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1.Introduction

Enhancing weather and climate information encompasses the multifaceted efforts aimed at
refining the accuracy, reliability and overall effectiveness of weather, climate, and Earth
system models. Evaluation of these models is necessary to assess limitations and identify
areas for improvements. These models are vital tools for understanding and predicting the
complex behaviour of weather and climate systems, ranging from data-driven to physical
models, and from conceptual to quantitative models. From a societal perspective, models
serve a variety of purposes and cater to a diverse range of users, aiding decision-making
processes. Improving models narrows the gap between the model world and reality, with the
potential to facilitate more informed decisions, thereby fostering resilience in the face of
environmental challenges, and mitigating the impacts of a dynamically evolving climate.

The University of Reading (UoR) has made notable contributions to this field. Here, we aim to
showcase the current expertise of UoR’s staff, exploring their contributions across several key
topics including data assimilation, ensembles, high resolution modelling, high resolution
climate modelling, and Earth system model development.

2.Ensembles

2.1 Introduction

Ensemble simulations serve as a valuable tool for representing uncertainty in climate
simulations. Uncertainties arise from various sources such as internal variability, model
structure, and external forcings. Ensembles explore these uncertainties by running
simulations multiple times while perturbing these factors to generate a range of possible
outcomes.

2.2 SMILE

A single model initial-condition large ensemble (SMILE) is a set of model simulations starting
from different initial conditions but produced with a single climate model and identical
external forcings. A SMILE offers robust estimates of a model’s internal variability, while
multiple SMILEs can provide a measure of model structural uncertainty (Holland et al., 2020).
Lehner et al. (2020) leverages a number of SMILES to separate uncertainty in climate
projections into contributions from different sources, revisiting the framework proposed by
Hawkins and Sutton (2009). The study demonstrated the added value of SMILEs for
guantifying and diagnosing uncertainty in climate projections, particularly in situations where
internal variability and forced changes are important. Holland et al. (2021) used data from
seven SMILEs to assess the time of emergence of Arctic amplification, a defining feature of
global warming. Given that the Arctic is home to large internal variability, detection of a
forced climate response can be difficult. However, the use of SMILEs allowed Holland et al.
(2021) to assess the influence of both internal variability and forced model response, albeit
with relatively few models.

2.2 LESFMIP
On multi-annual to decadal timescales climate can be influenced by several external factors
such as volcanic aerosols, greenhouse gas concentrations, and solar irradiance, as well as



internal variability. Relying solely on observations for attribution leads to challenges in
distinguishing between various external drivers and internal variability. To address this
challenge, Smith et al. (2022) introduced the Large Ensemble Single Forcing Model
Intercomparison Project (LESFMIP) which involves a set of coordinated model experiments to
isolate and assess the impacts of different factors influencing multi-annual to decadal changes
in climates.

2.3 PPE / MME

Perturbed physics ensembles (PPE) sample model uncertainty by using an ensemble
generated with a single model and different settings of the physics. For instance,
Anugerahanti et al. (2020) explored uncertainties in marine biogeochemical models by
perturbing the biogeochemistry equations and physical input (e.g. vertical velocity,
temperature, mixed layer depth, and vertical diffusivity). Hermoso et al. (2020) explored
convective scale probabilistic forecasts, evaluating fifty ensembles based on multi-physics and
different stochastic methods. The study looked at how different parameters affect the
ensemble spread. Additionally, Mulholland et al. (2017) explored a new use of PPE by
employing them to deduce regional process errors that are present in the HadCM3 coupled
atmosphere-ocean model which cause the model to drift at early stages in the projection.

Multi model ensembles (MME) are another way model structure can be explored and are
sometimes required to establish confidence when projected changes are uncertain (Baker et
al., 2022). It is found that MMEs can lead to more skilful forecasts than deterministic models.
For instance, Titley et al. (2020) highlighted the advantages of transitioning operational
tropical cyclone forecasting from deterministic approaches to incorporating probabilistic
uncertainty information from dynamic multi-model ensembles. Additionally, Storer et al.
(2020) exploited the benefits of MMEs for improving turbulence forecasts. Additionally, Zhao
et al. (2023) used MME projections of near-term precipitation changes over east China,
employing clustering techniques which are required when large model uncertainty exists.

2.4 Initial conditions and other uncertainties

Ensembles can be useful in various other contexts. For instance, they can often be necessary
to identify statistically significant signals when studying the forced variability of atmospheric
circulation regimes. This is because observed data is often affected by the noise associated
with sampling uncertainty (Falkena et al., 2021). Falkena et al. (2021) employed a regularised
k-means clustering algorithm to better identify the signal in a model ensemble, ultimately
identifying six distinct circulation regimes, enhancing understanding of regime dynamics and
their connection to ENSO. Additionally, Flack et al. (2020) compared the uncertainty due to
initial and boundary condition perturbations and boundary-layer turbulence using a
superensemble framework. These findings suggest that statistical post-processing can be
used instead of running larger ensembles, potentially leading to more reliable probabilistic
forecasts of convective events and their associated hazards. Gentile et al. (2022) examined
the effects of atmosphere-ocean-wave coupling in convective-scale ensemble prediction
systems for extratropical cyclone forecasting. The study found that the dynamical coupling to
ocean and sea state were particularly important aspects of model uncertainty.

3. Data assimilation



3.1 Introduction

Improvements in predictive skill go hand in hand with a growing network of observations.
However, it is important to acknowledge that both models and observations contain errors.
Data assimilation (DA) is a process that addresses this challenge by balancing observations
and models according to their relative uncertainties. This process is used either to estimate
the current state of a system, which is required to initialise new model forecasts and for
producing reanalysis products, or to estimate model parameters. There is a wide range of DA
research taking place at UoR, encompassing efforts to improve methodologies, refine error
guantification, and explore new types of observations that can be used through the DA
process.

3.2 DA Methods:

Data assimilation methods can typically be classified into three main categories’: variational
methods, ensemble DA, based on the ensemble Kalman filter, and Monte-Carlo methods
which relax the Gaussian assumption of the distribution of the state variables, such as particle
filters (Bannister, 2017). Each method is subject to its own advantages and limitations which
determine its suitability for specific applications. Variational DA, for instance, is commonly
used in Numerical Weather Prediction (NWP) and implements an algorithm to minimise a cost
function, such as gradient descent methods or Quasi-Newton methods. Bannister et al.
(2020) introduced a variational DA system linked with the convective scale toy model 'ABC
model', facilitating cost-effective research into DA methods for convective scale systems. Zhu
and Bannister (2023) extended this model to include mixing ratios of vapour and condensate
phases of water, called ‘Hydro-ABC’. Furthermore, Cheng et al. (2023) proposed an ensemble
based Kalman filter for a Lagrangian sea ice model to enhance its Arctic sea ice forecast skill,
while Dong et al. (2023) presented a simplification of Kalman smoother to enhance ocean
reanalyses.

Di Mauro et al. (2022) discussed the capability of methods like particle filters in dealing with
nonlinear systems, and proposed a new approach based on a tempered particle filter (TPF) to
improve the assimilation of synthetic aperture radar sensor (SAR) derived flood extent maps
into a flood forecasting model. In particle filters, the prior PDF is drawn from an ensemble of
model states, called particles. At each time step the particles are weighted according to their
likelihood. However, overtime the particles tend to degenerate, resulting in a poorly
approximated posterior distribution. To address this, the TPF introduces a tempering
coefficient to inflate the posterior variance, mitigating degeneracy and enables long-lasting
forecast improvements (Di Mauro et al., 2022). Hybrid methods combine variational and
ensemble DA techniques to maximise the benefits of both methods and limit the inadequacies
(Bannister, 2016). For instance, Lee et al. (2022) focused on the hybrid covariance ensemble
variational approach which is introduced to the existing ABC-DA framework, while Shataer et
al. (2023) established a set of theories for the conditioning of hybrid 4D-Var.

3.3: DA using new observations

Large amounts of new satellite data are now available, which require DA systems to fuse
observations and models into meaningful information for end users (De Lannoy et al., 2022).
Amezcua et al. (2021) is one of several studies paving the way to the assimilation of
atmospheric infrasound data into NWP models. Additionally, Hooker et al. (2023) used
satellite SAR-derived observations of flooding extent to assess the spatial spread-skill of
ensemble flood maps, demonstrating the value of these observations for model validation.



De Lannoy et al. (2022) discussed new opportunities to estimate components of the water
cycle via satellite-based land DA. Moreover, Pinnington et al. (2018) showed that satellite
derived estimates of shallow soil moisture can be used to calibrate a land surface model at
the regional scale using DA techniques.

Beyond satellite data, other types of innovative datasets are emerging. For example, Bell et
al. (2022) explored the possibility of using crowdsourced vehicle-based observations of air
temperature for kilometre-scale data assimilation to improve forecast skill in convection
permitting NWP. Data assimilation techniques can also be used to fill spatial and temporal
gaps in observations, as demonstrated by Williams et al. (2023), who presented the first
results of a new sea ice data assimilation system.

3.4 Assimilating into different types of models:

Data assimilation techniques extend beyond NWP, encompassing various other types of
models. For instance, Pinnington et al. (2020) developed a generic DA technique for JULES
and other land surface models using 4DEnVar techniques (LAVENDAR). The technique was
tested for maize crop in Nebraska, U.S. and was found to improve modelled estimates of yield
by 74%. Fowler et al. (2023) focused on an operational marine coupled physical-
biogeochemical model, aiming to improve uncertainty assumptions made during the
assimilation of ocean-colour-derived chlorophyll. There is also strong motivation for the
development of DA methods within coupled models, as discussed by Fowler and Lawless
(2016). The level of coupling can range from weakly coupled, (e.g., used in Leung et al. 2022),
to strongly coupled (e.g., Smith et al., 2020a). Coupled DA requires establishing a link between
errors across different components of the Earth system, as explored by Wright et al. (2024)
regarding cross correlations between atmosphere and ocean fields. Additionally, Smith et al.
(2022b) looks at the role of cross-domain error correlations in strongly coupled 4D-Var
atmosphere-ocean DA.

3.5 Errors:

Dealing with uncertainty is at the heart of DA. Both the prior information — often known as
‘background’, and observations contain errors, and knowledge of these errors needs to be
specified for the DA scheme to work well. However, estimating error covariance matrices can
be challenging, especially when correlated in time and space. Amezcua et al. (2023)
investigated the possibility of including the estimation of time-related model error
parameters in the DA processes, while Hu and Dance (2021) discussed spatially correlated
observation error covariances. Additionally, Leung et al. (2022) focused on the covariance
structure of background errors, and Tabeart et al. (2020) focused on observation errors,
presenting new theory aimed to improve the DA process in high dimensional problems such
as NWP.

4.High resolution modelling:

4.1 Introduction

In recent years, there has been a rapid growth in the development and use of convective scale
numerical weather prediction systems (Clarke et al., 2016). Unlike traditional GCMs, which
rely on parameterisation schemes to represent the average effects of convection, these



systems operate at kilometre and sub-kilometre scales, enabling the explicit representation
of small-scale weather phenomena and atmospheric processes such as convection. While this
advancement presents opportunities, it also introduces new challenges for physical
parameterisations, necessitating the development of novel evaluation methods. Despite
considerable progress in convective-permitting models, several key challenges persist.

4.2 ParaCon

The University of Reading is actively engaged in addressing these challenges, particularly
through their participation in ParaCon, a five-year collaborative program between the Met
Office and several UK universities. ParaCon aims to significantly enhance the representation
of convection across various model scales. Within ParaCon, three convective
parameterisation frameworks have been developed: CoMorph, a flexible mass-flux scheme
(e.g., Daleu et al., 2023; Lavendar et al., 2024); a new turbulence scheme for kilometre and
sub-kilometre scales (e.g. Hanley et al., 2019); and a multifluid framework, which partitions
the air into two or more fluids and allows for the net mass transport by convection (e.g.,
Thuburn et al., 2018; Weller & Mclintyre, 2019; Mcintyre et al., 2020; Weller et al., 2020;
Shipley et al., 2021).

Research within ParaCon has also focused on the development and exploration of stochastic
convection schemes, which introduce randomness or variability to help capture some of the
uncertainty associated with convection (e.g. Hagos et al., 2018). Additionally, Harvey et al.
(2022) have made strides in capturing the phase and amplitude of the daily precipitation cycle
in parameterised convection, while Hagos et al. (2022) have integrated a machine learning-
assisted stochastic cloud population model with the Weather Research and Forecasting
model. Gu et al. (2020) evaluated approximations for turbulent fluxes for deep convection,
and Daleu et al. (2020) looked at memory effects which identify the effects of previous
convection in modifying current convection, all as part of ParaCon efforts.

4.3 Radiation

Radiation schemes pose a significant challenge in high-resolution modelling, particularly
when accounting for 3D cloud effects, which are often ignored in favour of more
computationally affordable 1D schemes. Meyer et al. (2022) proposed leveraging machine
learning techniques to efficiently incorporate 3D effects. Hogan and Bozzo (2018) introduced
a new software package capable of representing 3D radiative cloud effects, operational in the
ECMWEF forecast model. Additionally, Ukkonen and Hogan (2024) employed code
optimisation techniques to accelerate computations, enabling the implementation of
radiation schemes that account for 3D effects to be practical for operational use.

4.4 Radar and stochastic boundary layer scheme

Further advancements in high-resolution modelling include Stein et al. (2015) who took a new
approach to evaluate and improve convection permitting models through the DYMECS
project (Dynamical and Microphysical Evolution of Convective Storms), gathering a large
database of 3D storm structures on several convective days and comparing to storm life cycles
derived from the UK radar network. Stein et al. (2020) further explored the use of radar to
evaluate the representation of convective storms. Additionally, Clark et al. (2021) presented
a stochastic boundary layer perturbation scheme implemented in the Met Office’s Unified
model (UM). Subsequently, Flack et al (2021) used this scheme to investigate uncertainties



stemming from both initial and boundary layer condition perturbations, as well as boundary
layer turbulence, using a superensemble framework, which is a large ensemble consisting of
several subensembles.

4.5. Urban modelling

High resolution modelling in urban areas also presents new challenges, requiring new
modelling approaches and extensive evaluation techniques (Hall et al., 2024). To capture the
impact of cities on surface-atmosphere interactions urban land-surface models are used
within NWP and climate models (Hertwig et al., 2020). The heterogeneous nature of urban
surfaces complicates representation, often leading to oversimplified assumptions in urban
schemes, such as infinite street canyons with constant dimensions (Stretton et al., 2023).
Addressing this, Stretton et al. (2023) characterises the vertical structure of buildings in cities
for use in atmospheric models at a 2km grid scale. Lean et al. (2019) addressed another key
issue of how to handle the representation of partially resolved turbulence in 100m scale
NWPs over cities, by looking at the representation of a clear, convective boundary layer over
London with 100m and 50m models. Lean et al. (2022) followed on from this, using urban
scale models to clarify reasons for the discrepancies between different measures of mixing
height. Hall et al. (2024) focused on evaluating NWP in urban setting, exploiting land surface
temperature data to assess 100m resolution NWP for London.

5. High resolution climate modelling

5.1 Introduction

High resolution global climate modelling encompasses a hierarchy of model resolutions
ranging from 130 km to 25 km in the atmosphere, and 1 degree to 0.25 degree in the ocean.
These high-resolution models allow for improved representation of small-scale processes,
such as weather phenomena including mid-latitude storms, tropical cyclone, ocean eddies
and atmospheric blocking. Despite their potential, the computational demands of high-
resolution simulations had previously limited their widespread application. However, recent
advances in high-performance computing resources, coupled with initiatives like CMIP6, have
facilitated detailed investigation of the impact of increased resolution on climate simulations
through the High-Resolution Model Intercomparison Project (HighResMIP) (Haarsma et al.,
2016). The University of Reading has made substantial contributions to the field of high-
resolution climate modelling, particularly through their involvement in projects such as
PRIMAVERA, EERIE, and nextGEMS.

5.2 Tropical cyclones

Tropical cyclones (TC) can have extremely high socioeconomic impacts, yet their simulation
in traditional climate models remains a challenge. TCs are often underestimated in both the
number of TCs and their intensity, likely related to coarse model resolution (Befort et al.,
2022). Increasing the horizontal model resolution has been demonstrated to improve the
representation of TCs in climate models (Vidale et al., 2021). However, general circulation
models (GCMs), including those in CMIP6 HighResMIP, exhibit biases in TC simulation
regarding storm structure, spatial distribution as well as frequency and intensity, particularly
in the West Northern Pacific (Roberts et al., 2020, Hodges et al., 2019). Feng et al. (2020)
speculated this bias to be be related to deficiencies in representing large scale wind
circulations. Moreover, Feng et al. (2024) proposed a new approach to understand model bias
of tropical cyclogenesis. Akhter et al. (2023) assessed the performance of six HighResMIP



multi-ensemble GCMs in simulating tropical cyclones in the Bay of Bengal. Additionally, Baker
et al. (2022) conducted a systematic multi-model study on the extratropical transition of
tropical cyclones and the impact of increasing model resolution. Vanniere et al. (2020)
explored the sensitivity of tropical cyclone precipitation and moisture budget to changes in
resolution, while Zhang et al. (2022) evaluated how spatial resolution affects the
representation of TC rainfall using CMIP6 HighResMIP runs of PRIMAVERA. Vidale et al. (2021)
discussed how stochastic physics may act as an alternative to increasing resolution to improve
the simulation of TCs, providing some benefits at a fraction of the cost. The study presented
a systematic comparison of the role of model resolution and stochastic physics in the
simulation of TCs, finding that stochastic physics can increase TC frequency in a strikingly
similar way to the use of higher resolution.

5.3 Ocean Mesoscale

Climate models can be highly sensitive to the choice of horizontal resolution in the ocean
component (Hewitt et al., 2020). As climate models move towards higher resolution their
ocean components are now able to resolve mesoscale features, such as eddies and boundary
currents, which have a major influence on the large-scale circulation (Moreton et al., 2020).
Moreton et al. (2020) compared the strengths and limitations of two typical high-resolution
categorisations for ocean models: eddy-present and eddy-rich resolutions.

UoR, along with 16 other partners, are participating in the EERIE (European Eddy Rich Earth
System Models) project, which aims to reveal and quantify the role of ocean mesoscale
processes in shaping the climate trajectory over seasonal to centennial timescales (EERIE,
2023). This project began January 2023 and will run until December 2026. EERIE will develop
a new generation of Earth System models that are capable of explicitly representing the ocean
mesoscale.

Studies assessing simulations under the HighResMIP protocol reveal the benefits of increased
ocean resolution. For instance, Athanasiadis et al. (2022) showed that increasing model
resolution led to significant reduction in a typical wintertime cold SST bias at the beginning of
the North Atlantic current. Roberts et al. (2020b) found that higher-resolution models
performed better in simulating key aspects of the Atlantic Meridional Overturning Circulation.
Bellucci et al. (2021) found that increased model resolution led to more realistic SST-turbulent
heat flux covariance, as well as several other key benefits. Schiemann et al. (2020) found that
higher resolution PRIMAVERA models represent the mean blocking frequency better than the
low-resolution models for the Euro-Atlantic region during winter and summer and for the
Pacific in summer, with no resolution sensitivity seen in winter.

5.4 Analysis

The analysis of high-resolution models presents significant challenges due to the large
volumes of data involved. However, tools such as the PRIMAVERA data management tool,
described by Seddon et al. (2023), have enabled collaborative analysis of multi-model high-
resolution climate simulations, essential for project success. Furthermore, the EERIE initiative
is exploring machine learning techniques to streamline data output and accelerate scientific
discovery in climate modelling (EERIE, 2023).



6. Earth System Model development and Evaluation

6.1 Introduction

Earth system models (ESM) integrate various components of the Earth system, including the
atmosphere, oceans, land surface, cryosphere, and biosphere. They capture the interactions
and feedbacks between these components, allowing the simulation of complex Earth system
processes and the projections of future climate scenarios. The UKESM1 model is the UKs first
community Earth system model, developed by the Met Office and the Natural Environment
Research Council (NERC), with significant contributions from UK universities, including the
University of Reading (Senior et al., 2020).

6.2 Component models

UKESM1 is built upon several component models (Sellar et al., 2019), with its land surface
component coming from the Joint UK Land Environment Simulator (JULES). Ongoing research
at UoR focuses on advancing JULES. For instance, Oliver et al. (2022) concentrates on
enhancing the representation of plant physiology, while Vidale et al. (2021) implements new
treatments of soil water, and Harper et al. (2021) contributes to improving the modelling of
plant responses to low soil moisture.

The physical core of UKESM is based on the coupled climate model HadGEM3-GC3, which
encompasses atmosphere, land, ocean, and sea ice components (Kuhlbrodt et al., 2018).
Mulcahy et al. (2018) worked on improving the aerosol in HadGEM3, which is key uncertainty
in estimating anthropogenic radiative forcing of climate. Additionally, UoR has played a key
role in the progress in coupling ice sheets to UKESM. The physical interactions between ice
sheets and their surroundings are a major factor in determining the state of the climate
system, yet many earth system models omit them entirely or approximate them in a heavily
parameterised way (Smith et al., 2021a). Smith et al. (2021b) looks at how models of the
Greenland and Antarctic ice sheets have been incorporated into the global UKESM1.

UoR is also involved in the work targeting the ocean component. Yool et al. (2021) conducted
a comprehensive evaluation of ocean components within UKESM. Additionally, Kuhlbrodt
(2023) addressed ocean heat content with two pairs of CMIP6 models, including UKESM1 and
HadGEM3-GC3, and Hewitt et al. (2020) worked on resolving and parameterising the ocean
mesoscale in earth system models.

6.3 Evaluating Earth system models

A range of research has gone into evaluating UKESM and other Earth system models. Andrews
et al. (2019) evaluated climate forcing, sensitivity and feedback metrics in HadGEM3-GC3.1
and UKESM1.1, while Robson et al. (2020) evaluates the ability of UKESM1 to simulate the
North Atlantic climate system. Mulachy et al. (2021) evaluates the aerosol schemes
implemented in HadGEM3-GC3.1 and UKESM1. Mulcahy et al. (2023) discusses the
development and evaluation of an updated configuration of the UKESM1.1, which aimed to
reduce the historical cold vias in the model. Swaminathan et al. (2023) explores machine
learning approaches to evaluate vegetation modelling in Earth System models, focusing on
the estimation of GPP.

6.4 Evaluation tools



Eyring et al. (2016) introduces ESMvalTool, a community diagnostics and performance metrics
tool for the evaluation of ESMs that allows for routine comparison of single or multiple
models, either against predecessor versions or against observations. This versatile tool
facilitates climate data analysis, efficient data processing, and supports multiple programming
languages and operating systems. This tool was employed by Bock et al. (2020) to assess
performance of the CMIP6 ensemble compared to previous generations. Since the first
release, substantial technical improvements have been made by a continuously growing
developer community and additional diagnostics have been added (Eyring et al., 2020) . Lauer
et al. (2017) presents an enhanced version of the ESMValTool that exploits a subset of
Essential Climate Variables from the European space agency’s climate change Initiative, while
Eyring et al. (2020) presents an updated version ESMValToolv2.0.

7. Conclusion

In conclusion, the University of Reading has consistently been at the forefront of advancing
our understanding and prediction of weather and climate. Through ongoing innovation, such
as developing new research in high-resolution modelling and convective scale data
assimilation, and ground-based remote sensing, UoR continues to lead advancements in the
field. Collaborations with leading meteorological organisations, including the Met Office,
European Centre for Medium Range Weather Forecasting (ECMWF), and National Centre for
Atmospheric Science (NCAS), have been a large part in helping UoR further their research. Key
collaborative efforts have included the development of JULES and UKESM, among various
other projects. The university possesses a diverse range of expertise that continues to grow,
with recent expansion seen in areas of environmental prediction, including hydrology and
flooding, urban meteorology, and energy meteorology. While we have focused on several key
topics here, it's important to note that UoR has made significant contributions across various
other important areas. Overall, UoR’s research extends beyond its academic contribution,
helping to address societal concerns and shape policy by informing how governments,
organisations, industries, and communities respond to complex issues such as climate change
and extreme weather events.
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