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 Introduction to climate modelling
 The climate system;
 Global Climate Models (GCMs) vs Regional Climate Models (RCMs);
 Timescales in climate modeling: from weather to projections;
 Uncertainty: Deterministic vs. Probabilistic.

 Introduction to heatwaves (HWs)
 HWs definition;
 HWs detection;
 HW driving mechanisms. Large-scale vs. local-scale forcing.
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Talk outline
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• The climate system is a forced, dissipative, 
nonlinear, complex and heterogeneous system 
that is out of thermodynamic equilibrium.

• The system exhibits natural variability on many 
scales, in time as well as space, and it is subject 
to various external forcing, natural as well as 
anthropogenic.

• Overall, the climate system can be seen as a 
thermal engine capable of transforming 
radiative heat into mechanical energy 
(atmospheric and oceanic circulations).

Grant Agreement 101159497

Ghil M, Lucarini V (2020) The Physics of Climate Variability and Climate Change.
Rev Mod Phys 92
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Neelin, 2011. Climate Change and Climate Modeling, Cambridge UP

Typical atmospheric GCM grid

• For each grid cell, single value of each variable (temp., wind, 
etc.).

• Vertical coordinate follows topography and is pressure coordinated. 
The horizontal grid is in latitude and longitude.

• The partial differential eq. of the motion are replaced by a finite 
number of equations involving differences between values in
neighboring grid cells.

• Each grid cell communicates with its neighbors in terms of 
transport of mass, energy, and moisture.

• The flux is proportional to differences between the grid cells 
for each variable; the budgets of these fluxes are associated with 
the respective equation.

\

M odeling the climate system
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Mathematical equations that represent the physical characteristics and processes are entered for each box
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M odeling the climate system
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Equations are converted to computer code and climate variables are set

Grant Agreement 101159497

M odeling the climate system
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Super Computer 
helps on these 
computations

M odeling the climate system
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The list of components and processes 
reproduced in the numerical models 
increased in time thanks to the 
technological (and knowledge) 
improvements.

M odeling the climate system

Progression of model components from early climate models to the latest Earth System Models. From Bordoni et al., 2025

Grant Agreement 101159497
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Stergiou 2023
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Timescales in climate modelling
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• GCMs comprise atmosphere, ocean and sea ice components
• They are coupled so they can exchange energy, momentum and moisture. Recent versions also contain model components

for dynamic vegetation and the terrestrial and ocean carbon cycle. These more comprehensive models are known as Earth
System Models (ESMs).

• The simulated states are given on three-dimensional spatial grids and at discrete time steps, and the model equations describe 
how the system evolves in time.

• The horizontal grid resolution for the atmosphere component of GCMs in climate applications is usually on the order of 200-
25km, the number of vertical levels between 30 and 100, starting at the surface and including the troposphere and to varying 
extents the stratosphere.

Global Climate Models (GCMs)

Grant Agreement 101159497



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

There are many process in the real atmosphere
and ocean that occur on spatial and temporal
scales smaller than the model resolution. In the
atmosphere these include radiation absorbed,
scattered and emitted by molecules, aerosols
and cloud droplets, cloud microphysics,
convection, boundary layer processes, drag
caused by orography atmosphere-ocean
interaction, etc.

Neelin, 2011. Climate Change and Climate Modeling, Cambridge UP
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Cambridge University Press 978-1-107-06605-2 — Statistical Downscaling and Bias 
Correction for Climate Research D. Maraun , M. Widmann 2019

Global Climate Models (GCMs):
Parametrizations
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• RCMs are used for dynamical downscaling over a limited
domain.

• They are forced at the lateral domain boundaries and
typically sea surface by values from GCMs.

• The nesting of the RCM into the driving GCM is typically one
way.

• To reduce the gap in resolution between the driving and
nested models, also several subsequent nests can be
applied.

• To avoid numerical instabilities a sponge zone of typically
10 grid boxes at the boundary of the RCM domain is created.
Here, the GCM boundary conditions are gradually
blended into the RCM.

RCMs are idealized to resolve the scale discrepancy between climate change scenarios required for 
impact assessment or for resolving highly localized phenomena.

Regional Climate M odels (RCMs)

From https://www.ouranos.ca/en/science-du-climat-modelisation-climatique

From Giorgi 2019
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Uses a Regional Climate Model 
(RCM)

Physically-based: solves 
atmospheric equations

Computationally expensive 

Captures local feedbacks,
extremes, terrain effects

Example: CORDEX simulations

From J. H. Christensen 2018

Grant Agreement 101159497
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Uncertainty associated to the future changes at 
the different resolutions.

Regional Climate M odels (RCMs)

From Sangelantoni et al., 2025

• At the boundaries, the RCM is (more or less) consistent with the driving GCM. Within the domain, the RCM
simulates weather consistent with its own topography, dynamical core, resolution and parameterisations
and develops its own internal variability.

• This implies that the large-scale atmospheric states within the model domain can be different from the GCM states
over the domain. Depending on the context, this “independence” may be desirable or undesirable.

Mean HW days tmax change signal 2090:2099 – 1996-2005

Future heatwave temperature changes from
100km to 3 km resolution.

Grant Agreement 101159497
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A. Alessandri, F. Catalano, M. De Felice, B. Van Den Hurk, F. Doblas Reyes, S. Boussetta, G. Balsamo, and P. Miller, 2017: Multi-scale enhancement 
of climate prediction over land by increasing the model sensitivity to vegetation variability in EC -Earth, Clim. Dyn, 49(4), 1215-1237. doi:10.1007/s00382-
016-3372-4
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https://www.isac.cnr.it/en/temi-di-ricerca/Climate-modelling

Timescales of climate information

https://www.isac.cnr.it/en/temi-di-ricerca/Climate-modelling
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Soret et al., 2025

• Many sources of uncertainty exist.

•Ensembles capture this uncertainty by running multiple 
simulations.

• Ensemble generation methods consist of perturbing:
- initial conditions,
- model physics,
- external forcings,
- considering several models.

Grant Agreement 101159497

https://doi.org/10.1016/j.cliser.2025.100583
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Heatwaves
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HW definition(s)
 In the scientific literature a plethora of HW definitions can be found.
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HW definition(s)
 In the scientific literature a plethora of HW definitions can be found.

 “a period of abnormally hot weather, often defined with reference to a relative temperature threshold,
lasting from 2 days to months.” (IPCC: Annex VII: Glossary, 2021).
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HW definition(s)
 In the scientific literature a plethora of HW definitions can be found.

 “a period of abnormally hot weather, often defined with reference to a relative temperature threshold,
lasting from 2 days to months.” (IPCC: Annex VII: Glossary, 2021).

HW?

What prevents us from agreeing on what a HW actually is?

“Degrees of Freedom” of HW definition

• Variables. tmean | tmin | tmax?

• Statistics. p90 | p95 | p99? PDF built on the whole year or JJA days?

• Reference period (e.g., 1961-1990 | 1991-2020)?

• Persistence. 2 | 3 | 5 | 7 consecutive days?

This clearly makes very dependent on the case study…
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HWs detection,in practice

• Daily-based p90 (31-day time
window).

year

Grant Agreement 101159497

1.
.
.

20

Wx

dayx

92

• Fixed p90 tmax.

HW1 HW2

HW3
HW4 HW5 HW6

HW1
HW2
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Heatwave physical drivers
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Domeisen et al., 2023
● The fist HW ingredient is the onset of particular large-scale configurations dominated by Rossby waves determining high-amplitude upper 

tropospheric ridges.
● Upper-level ridge and blocking promotes surface HWs via (i) clear skies and high radiation, (ii) subsidence, the compression and subsequent 

warming of upper levels air masses, (iii) advection of southernly climatologically warmer air masses, and (iv) it comes to play thermodynamics with
diabatic heating due to the progressive increase of sensible heat flux due to the progressive desiccation of soil and the subsequent reduction of 
latent heat.

Physical drivers of HWs
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Physical drivers of HWs

Domeisen et al., 2023
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From Sangelantoni et al., 2023

Physical drivers of HWs. Large-scale forcing
• An imperative driver of HWs is atmospheric 

circulation which in turn can modulate the 
degree of influence of other drivers.
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Physical drivers of HWs. Large-scale forcing

From Kornhuber et al., 2019

Composites of JJA weeks characterised wavenumber-7 events. Surface temperature anomaly (a) and corresponding 300 hPa meridional wind 
speed (1979–2018).

• An imperative driver of HWs is atmospheric 
circulation which in turn can modulate the 
degree of influence of other drivers.

• In mid-latitude regions HWs generally emanate as a 
regional manifestation of quasi-stationary Rossby 
waves pattern.

• Hemispheric Rossby wave packets with a local 
maximum amplitude and limited zonal extent 
meridionally confined by the waveguides effect of the 
jet.

From Sangelantoni et al., 2023
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Physical drivers of HWs. Large-scale forcing
• Summer waveguides can circumvent the whole hemisphere establishing circumglobal teleconnections (CGT, 

Branstator 2002). CGTs can eventually persist synchronizing weather extremes through the hemisphere.
From Kornhuber et al., 2020

Coincidence of 
heatwaves in regions 
teleconnected by 
wave 5

Grant Agreement 101159497
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Physical drivers of HWs. Large-scale forcing
• Summer waveguides can circumvent the whole hemisphere establishing circumglobal teleconnections (CGT, 

Branstator 2002). CGTs can eventually persist synchronizing weather extremes through the hemisphere.
From Kornhuber et al., 2020

Coincidence of 
heatwaves in regions 
teleconnected by 
wave 5

Why do CGTs end up in a phase locking amplification?

Grant Agreement 101159497
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Two main mechanisms:
(i) Weakening of the zonal mean jets.
(ii) Double-jet configuration (trapping of free synoptic 

Rossby waves with k≈6−8 within the midlatitude 
waveguides).

Rousi et al., 2022

Single jet Double jet

These dynamics seem to be ultimately driven by a reduced equator-to-pole 
thermal gradient due to Arctic amplification (Petoukhov et al., 2013 and 
Comou et al., 2014).

Physical drivers of HWs. Large-scale forcing
• Summer waveguides can circumvent the whole hemisphere establishing circumglobal teleconnections (CGT, 

Branstator 2002). CGTs can eventually persist synchronizing weather extremes through the hemisphere.
From Kornhuber et al., 2020

Coincidence of 
heatwaves in regions 
teleconnected by 
wave 5

Why do CGTs end up in a phase locking amplification?



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

Regional-to-local-scale forcing
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…Even though high-pressure systems are a necessary ingredient for the development of HWs,
regional factors can substantially modulate the onset and evolution on a wide range of temporal
scales…
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Regional-to-local-scale forcing

Schematic land-atmosphere interactions in a quiescent synoptic 
regime.

From Santanello et al., 2018

Land-atmosphere interactions represent exchanges of energy,
mass, and momentum at the Earth’s surface. Land-atmosphere
coupling affects planetary boundary layer (PBL or ABL)
evolution, convection, and cloudiness, which in turn affect
precipitation generation and the intensity and duration of heat
waves.

PBL: part of the troposphere directly affected by surface 
conditions, ranging from several hundred meters to a few 
kilometers in depth. Distinguishable from the free troposphere 
above it by differences in flow, thermodynamic properties, and 
chemical content.

Grant Agreement 101159497
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From Santanello et al., 2018
Grant Agreement 101159497

Regional-to-local-scale forcing
How land surface state affects the atmosphere

Outlying the pathways that define the SM-P relationship.
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Regional-to-local-scale forcing

From Miralles et al., 2014

Grant Agreement 101159497

Extreme temperature loop in mega-heatwave, land–atmosphere
feedbacks leading to extreme temperatures exacerbation through a
combined multi-day memory of the land surface and PBL.
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Extreme temperature loop in mega-heatwave, land–atmosphere
feedbacks leading to extreme temperatures exacerbation through a
combined multi-day memory of the land surface and PBL.

This mechanism creates a positive feedback loop (under persistent 
high-pressure systems):
Drier soils → more sensible heat → deeper PBL → more entrainment 
of warm air → even higher temperatures near the surface.

From Miralles et al., 2014

Grant Agreement 101159497

Regional-to-local-scale forcing
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Lorenzo Sangelantoni
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Heatwave analysis in regional
context: challenges, available
datasets, shortcomings
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 Heatwaves in a changing climate
 Regional pattern of changes in heatwaves;
 Are climate model able to reproduce observed heatwave trends?
 Main limitation/challenges.

 Access to climate model simulations for heatwaves analysis
 CMIP6;
 CORDEX;
 ESGF;
 Copernicus CDS.

Grant Agreement 101159497

Talk outline
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IPCC, 2012 SREX

HWs in a changing climate, from statistics to physics

Barriopedro et al., 2023
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HWs in a changing climate
How will changes in climate extremes compare with changes in climate averages?

• Regional changes can outpace 
global mean temperatures.

• Seasonal changes can differ from 
annual mean changes.

• Changes can be different for different 
parts of the distribution.

IPCC WG1, 2021

CMIP6 ensemble median with a 4 °C GW wrt1850-
1900. Extreme T2m refer to the hottest day of the 
year. Precipitation refers to the largest daily 
precipitation of the year
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Occurrence of very hot days under different warming 
levels.
a) The projected number of days per year with maximum 

temperatures above 35 °C over land for (from top to 
bottom) warming levels of 1.5 °C, 2 °C, 3 °C and 4 °C. 
Warming levels represent average global temperatures 
relative to 1850–1900 from CMIP6 models from the 
SSP5-8.5 scenario.

b) Changes in the number of days per year with 
maximum temperatures above 35 °C over land with 
respect to the reference period 1850–1900. Hatching 
represents regions with low model agreement.

From Domenissen et al., 2023

HWs in a changing climate
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HWs in a changing climate

Trends (1950-2021) in warm-season HW features: (a) HW days frequency. (b)
maximum HWs duration in the year. (c) HWs magnitude. (d) annual maximum
areal extent

Top three years of the 1950-2021 period for each continent ranked by 
HW magnitude. Colors correspond to the year of occurrence.

From Barriopedro et al., 2023
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HWs in a changing climate, the rapid European summer warming

From Patterson 2023
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Weakening of the NH summer circulation
Slope of quantile regression between anomalies of EKE and temperature 
in summer (p90)

2015
Grant Agreement 101159497

From Lehmann & Coumou 2015

Hottest summer months are associated with low EKE

Absolute changes in (A) EKE, (B) zonal wind U, and (C) thermal wind UT 
over 1979–2013 in summer. Variables are calculated at 500 mb and 
averaged over 35°N to 70°N and all longitudes, with grey lines plotting 
observations, solid black lines the linear trend.

From Coumou et al.,



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

Are climate models able to reproduce regional patterns 
of accelerated summer season warming?

Trend in extreme heat tail-widening (p99-p87.5)

From Kornhuber et al., 2024

Regional trends in extreme heat tail-widening, estimated by calculating long-term trends in the differences of the yearly 99th percentile of daily 
maximum temperature (Tx) and the yearly 87.5th percentile of Tx (the median of the upper quartile bounded by the 75th and 100th percentiles) at each 
grid-point over 1958 to 2022.

Grant Agreement 101159497
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Are climate models able to reproduce regional patterns 
of accelerated summer season warming?

Trend in extreme heat tail-widening (p99-p87.5) Percentage of models underestimating extreme heat tail-widening

From Kornhuber et al., 2024

Regional trends in extreme heat tail-widening, estimated by calculating long-term trends in the differences of the yearly 99th percentile of daily 
maximum temperature (Tx) and the yearly 87.5th percentile of Tx (the median of the upper quartile bounded by the 75th and 100th percentiles) at each 
grid-point over 1958 to 2022.

Grant Agreement 101159497
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Trends for land points from the ERA5-Land and CMIP6 subset ensemble data for the years 1950–2021. Trends are 
of the warmest half-year months and the warmest 10% of days within those 6 months.

From Huntingford et al., 2024

Grant Agreement 101159497

HWs in a changing climate, globally emerging HW hotspots
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What’s wrong in GCMs?

Vautard et al., 2023

Luo et al., 2022

Grant Agreement 101159497



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

Dynamical downscaling

Grant Agreement 101159497

Global climate model or 
reanalysis providing 
initial and boundary 
conditions for the 
nested regional climate 
model(s)

Nested RCMs – WRF 15 km | WRF 3 km

Representation of summer temperature and HWs in RCMs

→

Elevation (m)

Sangelantoni et al., 2023
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IPCC AR6 2021 chap. 10

Summer surface air temperature trends

Grant Agreement 101159497

Representation of summer temperature and HWs in RCMs
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IPCC AR6 2021 chap. 10

Grant Agreement 101159497

Representation of summer temperature and HWs in RCMs
Future summer season change signal in RCMs vs. GCMs
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IPCC AR6 2021 chap. 10

Representation of summer temperature and HWs in RCMs

Boé et al., 2020

Ensemble mean 
changes in 
summer 
temperature (K) 
and relative 
precipitation over 
Europe between 
2070–2099 and
1970–1999

Future summer season change signal in RCMs vs. GCMs



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

Grant Agreement 101159497

What possibly wrong in RCMs?

The CORDEX multimodel mean has been found to 
underestimate the observed increase in downward 
shortwave radiation, since most RCMs do not consider 
time-evolving aerosols.

From Schumacher et al., 2024
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Datasets available for  
HWs analysis

Grant Agreement 101159497
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Under the World Climate Research Programme (WCRP) the Working Group on Coupled Modelling 
(WGCM) established the Coupled Model Intercomparison Project (CMIP) as a standard 
experimental protocol for studying the output of coupled atmosphere-ocean General Circulation 
Models (AOGCMs).
Models results are used to perform research of relevance to climate scientists preparing the
Intergovernmental Panel on Climate Change Asssessment Reports (IPCC-AR)

Coupled M odel
Intercomparison Project (CM IP)

19
Grant Agreement 101159497
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Provides ensembles of high resolution historical and future climate 
projections for various regions of the globe dynamically downscaling 
a set of CMIP5 GCMs. RCMs in CORDEX typically have a horizontal 
resolution ranging from 50 to 10 km.

Grant Agreement 101159497

CORDEX AND EURO-CORDEX

Guidance for EURO-CORDEXCoordinated Regional Climate Downscaling Experiment

20

https://www.euro-cordex.net/imperia/md/content/csc/cordex/guidance_for_euro-cordex_climate_projections_data_use__2021-02_1_.pdf
https://www.euro-cordex.net/imperia/md/content/csc/cordex/guidance_for_euro-cordex_climate_projections_data_use__2021-02_1_.pdf
https://www.euro-cordex.net/imperia/md/content/csc/cordex/guidance_for_euro-cordex_climate_projections_data_use__2021-02_1_.pdf
https://www.euro-cordex.net/imperia/md/content/csc/cordex/guidance_for_euro-cordex_climate_projections_data_use__2021-02_1_.pdf
https://www.euro-cordex.net/imperia/md/content/csc/cordex/guidance_for_euro-cordex_climate_projections_data_use__2021-02_1_.pdf
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https://esgf-node.cels.anl.gov/ 
https://esgf-node.llnl.gov/ 
https://esgf-metagrid.cloud.dkrz.de/

https://esgf-node.ornl.gov/ 
https://esgf.nci.org.au/
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Start by selecting the project (e.g., CMIP6, CORDEX). Note that slight differences 
in the interface may exist depending on the node. We selected CMIP6
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Start by selecting the ACTIVITY ID (e.g., ScenarioMIP, HighResMIP,DCPP…). Keep 
in mind that not all models are available on every ESGF data node — this is 
particularly true for CORDEX. However, each MetaGrid web interface (e.g., 
https://esgf-metagrid.cloud.dkrz.de/search) provides access to the entire ESGF 
network, allowing you to browse and download data from all nodes regardless of 
where you start.
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Once selected the ACTIVITY ID, ScenarioMIP for our case we will have to 
select the EXPERIMENT ID and the SOURCE ID.

After the ensemble member can be selected (sometimes the model only 
provides a single member). r, p, and f gives info about the realization, the 
physics and the forcings.
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Finally, you can also filter by temporal frequency, variable name, and 
whether to display only original datasets or include replicas.
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Finally you can download your selected files with GLOBUS or get a wget script
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bash wget*.sh -s
-s skips security

Download data from wget in bash
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https://cds.climate.copernicus.eu/
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https://cds.climate.coperni
cus.eu/datasets/projection
s-cmip6?tab=overview
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• In the CDS, some datasets include fewer variables and ensemble members than in 
ESGF; daily data is not available for every variable (e.g. soil moisture)

• In the CDS, users can select a specific region and period of interest before downloading

• CDS currently includes fewer CMIP activities compared to the ESGF

• CDS also provides specific, tailored products developed for community use (e.g. Climate 
extreme indices and heat stress indicators derived from CMIP6 global climate projections)

• Some datasets in the CDS include a Quality tab with information on fitness for purpose, 
Quality assurance and Quality assessment details
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Inspection of climate model outputs

Grant Agreement 101159497



STRENGTHENING THE RESEARCH CAPACITIES 
FOR EXTREME WEATHER EVENTS IN ROMANIA

Interactive break – Sharing our
programming background

Grant Agreement 101159497

 Which programming languages are you comfortable with? (e.g. Python, R, Fortran, 
MATLAB...)

 Do you work with NetCDF files?

 Have you used tools like ncview to quickly visualise data?

 Are you familiar with platforms like the ESGF or the Copernicus Climate Data Store (CDS)?

 Do you use CDO (Climate Data Operators) for data processing?

 Do you work in JupyterLab or similar notebook environments?

 Are you familiar with bash? Do you use it for scripting or running workflows?
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