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56	years ago:	Start	of	2	remarkable numerical enterprises

J.	Smagorinsky (1963)
First	Numerical	Global	Atmospheric	General	Circulation	 Experiment

Dawn	of	Global	climate	&	weather	simulations	 	(MWR	1963)

Doug	Lilly	(1962)

First	Numerical	simulation	 of	buoyant	convection	in	the	atmospheric	Boundary	 Layer
Dawn	of	high	resolution	atmospheric	modeling	(	Tellus 1962)



Seemingly Disconnected

Smagorinsky (1963)

General Circulation Modeling
Lilly (1963)

Large Eddy Simulation

ON TEE NUMERICAL SIMULATION OF BUOYANT CONVECTION 163 

FIG. 10. Experiment 24. Map at 2O.minutes. 

tropes of nos. 23 and 24 at  20 minutes, indicate 
that the pure deformation mixing coefficient 
was insufficient to completely damp computa- 
tional instabilities in the thermally unstable 
part of the field. On the other hand the irregu- 
larities in the thermally stable area were 
essentially eliminated in no. 24. For experiment 
no. 28 input data was taken from the results 
of no. 23 at 20 minutes, and the pure deforma- 
tion mixing was again applied. In this case the 
results differed little from thoee of no. 23 in 
important details or integral properties. Figs. 9 b 
and 11, comparative m a p  of nos. 23 and 28 at 
32 minutes, show that in the latter some smooth- 
ing has again occurred underneath the thermal, 
but the appearance of the upper part is virtually 
identical in the two. It is therefore suggested 
that, except in the initial stages and in stably 
stratified regions, the effects of the Richardson 
coefficient terms are relatively small. This 
suggestion is further confirmed by a comparison 
of values of the ratio of the transformations of 
kinetic and potential to eddy energy. This 
ratio may be considered to define the negative 
of the averaged grid-scale flux Richardson 
number, Rf, i.e. 

J J{EK : EE}dzldz,  eKMDef*dxldx, JJ 
Telius XIV (1962). 2 

FIG. 11. Experiment 28. Msp at 32 minutes. 
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Fig. 12 illustrates this ratio as a function of 
time for experiments nos. 23 and 28 and shows 
that it falls  below 0.2 after the initial accelera- 
tion period. Thus the neutral stability formula- 

C0-l 

EXP23 

.9- 

!E 

EXPZB -.I .O rb 
I 

TIME IminuteU 

FIG. 12. Ratios of the mean hest and momentum 
dissipation, experiments 23 and 28. 
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A HISTORY OF GLOBAL NUMERICAL WEATHER 
PREDICTION. The spectacular development of 
computational resources in the past decades has had 
a profound impact on the field of numerical weather 
and climate modeling. It has facilitated significant 
improvements in the description of key physical pro-
cesses such as radiative transfer and has led to more 
accurate flow solvers. In addition, it has enabled so-
phisticated data-assimilation and ensemble-prediction 
schemes, both of which have turned out to be vital for 
improved prediction skill. Parallel to these develop-
ments, the increased computational power has led to 
a gradual but steady refinement of the computational 
grid. This has allowed models to resolve an increas-
ingly large portion of the atmospheric scales of motion 
visualized in Fig. 1. The unresolved scales need to be 
approximated in a statistical way through statistical 
parameterizations, inevitably involving uncertain 
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assumptions. The parametric representation of un-
resolved processes, especially processes related to 
clouds and convection, is considered to form a major 
source of uncertainty in weather (Slingo and Palmer 
2011) and climate models (Dufresne and Bony 2008).

The historic evolution of computational grids is 
illustrated in the top panel of Fig. 2, which shows how 
the spatial scales treated by operational global numer-
ical weather prediction (NWP) models have evolved 
in time. The range of resolved scales is visualized by 
a horizontal bar, with the largest scale (domain size) 
at the right and the smallest scale (resolution) at the 
left. The width of the bar is therefore a key measure 
of computational cost. Due to ever-increasing com-
putational resources, operational NWP models have 
undergone an exponential increase in horizontal 
resolution. This growth started in 1974 with the 
model of the National Meteorological Center (NMC) 

FIG. 1. Illustration of the atmospheric scales of motion, following Smagorinsky (1974). Common atmospheric 
phenomena are categorized according to their typical length scale (blue shades roughly indicate where the 
phenomena's energy is most often concentrated). Important length scales are LPBL and LTrop , the typical height 
of the planetary boundary layer and that of the troposphere, respectively.
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First	“Charney”	Climate Report	1979

• Doubling of CO2 leads to best estimate of  3 0C  global
warming

• Increase water vapor by 7% per degree warming

• Uncertainty between 1.5 and 4.5 0C primarily due to clouds

Conclusions based on physical principles and rather
coarse resolution GCMs



ObservedChange	in	Temperature since 1980



But uncertainty is not going away…

  

Since The « Charney report » 

Global warming predicted 
by CMIP3 models for 
2xCO2

Randall et al., IPCC 2007

➢ Uncertainty in climate sensitivity estimates 
has barely reduced

=> ranging between 2 and 4.5 K

➢ Cloud feedback has been considered as the 
leading source of this inter-model spread 

Climate sensitivity to 2xCO2

Courtesy J. Vial

why?



Global	Scenario’s		

SPM

 Summary for Policymakers

21

Figure SPM.7 |  CMIP5 multi-model simulated time series from 1950 to 2100 for (a) change in global annual mean surface temperature relative to 
1986–2005, (b) Northern Hemisphere September sea ice extent (5-year running mean), and (c) global mean ocean surface pH. Time series of projections 
and a measure of uncertainty (shading) are shown for scenarios RCP2.6 (blue) and RCP8.5 (red). Black (grey shading) is the modelled historical evolution 
using historical reconstructed forcings. The mean and associated uncertainties averaged over 2081−2100 are given for all RCP scenarios as colored verti-
cal bars. The numbers of CMIP5 models used to calculate the multi-model mean is indicated. For sea ice extent (b), the projected mean and uncertainty 
(minimum-maximum range) of the subset of models that most closely reproduce the climatological mean state and 1979 to 2012 trend of the Arctic sea 
ice is given (number of models given in brackets). For completeness, the CMIP5 multi-model mean is also indicated with dotted lines. The dashed line 
represents nearly ice-free conditions (i.e., when sea ice extent is less than 106 km2 for at least five consecutive years). For further technical details see the 
Technical Summary Supplementary Material {Figures 6.28, 12.5, and 12.28–12.31; Figures TS.15, TS.17, and TS.20}
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Dufresne & Bony, Journal of Climate 2008

Direct Stralings 
effect

Waterdamp feedback

Opp. albedo 
feedback

Wolken feedback

Cloud effects “remain the largest source of 
uncertainty” in model based estimate of 
climate sensitivity IPCC 2013

WAAROM ?

12 verschillende klimaatmodellen met een dubbele CO2 concentratie 



Clouds:	visible	tip	of	the	iceberg

grid	box	size:	100	km

Clouds and Uncertainty
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2018…

29/30 april 2018

Extreme	Precipitation
Droughts

Heat WavesHail

What about local extreme	events?
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More Extreme Precipitation

0,2									2										20								200
return	period in	years

mm/hour

Geert	Lenderink (KNMI	TU	Delft)

7%	more	water	vapor per	degree warming

Observed :	14	%	increase of	extreme	
precipitation intensity per	degree warming
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Observed annual rain and Drought trends
Annual Rain :	observed trend	1960-2015

Source:	European	Environment	Agency

Drought Frequency:	observed trend	1950-2012



Global Weather, Summer 2017 source: Eumetsat
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PERSPECTIVES

Key Uncertainties

The increase in complexity has greatly 
expanded the scope of questions to which 
GCMs can be applied ( 5). Yet, it has had 
relatively little impact on key uncertainties 
that emerged in early studies with less com-
prehensive models ( 6). These uncertainties 
include the equilibrium climate sensitivity 
(that is, the global warming associated with 
a doubling of atmospheric carbon dioxide), 
arctic amplifi cation of temperature changes, 
and regional precipitation responses. Rather 
than reducing biases stemming from an 
inadequate representation of basic pro-
cesses, additional complexity has multiplied 
the ways in which these biases introduce 
uncertainties in climate simulations ( 7,  8).

For instance, a poor understanding of what 
controls the distribution of tropical precipita-
tion over land, and hence vegetation dynam-
ics, limits attempts to understand the carbon 
cycle ( 9). Similarly, uncertainties in arctic 
amplifi cation of warming hinder predictions 
of permafrost melting and resultant changes 
in soil biogeochemistry.

Although the drive to complexity has not 
reduced key uncertainties, it has addressed 
Smagorinsky’s question ( 2) as to what level 
of process detail is necessary to understand 
the general circulation. There is now ample 
evidence that an inadequate representation of 
clouds and moist convection, or more gener-
ally the coupling between atmospheric water 
and circulation, is the main limitation in cur-
rent representations of the climate system.

That this limitation constitutes a major 
roadblock to progress in climate science can 
be illustrated by simple numerical experi-

ments. In idealized simulations of a water-
world that neglect complex interactions 
among land surface, cryosphere, biosphere, 
and aerosol and chemical processes (see the 
fi gure), the key uncertainties associated with 
the response of clouds and precipitation to 
global warming are as large as they are in 
comprehensive Earth System Models ( 10).

Differences among the simulations in 
the fi gure are especially evident in the trop-
ics, where the sign of cloud changes and the 
spatial structure of the precipitation response 
differ fundamentally between models. This 
diversity of responses arises because, at low 
latitudes, the coupling between water and 
circulation is disproportionately dependent 
on the representation of unresolved pro-
cesses, such as moist convection and cloud 
formation ( 11,  12). The mid-latitudes show 
more robust responses because much of 
the energy transport is carried by baroclinic 
eddies; these, too, are fundamentally coupled 
to water, but they are much better described 
and resolved by modern GCMs, as foreseen 
by Smagorinsky ( 1).

The uncertain interplay between water 
and circulation that underlies differences in 
the response of the climate system to warm-
ing (see the fi gure) can be expressed in terms 
of more specifi c questions. For instance, how 
do marine boundary-layer clouds depend on 
their environment? Or how do atmospheric 
circulations couple to moist convection 
through surface and radiative fl uxes? The fi rst 
question ends up being key to explaining the 
intermodel spread in climate sensitivity ( 13, 
 14), the second to the pattern of the regional 
response to warming. Differences in regional 

responses also infl uence ocean circulations, 
and hence how oceans take up heat, as well as 
patterns of precipitation, and hence how the 
land biosphere takes up carbon.

Back to Basics

A deeper understanding and better represen-
tation of the coupling between water and cir-
culation, rather than a more expansive repre-
sentation of the Earth System, is thus neces-
sary to reduce the uncertainty in estimates of 
the climate sensitivity and to guide adapta-
tion to climate change at the regional level. 
This knowledge should help focus efforts 
and lead to progress in reducing the impreci-
sion of climate models in the next 50 years. 
Here, Numerical Weather Prediction (NWP) 
provides a good example. By focusing on 
key limitations in the model initialization, 
spatial resolution, and the representation 
of key parameterized processes, NWP has 
improved forecast skill substantially over 
the past 30 years ( 15).

It is time to draw lessons from the era of 
experimentation that Smagorinsky launched 
half a century ago, and focus climate model-
ing efforts on advancing understanding and 
improving the numerical representations of 
how clouds, moist convection, and heating 
couple to the general circulation. 
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Change in cloud radiative effects

Change in precipitation
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Wide variation. The response patterns of clouds and precipitation to warming vary dramatically depending 
on the climate model, even in the simplest model confi guration. Shown are changes in the radiative effects of 
clouds and in precipitation accompanying a uniform warming (4°C) predicted by four models from Phase 5 of 
the Coupled Model Intercomparison Project (CMIP5) for a water planet with prescribed surface temperatures.
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Global	Models:	
fit	for predicting changes	in	precipitationpatterns?	

Stevens & Bony,  Science (2015)
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Regional Scenario’s	for the Netherlands	(KNMI	‘14)
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Pathway 1:	Jumping	over	the 1km-barrier

10	m 10	km 100	km 1000	km 10000	kmcm 1	m 100	m 1	km10	cm

1 km

today: 100 km resolution

resolving

clouds & turbulence

Empiricims First Principles

CLIMBER-n PalMOD CMIP NWP GSRM LES DNS

A new quality of model with each leap



Dyamond Project Stevens et al 2019

Nine different global models running 40 days of near 1 km resolution
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especially cumulus and stratocumulus 
clouds over tropical oceans4,7–9. These low 
clouds cool the underlying surface by 
reflecting sunlight. If they reflect more 
sunlight as the climate warms — for 
example, by covering larger areas — they 
reduce the warming and lower ECS. If 
they reflect less sunlight, they amplify 
the warming and raise ECS. Current 
climate models produce tropical low-cloud 
responses to warming with either sign and 
widely differing magnitudes. Most of the 
spread in ECS across models arises from 
this spread in the response of tropical low 
clouds (Fig. 1b). Why is modelling low 
clouds difficult?

Computing clouds
Although clouds cover 70% of the sky, they 
contain very little water. If one took all 
condensed water in clouds (cloud droplets 
and ice crystals) and spread it as a liquid 
layer on Earth’s surface, one would get 
a film 0.1 mm thin — the thickness of a 
human hair. The amount of water vapour in 
the atmosphere is about 250 times greater, 

corresponding to a liquid layer 2.5 cm 
thick. To predict how clouds respond to 
warming, we need to predict changes in 
the minuscule residual of water vapour 
that condenses when air ascends and cools 
in turbulent updrafts. Currently we do so 
with climate models that are not made for 
the task: their atmosphere models have a 
horizontal grid spacing around 50–100 km 
and a vertical grid spacing in the lower 
atmosphere of around 200 m. This is much 
too coarse to resolve the 10–100 m wide 
turbulent updrafts that originate in the 
planetary boundary layer and generate 
low clouds. Instead, climate models 
predict where clouds form with physically 
motivated parameterizations that relate the 
small-scale turbulence of clouds and the 
planetary boundary layer to the large-scale 
dynamics resolved on the models’ grids.

Advances in computing will eventually 
enable climate models to resolve the 
turbulence controlling clouds, although 
uncertainties about the microphysics 
of droplet and ice crystal formation 
may remain. But to resolve low clouds, 

including the numerically challenging 
stratocumulus10, climate models need 
grid spacings on the order of 10 m in 
the lower atmosphere. To achieve that, 
the number of atmospheric grid cells 
in climate models — currently around 
106 — needs to increase 108-fold. This will 
be possible once computer performance 
has increased 1011-fold (Fig. 2). If we 
assume optimistically that computer 
performance continues to double every 
1.2 years, as it has over the past decades, 
and that all added performance goes to 
increase model resolution, global climate 
models will resolve low clouds by the 
2060s (Fig. 2). Computing advances may 
eventually deliver answers — but not before 
Earth’s climate system itself has revealed 
its sensitivity in the experiment we are 
currently performing on it11.

Since the 1970s, the atmospheric 
grid spacing of climate models has been 
refined by a factor of 5–10. A factor of 
100 refinement would have been possible 
had much of the 108-fold increase in 
computer performance over that period 
been invested in increasing atmospheric 
resolution (Fig. 2). Instead, much of the 
added computer performance was used 
to broaden scope from atmosphere-
only models, to coupled atmosphere-
ocean models, to Earth system models 
that include the biosphere. The 
increased complexity has improved our 
understanding of the oceans’ role in the 
climate system and of climate changes on 
timescales of centuries and longer. But 
because the bulk of the spread in allowable 
CO2 concentrations is traceable to the ECS 
uncertainty (Fig. 1a), ocean dynamics and 
other processes that do not affect ECS 
contribute little to this spread. To reduce 
the uncertainty in climate projections for 
the next decades, we need to focus on 
the atmosphere. Computer performance 
increases could make atmosphere models 
with kilometer-scale resolution routine 
within a decade (Fig. 2). This will improve 
projections of monsoons, precipitation, 
and tropical cyclones12–14 among other 
phenomena. But even in kilometer-scale 
models, low clouds must be parameterized. 
A convergence of what is feasible 
computationally on small and large scales, 
paired with unprecedented observational 
capabilities, can now enable rapid progress 
in parameterizing low clouds. 

Cloud and climate simulations
While global models resolving low clouds 
are not feasible, limited-area models 
resolving their dynamics do exist15–17. 
Such large-eddy simulation (LES) 
models compute approximate solutions 
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Figure 2 | Evolution of horizontal resolution of climate models and maximum computer performance 
since 1979. Left axis: atmospheric horizontal resolution (inverse horizontal grid spacing) of atmosphere 
general circulation models (AGCMs), coupled atmosphere–ocean general circulation models 
(AOGCMs), and Earth system models (ESMs). The model vintage for the climate models is the date of 
the first peer-reviewed publication describing the model (from the scientific literature and assessment 
reports of the IPCC). AR1–AR5 mark the dates of appearance of IPCC assessment reports. The gray 
shading indicates the resolution range at which deep convective clouds begin to be resolved. Right axis: 
maximum performance (number of floating point operations, flops) of the world’s fastest computers 
(from www.top500.org since 1993, and from Wikipedia before then). The performance evolution 
of supercomputers used for climate modelling roughly parallels the performance evolution of the 
world’s fastest computer8. The axes are scaled such that a factor 10 resolution increase on the left 
axis corresponds to a factor 104 performance increase on the right axis, because a resolution increase 
by a factor N in each of the three space directions in a global model requires a factor N4 increase in 
computer performance. Resolution increases would be parallel to computer performance increases if all 
performance increases went into increasing resolution.
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Routine	global 1km	resolutions simulations requires a	factor	100	
increase in	computational power.	

Schneider
Nature Geoscience 2017

Moore’s lawhas	come to	an end



Large Eddy Simulation (LES) 
models

Three	flavoursof	Numerical	Atmospheric	Models
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A HISTORY OF GLOBAL NUMERICAL WEATHER 
PREDICTION. The spectacular development of 
computational resources in the past decades has had 
a profound impact on the field of numerical weather 
and climate modeling. It has facilitated significant 
improvements in the description of key physical pro-
cesses such as radiative transfer and has led to more 
accurate flow solvers. In addition, it has enabled so-
phisticated data-assimilation and ensemble-prediction 
schemes, both of which have turned out to be vital for 
improved prediction skill. Parallel to these develop-
ments, the increased computational power has led to 
a gradual but steady refinement of the computational 
grid. This has allowed models to resolve an increas-
ingly large portion of the atmospheric scales of motion 
visualized in Fig. 1. The unresolved scales need to be 
approximated in a statistical way through statistical 
parameterizations, inevitably involving uncertain 
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assumptions. The parametric representation of un-
resolved processes, especially processes related to 
clouds and convection, is considered to form a major 
source of uncertainty in weather (Slingo and Palmer 
2011) and climate models (Dufresne and Bony 2008).

The historic evolution of computational grids is 
illustrated in the top panel of Fig. 2, which shows how 
the spatial scales treated by operational global numer-
ical weather prediction (NWP) models have evolved 
in time. The range of resolved scales is visualized by 
a horizontal bar, with the largest scale (domain size) 
at the right and the smallest scale (resolution) at the 
left. The width of the bar is therefore a key measure 
of computational cost. Due to ever-increasing com-
putational resources, operational NWP models have 
undergone an exponential increase in horizontal 
resolution. This growth started in 1974 with the 
model of the National Meteorological Center (NMC) 

FIG. 1. Illustration of the atmospheric scales of motion, following Smagorinsky (1974). Common atmospheric 
phenomena are categorized according to their typical length scale (blue shades roughly indicate where the 
phenomena's energy is most often concentrated). Important length scales are LPBL and LTrop , the typical height 
of the planetary boundary layer and that of the troposphere, respectively.
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Basic	Principle	of	LES

• Large	Turbulent	Eddies	resolved

• Inertial	Range	partially	resolved

• =>	smaller	eddies	parameterized	realistically	using	
Kolmogorov	(5/3)	scaling	theory



Pathway2:	Growing up	from small	to large

Cuijpers & Siebesma 1992 

Dutch Atmospheric Large 
Eddy Simulation Model

(DALES)



USE	LES	as	guidance for parameterized processes in	larger
scale models

General	CirculationModel	(GCM)
(Numerical Weather Prediction (NWP)		or	Climate model)

Large	Eddy	Simulation Model
“truth”	in	silico



Further Development….	Go	higher!

Include the possibilty for deep moist convection

cloud microphysics and precipitation (2010)



Further Development….	Go	broader

Including atmospheric chemistry



CabauwAtmospheric	Profiling	Station

But what about realistic weather forecasts or reanalyses??

Roel Neggers,
Erik van Meijgaard

Embed DALES in RACMO



In Vivo In Silico

Further Development….	Go	Longer in	real	time

Courtesy: 
Jerome Schalkwijk
TU DElft



Go	Larger……
48 hours simulation over the Netherlands on a resolution of 100m

(256 GPUs) (400x400km)

Courtesy: 
Jerome Schalkwijk TU 
Delft  BAMS 2015



Making	extreme	weather of	the future….

manuscript submitted to JGR: Atmospheres
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Figure 3. Snapshots of the precipitation field at the center of phase I and phase II (upper and

lower panels). Three experiments: M4K, CTRL and P4K (left to right). Grey areas indicate no

or below-threshold precipitation.

In the following sections, we will, according to the structure of figure 3, examine272

how the spatial variability and intensities change with varying temperature, as well as273

between the two active phases of convective rainfall. For this purpose, we investigate the274

properties of rain cells, which are defined as continuous areas with rainfall. We extracted275

the size L (square root of the area) of rain cells in phase I and II and calculate the num-276

ber of cells that exceed a certain size threshold (figure 4). In Phase I, all experiments277

have similar distributions up until a size threshold of approximately 5 km. From there278

on the lines diverge. For instance, rain cells larger than 8 km are, in absolute terms, four279

times more frequent in the P4K run than in the M4K run. This represents a correspond-280

ing change of the size distribution for the di↵erent experiments (figure S5). Thus, larger281

rain cells grow further in size and become more frequent with increasing temperature and282

moisture availability.283
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present future ( 4 0C warmer)

K. Lochbihler, G. Lenderink, P. Siebesma, (TU Delft & KNMI)
F. Jansson (CWI)



Adding	Structures……

Pim van Dijk 
TU Delft 2017



Go Operational

Harm Jonker
Remco Verzijlbergh
(Whiffle, TU Delft) 



WEATHER FINECASTING ™ 2018

Cabauw validation: yearly average wind 
profile
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Cabauw validation: yearly average profile

Go	for quality…..



Concluding Thoughts

• Climate models have correctly predicted global warming in the 70’s.

• But they still come with large uncertainties that have not reduced over the last 40 years.

• These uncertainties are related to the incapability of representing Clouds & Convection.

• …and will not go away unless we will resolve them at the km scale.

• Turbulence resolving models (LES) are becoming increasingly more realistic

• Allowing for many applications on their own for weather and climate.

• Climate Science more and more also becomes a challenging technological enterprise that
requires close cooperation with mathematicians, computer scientists and physicisists.


