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Climate Models 
(NASA GEOS5 Nature Run: https://svs.gsfc.nasa.gov/30017)
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Chemical Transport Model (CTM)
3D transport, regional (boundary conditions) or global, 
met-fields diagnostic from GCM

Box Model
0D, no transport, 
no or external forcings

Parcel Model
0D, moved by prescribed
external forcings

Single Column Model (SCM)
1D, vertical transport
no or external forcings (e.g. campaign)

Regional Circulation Model
3D transport, regional, 
met-fields prognostic but with boundary conditions from GCM
General Circulation Model (GCM)
3D transport, global, met-fields prognostic, potentially assimilated
or “nudged” to assimilated meteorological analysis data

Hierarchy of Climate Models
Earth System Models of Intermediate Complexity
Multiple 0D/1D/2D models for components
no transport but interactions

Earth System Models
Coupled Atmosphere/Ocean GCMs 
2D/3D models for Earth System components
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General circulation climate models based on fundamental physics:

Numerical solution of fundamental 
physical equations on resolved scale:

• conservation of momentum
• conservation of mass
• conservation of energy
• equation of state

Hierarchy of Climate Models

Climate Models
Philip Stier

Additional parameterisations for unresolved:
• cloud cover
• cloud microphysics + precipitation 
• aerosols
• radiative transfer 
• chemistry
• land surface processes
• vegetation
• carbon cycle
• cryosphere
• …. 



General circulation climate models based on fundamental physics:

Hierarchy of Climate Models
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ARCHER UK's national 
supercomputing service



General Circulation Model (GCM)
Atmospheric model resolution since IPCC FAR:

Resolution of Climate Models
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Global mean surface temperature 
anomaly relative to 1901 to 1950. Thin 
blue: individual models
Thick blue: model mean
Black: observations

Natural Forcing Only Anthropogenic and Natural Forcings

Global mean surface temperature 
anomaly relative to 1901 to 1950. Thin 
orange: individual models
Thick red: model mean
Black: observation

Climate Predictions
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large as the observed warming and larger yet than the estimated
0.5 °C uncertainty in the observations. The deemphasis of this type
of information, while helpful for focusing the reader on the set-
tled science, contributes to the impression that, while climate
models can never be perfect, they are largely fit for purpose.
However, for many key applications that require regional climate
model output or for assessing large-scale changes from small-
scale processes, we believe that the current generation of mod-
els is not fit for purpose.

Figs. 2 and 3 develop this point further by showing how, on the
regional scale and for important regional quantities (7), these prob-
lems are demonstrably more serious still, as model bias (compared
with observations) is often many times greater than the signals that
the models attempt to predict. In a nonlinear system, particularly
one as important as our model of Earth’s climate, one cannot be
complacent about biases with such magnitudes. Both basic physics
and past experience (at least on timescales that observations con-
strain) teach us that our ability to predict natural fluctuations of the
climate system is limited by such biases (8–11). By downplaying the
potential significance that model inadequacies have on our ability
to provide reliable estimates of climate change, including of course
in terms of extremes of weather and climate, we leave policy makers
(and indeed, the public in general) ignorant of the extraordinary
challenge it is to provide a sharper and more physically well-
grounded picture of climate change, essentially depriving them of
the choice to do something about it.

What is needed is the urgency of the space race aimed, not
at the Moon or Mars, but rather toward harnessing the promise
of exascale supercomputing to reliably simulate Earth’s regional
climate (and associated extremes) globally. This will only be possible
if the broader climate science community begins to articulate its

dissatisfaction with business as usual—not just among themselves
but externally to those who seek to use the models for business,
policy, or humanitarian reasons. Failing to do so becomes an ethical
issue in that it saddles us with the status quo: a strategy that hopes,
against all evidence, to surmount the abyss between scientific capa-
bility and societal needs on the back of 2 less-than-overwhelming
ideas: 1) that post processing (i.e., empirically correcting or selec-
tively sampling model output) can largely eliminate the model sys-
tematic biases that would otherwise make the models unfit for
purpose (12) and 2) that incremental changes in model resolution
or parametrization can overcome structural deficiencies that other-
wise plague the present generation of models (13). Empirical bias
corrections canwork well for systems that behave linearly, but a large
part of the reason for developing comprehensive models is to ac-
count for, or help anticipate, the climate system’s nonlinearities (14).
Were this not reason enough (15) to be dissatisfied with a dispro-
portionate emphasis on idea 1, then surely lessons from numerical
weather prediction—where an increase in skill has gone hand in
hand with a reduction in systematic error—are (11, 16). As for idea
2, after 6 generations of model development spanning roughly 30 y,
it seems safe to conclude that the task that we set for ourselves was,
if not impossible, then too difficult to be achieved by incremental
improvements alone. Even the most optimistic assessment of model
development efforts cannot avoid concluding that progress has
been far too slow to justify continuing to prioritize the present path.

This status quo and the complacency that surrounds it give us
cause to be deeply dissatisfied with the state of the scientific
response to the challenges posed by global warming. Whereas
present day climate models were fit for the purpose for which
they were initially developed, which was to test the basic tenets
of our understanding of global climate change, they are inadequate

Fig. 1. Estimates of global surface temperature anomaly from model integrations performed in support of the fifth phase of the coupled model
intercomparison project (CMIP5). Here, the observed anomaly (black) is estimated relative to the observed climatology, while the model anomalies are
estimated relative to each model’s estimate of climatology (rather than the multimodel ensemble mean estimate of climatology). This has the implicit
effect of removing each model’s individual climatological bias against observations. The range of uncorrected model temperatures for the period
1961 to 1990 is shown in a small bar to the right of the figure. While uncertainty in observational estimate of absolute temperatures is about 0.5 °C,
uncertainty in the anomalies is much smaller. As such, the spread in model anomalies relative to the multimodel ensemble mean is larger than the
observed trend in the anomalies and much larger than the uncertainty in the observed anomalies. Adapted with permission from ref. 13.

24392 | www.pnas.org/cgi/doi/10.1073/pnas.1906691116 Palmer and Stevens
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Current climate models are not that perfect…
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Current climate models are not that perfect…

Precipitation Bias        >       Predicted Change

for addressing the needs of society struggling to anticipate the
impact of pending changes to weather and climate.

If climate science aspires to be relevant to societies deal-
ing with climate change, a new strategy (17) is required (Box 2).
A fresh wind, in the form of a step change in the physical
content and fidelity of climate simulation systems, must be
let loose to fan the flame of basic climate science to challenge
our understanding of how global warming becomes manifest
in regional climate and its subsystems. The stirrings of such
a wind are beginning to be felt, as in different laboratories
around the world, experimental efforts aimed at harnessing
exascale computing to surmount roadblocks, known to limit
the fidelity of existing simulation systems, are taking shape (18–21).
However, if these stirrings are to grow to the gale required to give
impetus to theory and observations and if society is to fully realize

the ensuing benefits, these efforts must be scaled up through
bold, sustained, and coordinated multinational initiatives.

As our nonlinear world moves into uncharted territory, we
should expect surprises. Some of these may take the form of
natural hazards, the scale and nature of which are beyond our
present comprehension. The sooner we depart from the present
strategy, which overstates an ability to both extract useful in-
formation from and incrementally improve a class of models that
are structurally ill suited to the challenge, the sooner we will be on
the way to anticipating surprises, quantifying risks, and addressing
the very real challenge that climate change poses for science.
Unless we step up our game, something that begins with critical
self-reflection, climate science risks failing to communicate and
hence realize its relevance for societies grappling to respond to
global warming.

Fig. 2. The left-hand column shows the systematic error of 3 of the leading CMIP5models for June, July, andAugust (JJA)mean surface air temperature
(tas) computed using ensemble integrations and observations for the period 1986 to 2005. The right-hand column shows the same 3 models’ regional
temperature response to climate change forcing (computed as the departure from the global mean) based on differences between ensemble
integrations for the period 2081 to 2100 following the RCP8.5 scenario and the period 1986 to 2005. The same scale is used for both columns. There
arewidespread regions where the magnitude of systematic error is comparable with or exceeds the magnitude of the climate change signal.

A B

C D

E F

Fig. 3. A, C, and E show the systematic error of the 3 CMIP5 models in Fig. 2 for June, July, and August (JJA) mean precipitation (based on GPCP
observational data) computed using ensemble integrations and observations for the same period as in Fig. 2. B,D, and F show the same 3models’
response to climate change forcing based on differences between ensemble integrations for the same period and scenario as in Fig. 2. The
same scale is used forA–F. There are widespread regions where the systematic error exceeds the climate change signal (in some regions by more
than a factor of 20).

Palmer and Stevens PNAS | December 3, 2019 | vol. 116 | no. 49 | 24393
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Visible satellite image (0.8 µm) Infrared satellite image (10.8 µm)

What effects of clouds do we need to consider in a climate model?

Role of Clouds for Climate

Climate Models
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(Boucher et al., IPCC AR5, Chapter 7, 2013)

Cloud radiative effects from CERES satellite instrument:

Shortwave

Longwave

Net

Clouds and Climate

Climate Models

Net radiative effect 
of clouds: -21 Wm-2



Cloud amount
• Unresolved at large scales: generally parameterized cloud cover scheme

Cloud microphysics
• Aerosol as cloud condensation / ice nuclei
• Warm clouds: collision coalescence
• Cold clouds: freezing, hydrometeor classes, collisions, coalescence, accretion, riming, splintering
• Precipitation formation: hard to resolve, parameterised as autoconversion

Cloud radiative effects
• Interaction with short and long-wave radiation
• Consider sub-gridscale and inhomogeneity

Atmospheric energy budget
• Diabatic heating/cooling through phase transitions and radiation interactions

Effects of clouds on dynamics
• Thermally driven circulations: Hadley Circulation
• Transport of: momentum, energy, water, entropy, gases, aerosol

Effects of Clouds to Consider

Climate Models
Philip Stier



Parameterised fractional 
cloud cover

Mean in-cloud liquid-, ice-water 
and microphysics

CC [%]

Mosaic approach:
Fractional surface cover

Within one model column:

Mean convective up- and 
down-drafts

Fup

Fdown

Mean clear-sky and cloudy-sky 
radiative fluxes

100 km

Tracers (mass or number) 
homogeneously mixed

Representation of Clouds in Climate Models
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Caveats: un- or partially resolved scales and non-local effects

Representation of Clouds in Climate Models

Climate Models
Philip Stier

Divergence / convergence
and compensating 
subsidence are non-local!

CC [%]

Scale separation violated

Fup

Fdown

10 km



From single molecules to the Paris Agreement
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From single molecules to the Paris Agreement
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Aerosol Nucleation

Climate Models
https://www.sciencemag.org/news/2021/03/watch-winners-year-s-dance-your-phd-contest 



Atmospheric Aerosols

(SeaWIFS true-color satellite image from: http://visibleearth.nasa.gov)

Aerosols are short-lived (lifetime about a week)

Climate modelling across scales



(SeaWIFS true-color satellite image from: http://visibleearth.nasa.gov)

Radiative Forcing of
Aerosol Radiation Interactions

Top of the 
Atmosphere

Surface

Climate modelling across scales



MODIS true-color satellite image (29/04/2002)
(From: http://visibleearth.nasa.gov)

Radiative Forcing of
Aerosol Cloud Interactions



Cloud Albedo Effect
Twomey (1977)

Radiative Forcing of
Aerosol Cloud Interactions



Aerosols, clouds and radiation 2441 

For  cloud droplets in solar illumination, g is quasi- 
constant and ~0.85; using that value, one obtains a 
still simpler approximate formula: 

R ~  13+~" (5) 

For this simple formula, we can readily derive the 
sensitivity of R to droplet number N, and express it in 
terms of N and R. The result is 

(d.) .,1 .i 
w -  ~ -  (6) 

Thus, for a given N, the most susceptible clouds are 
those with R ~  1/2, but the maximum of R is rather 
flat--for R = 1/4 or 3/4, dR/dN is still three-fourths of 
its maximum value. For  fixed R, (dR/dN)w is inversely 
related to N, which in the real present atmosphere, can 
vary by more than two orders of magnitude. The 
susceptibility dR/dN (graphed in Fig. 7) reveals a 
considerable sensitivity for clean conditions--e.g, in 
oceanic and remote areas (where N is low). There 
(dR/dN)w is seen to approach 1 per cent (per cm-3); 
that value would mean a reflectance change of 0.01 for 
a concentration change of just 1 cm -3. To produce 
such a change, up to a height of 1 km would require 
about 50 tons of material for the whole global atmo- 
sphere (taking the mass of a nucleus as 10- 16 g) ;  t o  
maintain it even ~kith a residence time of only 2 days, 
an injection rate of about 1-10 kilotons annually 

would suffice--i.e, very much less than the hundreds of 
megatons of S, Na, etc., being injected by man and by 
nature in present-day conditions. Even if only a few 
per cent of global cloud cover were susceptible to this 
degree, increasing N in the more susceptible clean 
locations by a lot less than the present-day spread of 
measured values of N could change ( l - A )  in the 
climate equation by 1 or 2 per cent. 

Parenthetically, it should be pointed out that 
Schwartz (1988) argued that since mean albedos 
seemed to be about equal for Northern and Southern 
Hemispheres (despite there being perhaps 3-10 times 
more sulfur injected into the atmosphere of the Nor- 
thern Hemisphere), albedo modification by man-made 
emissions could be discounted. Figure 7 shows that it 
is the clean regions that are most susceptible to albedo 
increase: Schwartz estimated 6 megatons yearly of 
anthropogenic S could easily have more impact in the 
clean regions of the Southern Hemisphere than 150 
megatons in the Northern Hemisphere. 

7. C O N C L U S I O N S  

Although present climate models pay scant at- 
tention to either the dry aerosol or to the wet aerosol 
(clouds)--otber than rather gross parameterizations 
of the latter--there is compelling (although, at present, 
incomplete) theoretical and experimental evidence 

q 

d to 

Fig. 7. Susceptibility dR/dN for different conditions. The vertical unit is per cent 
reflectance per additional droplet cm-a. 

✓
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Radiative forcing of 
Aerosol Cloud Interactions

Cloud Albedo Effect (Twomey 1977, 1991)

Global Energy Balance
Climate modelling across scales



Our work on HAM: Stier et al. (2005, 2007), Tegen et al. (2021)

Representation of Aerosols in Climate Models



Our work on HAM: Stier et al. (2005, 2007), Tegen et al. (2021)
(NASA GEOS5 Nature Run: https://svs.gsfc.nasa.gov/30017)

Representation of Aerosols in Climate Models

https://svs.gsfc.nasa.gov/30017


Parameterised fractional 
cloud cover

Mean in-cloud liquid-, ice-water 
and microphysics including 
aerosol activation to cloud 
droplets

CC [%]

Within one model column:

Convective clouds –
no aerosol effects

Fup

Fdown

Mean clear-sky and cloudy-sky 
radiative fluxes

100 km

Tracers (mass or number) 
homogeneously mixed

Aerosol-Cloud Interactions in Climate Models

Climate Models
Philip Stier



AeroCom Aerosol Radiative Forcing

(Ghan et al., PNAS, 2016, Gryspeerdt et al., PNAS, 2017)
AeroCom Indirect III Experiment

AeroCom multi-model radiative imbalance and the top of atmosphere (effective 
radiative forcing, ERF) from aerosol-cloud interactions and fast adjustments [Wm-2]:



AeroCom Aerosol Radiative Forcing

(Ghan et al., PNAS, 2016, Gryspeerdt et al., PNAS, 2017)
AeroCom Indirect III Experiment

AeroCom multi-model radiative imbalance and the top of atmosphere (effective 
radiative forcing, ERF) from aerosol-cloud interactions and fast adjustments [Wm-2]:

Model diversity (proxy for 
uncertainty) remains large.



Understanding Aerosol Radiative Forcing

Regime-based analysis
(Langton et al., GRL, 2021)

Decomposition of ERCaci in HadGEM-UKCA into objective cloud regimes: manuscript submitted to Geophysical Research Letters

Figure 1. Histograms showing the 12 cluster centroids used in this analysis, as taken from

Tselioudis et al. (2013). Shading represents cloud fraction. The clear regime was assigned by

clustering on the other 11 regimes, and then applying a CF dependent mask to the gridboxes.

The three di↵erent stratocumulus regimes were all merged into one cluster post-allocation.

the clouds as they would in an LES model, they will produce a signal, although this sig-109

nal could be di�cult to interpret accurately.110

Table 1. Averaged CF, CTP and albedo (↵) for each of the 11 weather states defined in Tse-

liodis et al. (2013), shown visually in Figure 1.

WS1 WS2 WS3 WS4 WS5 WS6 WS7 WS8 WS9 WS10 WS11

CF/% 98.8 96.8 93.4 91.6 83.4 76.4 29.8 61.8 81.2 83.1 93.3
CTP/hPa 278 453 360 621 551 324 601 779 827 719 736

Albedo (↵) 0.592 0.560 0.303 0.566 0.293 0.189 0.338 0.275 0.437 0.375 0.569

2.2 Regime Assignment111

Cloud regime definitions were taken from the work of Tselioudis et al. (2013), which112

defined a set of 11 (Global) Weather States (WS) from ISCCP observations using a k-113

means clustering algorithm (Anderberg, 2014), which clusters on 6ˆ7 joint histograms114

of cloud top pressure (CTP) and cloud optical depth (COD). These are depicted visu-115

ally in figure 1. The average properties of each of these centroids, which are used for regime116

assignment, are shown in table 1.117

These cloud regimes can be seen to somewhat mimic classical cloud types. Grid-118

boxes with CF § 0.5% are assigned to a separate clear-sky regime. In this analysis, sev-119

eral regimes with similar properties are merged together. This is done by first assign-120

ing the regimes to the original 11 weather states defined by Tselioudis et al. (2013), and121

then not distinguishing between the merged states. These merged states are:122

1. Anvil Cirrus (WS3) & Cirrus (WS6)ÑCirrus123

2. Shallow Cumulus (WS8) & Thin Strat (WS9)ÑThin Stratocumulus124

3. Mid Strat (WS10) & Thick Strat (WS11)ÑThick Stratocumulus125

–4–

manuscript submitted to Geophysical Research Letters

Figure 4. Indirect aerosol forcing arising from changes in regime mean properties for both

shortwave (top) and longwave (bottom), �Ck
↵. The horizontal colourbar shows values for each

individual regime, while the vertical colourbar shows values for all regimes combined. The clear

regime has been omitted as it produces no forcing.

Figure 3 shows the increase in CCN at cloud base between PD and PI simulations.194

CCN is defined by the dry particle cuto↵ radius being larger than 50nm. The strongest195

increase is seen over land, predominantly over China and south-east Asia, and the In-196

dian subcontinent, with other more localised perturbations seen elsewhere over areas with197

high emissions. The Southern ocean sees very little aerosol perturbation, and the north198

Atlantic and Pacific see a perturbation an order of magnitude smaller than the one seen199

over land.200

Figure 4 shows both shortwave and longwave contributions to the forcing produced201

by changes to mean properties of each cloud regime, as given in (4). The data is ag-202

gregated for each month, and then subjected to a 2-tailed t-test. The data shown is all203

data which is significant at the 5% level. The forcing is dominated by the shortwave con-204

tribution by the thick stratocumulus regime, particularly in the marine stratocumulus205

decks o↵ the coast of Africa and North & South America, and in the north Pacific and206

north Atlantic shipping lanes. The longwave contribution is much smaller than the short-207

wave, and is more pronounced in regimes with high CF, for instance the thick stratocu-208

mulus or thick mid-level cloud regimes. As the thick stratocumulus regime already has209

a CF of 93.3%, it is likely that this forcing is arising from regime transitions from WS10210

to WS11 via an increase in cloud fraction and ↵, and an optical thickening of the pre-211

existing WS11 regime.212

The Cirrus regime shows almost no shortwave forcing, however it does present the213

highest longwave forcing of all regimes (´0.10 Wm-2).214

Figure 5 shows the shortwave and longwave contributions to the forcing produced215

by changes in occurrence of each cloud regime. Once again, this e↵ect is dominated by216

the shortwave contribution, this time with a roughly equal weighting between the thick217

mid-level and thick stratocumulus regimes for both SW and LW radiation. Because of218

the predominantly negative sign of cloud radiative e↵ects, it is easy to see how changes219

–8–
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Figure 5 shows the shortwave and longwave contributions to the forcing produced215

by changes in occurrence of each cloud regime. Once again, this e↵ect is dominated by216

the shortwave contribution, this time with a roughly equal weighting between the thick217

mid-level and thick stratocumulus regimes for both SW and LW radiation. Because of218

the predominantly negative sign of cloud radiative e↵ects, it is easy to see how changes219
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Figure 8.15 |  Bar chart for RF (hatched) and ERF (solid) for the period 1750–2011, where the total ERF is derived from Figure 8.16. Uncertainties (5 to 95% confidence range) 
are given for RF (dotted lines) and ERF (solid lines).

Figure 8.16 |  Probability density function (PDF) of ERF due to total GHG, aerosol 
forcing and total anthropogenic forcing. The GHG consists of WMGHG, ozone and 
stratospheric water vapour. The PDFs are generated based on uncertainties provided in 
Table 8.6. The combination of the individual RF agents to derive total forcing over the 
Industrial Era are done by Monte Carlo simulations and based on the method in Boucher 
and Haywood (2001). PDF of the ERF from surface albedo changes and combined con-
trails and contrail-induced cirrus are included in the total anthropogenic forcing, but 
not shown as a separate PDF. We currently do not have ERF estimates for some forcing 
mechanisms: ozone, land use, solar, etc. For these forcings we assume that the RF is 
representative of the ERF and for the ERF uncertainty an additional uncertainty of 17% 
has been included in quadrature to the RF uncertainty. See Supplementary Material Sec-
tion 8.SM.7 and Table 8.SM.4 for further description on method and values used in the 
calculations. Lines at the top of the figure compare the best estimates and uncertainty 
ranges (5 to 95% confidence range) with RF estimates from AR4.

Therefore, the large uncertainty in the aerosol forcing is the main 
cause of the large uncertainty in the total anthropogenic ERF. The total 
anthropogenic forcing is virtually certain to be positive with the prob-
ability for a negative value less than 0.1%. Compared to AR4 the total 
anthropogenic ERF is more strongly positive with an increase of 43%. 
This is caused by a combination of growth in GHG concentration, and 
thus strengthening in forcing of WMGHG, and weaker ERF estimates of 
aerosols (aerosol–radiation and aerosol–cloud interactions) as a result 
of new assessments of these effects.

Figure 8.17 shows the forcing over the Industrial Era by emitted com-
pounds (see Supplementary Material Tables 8.SM.6 and 8.SM.7 for 
actual numbers and references). It is more complex to view the RF 
by emitted species than by change in atmospheric abundance (Figure 
8.15) since the number of emitted compounds and changes leading to 
RF is larger than the number of compounds causing RF directly (see 
Section 8.3.3). The main reason for this is the indirect effect of sever-
al compounds and in particular components involved in atmospheric 
chemistry (see Section 8.2). To estimate the RF by the emitted com-
pounds in some cases the emission over the entire Industrial Era is 
needed (e.g., for CO2) whereas for other compounds (such as ozone 
and CH4) quite complex simulations are required (see Section 8.3.3). 
CO2 is the dominant positive forcing both by abundance and by emit-
ted compound. Emissions of CH4, CO, and NMVOC all lead to excess 
CO2 as one end product if the carbon is of fossil origin and is the reason 
why the RF of direct CO2 emissions is slightly lower than the RF of 
abundance change of CO2. For CH4 the contribution from emission is 
estimated to be almost twice as large as that from the CH4 concen-
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Climate modelling across scales
(Stier et al., 2005; Brasseur and Roeckner, 2005)

Strong incentives to reduce aerosols:

From single molecules to the Paris Agreement

Air pollution kills 
an estimated 
seven million 
people worldwide 
every year (WHO).

Instantaneous removal of anthropogenic sulfate aerosols in 2000, 
temperature jump by 0.8 degrees…

sor compounds [Kiehl et al., 1999; O. Boucher, personal
communication, 2004]. In the specific case of sulfate, the
anthropogenic emissions of sulfur are assumed to be roughly
2 Tg in 1860, 10 Tg in 1900, 20 Tg in 1920, 40 Tg in 1960,
and 70 Tg in year 2000. Other potential forcing mechanisms
including solar variability and volcanic eruptions, and the
effects of non-sulfate aerosols are ignored.
[6] For the period after year 2000, two idealized scenar-

ios are considered. The goal of these simulations is not to
present realistic scenarios in terms of future emissions, but
to illustrate response time scales associated with the physics
of the climate system. In the first of them, the atmospheric
concentration of greenhouse gases and the sulfate aerosol
load remain constant at their level of 2000 (experiment A or
‘commitment’ case). To a first approximation, this case
describes a highly idealized situation in which the emissions
of the long-lived greenhouse gases are becoming insignif-
icant, while no significant actions are taken to reduce the
emissions of aerosol precursors. In particular, it should be
noted that the lifetimes of many radiative forcing agents
currently contributing to global warming are long (includ-
ing, e.g., carbon dioxide, which is the dominant warming
agent and has a time scale for removal from the atmosphere
of more than a hundred years even in the absence of
emissions). The second case is similar, but, in addition,
anthropogenic sulfate aerosols are assumed to be entirely
removed from the atmosphere during the period following
year 2000 (experiment B). In contrast to warming agents,
the anthropogenic aerosols that act to mask the warming
effect have very short lifetimes of a few days or weeks, due
mainly to their removal in rainfall, so that changes in the
global aerosol load will occur promptly if emissions are
altered. This sensitivity experiment is intended to illustrate
the character of responses to measures that may be taken to

remove aerosol particles from the atmosphere. The differ-
ence between the two cases (B-A) is not intended to
represent any realistic scenario, but indicates the maximum
climate impact that might result from a substantial rapid
improvement in air quality. Note, however, that the present
study focuses on the role of anthropogenic sulfate aerosols,
which are abundant in the industrialized regions of the
Northern Hemisphere, but ignores the potentially important
additional effects of black carbon and organic aerosol
particles, which are released, for example, by wildfires,
mostly in the tropics.

3. Results and Discussion

[7] The evolution of the globally averaged surface air
temperature between years 1950 and 2100, calculated by the
climate model is represented by Figure 1a. The values are
expressed in Kelvin as deviations from the respective mean
temperatures over the 1961–1990 time-period. For the
period preceding year 2000, the model reproduces with
some success the observed global mean temperature change,
and specifically the pronounced upward trend observed
between 1980 and 2000. After year 2000, the two different
scenarios (A, B) must be considered. In the case where the
forcing is maintained at its current level (A, blue curve), the
climate system evolves towards an equilibrium situation at a
rate determined mainly by the ocean timescales. In the case
where anthropogenic sulfate aerosols are abruptly removed
from the atmosphere (B; red curve), the model predicts a
rapid initial perturbation of the Earth’s climate followed by
a slow adjustment towards an equilibrium state. The global
and annual mean surface air temperature increases by as
much as 0.8 K within the first 5 years. By 2100, the
temperature difference (B-A) reaches 1 K, and the amount
of precipitation has increased by 3% in the global, annual
mean (Figure 1b).
[8] The rapid change in temperature can be attributed to

the abrupt elimination of both the direct and the first indirect
aerosol effect. The simulated top of the atmosphere (TOA)
clear-sky sulfate forcing is about !0.8 Wm!2, as can be
inferred from the difference in upward clear-sky fluxes at
the top of the atmosphere and at the surface, respectively
(Figure 1c). After year 2000, according to the experimental
setup, it remains at this value in experiment A and vanishes
in experiment B. The difference pattern B-A (Figure 2a)
shows pronounced anomalous shortwave heating of 5–
8 Wm!2 at TOA in the industrialized regions of the
Northern Hemisphere (eastern US, Europe, East Asia). It
is important to note that these numbers refer to clear-sky

Figure 1. (a) Temporal evolution of global and annual
mean surface air temperature anomalies (K) with respect to
the mean 1961–1990 in experiment A (blue), in experiment
B (red), and in the observations (P. D. Jones et al., Global
and hemispheric temperature anomalies 1856–2000—Land
and marine instrumental records, 2001, available at http://
cdiac.ornl.gov/trends/temp/jonescru/jones.html). (b) As in
Figure 1a but for precipitation anomalies (percent). (c) As in
Figure 1a but for the difference (B-A) in top-of-atmosphere
clear-sky shortwave radiation (W/m2). (d) As in Figure 1a
but for the difference (B-A) in shortwave cloud radiative
forcing (W/m2).

Figure 2. (a) Annual mean differences (B-A) in clear-sky
top of the atmosphere shortwave radiation (W/m2) for the
time period 2071–2100. (b) As in Figure 2a but for the
difference in shortwave cloud radiative forcing (W/m2).
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2.2.2.2 CO2 and non-CO2 contributions to the remaining 
carbon budget

A remaining carbon budget can be estimated from calculating the 
amount of CO2 emissions consistent (given a certain value of TCRE) 
with an allowable additional amount of warming. Here, the allowable 
warming is the 1.5°C warming threshold minus the current warming 
taken as the 2006–2015 average, with a further amount removed to 
account for the estimated non-CO2 temperature contribution to the 
remaining warming (Peters, 2016; Rogelj et al., 2016b). This assessment 
uses the TCRE range from AR5 WGI (Collins et al., 2013) supported 
by estimates of non-CO2 contributions that are based on published 
methods and integrated pathways (Friedlingstein et al., 2014a; Allen et 
al., 2016, 2018; Peters, 2016; Smith et al., 2018). Table 2.2 and Figure 
2.3 show the assessed remaining carbon budgets and key uncertainties 
for a set of additional warming levels relative to the 2006–2015 period 
(see Supplementary Material 2.SM.1.1.2 for details). With an assessed 
historical warming of 0.87°C ± 0.12°C from 1850–1900 to 2006–2015 
(Chapter 1, Section 1.2.1), 0.63°C of additional warming would be 

Figure 2.3 |  Temperature changes from 1850–1900 versus cumulative CO2 emissions since 1st January 1876. Solid lines with dots reproduce the globally 
averaged near-surface air temperature response to cumulative CO2 emissions plus non-CO2 forcers as assessed in Figure SPM10 of WGI AR5, except that points marked with 
years relate to a particular year, unlike in WGI AR5 Figure SPM.10, where each point relates to the mean over the previous decade. The AR5 data was derived from 15 Earth 
system models and 5 Earth system models of Intermediate Complexity for the historic observations (black) and RCP8.5 scenario (red), and the red shaded plume shows the 
range across the models as presented in the AR5. The purple shaded plume and the line are indicative of the temperature response to cumulative CO2 emissions and non-CO2 
warming adopted in this report. The non-CO2 warming contribution is averaged from the MAGICC and FAIR models, and the purple shaded range assumes the AR5 WGI TCRE 
distribution (Supplementary Material 2.SM.1.1.2). The 2010 observation of surface temperature change (0.97°C based on 2006–2015 mean compared to 1850–1900, Chapter 
1, Section 1.2.1) and cumulative carbon dioxide emissions from 1876 to the end of 2010 of 1,930 GtCO2 (Le Quéré et al., 2018) is shown as a filled purple diamond. The value 
for 2017 based on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO2 (Version 1.3 accessed 22 May 2018) and a surface temperature anomaly of 
1.1°C based on an assumed temperature increase of 0.2°C per decade is shown as a hollow purple diamond. The thin blue line shows annual observations, with CO2 emissions 
from Le Quéré et al. (2018) and estimated globally averaged near-surface temperature from scaling the incomplete coverage and blended HadCRUT4 dataset in Chapter 1. The 
thin black line shows the CMIP5 multimodel mean estimate with CO2 emissions also from (Le Quéré et al., 2018). The thin black line shows the GMST historic temperature trends 
from Chapter 1, which give lower temperature changes up to 2006–2015 of 0.87°C and would lead to a larger remaining carbon budget. The dotted black lines illustrate the 
remaining carbon budget estimates for 1.5°C given in Table 2.2. Note these remaining budgets exclude possible Earth system feedbacks that could reduce the budget, such as 
CO2 and CH4 release from permafrost thawing and tropical wetlands (see Section 2.2.2.2).

approximately consistent with a global mean temperature increase 
of 1.5°C relative to pre-industrial levels. For this level of additional 
warming, remaining carbon budgets have been estimated (Table 2.2, 
Supplementary Material 2.SM.1.1.2). 

The remaining carbon budget calculation presented in the Table 
2.2 and illustrated in Figure 2.3 does not consider additional Earth 
system feedbacks such as permafrost thawing. These are uncertain 
but estimated to reduce the remaining carbon budget by an order of 
magnitude of about 100 GtCO2 and more thereafter. Accounting for 
such feedbacks would make the carbon budget more applicable for 
2100 temperature targets, but would also increase uncertainty (Table 
2.2 and see below). Excluding such feedbacks, the assessed range for 
the remaining carbon budget is estimated to be 840, 580, and 420 
GtCO2 for the 33rd, 50th and, 67th percentile of TCRE, respectively, 
with a median non-CO2 warming contribution and starting from 1 
January 2018 onward. Consistent with the approach used in the 
IPCC Fifth Assessment Report (IPCC, 2013b), the latter estimates 
use global near-surface air temperatures both over the ocean and 

(IPCC SR1.5, Fig. 2.3)
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amount of CO2 emissions consistent (given a certain value of TCRE) 
with an allowable additional amount of warming. Here, the allowable 
warming is the 1.5°C warming threshold minus the current warming 
taken as the 2006–2015 average, with a further amount removed to 
account for the estimated non-CO2 temperature contribution to the 
remaining warming (Peters, 2016; Rogelj et al., 2016b). This assessment 
uses the TCRE range from AR5 WGI (Collins et al., 2013) supported 
by estimates of non-CO2 contributions that are based on published 
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2.3 show the assessed remaining carbon budgets and key uncertainties 
for a set of additional warming levels relative to the 2006–2015 period 
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historical warming of 0.87°C ± 0.12°C from 1850–1900 to 2006–2015 
(Chapter 1, Section 1.2.1), 0.63°C of additional warming would be 
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averaged near-surface air temperature response to cumulative CO2 emissions plus non-CO2 forcers as assessed in Figure SPM10 of WGI AR5, except that points marked with 
years relate to a particular year, unlike in WGI AR5 Figure SPM.10, where each point relates to the mean over the previous decade. The AR5 data was derived from 15 Earth 
system models and 5 Earth system models of Intermediate Complexity for the historic observations (black) and RCP8.5 scenario (red), and the red shaded plume shows the 
range across the models as presented in the AR5. The purple shaded plume and the line are indicative of the temperature response to cumulative CO2 emissions and non-CO2 
warming adopted in this report. The non-CO2 warming contribution is averaged from the MAGICC and FAIR models, and the purple shaded range assumes the AR5 WGI TCRE 
distribution (Supplementary Material 2.SM.1.1.2). The 2010 observation of surface temperature change (0.97°C based on 2006–2015 mean compared to 1850–1900, Chapter 
1, Section 1.2.1) and cumulative carbon dioxide emissions from 1876 to the end of 2010 of 1,930 GtCO2 (Le Quéré et al., 2018) is shown as a filled purple diamond. The value 
for 2017 based on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO2 (Version 1.3 accessed 22 May 2018) and a surface temperature anomaly of 
1.1°C based on an assumed temperature increase of 0.2°C per decade is shown as a hollow purple diamond. The thin blue line shows annual observations, with CO2 emissions 
from Le Quéré et al. (2018) and estimated globally averaged near-surface temperature from scaling the incomplete coverage and blended HadCRUT4 dataset in Chapter 1. The 
thin black line shows the CMIP5 multimodel mean estimate with CO2 emissions also from (Le Quéré et al., 2018). The thin black line shows the GMST historic temperature trends 
from Chapter 1, which give lower temperature changes up to 2006–2015 of 0.87°C and would lead to a larger remaining carbon budget. The dotted black lines illustrate the 
remaining carbon budget estimates for 1.5°C given in Table 2.2. Note these remaining budgets exclude possible Earth system feedbacks that could reduce the budget, such as 
CO2 and CH4 release from permafrost thawing and tropical wetlands (see Section 2.2.2.2).

approximately consistent with a global mean temperature increase 
of 1.5°C relative to pre-industrial levels. For this level of additional 
warming, remaining carbon budgets have been estimated (Table 2.2, 
Supplementary Material 2.SM.1.1.2). 

The remaining carbon budget calculation presented in the Table 
2.2 and illustrated in Figure 2.3 does not consider additional Earth 
system feedbacks such as permafrost thawing. These are uncertain 
but estimated to reduce the remaining carbon budget by an order of 
magnitude of about 100 GtCO2 and more thereafter. Accounting for 
such feedbacks would make the carbon budget more applicable for 
2100 temperature targets, but would also increase uncertainty (Table 
2.2 and see below). Excluding such feedbacks, the assessed range for 
the remaining carbon budget is estimated to be 840, 580, and 420 
GtCO2 for the 33rd, 50th and, 67th percentile of TCRE, respectively, 
with a median non-CO2 warming contribution and starting from 1 
January 2018 onward. Consistent with the approach used in the 
IPCC Fifth Assessment Report (IPCC, 2013b), the latter estimates 
use global near-surface air temperatures both over the ocean and 

(IPCC SR1.5, Fig. 2.3)
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A remaining carbon budget can be estimated from calculating the 
amount of CO2 emissions consistent (given a certain value of TCRE) 
with an allowable additional amount of warming. Here, the allowable 
warming is the 1.5°C warming threshold minus the current warming 
taken as the 2006–2015 average, with a further amount removed to 
account for the estimated non-CO2 temperature contribution to the 
remaining warming (Peters, 2016; Rogelj et al., 2016b). This assessment 
uses the TCRE range from AR5 WGI (Collins et al., 2013) supported 
by estimates of non-CO2 contributions that are based on published 
methods and integrated pathways (Friedlingstein et al., 2014a; Allen et 
al., 2016, 2018; Peters, 2016; Smith et al., 2018). Table 2.2 and Figure 
2.3 show the assessed remaining carbon budgets and key uncertainties 
for a set of additional warming levels relative to the 2006–2015 period 
(see Supplementary Material 2.SM.1.1.2 for details). With an assessed 
historical warming of 0.87°C ± 0.12°C from 1850–1900 to 2006–2015 
(Chapter 1, Section 1.2.1), 0.63°C of additional warming would be 

Figure 2.3 |  Temperature changes from 1850–1900 versus cumulative CO2 emissions since 1st January 1876. Solid lines with dots reproduce the globally 
averaged near-surface air temperature response to cumulative CO2 emissions plus non-CO2 forcers as assessed in Figure SPM10 of WGI AR5, except that points marked with 
years relate to a particular year, unlike in WGI AR5 Figure SPM.10, where each point relates to the mean over the previous decade. The AR5 data was derived from 15 Earth 
system models and 5 Earth system models of Intermediate Complexity for the historic observations (black) and RCP8.5 scenario (red), and the red shaded plume shows the 
range across the models as presented in the AR5. The purple shaded plume and the line are indicative of the temperature response to cumulative CO2 emissions and non-CO2 
warming adopted in this report. The non-CO2 warming contribution is averaged from the MAGICC and FAIR models, and the purple shaded range assumes the AR5 WGI TCRE 
distribution (Supplementary Material 2.SM.1.1.2). The 2010 observation of surface temperature change (0.97°C based on 2006–2015 mean compared to 1850–1900, Chapter 
1, Section 1.2.1) and cumulative carbon dioxide emissions from 1876 to the end of 2010 of 1,930 GtCO2 (Le Quéré et al., 2018) is shown as a filled purple diamond. The value 
for 2017 based on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO2 (Version 1.3 accessed 22 May 2018) and a surface temperature anomaly of 
1.1°C based on an assumed temperature increase of 0.2°C per decade is shown as a hollow purple diamond. The thin blue line shows annual observations, with CO2 emissions 
from Le Quéré et al. (2018) and estimated globally averaged near-surface temperature from scaling the incomplete coverage and blended HadCRUT4 dataset in Chapter 1. The 
thin black line shows the CMIP5 multimodel mean estimate with CO2 emissions also from (Le Quéré et al., 2018). The thin black line shows the GMST historic temperature trends 
from Chapter 1, which give lower temperature changes up to 2006–2015 of 0.87°C and would lead to a larger remaining carbon budget. The dotted black lines illustrate the 
remaining carbon budget estimates for 1.5°C given in Table 2.2. Note these remaining budgets exclude possible Earth system feedbacks that could reduce the budget, such as 
CO2 and CH4 release from permafrost thawing and tropical wetlands (see Section 2.2.2.2).

approximately consistent with a global mean temperature increase 
of 1.5°C relative to pre-industrial levels. For this level of additional 
warming, remaining carbon budgets have been estimated (Table 2.2, 
Supplementary Material 2.SM.1.1.2). 

The remaining carbon budget calculation presented in the Table 
2.2 and illustrated in Figure 2.3 does not consider additional Earth 
system feedbacks such as permafrost thawing. These are uncertain 
but estimated to reduce the remaining carbon budget by an order of 
magnitude of about 100 GtCO2 and more thereafter. Accounting for 
such feedbacks would make the carbon budget more applicable for 
2100 temperature targets, but would also increase uncertainty (Table 
2.2 and see below). Excluding such feedbacks, the assessed range for 
the remaining carbon budget is estimated to be 840, 580, and 420 
GtCO2 for the 33rd, 50th and, 67th percentile of TCRE, respectively, 
with a median non-CO2 warming contribution and starting from 1 
January 2018 onward. Consistent with the approach used in the 
IPCC Fifth Assessment Report (IPCC, 2013b), the latter estimates 
use global near-surface air temperatures both over the ocean and 

(IPCC SR1.5, Fig. 2.3)

From single molecules to the Paris Agreement

Removing 
aerosols raises 
temperature for 
same amount of 
carbon



Oxford School of Climate Change
Mitigation

Global temperatures can be estimated from cumulative emissions of CO2 –
this provides an intuitive way to estimate the remaining carbon budget

105

2

Mitigation Pathways Compatible with 1.5°C in the Context of Sustainable Development Chapter 2

2.2.2.2 CO2 and non-CO2 contributions to the remaining 
carbon budget

A remaining carbon budget can be estimated from calculating the 
amount of CO2 emissions consistent (given a certain value of TCRE) 
with an allowable additional amount of warming. Here, the allowable 
warming is the 1.5°C warming threshold minus the current warming 
taken as the 2006–2015 average, with a further amount removed to 
account for the estimated non-CO2 temperature contribution to the 
remaining warming (Peters, 2016; Rogelj et al., 2016b). This assessment 
uses the TCRE range from AR5 WGI (Collins et al., 2013) supported 
by estimates of non-CO2 contributions that are based on published 
methods and integrated pathways (Friedlingstein et al., 2014a; Allen et 
al., 2016, 2018; Peters, 2016; Smith et al., 2018). Table 2.2 and Figure 
2.3 show the assessed remaining carbon budgets and key uncertainties 
for a set of additional warming levels relative to the 2006–2015 period 
(see Supplementary Material 2.SM.1.1.2 for details). With an assessed 
historical warming of 0.87°C ± 0.12°C from 1850–1900 to 2006–2015 
(Chapter 1, Section 1.2.1), 0.63°C of additional warming would be 

Figure 2.3 |  Temperature changes from 1850–1900 versus cumulative CO2 emissions since 1st January 1876. Solid lines with dots reproduce the globally 
averaged near-surface air temperature response to cumulative CO2 emissions plus non-CO2 forcers as assessed in Figure SPM10 of WGI AR5, except that points marked with 
years relate to a particular year, unlike in WGI AR5 Figure SPM.10, where each point relates to the mean over the previous decade. The AR5 data was derived from 15 Earth 
system models and 5 Earth system models of Intermediate Complexity for the historic observations (black) and RCP8.5 scenario (red), and the red shaded plume shows the 
range across the models as presented in the AR5. The purple shaded plume and the line are indicative of the temperature response to cumulative CO2 emissions and non-CO2 
warming adopted in this report. The non-CO2 warming contribution is averaged from the MAGICC and FAIR models, and the purple shaded range assumes the AR5 WGI TCRE 
distribution (Supplementary Material 2.SM.1.1.2). The 2010 observation of surface temperature change (0.97°C based on 2006–2015 mean compared to 1850–1900, Chapter 
1, Section 1.2.1) and cumulative carbon dioxide emissions from 1876 to the end of 2010 of 1,930 GtCO2 (Le Quéré et al., 2018) is shown as a filled purple diamond. The value 
for 2017 based on the latest cumulative carbon emissions up to the end of 2017 of 2,220 GtCO2 (Version 1.3 accessed 22 May 2018) and a surface temperature anomaly of 
1.1°C based on an assumed temperature increase of 0.2°C per decade is shown as a hollow purple diamond. The thin blue line shows annual observations, with CO2 emissions 
from Le Quéré et al. (2018) and estimated globally averaged near-surface temperature from scaling the incomplete coverage and blended HadCRUT4 dataset in Chapter 1. The 
thin black line shows the CMIP5 multimodel mean estimate with CO2 emissions also from (Le Quéré et al., 2018). The thin black line shows the GMST historic temperature trends 
from Chapter 1, which give lower temperature changes up to 2006–2015 of 0.87°C and would lead to a larger remaining carbon budget. The dotted black lines illustrate the 
remaining carbon budget estimates for 1.5°C given in Table 2.2. Note these remaining budgets exclude possible Earth system feedbacks that could reduce the budget, such as 
CO2 and CH4 release from permafrost thawing and tropical wetlands (see Section 2.2.2.2).

approximately consistent with a global mean temperature increase 
of 1.5°C relative to pre-industrial levels. For this level of additional 
warming, remaining carbon budgets have been estimated (Table 2.2, 
Supplementary Material 2.SM.1.1.2). 

The remaining carbon budget calculation presented in the Table 
2.2 and illustrated in Figure 2.3 does not consider additional Earth 
system feedbacks such as permafrost thawing. These are uncertain 
but estimated to reduce the remaining carbon budget by an order of 
magnitude of about 100 GtCO2 and more thereafter. Accounting for 
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From single molecules to the Paris Agreement

This makes it 
much harder to 
stay within 1.5 
degrees warming 
as in Paris 
Agreement



Known unknowns: aerosol-convection interactions

(Herbert et al., JGR, 2021)

Current generation of climate models relies on parametrised convection:
No representation of convective microphysics nor coupling to aerosols

Simulation of 
aerosol effects 
on convection 
over the 
Amazon using 
ICON with 
1.5km resolution 

Climate modelling across scales – cloud resolving



ICON CRM simulations over the Amazon
- Domain: 3000 x 2000 km, 1500 m resolution, 75 vertical levels
- Perturbations: Idealised radiative and microphysical using MACv2-SP

(Herbert et al., JGR, 2021)
Climate modelling across scales – cloud resolving

Known unknowns: aerosol-convection interactions



➔ consistent diurnal 
response of domain-mean 
liquid cloud fraction due to 
presence of smoke

➔ A-Train satellite 
overpass time misses out 
on huge portion of diurnal 
response
➔ important implications 
for daily mean radiative 
effect of smoke over 
Amazon

Diurnal response of liquid cloud fraction during simulation:

Aerosol effects on deep convective cloud fields
Microphysical and Radiative Perturbations

(Herbert et al., JGR, 2021)
Climate modelling across scales – cloud resolving



Next Generation Climate Models

Philip Stier

Box 2. A new approach to global climate modeling

We are suggesting a new approach to climate model development (23). This approach should aim to reduce climate models’ de-
pendence on subgrid parameterizations where possible and account for their uncertainty where not. To be successful, this approach
must master and motivate technological innovations, particularly in computing, and be given a sense of purpose commensurate to
the task at hand.

Global storm and ocean-eddy resolving [O(1 km)] models make it possible to directly simulate deep convection, ocean mesoscale
eddies, and important land–atmosphere interactions. Prototypes of such models are already being developed (21), 3 examples of
which are compared with a satellite image. By avoiding the need to represent essential processes by semiempirical parameteriza-
tions, the simulated climate of such a model is more constrained by the laws of physics. This can be expected to lead to the reduction
or even elimination of many systematic biases that plague the present generations of models (24–31).

Commensurate with this focus on high resolution, uncertainties in the parameterization of remaining subgrid (or nonfluid-
dynamical) processes should be represented explicitly through some application of stochastic modeling (32). Among other advantages,
this will ensure that such parameterizations are not unjustifiably complex—or overfit to past changes—and that the numerical
precision of both parameterizations and dynamical cores is commensurate with their information content (33). Data-driven methods
could also play an important role in reducing computational costs and in improving the representation of processes that cannot be
constrained by first principles (34).

We can expect that such models will have substantially reduced biases against observations and a better characterization
of uncertainty. Already, signs of improved prediction skill for tropical intraseasonal variability are emerging from prototype
models with convective permitting resolution (35). This will radically enhance the reliability of regional climate projections.
However, by how much? There is no overarching theory of the Navier–Stokes equation from which such questions can
be answered [indeed, some of the most basic mathematical properties of these equations are still unknown (36)]. Nor can
we presently partition uncertainty in predictions among fluid-dynamical vs. nonfluid-dynamical (cloud microphysics, land-
surface properties, biogeochemistry) contributions to climate change. This means that the only way to answer such questions
is to actually develop and run such models. This is largely the way in which the benefits of increased resolution in numerical
weather prediction were quantified. These benefits have been so enormous that no one would seriously contemplate returning
to weather forecast model resolutions of say the 1980s and utilize the saved computer resources for other applications (37).

The development of this new generation of models should be sustained, multinational, and coordinated as a flagship
application of high-performance computing and information technology. Only as a coordinated technology project will it
be possible to meet the computational challenges of running the highest possible resolution models and accessing their
full information content. How to structure such an initiative can be debated; indisputable is the necessity to endow it with the
same sense of purpose that has made past grand scientific challenges—from weather forecasting to moon landings—
so successful.

The importance of developing predictions of climate with reliable regional precision is so important that we simply have to give
this our best shot. Failing to do so keeps society in the dark about the possible ways that our climate system might develop in the
coming years and decades.

24394 | www.pnas.org/cgi/doi/10.1073/pnas.1906691116 Palmer and Stevens
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Next generation of global cloud resolving climate models with km resolution

Snapshot of 3 global cloud resolving climate models and one satellite observation.

(Palmer & Stevens, 2019)

Climate modelling across scales
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Massive computational challenge

In 2.5km resolution with 90 vertical levels – 6.6 billion gridpoints…

EU projects NextGEMS and DestinationEarth take on the challenge.  

Climate modelling across scales



• General circulation climate models solve fundamental physical conservation 
equations and equations of state on the resolved scales (O(100km))

• Significant challenge to represent processes occurring on sub-grid scales, 
in particular clouds which are affected by processes from nanometer 
(aerosol nucleation) to global (large scale dynamics) scales

• Current climate models have significant skill and provide the basis for key 
policy decisions, however, they remain imperfect

• Major uncertainties remain relating to the representation of clouds, aerosols, 
their interactions and the resulting radiative effects, constituting a major 
uncertainty for our remaining carbon budget under air pollution mitigation 
scenarios

• A next generation of global cloud resolving climate models is on the horizon 
(H2020 NextGEMS (@nextgems_eu) and Destination Earth)

Conclusions

Climate modelling across scales
Philip Stier
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