA7.0 are replaced with those defined in Section 2(d) of Frierson et al. (2006). The bulk Richardson number in Frierson

et al. (2006), see their Equ. 15, is replaced with the local Richardson number defined Equ. 2.11 of Smith (1990) for consistency

with the existing boundary layer code of the UM.10

The surface fluxes in Flex-UM are consistent with the implementation described in Best et al. (2011) for the JULES model.

JULES is a land surface simulator, however, the equation set required for the moisture and energy fluxes over the ocean are the

same as over land. The JULES parameter settings were altered so the fluxes are consistent with over the ocean. For the slab

ocean implementation described below, an implicit correction to the fluxes was added to manage the updated SSTs, consistent

with the JULES implementation for land-based fluxes. The equations in Best et al. (2011) that describe sensible heat flux and15

evaporation respectively are H =
ρcp
ra

(T∗−TA) and E = ρ
ra

(Qsat(T∗)−QA), where T is temperature, Q is specific humidity,

Qsat is the saturation specific humidity for a given temperature, ρ is air density, cp is the specific heat capacity and ra is

the aerodynamic resistance. The subscripts ∗ and A indicate surface and lowest model level respectively. The 1/ra term is

equivalent to the factor C|va| in Frierson et al. (2006).

The final key component of Flex-UM is the SST forcing (TSST ). Two new SST aquaplanet configurations have been added to20

the code base. The first aquaplanet configuration developed for Flex-UM is a zonally-symmetric and time-invariant SST profile

from equator to pole. The SST forcing is a second order Legendre polynomial of the form: TSST = T0− ∆T
3

(
3sin2 θ− 1

)
where θ is the latitude, T0 = 285 K, and ∆T = 40 K. This SST profile and its default values are the same as the initial SST

profiles in the Frierson model and Isca. The SST is zonally symmetric, only varying in latitude, and is a maximum at the

equator. Unlike the commonly used APE profiles in Neale and Hoskins (2000a), this SST profile is not set to 0◦ C equatorward25

of 60◦ in each hemisphere, rather the SST profile described above is bounded between 258◦ K at the poles and 298.33◦ K at

the equator. In the remainder of the paper, this SST forcing profile will be referred to as the “fixed-SST” configuration. The

fixed-SST profile was used in early development of the Flex-UM parameterisations, as removing SST feedbacks simplified the

debugging and validation process.

The second SST configuration is a slab ocean aquaplanet, an idealised single-layer ocean model where atmospheric fluxes30

interact with SST in the vertical but there is no horizontal ocean transport (i.e. no Q-fluxes). The slab ocean is incorporated into

Flex-UM by adapting the land surface scheme JULES (Best et al., 2011). JULES computes the surface energy exchange over

the ocean when a coupled ocean is not in use. In GA7.0, the surface temperature is not allowed to vary from the sensible heat

transfer. However, this option has been added to JULES to allow the surface temperature to vary while maintaining consistency

with the UM boundary layer scheme. The initial SST profile for the slab ocean is the fixed-SST profile described above. After35
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initialisation, the slab ocean is free to evolve. The implementation of the slab ocean is consistent with the slab ocean described

in Section 2a) of Frierson et al. (2006). The slab ocean we developed for Flex-UM is already in use, for example for terrestrial

exoplanets (Boutle et al., 2017).

In summary, the Flex-UM default configuration has been designed following the GFDL moist aquaplanet model. Each of the

parameterisations have been implemented in a modular way so that each variant can be used in any suitable UM configuration.5

The development of Flex-UM enables a broader use of climate model hierarchies for the UM, allowing us to not only better

understand the behaviour of the UM, but also to better understand the climate system. The adaptations and newly implemented

parameterisations of Flex-UM are in the process of being scientifically and technically reviewed. The code is available as a

branch of the UM at version 12.0.

3 Model configurations and data10

3.1 Model set-up

The newly implemented and adapted parameterisations within Flex-UM were designed based on the benchmark Frierson

(2007) version of the slab ocean GFDL moist aquaplanet. The Isca modelling framework (Vallis et al., 2018) is an outgrowth

of the GFDL aquaplanet, sharing the spectral core and many of its parameterisations. In Section 4.1 we compare the slab-ocean

configurations of Flex-UM and Isca. In order to directly compare these two models, Flex-UM was configured to be as similar15

as possible to the Isca default configurations: an albedo of 0.31, no diurnal or seasonal cycle, constant incoming solar ration

of 1360 Wm−2 and a 2.5 m slab ocean depth. One difference is that Isca has solar absorption in the grey radiation scheme

(consistent with Frierson (2007) while Flex-UM does not (consistent with Frierson et al. (2006)). This is discussed in more

detail in Section 4.1.

Flex-UM is then compared to two aquaplanet variants of the UM using the standard GA7.0 atmospheric physics. The first is20

the fixed-SST configuration (shown in Section 4.2) and the second is the slab ocean configuration (shown in Section 4.3). The

purpose of these comparisons is to validate Flex-UM and to evaluate the behaviour of the UM in both the reduced complexity

and comprehensive configurations. The key difference between the Flex-UM and GA7.0 simulations are the sophistication of

the atmospheric parameterisations used. Compared to Flex-UM, the GA7.0 parameterisations are more comprehensive. The

parameterisations and the default values used for the GA7.0 simulations are described in Walters et al. (2019). In particular25

GA7.0 uses: the Gregory–Rowntree mass flux convection, the SOCRATES radiation scheme, a comprehensive boundary layer,

the PC2 cloud scheme, and has non-orographic gravity waves. The Flex-UM and GA7.0 simulations use the same dynamical

core, but have very different atmospheric physics. As such, their simulations are not expected to give the same model climatolo-

gies. These differences should not be viewed as undesirable, rather these are deliberate simplifications to the parameterisations

and the key motivation for developing Flex-UM, that is, to build a reduced complexity version of the UM.30

The SSTs for each simulation are shown in Figure 1. The Flex-UM slab ocean polar regions are cooler and the equatorial

regions warmer compared to the fixed SST simulation, see Fig. 1(c). This is also seen in GA7.0, see Fig. 1(f), although the

equatorial warming is less pronounced. The subtropics in the GA7.0 slab ocean simulation are also cooler than the fixed SST
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(a) Flex-UM Slab ocean: SST (b) fixed SST: SST (c) Flex-UM Slab - Fixed SST: SST

(d) GA7.0 Slab ocean: SST (e) Flex-UM Slab - GA7.0 Slab (f) GA7.0 Slab - Fixed SST: SST
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(d) GA7.0 Slab ocean: SST (e) Flex-UM Slab - GA7.0 Slab (f) GA7.0 Slab - Fixed SST: SST
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Figure 1. UM aquaplanet climatologies of SSTs (K) for: (a) Flex-UM slab ocean, (b) fixed SSTs (identical for Flex-UM and GA7.0), (c) the

difference between the slab ocean and fixed SST simulations for Flex-UM, (d) GA7.0 slab ocean, (e) the difference in the slab ocean SSTs

for Flex-UM and GA7.0, (f) the difference in the slab ocean and fixed SST simulations for GA7.0. The climatologies in (a), (b), and (d) are

plotted on the native resolution of the model. The differences plots (c), (e), (f) use data interpolated onto the Flex-UM grid.

case, see Fig. 1(f). The Flex-UM slab ocean simulations are generally warmer than the GA7.0 slab ocean simulations, see Fig.

1(e), with the exception of the polar side of the mid-latitudes.

3.2 Data

The Flex-UM model climatologies are compared to monthly ERA5 reanalysis climatologies (Hersbach et al., 2020; Copernicus

Climate Change Service, 2017), the fifth generation of atmospheric reanalysis from ECMWF. The climatologies are computed5

over the January 1979 to December 2020 time period. The horizontal resolution of the data is 0.25◦× 0.25◦ and all available

vertical levels are used between 1000-100 hPa (27 vertical levels). The ERA5 surface pressure was used to create a mask

for discarding data that has been extrapolated to the 1000 hPa pressure level if the surface pressure is less than 1000 hPa.

Extrapolation is prone to errors in the data and this is especially important in computing the mass stream function.

Two Flex-UM simulations are evaluated in this paper, the fixed-SST and slab-ocean aquaplanet configurations. The Flex-10

UM simulations have a horizontal resolution of N48 (2.8◦× 2.8◦), with 38 vertical levels and a 40 km model top. The model

output is post-processed from 38 hybrid levels onto 17 pressure levels between 1000 hPa and 10 hPa. The slab-ocean variant of

Flex-UM is compared to a slab-ocean Isca configuration. The Isca simulation has a horizontal resolution of T42 (2.8◦× 2.8◦),

25 vertical sigma levels which are post processed on 14 pressure levels from the surface up to the model top (approximately
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Table 1. Resolution of reanalysis and model data. For ERA5, the vertical levels were limited to 1000-100 hPa. For the models, the simulations

were run for 20 years and the first 10 years discarded as spin up.

Data Resolution Time

Horizontal Vertical

ERA5 0.25◦ × 0.25◦ 27 levels January 1979 to December 2020

Isca 2.8◦ × 2.8◦ 25 levels 10 year simulation

Flex-UM 2.8◦ × 2.8◦ 38 levels 10 year simulation

GA7.0 1.25◦ × 1.875◦ 85 levels 10 year simulation

5 hPa). The Flex-UM and Isca simulations were performed with horizontal and vertical resolutions as similar as possible. The

GA7.0 simulations have a horizontal resolution of N96 (1.25◦× 1.875◦), with 85 vertical levels and a 85 km model top. The

GA7.0 output is post-processed from 85 hybrid levels onto 17 pressure levels between 1000 hPa and 10 hPa.

The horizontal and vertical resolutions are different between the reanalysis and models, and between the UM simulations as

well (see Table 1). This was by design, as we ran the GA7.0 and Isca simulations at their standard resolutions. Flex-UM was5

run at a similar resolution to Isca so that the two simulations are as similar as possible. This resolution choice was because

the primary goal of Flex-UM is to implement the intermediate complexity parameterisations from Isca into the UM, and then

compare the two models. We note that when comparing Flex-UM and GA7.0, the key differences in the climatologies are

highly unlikely to be the result of resolution differences, as the Flex-UM model physics is very different to the GA7.0 case.

All climatologies are plotted on their native resolution and data used to make difference plots have been linearly interpolated10

in the vertical to 12 common levels sets between 1000 hPa and 100 hPa, and horizontally regridded to a common resolution of

2.8◦× 2.8◦(the native resolution of Flex-UM).

The initial conditions for the Flex-UM and Isca simulations are an isothermal atmosphere with near-zero moisture. As such,

their simulations require a suitable spin-up. A 10-year spin-up was discarded from the simulations, which is standard for these

types of models, and the models were run for a further 10 years. The GA7.0 simulations do not need a long spin up as the15

simulations start from initial conditions using a climate simulation that was spun-up for 30 years (as standard for GA7.0).

However, for consistency with the other simulations, a 20 year run was performed and the first 10 years discarded as spin up.

We note that the ERA5 dataset used in this study is 42 years long and the model runs are 20 years. In general it is good practice

to use a common time period between datasets, however, as the purpose of this paper is to validate an idealised model, the

simplifications in the model physics will dominate over any differences in the reanalysis time period. For this reason, we felt20

there was no need to restrict the ERA5 data to the common 20 year period.

The reanalysis and model simulations will be compared in Section 4. For each dataset, the climatological precipitation and

zonal-means of temperature (T), relative humidity (RH), zonal wind (u), and the mass stream function (Ψ) will be shown. The

RH is computed with respect to water above 0◦ C for all datasets, ice below -23◦ C for ERA5, ice below -20◦ C for Isca and

ice below 0◦ C for the UM, and interpolated for temperatures in between for ERA5 and Isca. In this study, we also show the25
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atmospheric energy budget, which is a simple global balance between the radiation lost to space, heat absorbed by the surface,

and the heat released at the surface, given by:

Net=−LWC +SWA+SH +LH (1)

where Net describes the residual from the longwave cooling LWC = LWUT +LWDS−LWUS, shortwave absorption

SWA= (SWDT −SWUT )− (SWDS−SWUS), sensible heat (SH) and latent heat (LH) (DeAngelis et al., 2015). The5

radiative fluxes in the LWC and SWA equations are described in terms of the longwave (LW) and shortwave (SW) fluxes

at the surface (S) and top-of-atmosphere (T), and for the upward (U) and downward (D) flux directions. Care needs to be

taken in how the LH is computed. It is common to use LH = LcP , where Lc is the latent heat of condensation and P

is precipitation (P = Prain +Psnow). However, it is more accurate to use LH = LcPrain +LsPsnow or LH = LcPprecip +

LfPsnow where Ls and Lf are the latent heat of sublimation and fusion, respectively. More discussion on this can be found in10

Pendergrass and Hartmann (2013). For ERA5, LH is computed by treating precipitation and snow separately. The LH in all

model simulations is computed using precipitation only (LH = LcP ), as the Flex-UM and Isca models do not include snow.

Precipitation climatologies are plotted as precipitation rates (mmday−1) while precipitation in the energy budget are plotted

as fluxes (Wm−2).

The surface balance of precipitation and evaporation (E) in each model should ideally be zero. The P −E values in15

mmday−1 for each model are as follows: (i) -0.017 for Isca, (ii) -0.144 for the fixed SSTs and -0.136 for the slab ocean

for Flex-UM, and (iii) -0.002 for the fixed SSTs and -0.001 for the slab ocean for GA7.0. For each model, the evaporation

exceeds the precipitation. The surface moisture balance is close to zero for Isca and the two GA7.0 models. The Flex-UM

surface moisture balance is non-zero and this is an area for future improvement of Flex-UM. The non-zero P-E in Flex-UM is

likely due to conservation of moisture in the physics schemes. The schemes for microphysics, convection and boundary layer20

have all been modified and we speculate these modifications have impacted the moisture conservation. Further investigation

will be required to identify if this is indeed the problem.

4 Evaluating the Flex-UM Climatology

In this section we compare Flex-UM climatologies with ERA5 reanalysis, the simplified climate modelling framework Isca,

and two comprehensive UM simulations using the GA7.0 configuration. Two SST aquaplanet boundary conditions are used in25

this study: a slab ocean aquaplanet for comparing Flex-UM to Isca in Section 4.1 and GA7.0 in Section 4.3, and a fixed-SST

aquaplanet for comparing to GA7.0 in Section 4.2. The fixed-SST aquaplanet is constant throughout the simulation and does

not interact with the atmosphere. The slab-ocean aquaplanet is free to evolve and exchanges fluxes with the surface in the

vertical (there is no horizontal transport).

Before considering the model data, we first present the ERA5 reanalysis climatologies in Fig. 2. We do not expect that Flex-30

UM will replicate all of the structure seen in ERA5, however, ERA5 climatologies provide a reference point so that we can

assess the realism of the idealised models in this paper. The general structure of the zonal-mean climatologies for temperature,
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Figure 2. ERA5 reanalysis climatologies for: (a) zonal-mean temperature (T in K), (b) zonal-mean relative humidity (RH as a %), (c)

zonal-mean zonal wind (u in ms−1), (d) meridional mass stream function (Ψ in ×1010kgs−1), (e) atmospheric energy budget (see Equ.

1 in Wm−2), and (f) precipitation (P in mmday−1). Grey filled contouring in the SH in subplots (a-d) is data masked where the surface

pressure is less than the plotted contour level. The grey line contour in subplot (c) is the zero wind contour. The legend plotted in subplot (e)

are the area weighted global averages.
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relative humidity, zonal wind, mass stream function and global precipitation are relatively well known. The warm and moist

tropical tropospheric air ascends near the equator and descends in the drier subtropics within the Hadley circulation. The

subtropical jet in the upper troposphere and the barotropic eddy driven jet throughout the troposphere can be seen in the zonal-

mean zonal wind plots. Poleward of the subtropics, are the Ferrel and Polar cells in each hemisphere. The global precipitation

distribution is dominated by tropical rainfall within the Intertropical convergence zone (ITCZ) near the equator and the South5

Pacific convergence zone (SPCZ) in the equatorial SH Pacific Ocean region.

Perhaps less well known is the atmospheric energy budget shown in Fig. 2(e), the area weighted global means are shown in

the legend. The radiation lost to space (LWC in blue) peaks in the SH and the radiation gains from solar absorption (SWA in

orange) peak in the NH near the equator. Both the LWC and SWA reduce to zero at the poles. The latent heat generated from

precipitation (LH in red) shows two peaks for the ITCZ and SPCZ. The sensible heat released from the surface (SH in green)10

is small at all latitudes. The residual atmospheric energy budget (i.e. the net in Equ. 1) is small but non-zero (-3.6 Wm2) and

the shape of the residual zonal-mean mirrors the LH from precipitation.

In the following sections we directly compare Flex-UM with both Isca and GA7.0, and will make more general comparisons

to ERA5. All of the model simulations in this study are aquaplanets, that do not attempt to model the full complexity of the

atmosphere, and so direct differences with ERA5 will not be presented. Rather we will make general comparisons to ERA5 to15

highlight the realism of the model simulations.

4.1 Slab ocean aquaplanet: Flex-UM vs Isca

The motivation for developing Flex-UM was to replicate the idealised parameterisations within the GFDL moist aquaplanet

model. As such, we directly compare Flex-UM with the Isca climate model, which is based off the GFDL moist aquaplanet.

The temperature and RH from the slab ocean aquaplanet simulations for Flex-UM and Isca are shown in Fig. 3. Both Flex-UM20

and Isca have similar temperature structures to ERA5 and to each other. Flex-UM is generally cooler than Isca, especially

in the upper troposphere and lower stratosphere. The general structure of the RH distribution is broadly similar in Flex-UM

and Isca with a few notable differences. Compared to Isca, Flex-UM has a higher RH in the middle and upper troposphere

from the subtropics poleward, and higher RH in the tropical upper tropopause. Compared to ERA5, both Flex-UM and Isca

have higher RH at all latitudes. While the difference in RH between Flex-UM and Isca is large in the polar regions, the specific25

humidity difference is very small in these regions, where their zonal-mean difference is less than 0.5 gkg−1 (not shown), owing

to the cooler polar temperatures where the specific humidity is small. So while the Flex-UM polar regions might be closer to

saturation than the Isca polar regions, the moisture content is too small to make a meaningful difference in the two simulations.

The zonal-mean zonal wind and mass stream function from the slab ocean aquaplanet simulations for Flex-UM and Isca are

shown in Fig. 4. Flex-UM and Isca both capture the general structure of the zonal wind seen in ERA5 (the subtropical and30

eddy driven jets are similar). The magnitude of the zonal wind is similar in Flex-UM and Isca, with small differences in the

shape of their distributions above 200 hPa. The Flex-UM and Isca mass stream functions are also very similar in shape and cell

locations, with Flex-UM a little stronger in both Hadley cells. The mass stream function is computed by vertically integrating

the zonal-mean meridional velocity (v) from the surface to the model top and the horizontal integration of the zonal-mean

11
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Figure 3. Slab ocean aquaplanet model climatologies for Flex-UM (left) and Isca (middle) for temperature (T in K, top panel) and relative

humidity (RH as a %, bottom panel) on their native model grids. The differences between the models (Flex-UM - Isca) is plotted in the right

panels and are interpolated onto the Flex-UM grid. Grey masking near the surface in the middle and right plots occur where the Isca surface

pressure is less than the interpolated model level.

vertical pressure velocity (ω) from the SH to NH, see equations 6.10-6.11 of Hartmann (1994). The two integrations are used

to compute a time series of ψ before computing the time-mean climatologies. We note two unrealistic features seen in both

Flex-UM and Isca. First, the contours of the upper level Hadley cells are not rounded in the upper troposphere as expected.

The irregular shape of the Hadley cell tops is found in the vertical integration of v, which we attribute to the limited number of

model levels (38 for Flex-UM and 25 levels for Isca, both extrapolated to a common 12 vertical levels between 1000-100 hPa)5

and horizontal resolution (2.8◦). Second, there is a near surface polar circulation cell seen in the NH in both models that differ

in sign. The NH near surface polar ψ contours originate from the horizontal integration of ω and are also likely the result of the

course model resolution. This artifact is not seen in the vertical integration of the v wind. The artifact is present when taking

the mean of ψ computed from the integration of v and ω. While this circulation feature is not realistic, we felt it was necessary

to display ψ using both components for transparency of the data. This artifact is not the result of errors in the integration of10

ω, as multiple integration methods were tested and the feature remained. As the irregular shaped Hadley cell tops and polar

near surface contours are interpreted as integration artifacts, we pay little attention to the differences in the circulation in these

regions.

The precipitation and atmospheric energy budget from the slab ocean aquaplanet simulations for Flex-UM and Isca are

shown in Fig. 5. The precipitation distribution of zonally symmetric aquaplanets with no seasonal cycle are not expected to15

show the spatial distribution seen in ERA5. Rather, it is more common for the precipitation to peak on the equator (a single
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Figure 4. As in Fig. 3 but for zonal-mean zonal wind (u in ms−1, top panel) and mass stream function (Ψ in ×1010kgs−1, bottom panel).
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Figure 5. As in Fig. 3 but for precipitation (P in mmday−1, top panel) and the atmospheric energy budget (Wm−2, bottom panel).
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ITCZ), or for two peaks to occur on either side of the equator (double ITCZ). Isca has a single ITCZ and a second peak in

precipitation in the storm tracks near 40◦ in each hemisphere (seen in Fig. 5(b) and in the LH of Fig. 5(e)). The peak equatorial

precipitation for Isca is 18 mmday−1 and in the storm tracks 5 mmday−1. Compared to Isca, Flex-UM has a broader ITCZ

with less equatorial precipitation which peaks at 14 mmday−1 on the equator. The storm tracks are less pronounced in Flex-

UM, where the subtropical precipitation reduces to 5 mmday−1 but does not have a local subtropical minimum or a local5

storm track maximum.

Compared to ERA5, the precipitation is higher in both Flex-UM and Isca, hence the larger LH component of the atmospheric

energy budget Fig. 5(d-e). The shape of the zonal-mean LWC is similar in ERA5, Flex-UM and Isca. The Isca LWC is much

larger than ERA5 and Flex-UM, which is due to more outgoing LW radiation (OLR) and a smaller net surface flux (not shown).

The LWC in Flex-UM is similar to ERA5 but a little lower, and each LW radiative flux of Flex-UM is smaller than ERA5 and10

Isca (not shown). The SH flux is small in ERA5, Flex-UM and Isca. The SWA for Flex-UM is quite different to Isca and

ERA5. The globally averaged incoming solar radiation is the same for ERA5, Flex-UM and Isca, while the outgoing SW flux

and surface SW fluxes are all larger for the two models (not shown). For both Flex-UM and Isca, the SW upward flux at the

surface and TOA are the same as there is no upwelling solar absorption (not shown). The SWA of Flex-UM is zero as there is no

solar absorption included in the model. The net atmospheric budget for Isca is 0.4 Wm−2, while for Flex-UM it is 8.8 Wm−2.15

Closing the atmospheric budget will be a priority for later configurations of Flex-UM. The treatment of the solar absorption

within the grey radiation scheme is a key difference between Flex-UM and Isca. In Isca, the downward solar radiation flux

depends on the top of atmosphere insolation and optical depth (see Equ. 18 of Frierson (2007)), and the upward solar radiation

is a function of the surface albedo and the surface downwelling solar radiation. For Flex-UM, the optical depth is treated as

totally transparent so that no solar absorption occurs within the downwelling or upwelling, which is why the SWA is zero20

in Fig. 5d). This implementation is consistent with the earlier development of the GFDL aquaplanet in Frierson et al. (2006)

which later included shortwave absorption in the downwelling in Frierson (2007).

Including downward solar absorption in Flex-UM will be considered for later configurations of Flex-UM. We expect that

including downward solar absorption will warm the atmosphere, which will bring the climatological temperature closer to the

Isca model. We would then expect that other elements of the general circulation in Flex-UM would be closer to Isca.25

4.2 Fixed-SST aquaplanet: Flex-UM vs GA7

Having validated the slab ocean configuration of Flex-UM by comparison to ERA5 and Isca in Section 4.1, we now compare

Flex-UM and GA7.0 for the fixed-SST configuration in this section and the slab ocean configuration in the next section. The

temperature and RH from the fixed-SST aquaplanet simulations for Flex-UM and GA7.0 are shown in Fig. 6. The shape of

the Flex-UM and GA7.0 temperature and RH distributions are broadly similar. Flex-UM is cooler throughout most of the30

troposphere, especially the tropics between 600-200 hPa, and warmer above 200 hPa. Flex-UM has a higher RH throughout

most of the troposphere (800-300 hPa), especially poleward of 50◦ and within the off-equatorial tropics, and drier near the

surface and above 300 hPa. The upper tropospheric tropical peak RH in Flex-UM occurs at a lower altitude compared to
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GA7.0 and peaks on either side of the equator, which is consistent with a double ITCZ structure (seen more clearly in the

precipitation plots in Fig. 8).
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Figure 6. Fixed-SST aquaplanet model climatologies for Flex-UM (left) and GA7.0 (middle) for temperature (T in K, top panel) and relative

humidity (RH as a %, bottom panel) on their native model grids. The differences between the models (Flex-UM - GA7.0) is plotted in the

right panels and are interpolated onto the Flex-UM grid.

The zonal-mean zonal wind and mass stream function from the fixed-SST aquaplanet simulations for Flex-UM and GA7.0

are shown in Fig. 7. The Flex-UM zonal wind is located further off the equator than GA7.0, consistent with a double ITCZ

structure. The Flex-UM zonal wind is weaker in the tropics and subtropics (45◦S-45◦N), especially in subtropical jet core. The5

Flex-UM subtropical jet is more distinct from the eddy-driven jet compared to GA7.0. We also note that Flex-UM and GA7.0

are weakly superrotating aloft, where the equatorial wind is westerly instead of easterly. Superrotation in idealised models

is not uncommon, and has previously been found in aquaplanets, shallow-water and Held-Suarez models (Mori et al., 2013;

Blackburn et al., 2013; Showman and Polvani, 2010; Lutsko, 2018).

The Hadley circulation in Flex-UM is narrower, shallower, weaker and pushed off the equator in both hemispheres, while10

GA7.0 is more like ERA5. As seen in the Flex-UM and Isca slab ocean mass stream function plots in Fig. 4d-e), the Flex-UM

fixed-SST simulation has an unrealistic upper Hadley cell shape and the mass stream function in the NH polar region does not

represent the polar cell. In GA7.0, the Hadley cell shape is more realistic, which we attribute to higher horizontal and vertical

resolution, however the NH near surface Ψ remains unrealistic.

The precipitation and atmospheric energy budget from the fixed-SST aquaplanet simulations for Flex-UM and GA7.0 are15

shown in Fig. 8. The double ITCZ in Flex-UM is evident in the precipitation map Fig. 8a) and in the zonal-mean LH Fig. 8d).
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Figure 7. As in Fig. 6 but for zonal-mean zonal wind (u in ms−1, top panel) and mass stream function (Ψ in ×1010kgs−1, bottom panel).
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Figure 8. As in Fig. 6 but for precipitation (P in mmday−1, top panel) and the atmospheric energy budget (Wm−2, bottom panel).
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There is also a small double peak of precipitation in GA7.0, though not separated enough to be considered a double ITCZ.

The Flex-UM tropical precipitation peaks are shallower and broader than GA7.0, the storm tracks precipitation is higher, and

the subtropical precipitation is higher than expected compared to the storm tracks. Compared to GA7.0, the LH in Flex-UM

is considerably larger in the global mean, due to more rainfall (despite the shallower precipitation peaks at the equator). The

SWA in Flex-UM is zero, discussed in more detail in Section 4.1, and in GA7.0 the SWA is similar to ERA5 although a little5

weaker. The LWC in Flex-UM and GA7.0 are also similar except within the ITCZ where the LWC is reduced, due to reduced

OLR due to clouds in GA7.0 which are not modelled in Flex-UM, not shown. The GA7.0 budget closes to within -1.4 Wm−2

while the Flex-UM budget does not, with a residual of 10.9Wm−2.

The double ITCZ seen in the fixed-SST simulations for Flex-UM (and also very weakly in GA7.0) is a common structure

seen in aquaplanets (Williamson et al., 2013; Rios-Berrios et al., 2020). The double ITCZ problem is also a well know model10

bias in comprehensive GCM where precipitation over the Pacific Ocean is too zonal, see for example Tian (2015); Zhang et al.

(2015). The double ITCZ in aquaplanets is known to be sensitive to a number of model choices and is sensitive to feedbacks

between the convection, cloud radiative effects and the large-scale circulation. Whether a single or double ITCZ occurs in an

aquaplanet model has been shown to depend on the choice of convection scheme and the convection scheme parameters such

as entrainment (Möbis and Stevens, 2012). However, the double ITCZ also occurs in comprehensive GCM simulations without15

convection schemes where only resolved precipitation occurs (Maher et al., 2018). The appearance of a single or double ITCZ

also depends on cloud radiative effects (Harrop and Hartmann, 2016; Popp and Silvers, 2017), and the energy balance near the

equator (Kang et al., 2008; Bischoff and Schneider, 2016). It has also been shown that the single and double ITCZ can result

from no changes in the parameterisaitons but from changes in the model resolution and dynamics core (Landu et al., 2014).

Understanding the mechanisms that control the ITCZ and the occurrence of the double ITCZ are long standing problems and20

areas of active research.

4.3 Comparison of slab: Flex-UM and GA7

Finally, we compare the slab ocean aquaplanet simulations of Flex-UM and GA7.0 and compare the fixed-STT and slab ocean

simulations for both models. The temperature and relative humidity for the slab ocean simulations are shown in Fig. 9. The

general temperate and humidity structure of Flex-UM in the fixed-SST and slab ocean simulations are similar (compare Fig.25

6 and Fig. 9). The primary difference between the Flex-UM simulations is the slab-ocean simulation has a realistic tropical

upper troposphere relative humidity (which has a single maximum at a higher altitude in the slab ocean case compared to the

fixed-SST case). For GA7.0, the fixed-SST and slab ocean simulations are also very similar for both temperature and relative

humidity. The only minor differences are a small weakening in the equatorial relative humidity in the slab ocean case and

a small expansion of the subtropical dry regions. The model differences in the slab ocean simulations, Fig. 9(c) and (d), are30

similar in shape and magnitude to the fixed-SST model differences, Fig. 6(c) and (d), where Flex-UM is cooler and moister

throughout most of the troposphere and drier in the lower levels near the surface.

The zonal-mean zonal wind and mass stream function from the slab ocean aquaplanet simulations for Flex-UM and GA7.0

are shown in Fig. 10. The circulation in Flex-UM is more realistic in the slab-ocean case compared to the fixed-SST case, where
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Figure 9. Slab ocean aquaplanet model climatologies for Flex-UM (left) and GA7.0 (middle) for temperature (T in K, top panel) and relative

humidity (RH as a %, bottom panel) on their native model grids. The differences between the models (Flex-UM - GA7.0) is plotted in the

right panels and are interpolated onto the Flex-UM grid. Subplots (a) and (d) are identical to Fig. 3 (a) and (d) but are shown here for ease of

comparison.

the jet streams are more distinct, the zonal wind structure is broader, and the Hadley cells are stronger and closer together. The

slab ocean and fixed-SST simulations for GA7.0 are very similar. The zonal wind for the Flex-UM and GA7.0 slab ocean

simulations differ in the equatorial upper troposphere where GA7.0 has westerlies and Flex-UM has easterlies aloft (i.e. GA7.0

has superrotation while Flex-UM does not, see Fig. 10c)). Like the fixed-SST simulations, the GA7.0 slab ocean simulation

has stronger zonal winds and does not extend as far poleward compared to Flex-UM. The circulation cell differences between5

the models are smaller in the slab ocean simulations, compared to the fixed-SST simulations. The GA7.0 slab ocean circulation

cells extend higher and a stronger compared to Flex-UM.

The precipitation and atmospheric energy budget from the slab ocean aquaplanet simulations for Flex-UM and GA7.0 are

shown in Fig. 11. Unlike the fixed-SST case, the Flex-UM slab ocean has a single ITCZ and the small double peak seen in

GA7.0 fixed-SST simulation is absent in the slab ocean simulations. In the slab ocean Flex-UM case, the LH and LWC is larger10

compared to the fixed-SST case. The LWC in the Flex-UM slab ocean case has a small dip at the equator, which is not expected,

and originates in the LW surface fluxes (not shown). We suspect this LWC dip is the result of the increased equatorial relative

humidity in the slab ocean simulation which would increase the optical depth. The SWA in Flex-UM is zero, as discussed in

Section 4.1. The Flex-UM slab ocean budget is closer to closing than the fixed-SST case, with a net of 8.8 Wm−2. In the slab

ocean GA7.0 case, the budget terms are very similar to the fixed-SST case and the budget closed to within -1.5 Wm−2. The15

only shape differences in the budget terms is in the LH where only a single tropical peak is seen.
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Figure 10. As in Fig. 9 but for zonal-mean zonal wind (u in ms−1, top panel) and mass stream function (Ψ in ×1010kgs−1, bottom panel).
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Figure 11. As in Fig. 9 but for precipitation (P in mmday−1, top panel) and the atmospheric energy budget (Wm−2, bottom panel).
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5 Summary and Outlook

A climate model hierarchy is a sequence of models connecting idealised to comprehensive models, via a series of intermediate

complexity models. Climate model hierarchies are grounded in truth through comparisons to observations. We use comprehen-

sive climate models to simulate the Earth system and idealised models to understand fundamental processes within the Earth

system. Climate model hierarchies connect our robust physical laws to our complex reality (Maher et al., 2019).5

The Met Office UM is a world-leading atmospheric weather and climate model capable of modelling the full complexity of

the Earth system and more idealised configurations such as the Newtonian relaxation in the Held-Suarez test case or radiative

convective equilibrium. However, there are very few idealised parameteristion options within the UM, limiting the broad use of

hierarchical modelling for the UM. In this study we introduce the Flexible modelling framework of the UM – Flex-UM– which

greatly enhances the climate model hierarchy capabilities for the UM by including multiple new and adapted idealised param-10

eterisations. These include newly implemented idealised parameterisations of convection, large-scale precipitation, radiation,

boundary layer, and SST boundary conditions (using both a fixed-SST and slab ocean configurations). These parameterisa-

tions and surface conditions were developed by replicating the GFDL moist physics aquaplanet (Frierson et al., 2006; Frierson,

2007). We have implemented Flex-UM in a modular way, so that one or more schemes can be altered at a time. Hence Flex-UM

is a framework rather than a specified model configuration.15

We have compared Flex-UM to ERA5, the Isca modelling framework (based off the GFDL aquaplanet) and the compre-

hensive UM Global Atmosphere 7.0 configuration (GA7.0). Flex-UM captures the general structure of the ERA5 temperature,

relative humidity, atmospheric circulation, and precipitation patterns when viewed through the lens of comparing an idealised

model to reanalysis. The slab ocean configuration of Flex-UM is similar to the Isca slab-ocean configuration, validating the

implementations of the parameterisations within Flex-UM. Compared to Isca, Flex-UM is cooler, has higher relative humidity20

and a less pronounced subtropical precipitation minimum and storm track maximum. For both the slab ocean and fixed-SST

simulations, Flex-UM and GA7.0 are broadly similar, though Flex-UM is cooler, has higher relative humidity, and weaker

circulation. The Flex-UM slab ocean configuration generates a single ITCZ, while the fixed-SST case produces a double ITCZ.

The double ITCZ is relatively common for aquaplanet configurations (Williamson et al., 2013) and is a well known problem in

comprehensive GCM (Tian, 2015; Zhang et al., 2015).25

Unlike Isca and GA7.0, the Flex-UM atmospheric energy budget does not close to within a few Wm−2 as we had hoped,

but rather it gains energy by 9 Wm−2 in the slab ocean case and 11 Wm−2 for the fixed-SST case. Further work is ongoing

to close the energy budget. In the current implementation of Flex-UM, we have not included shortwave absorption within

the grey radiation scheme. In Frierson’s original development of the GFDL aquaplanet in Frierson et al. (2006) there was

no shortwave absorption and this was later implemented in Frierson (2007). For the next configuration of Flex-UM, we will30

include shortwave absorption in the downward flux calculation consist with Frierson et al. (2006). Perhaps this will improve

the Flex-UM atmospheric energy budget, which will also be a focus for the next model release. A final feature to add to the

next configuration of Flex-UM is to include a cloud scheme.

20



The goal for developing Flex-UM was to broaden the climate model hierarchy capabilities within the UM. Having achieved

this goal, the next natural question is to consider what can Flex-UM be used for? The slab ocean configuration has already been

used for simulating terrestrial exoplanets (Boutle et al., 2017) and the simplified Betts-Miller convection scheme has recently

been used for a convection scheme intercomparison by Hwong et al. (2021). The parameterisations of Flex-UM will play a role

in developing and evaluating the next generation of dynamical core for the UM (named LFRic after Lewis Fry Richardson)5

and in evaluating the next generation of convection scheme within the UM (named CoMorph). In addition to supporting model

development and evaluation, Flex-UM can also be used to address bold science questions within an easier to understand setting.

Answering bold science questions is a fundamental motivation for using climate model hierarchies and Flex-UM enhances this

capability within the UM.

Code and data availability. The UM code and its configuration files are subject to Crown Copyright. A licence for the UM can be requested10

from https://www.metoffice.gov.uk/research/approach/collaboration/unified-model/partnership. The source code for Flex-UM will be avail-

able as branch of the UM at version 12.0 and will be available at https://code.metoffice.gov.uk/trac/um/browser (to access this link you first

need to apply via the link above). The Flex-UM simulations in this study were completed using modifications to the UM version 11.7 and the

GA7.0 simulations were completed using version 11.6. The simplified Betts-Miller scheme and slab-ocean code used in this study are already

on the UM code trunk at version 11.7 as part of the Trac code management system (see link above). The grey radiation scheme, boundary15

layer code, and large-scale precipitation are currently under review and will be made available as part of the next UM release version 12.1. The

configuration files used in this study are available at https://code.metoffice.gov.uk/trac/roses-u/browser for the UM suite IDs: Flex-UM fixed-

SST (u-cc036), Flex-UM slab ocean (u-cc037), GA7.0 fixed-SST (u-cc038) and GA7.0 slab ocean (u-cc039). The model output for Flex-UM

and GA7.0 can be downlowned at https://doi.org/10.5281/zenodo.5700372. The Flex-UM and GA7.0 data can also be downloaded directly

from the Met Office archive using these suite IDs. The Isca model output can be download at https://doi.org/10.5281/zenodo.5017471. The20

postprocessing and python scripts used in this manuscript can be downloaded from https://doi.org/10.5281/zenodo.5700633.

Author contributions. PE lead the development and evaluation of Flex-UM, contributing the majority of the code for parameterisations and

the SST configurations. PM implemented the Simple Betts-Miller convection scheme and assisted in model evaluation. PE performed the

Flex-UM and GA7.0 simulations. PM performed the Isca simulations and downloaded the ERA5 data. PM post-processed all the data and

produced the figures in this manuscript. PM wrote this manuscript with technical support from PE.25

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgements. We thank the two anonymous reviewers for their thorough and supportive reviews. ERA5 data was provided by the

Copernicus Climate Change Service (2017) (https://cds.climate.copernicus.eu/cdsapp#!/home, last access: 10 March 2021). The atmospheric

energy budget python code is publicly available at https://github.com/penmaher/radiation_budget. The mass stream function python code is

21

https://www.metoffice.gov.uk/research/approach/collaboration/unified-model/partnership
https://code.metoffice.gov.uk/trac/um/browser
https://code.metoffice.gov.uk/trac/roses-u/browser
https://doi.org/10.5281/zenodo.5700372
https://doi.org/10.5281/zenodo.5017471
https://doi.org/10.5281/zenodo.5700633
https://cds.climate.copernicus.eu/cdsapp#!/home
https://github.com/penmaher/radiation_budget


also publicly available at https://github.com/penmaher/streamfunction. The Isca climate model is publicly available at https://github.com/

ExeClim/Isca. The simulations in this study were generated using Isca commit ID 66a50d9 (commit date 21 May 2021). PM is funded by

the UK Natural Environment Research Council under grant NE/N013123/1 and NE/T003863/1 as part of the ParaCon programme.

22

https://github.com/penmaher/streamfunction
https://github.com/ExeClim/Isca
https://github.com/ExeClim/Isca
https://github.com/ExeClim/Isca


References

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-

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, Geophysical Model Development, 4, 677–699,

https://doi.org/https://doi.org/10.5194/gmd-4-677-2011, 2011.5

Betts, A. K.: A new convective adjustment scheme. Part I: Observational and theoretical basis, Q.J.R. Meteorol. Soc., 112, 677–691, http:

//dx.doi.org/10.1002/qj.49711247307, 1986.

Betts, A. K. and Miller, M. J.: A new convective adjustment scheme. Part II: Single column tests using GATE wave, BOMEX, ATEX and

arctic air-mass data sets, Q.J.R. Meteorol. Soc., 112, 693–709, http://dx.doi.org/10.1002/qj.49711247308, 1986.

Bischoff, T. and Schneider, T.: The Equatorial Energy Balance, ITCZ Position, and Double-ITCZ Bifurcations, Journal of Climate, 29,10

2997–3013, https://doi.org/10.1175/JCLI-D-15-0328.1, https://doi.org/10.1175/JCLI-D-15-0328.1, 2016.

Blackburn, M., Williamson, D. L., Nakajima, K., Ohfuchi, W., Takahashi, Y. O., Hayashi, Y.-Y., Nakamura, H., Ishiwatari, M., Mc-

gregor, J. L., Borth, H., Wirth, V., Frank, H., Bechtold, P., Wedi, N. P., Tomita, H., Satoh, M., Zhao, M., Held, I. M., Suarez,

M. J., Lee, M.-I., Watanabe, M., Kimoto, M., Liu, Y., Wang, Z., andrea Molod, Rajendran, K., Kitoh, A., and Stratton, R.: The

Aqua-Planet Experiment (APE): CONTROL SST Simulation, Journal of the Meteorological Society of Japan. Ser. II, 91A, 17–56,15

https://doi.org/10.2151/jmsj.2013-A02, 2013.

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, https://doi.org/10.1051/0004-6361/201630020, 2017.

Copernicus Climate Change Service: ERA5: Fifth generation of ECMWF atmospheric reanalyses of the global climate. Copernicus Climate20

Change Service Climate Data Store, data accessed March 2021, data downloaded from https://cds.climate.copernicus.eu/cdsapp#!/home,

on pressure levels https://doi.org/10.24381/cds.6860a573 and surface data https://doi.org/10.24381/cds.f17050d7, 2017.

DeAngelis, A. M., Qu, X., Zelinka, M. D., and Hall, A.: An observational radiative constraint on hydrologic cycle intensification, Nature,

528, 249–253, http://dx.doi.org/10.1038/nature15770, 2015.

Edwards, J. M. and Slingo, A.: Studies with a flexible new radiation code. I: Choosing a configuration for a large-scale model, Quar-25

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

onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712253107, 1996.

Frierson, D. M. W.: The Dynamics of Idealized Convection Schemes and Their Effect on the Zonally Averaged Tropical Circulation, J.

Atmos. Sci., 64, 1959–1976, 2007.

Frierson, D. M. W., Held, I. M., and Zurita-Gotor, P.: A Gray-Radiation Aquaplanet Moist GCM. Part I: Static Stability and Eddy Scale,30

Journal of the Atmospheric Sciences, 63, 2548–2566, https://doi.org/10.1175/JAS3753.1, http://journals.ametsoc.org/doi/abs/10.1175/

JAS3753.1, 2006.

Frierson, D. M. W., Held, I. M., and Zurita-Gotor, P.: A Gray-Radiation Aquaplanet Moist GCM. Part II: Energy Transports in Altered

Climates, Journal of the Atmospheric Sciences, 64, 1680–1693, https://doi.org/10.1175/JAS3913.1, http://journals.ametsoc.org/doi/abs/

10.1175/JAS3913.1, 2007.35

Gates, W. L., Boyle, J. S., Covey, C., Dease, C. G., Doutriaux, C. M., Drach, R. S., Fiorino, M., Gleckler, P. J., Hnilo, J. J., Marlais, S. M.,

Phillips, T. J., Potter, G. L., Santer, B. D., Sperber, K. R., Taylor, K. E., and Williams, D. N.: An Overview of the Results of the Atmospheric

23

https://doi.org/https://doi.org/10.5194/gmd-4-677-2011
http://dx.doi.org/10.1002/qj.49711247307
http://dx.doi.org/10.1002/qj.49711247307
http://dx.doi.org/10.1002/qj.49711247307
http://dx.doi.org/10.1002/qj.49711247308
https://doi.org/10.1175/JCLI-D-15-0328.1
https://doi.org/10.1175/JCLI-D-15-0328.1
https://doi.org/10.2151/jmsj.2013-A02
https://doi.org/10.1051/0004-6361/201630020
https://doi.org/10.1051/0004-6361/201630020
https://doi.org/10.1051/0004-6361/201630020
https://doi.org/10.1051/0004-6361/201630020
https://cds.climate.copernicus.eu/cdsapp#!/home
https://doi.org/10.24381/cds.6860a573
https://doi.org/10.24381/cds.f17050d7
http://dx.doi.org/10.1038/nature15770
https://doi.org/https://doi.org/10.1002/qj.49712253107
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712253107
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712253107
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712253107
https://doi.org/10.1175/JAS3753.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3753.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3753.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3753.1
https://doi.org/10.1175/JAS3913.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3913.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3913.1
http://journals.ametsoc.org/doi/abs/10.1175/JAS3913.1


Model Intercomparison Project (AMIP I), Bulletin of the American Meteorological Society, 80, 29–56, https://doi.org/10.1175/1520-

0477(1999)080<0029:AOOTRO>2.0.CO;2, https://doi.org/10.1175/1520-0477(1999)080<0029:AOOTRO>2.0.CO;2, 1999.

Harrop, B. E. and Hartmann, D. L.: The Role of Cloud Radiative Heating in Determining the Location of the ITCZ in Aquaplanet Simulations,

Journal of Climate, 29, 2741–2763, https://doi.org/10.1175/JCLI-D-15-0521.1, https://doi.org/10.1175/JCLI-D-15-0521.1, 2016.

Hartmann, D. L.: Global physical climatology, Academic Press, 1st edn., 1994.5

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

Bull. Amer. Meteor. Soc., 75, 1825–1830, https://doi.org/10.1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2, http://dx.doi.org/10.

1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2, 1994.

Hersbach, H. et al.: The ERA5 global reanalysis, Quarterly Journal of the Royal Meteorological Society, 146, 1999–2049,

https://doi.org/https://doi.org/10.1002/qj.3803, https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.3803, 2020.10

Hewitt, H. T., Copsey, D., Culverwell, I. D., Harris, C. M., Hill, R. S. R., Keen, A. B., McLaren, A. J., and Hunke, E. C.: Design and

implementation of the infrastructure of HadGEM3: the next-generation Met Office climate modelling system, Geoscientific Model Devel-

opment, 4, 223–253, https://doi.org/10.5194/gmd-4-223-2011, https://www.geosci-model-dev.net/4/223/2011/, 2011.

Holloway, C. E. and Woolnough, S. J.: The sensitivity of convective aggregation to diabatic processes in idealized radiative-convective

equilibrium simulations, Journal of Advances in Modeling Earth Systems, 8, 166–195, https://doi.org/10.1002/2015MS000511, https:15

//agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015MS000511.

Hwong, Y. L., Song, S., Sherwood, S. C., Stirling, A. J., Rio, C., Roehrig, R., Daleu, C. L., Plant, R. S., Fuchs, D., Maher, P., and Touzé-

Peiffer, L.: Characterizing Convection Schemes Using Their Responses to Imposed Tendency Perturbations, JAMES, 13, https://doi.org/

10.1029/2021MS002461, e2021MS002461, 2021.

Inness, P. M., Slingo, J. M., Woolnough, S. J., Neale, R. B., and Pope, V. D.: Organization of tropical convection in a GCM with varying20

vertical resolution; implications for the simulation of the Madden-Julian Oscillation, Climate Dynamics, 17, 777–793, https://doi.org/10.

1007/s003820000148, 2001.

Jeevanjee, N., Hassanzadeh, P., Hill, S., and Sheshadri, A.: A perspective on climate model hierarchies, Journal of Advances in Modeling

Earth Systems, 9, 1760–1771, https://doi.org/10.1002/2017MS001038, http://dx.doi.org/10.1002/2017MS001038, 2017.

Kang, S. M., Held, I. M., Frierson, D. M. W., and Zhao, M.: The Response of the ITCZ to Extratropical Thermal Forcing: Idealized Slab-25

Ocean Experiments with a GCM, Journal of Climate, 21, 3521–3532, https://doi.org/10.1175/2007JCLI2146.1, http://dx.doi.org/10.1175/

2007JCLI2146.1, 2008.

Landu, K., Leung, L. R., Hagos, S., Vinoj, V., Rauscher, S. A., Ringler, T., and Taylor, M.: The Dependence of ITCZ Structure on Model

Resolution and Dynamical Core in Aquaplanet Simulations, Journal of Climate, 27, 2375 – 2385, https://doi.org/10.1175/JCLI-D-13-

00269.1, 2014.30

Lines, S., Manners, J., Mayne, N. J., Goyal, J., Carter, A. L., Boutle, I. A., Lee, G. K. H., Helling, C., Drummond, B., Acreman, D. M., and

Sing, D. K.: Exonephology: transmission spectra from a 3D simulated cloudy atmosphere of HD 209458b, Monthly Notices of the Royal

Astronomical Society, 481, 194–205, https://doi.org/10.1093/mnras/sty2275, 2018.

Lutsko, N. J.: The Response of an Idealized Atmosphere to Localized Tropical Heating: Superrotation and the Breakdown of Linear Theory,

Journal of the Atmospheric Sciences, 75, 3 – 20, https://doi.org/10.1175/JAS-D-17-0192.1, https://journals.ametsoc.org/view/journals/35

atsc/75/1/jas-d-17-0192.1.xml, 2018.

Maher, P., Vallis, G., Sherwood, S., Webb, M., and Sansom, P.: The Impact of Parameterized Convection on Climatological Precipitation in

Atmospheric Global Climate Models, GRL, 45, 2018.

24

https://doi.org/10.1175/1520-0477(1999)080%3C0029:AOOTRO%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1999)080%3C0029:AOOTRO%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1999)080%3C0029:AOOTRO%3E2.0.CO;2
https://doi.org/10.1175/1520-0477(1999)080<0029:AOOTRO>2.0.CO;2
https://doi.org/10.1175/JCLI-D-15-0521.1
https://doi.org/10.1175/JCLI-D-15-0521.1
https://doi.org/10.1175/1520-0477(1994)075%3C1825:APFTIO%3E2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2
http://dx.doi.org/10.1175/1520-0477(1994)075<1825:APFTIO>2.0.CO;2
https://doi.org/https://doi.org/10.1002/qj.3803
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.3803
https://doi.org/10.5194/gmd-4-223-2011
https://www.geosci-model-dev.net/4/223/2011/
https://doi.org/10.1002/2015MS000511
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015MS000511
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015MS000511
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2015MS000511
https://doi.org/10.1029/2021MS002461
https://doi.org/10.1029/2021MS002461
https://doi.org/10.1029/2021MS002461
https://doi.org/10.1007/s003820000148
https://doi.org/10.1007/s003820000148
https://doi.org/10.1007/s003820000148
https://doi.org/10.1002/2017MS001038
http://dx.doi.org/10.1002/2017MS001038
https://doi.org/10.1175/2007JCLI2146.1
http://dx.doi.org/10.1175/2007JCLI2146.1
http://dx.doi.org/10.1175/2007JCLI2146.1
http://dx.doi.org/10.1175/2007JCLI2146.1
https://doi.org/10.1175/JCLI-D-13-00269.1
https://doi.org/10.1175/JCLI-D-13-00269.1
https://doi.org/10.1175/JCLI-D-13-00269.1
https://doi.org/10.1093/mnras/sty2275
https://doi.org/10.1175/JAS-D-17-0192.1
https://journals.ametsoc.org/view/journals/atsc/75/1/jas-d-17-0192.1.xml
https://journals.ametsoc.org/view/journals/atsc/75/1/jas-d-17-0192.1.xml
https://journals.ametsoc.org/view/journals/atsc/75/1/jas-d-17-0192.1.xml


Maher, P., Gerber, E., Medeiros, B., Merlis, T., Sherwood, S., Sheshadri, A., Sobel, A., Vallis, G., Voigt, A., and Zurita-Gotor, P.: Model

Hierarchies for Understanding Atmospheric Circulation, Reviews of Geophysics, 57, 2019.

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

and Slingo) Technical Guide, available at: https://code.metoffice.gov.uk/trac/socrates, 2021.

Mayne, N. J., Baraffe, I., Acreman, D. M., Smith, C., Browning, M. K., Amundsen, D. S., Wood, N., Thuburn, J., and Jackson, D. R.:5

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

for a HD458b test case, Astronomy & Astrophysics, 561, A1, https://doi.org/10.1051/0004-6361/201322174, 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-7-3059-2014,10

2014b.

Möbis, B. and Stevens, B.: Factors controlling the position of the Intertropical Convergence Zone on an aquaplanet, Journal of Advances in

Modeling Earth Systems, 4, https://doi.org/10.1029/2012MS000199, http://dx.doi.org/10.1029/2012MS000199, m00A04, 2012.

Mori, M., Watanabe, M., and Kimoto, M.: Superrotation and Nonlinear Hadley Circulation Response to Zonally Asymmetric

Sea Surface Temperature in an Aquaplanet GCM, Journal of the Meteorological Society of Japan. Ser. II, 91A, 269–291,15

https://doi.org/10.2151/jmsj.2013-A10, 2013.

Neale, R.: A study of the tropical response in an idealised Global Circulation Model, Ph.D. thesis, 1999.

Neale, R. B. and Hoskins, B. J.: A standard test for AGCMs including their physical parametrizations: I: the proposal, Atmospheric Sci-

ence Letters, 1, 101–107, https://doi.org/10.1006/asle.2000.0022, https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/asle.2000.0022,

2000a.20

Neale, R. B. and Hoskins, B. J.: A standard test for AGCMs including their physical parametrizations. II: results for the Met Office Model,

Atmospheric Science Letters, 1, 108–114, https://doi.org/10.1006/asle.2000.0024, https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/

asle.2000.0024, 2000b.

Peatman, S. C., Methven, J., and Woolnough, S. J.: Isolating the Effects of Moisture Entrainment on Convectively Coupled Equatorial

Waves in an Aquaplanet GCM, Journal of the Atmospheric Sciences, 75, 3139–3157, https://doi.org/10.1175/JAS-D-18-0098.1, https:25

//doi.org/10.1175/JAS-D-18-0098.1, 2018.

Pendergrass, A. G. and Hartmann, D. L.: The Atmospheric Energy Constraint on Global-Mean Precipitation Change, J. Climate, 27, 757–768,

https://doi.org/10.1175/JCLI-D-13-00163.1, http://dx.doi.org/10.1175/JCLI-D-13-00163.1, 2013.

Polvani, L. M., Clement, A. C., Medeiros, B., Benedict, J. J., and Simpson, I. R.: When Less Is More: Opening the Door to Simpler Climate

Models, EOS, opinion, 2017.30

Popp, M. and Silvers, L. G.: Double and Single ITCZs with and without Clouds, Journal of Climate, 30, 9147–9166,

https://doi.org/10.1175/JCLI-D-17-0062.1, https://doi.org/10.1175/JCLI-D-17-0062.1, 2017.

Rios-Berrios, R., Medeiros, B., and Bryan, G. H.: Mean Climate and Tropical Rainfall Variability in Aquaplanet Simulations Us-

ing the Model for Prediction Across Scales-Atmosphere, Journal of Advances in Modeling Earth Systems, 12, e2020MS002 102,

https://doi.org/https://doi.org/10.1029/2020MS002102, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020MS002102, 2020.35

Sellar, A. A., Jones, C. G., Mulcahy, J. P., Tang, Y., Yool, A., Wiltshire, A., O’Connor, F. M., Stringer, M., Hill, R., Palmieri, J., Woodward,

S., de Mora, L., Kuhlbrodt, T., Rumbold, S. T., Kelley, D. I., Ellis, R., Johnson, C. E., Walton, J., Abraham, N. L., Andrews, M. B.,

Andrews, T., Archibald, A. T., Berthou, S., Burke, E., Blockley, E., Carslaw, K., Dalvi, M., Edwards, J., Folberth, G. A., Gedney, N.,

25

https://doi.org/10.1051/0004-6361/201322174
https://doi.org/10.1051/0004-6361/201322174
https://doi.org/10.1051/0004-6361/201322174
https://doi.org/10.1051/0004-6361/201322174
https://doi.org/10.5194/gmd-7-3059-2014
https://doi.org/10.1029/2012MS000199
http://dx.doi.org/10.1029/2012MS000199
https://doi.org/10.2151/jmsj.2013-A10
https://doi.org/10.1006/asle.2000.0022
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/asle.2000.0022
https://doi.org/10.1006/asle.2000.0024
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/asle.2000.0024
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/asle.2000.0024
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1006/asle.2000.0024
https://doi.org/10.1175/JAS-D-18-0098.1
https://doi.org/10.1175/JAS-D-18-0098.1
https://doi.org/10.1175/JAS-D-18-0098.1
https://doi.org/10.1175/JAS-D-18-0098.1
https://doi.org/10.1175/JCLI-D-13-00163.1
http://dx.doi.org/10.1175/JCLI-D-13-00163.1
https://doi.org/10.1175/JCLI-D-17-0062.1
https://doi.org/10.1175/JCLI-D-17-0062.1
https://doi.org/https://doi.org/10.1029/2020MS002102
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020MS002102


Griffiths, P. T., Harper, A. B., Hendry, M. A., Hewitt, A. J., Johnson, B., Jones, A., Jones, C. D., Keeble, J., Liddicoat, S., Morgenstern,

O., Parker, R. J., Predoi, V., Robertson, E., Siahaan, A., Smith, R. S., Swaminathan, R., Woodhouse, M. T., Zeng, G., and Zerroukat, M.:

UKESM1: Description and Evaluation of the U.K. Earth System Model, Journal of Advances in Modeling Earth Systems, 11, 4513–4558,

https://doi.org/10.1029/2019MS001739, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019MS001739, 2019.

Sergeev, D. E., Lambert, F. H., Mayne, N. J., Boutle, I. A., Manners, J., and Kohary, K.: Atmospheric Convection Plays a Key Role in5

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

Showman, A. P. and Polvani, L. M.: The Matsuno-Gill model and equatorial superrotation, Geophysical Research Letters, 37,

https://doi.org/https://doi.org/10.1029/2010GL044343, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2010GL044343, 2010.

Smith, R. N. B.: A scheme for predicting layer clouds and their water content in a general circulation model, Quarterly Journal of the Royal10

Meteorological Society, 116, 435–460, https://doi.org/10.1002/qj.49711649210, https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.

49711649210, 1990.

Stevens, B. and Bony, S.: What Are Climate Models Missing?, Science, 340, 1053–1054, https://doi.org/10.1126/science.1237554, http:

//www.sciencemag.org/content/340/6136/1053.short, 2013.

Swinbank, R., Palmer, T. N., and Davey, M. K.: Numerical Simulations of the Madden and Julian Oscillation, Journal of the Atmospheric Sci-15

ences, 45, 774–788, https://doi.org/10.1175/1520-0469(1988)045<0774:NSOTMA>2.0.CO;2, https://doi.org/10.1175/1520-0469(1988)

045<0774:NSOTMA>2.0.CO;2, 1988.

Talib, J., Woolnough, S. J., Klingaman, N. P., and Holloway, C. E.: The Role of the Cloud Radiative Effect in the Sensitivity of the Intertropical

Convergence Zone to Convective Mixing, Journal of Climate, 31, 6821–6838, https://doi.org/10.1175/JCLI-D-17-0794.1, https://doi.org/

10.1175/JCLI-D-17-0794.1, 2018.20

Tian, B.: Spread of model climate sensitivity linked to double-Intertropical Convergence Zone bias, Geophysical Research Letters, 42, 4133–

4141, https://doi.org/10.1002/2015GL064119, http://dx.doi.org/10.1002/2015GL064119, 2015GL064119, 2015.

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, 2018.25

Voigt, A. and Shaw, T. A.: Circulation response to warming shaped by radiative changes of clouds and water vapour, Nature Geoscience, 8,

102–, http://dx.doi.org/10.1038/ngeo2345, 2015.

Voigt, A., Biasutti, M., Scheff, J., Bader, J., Bordoni, S., Codron, F., Dixon, R. D., Jonas, J., Kang, S. M., Klingaman, N. P., Leung, R., Lu,

J., Mapes, B., Maroon, E. A., McDermid, S., Park, J.-y., Roehrig, R., Rose, B. E. J., Russell, G. L., Seo, J., Toniazzo, T., Wei, H.-H.,

Yoshimori, M., and Vargas Zeppetello, L. R.: The tropical rain belts with an annual cycle and a continent model intercomparison project:30

TRACMIP, Journal of Advances in Modeling Earth Systems, 8, 1868–1891, https://doi.org/10.1002/2016MS000748, https://agupubs.

onlinelibrary.wiley.com/doi/abs/10.1002/2016MS000748, 2016.

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

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.,35

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, https://gmd.copernicus.org/articles/12/1909/2019/, 2019.

26

https://doi.org/10.1029/2019MS001739
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2019MS001739
https://doi.org/10.3847/1538-4357/ab8882
https://doi.org/10.3847/1538-4357/ab8882
https://doi.org/https://doi.org/10.1029/2010GL044343
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2010GL044343
https://doi.org/10.1002/qj.49711649210
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49711649210
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49711649210
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49711649210
https://doi.org/10.1126/science.1237554
http://www.sciencemag.org/content/340/6136/1053.short
http://www.sciencemag.org/content/340/6136/1053.short
http://www.sciencemag.org/content/340/6136/1053.short
https://doi.org/10.1175/1520-0469(1988)045%3C0774:NSOTMA%3E2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<0774:NSOTMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<0774:NSOTMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1988)045<0774:NSOTMA>2.0.CO;2
https://doi.org/10.1175/JCLI-D-17-0794.1
https://doi.org/10.1175/JCLI-D-17-0794.1
https://doi.org/10.1175/JCLI-D-17-0794.1
https://doi.org/10.1175/JCLI-D-17-0794.1
https://doi.org/10.1002/2015GL064119
http://dx.doi.org/10.1002/2015GL064119
https://doi.org/10.5194/gmd-11-843-2018
http://dx.doi.org/10.1038/ngeo2345
https://doi.org/10.1002/2016MS000748
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016MS000748
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016MS000748
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2016MS000748
https://doi.org/10.5194/gmd-12-1909-2019
https://doi.org/10.5194/gmd-12-1909-2019
https://doi.org/10.5194/gmd-12-1909-2019
https://gmd.copernicus.org/articles/12/1909/2019/


Williams, K. D., Copsey, D., Blockley, E. W., Bodas-Salcedo, A., Calvert, D., Comer, R., Davis, P., Graham, T., Hewitt, H. T., Hill, R., Hyder,

P., Ineson, S., Johns, T. C., Keen, A. B., Lee, R. W., Megann, A., Milton, S. F., Rae, J. G. L., Roberts, M. J., Scaife, A. A., Schiemann,

R., Storkey, D., Thorpe, L., Watterson, I. G., Walters, D. N., West, A., Wood, R. A., Woollings, T., and Xavier, P. K.: The Met Office

Global Coupled Model 3.0 and 3.1 (GC3.0 and GC3.1) Configurations, Journal of Advances in Modeling Earth Systems, 10, 357–380,

https://doi.org/10.1002/2017MS001115, https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017MS001115, 2018.5

Williamson, D. L., Blackburn, M., Nakajima, K., Ohfuchi, W., Takahashi, Y. O., Hayashi, Y.-Y., Nakamura, H., Ishiwatari, M., Mcgre-

gor, J. L., Borth, H., Wirth, V., Frank, H., Bechtold, P., Wedi, N. P., Tomita, H., Satoh, M., Zhao, M., Held, I. M., Suarez, M. J., Lee,

M.-I., Watanabe, M., Kimoto, M., Liu, Y., Wang, Z., andrea Molod, Rajendran, K., Kitoh, A., and Stratton, R.: The Aqua-Planet Ex-

periment (APE): Response to Changed Meridional SST Profile, Journal of the Meteorological Society of Japan. Ser. II, 91A, 57–89,

https://doi.org/10.2151/jmsj.2013-A03, 2013.10

Wing, A. A., Reed, K. A., Satoh, M., Stevens, B., Bony, S., and Ohno, T.: Radiative–Convective Equilibrium Model Intercomparison Project,

Geoscientific Model Development, 11, 793–813, https://doi.org/10.5194/gmd-11-793-2018, https://gmd.copernicus.org/articles/11/793/

2018/, 2018.

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

J.: An inherently mass-conserving semi-implicit semi-Lagrangian discretization of the deep-atmosphere global non-hydrostatic equations,15

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

onlinelibrary.wiley.com/doi/abs/10.1002/qj.2235, 2014.

Woolnough, S. J., Slingo, J. M., and Hoskins, B. J.: The organization of tropical convection by intraseasonal sea surface tempera-

ture anomalies, Quarterly Journal of the Royal Meteorological Society, 127, 887–907, https://doi.org/10.1002/qj.49712757310, https:

//rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712757310, 2001.20

Woolnough, S. J., Slingo, J. M., and Hoskins, B. J.: The Diurnal Cycle of Convection and Atmospheric Tides in an Aquaplanet GCM, Journal

of the Atmospheric Sciences, 61, 2559–2573, https://doi.org/10.1175/JAS3290.1, https://doi.org/10.1175/JAS3290.1, 2004.

Zhang, X., Liu, H., and Zhang, M.: Double ITCZ in Coupled Ocean-Atmosphere Models: From CMIP3 to CMIP5, Geophysical Research

Letters, 42, 8651–8659, https://doi.org/10.1002/2015GL065973, http://dx.doi.org/10.1002/2015GL065973, 2015GL065973, 2015.

27

https://doi.org/10.1002/2017MS001115
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1002/2017MS001115
https://doi.org/10.2151/jmsj.2013-A03
https://doi.org/10.5194/gmd-11-793-2018
https://gmd.copernicus.org/articles/11/793/2018/
https://gmd.copernicus.org/articles/11/793/2018/
https://gmd.copernicus.org/articles/11/793/2018/
https://doi.org/https://doi.org/10.1002/qj.2235
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.2235
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.2235
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.2235
https://doi.org/10.1002/qj.49712757310
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712757310
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712757310
https://rmets.onlinelibrary.wiley.com/doi/abs/10.1002/qj.49712757310
https://doi.org/10.1175/JAS3290.1
https://doi.org/10.1175/JAS3290.1
https://doi.org/10.1002/2015GL065973
http://dx.doi.org/10.1002/2015GL065973

