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than a consensus by the most comprehensive models. They require 
the underpinning of physical arguments  —  theories  —  developed 
through the use of a hierarchy of models and critically assessed using 
available data6,9. An increased emphasis on understanding may well 
be the best course of action to develop reliable insights about climate 
change in as timely a manner as possible. Conceptual breakthroughs 
have typically come from rephrasing old questions in a new way, 
one that makes long-standing problems finally tractable. Advances 
in key issues, such as the extent of the Hadley cell10, the intensity 
of tropical cyclones11 or the heights reached by convective clouds12, 
have all come through idealized studies and clever application of 
physical reasoning to obtain constraints on the system, leading to 
new ways of using and interpreting comprehensive models, and link-
ing them to observations. We argue therefore that accelerating pro-
gress in climate change assessments requires an approach focused 
on the development and testing of hypotheses that link changes in 
regional patterns, extremes, climate sensitivity and other important 
features of climate in a self-consistent way. The theories or ‘story 
lines’ that emerge from such an approach emphasize physical con-
cepts and testable ideas around which scientific activity can organ-
ize, and may also make communication of risk-based assessments 
more compelling and useful.

Four questions 
By focusing the development of story lines around a few carefully 
chosen questions, a more comprehensive analysis will be possible, 
one in which the integration of observations, evidence obtained 
from a hierarchy of models, and physical understanding will 

advance knowledge much more efficiently than would the consid-
eration of particular lines of evidence in isolation. Below, four such 
questions are outlined. Among the great variety of questions one 
might consider, these four stood out both because of their central-
ity to a more specific understanding of global and regional climate 
changes, and because new and emerging approaches or insights are, 
as outlined below, making them more tractable. 

What role does convection play in cloud feedbacks? Many 
changes of the climate system at global and regional scales are 
closely linked to the globally averaged temperature. For this rea-
son, one of the simplest and most important measures of the sys-
tem response to forcing remains the ‘climate sensitivity’, by which 
we mean the equilibrium change in the globally averaged near-
surface temperature in response to a doubling of the concentra-
tion of atmospheric CO2. Available evidence3 suggests a range 
in the climate sensitivity from 1.5 to 4.5 K. The socio-economic 
implications of this uncertainty are enormous — a simple cal-
culation demonstrates that to maintain a warming target of two 
degrees, nearly twice as much CO2 could be emitted in a low-
climate-sensitivity (1.5 K) world as compared with a high-sensi-
tivity (4.5 K) world. Economic modelling suggests that progress 
in the assessment of climate sensitivity would have a staggering 
economic value13.

Although the likely range of climate sensitivity estimates has not 
narrowed in the past three decades, tremendous progress has been 
made in understanding the factors controlling climate sensitivity6,7. 
It is now possible to delineate well-understood processes, which 

The influence of the large-scale atmospheric circulation on 
clouds has long been recognized, and is evident on any satel-
lite picture (see image, an infrared composite of geostationary 
satellite data taken on March 29th 2004 at 12:00 GMT). In the 
extratropics, large cloud-systems are caught up in and trace the 
motions associated with baroclinic and mesoscale waves. In the 
tropics, clusters of deep clouds trace the ascending branches of 
the Hadley–Walker circulation, while low clouds cover the ocean 
in anticyclonic areas. But clouds are not merely markers of the 
circulation, they are increasingly understood to influence and 
shape the very circulations in which they are embedded. The 
interaction between clouds and circulation primarily results from 
three processes: phase changes, radiative transfer and turbulent 
transport of air parcels. Condensation and evaporation processes 
associated with the formation, the maturation or the dissipation 
of clouds, and the interaction of clouds with solar and infrared 
radiation, lead to atmospheric heating and cooling perturbations, 

which stimulate waves and turbulence and which affect the hori-
zontal and vertical distributions of temperature on a wide range 
of scales. In addition, the mesoscale up- and down-drafts that 
form within cloud systems transport heat, moisture and momen-
tum, and thus rectify the large-scale atmospheric state. Through 
these various effects, clouds influence both locally and remotely 
the atmospheric static stability, the wind shear and the meridi-
onal gradients of temperature. In doing so they help to determine 
the localization and strength of large-scale dynamical features 
such as the tropical Hadley–Walker circulation, intraseasonal 
oscillations and mid-latitude jets25,33,46,47 and influence the rate 
of development, the structure and the strength of smaller-scale 
disturbances such as tropical and extratropical cyclones, as well 
as the organization of convection and the occurrence of a range 
of mesoscale phenomena1,42,48,49. New opportunities now make 
it possible to considerably improve the understanding of these 
interactions (Box 2).

Box 1 | How do clouds and circulation interact?
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- 1896: Arrhenius was first to make a quantitative link between CO2 concentration and global mean surface 
temperature (i.e., the logarithmic relationship)

He also predicted that fossil fuel burning would cause an increase in CO2 ... and that the CO2 
concentration would double 3000 years after his calculations ! Wrong timing of doubling CO2 !

Research on global warming begun in the 19th Century

- 1979: the “Charney report“ 

Charney et al. 1979, “Carbon Dioxide and Climate: A Scientific 
Assessment” 

A CO2 doubling within the 21st Century would result in a global 
mean surface temperature change ranging between 1.5 to 4.5°C 
(likely value ~ 3°C) and ... 

... a larger warming at higher latitudes 

                                                        => This is already observed !

First observational evidence of increased CO2 concentration at 
Mauna Loa Observatory

Svante Arrhenius 

Pioneer in establishing a quantitative link between CO2 
concentration and global mean surface temperature (i.e., the 
logarithmic relationship)

He predicted that fossil fuel burning would cause an increase in 
CO2 in the atmosphere ... 

1896

1950s

Waarnemingen liegen niet 

In-situ waarnemingen van CO2-trends in 
op Mauna Loa Observatory. 
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Source: Climate Explorer 
G.J. van Oldenborgh 
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Maar we willen (nog) meer dan correlaties…. 

•  Causaliteit  (Attributie) 

•  Realistische toekomst scenario’s 

•  Gebruik makend van fysische principes 

•  En door het opstellen en het testen van kritische hypotheses  
             (de wetenschappelijke methode) 



Behoudswet van momentum 

Behoudswet van massa 

Behouds wet van vocht 

Behouds wet van energie 

Gas wet 

Gelukkig hebben we fysische behoudswetten…… 

Sir John Mason (1976) “You can thank your lucky stars that you are not economists.  
Those poor souls don’t even know their equations!”  
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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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klimaatmodellen introduceren (grote) onzekerheden in de toekomst scenario’s  

High-sensitivity  
models 

Low-sensitivity 
models 

2 graden doelstelling 



onzekerheids marge [2, 4.5] oC 

12 Climate Models (CMIP3) ; 2X CO2 scenario 

Klimaat Gevoeligheid. 

Evenwichts Klimaat Gevoeligheid (Equilibrium Climate Sensitivity (ECS)) 
 

De globale temperatuursverandering in een nieuwe evenwichtssituatie 
 tgv een verdubbeling van CO2 (2XCO2) 

After Dufresne & Bony, Journal of Climate 2008 

•  Alle relevante klimaatveranderingen 
(zee-spiegelstijging, neerslag, 
regionale patronen) schalen met ECS 

•  Alle onzekerheden in 
klimaatverandering zijn dus terug te 
voeren op onzekerheid in 
klimaatgevoeligheid 

 
 
•  Dit maakt ECS een ge-idealiseerde 

maar fundamentele maat voor 
klimaatgevoeligheid. 





100 W/m2 (2) 

Inkomende Zonnestraling 

Gereflecteerde Zonnestraing 

Energie Balans aan de top van de atmosfeer 
Stephens et al. Nature (2013) ; Wild et al  Climate Dyn (2013) Period 2010 

340.2 W/m2  (0.1)  

240 W/m2 (2) 

Uitgaande Infrarode 

Straling (“warmte”) 

E ~ σ T4 

T=255K 

Temperature 





H2O 

CO2 



Toename Broeikasgassen……….. 

340 W/m2 

100 W/m2 

Inkomende Zonnestraling 

Gereflecteerde Zonnestraing 

Afname uitgaande 
infrarood straling 
(3,7 Wm2 afname 

Stralingsforcering) 
E ~ σ T4 

Hoe zal de atmosfeer reageren? 

Bijv: verdubbeling CO2 



Totdat een nieuw evenwicht ontstaat 

340 W/m2 

240 W/m2 
100 W/m2 

Inkomende Zonnestraling 

Gereflecteerde Zonnestraing 

Uitgaande Infrarode 

Straling (“warmte”) 
E ~ σ T4 

Maar met een hogere  

nieuwe evenwichtstemperatuur 

(Maar hoeveel hoger?) 



�R =

✓
@R

@�

◆

Ts

d�+

✓
@R

@Ts

◆

�

dTs

Concepten van Forcering en Feedback 
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Clouds in a changing climate 3

What happens if, for some reason (e.g., a change in inso-
lation at TOA, or a change in the composition of the atmo-
sphere such as the atmospheric concentration of CO2), the
radiation budget comes out of balance, such that R is no
longer close to zero. Any body that accumulates energy, or
discards energy, will find its energetic content increased or
reduced, respectively. This will a↵ect its temperature and
hence the rate at which it accumulates or discards energy,
eventually restoring the energetic balance between incoming
and outgoing fluxes of energy. The Earth makes no excep-
tion to this physical rule. It restores its radiative balance
mainly through a change in surface and atmospheric tem-
peratures, and through changes in other variables which re-
spond directly, or indirectly, to temperature changes. These
changes occur until the global-mean TOA net radiation, af-
fected both by the perturbation itself and by all the sub-
sequent climate changes it induces, returns to zero. A new
balance (or equilibrium) is then reached.

Changes in temperature constitute such a basic and fun-
damental response mechanism of the perturbed global en-
ergy balance, that when considering the climate response to
an external perturbation one may want to isolate the com-
ponent of the response that depends on surface temperature
changes from the rest of the response1. It may be expressed
as
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✓
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�Ts. (13.1)

where ' is a factor (or boundary condition) external to the
climate system such as the solar constant or the anthro-
pogenic contribution to the CO2 concentration. The second
term on the rhs represents the part of the radiative response
that is mediated by temperature changes and independent
of changes in ', the first term represents the part which is
induced by some external perturbation, �', but independent
of changes in Ts.

By analogy with the concepts of forcing and feedback that
have long been used in electronics to characterize certain
types of circuits, we introduce the symbols

F =

✓
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(13.2)

to represent what we call the radiative forcing (in Wm�2)
and the feedback parameter (in Wm�2 K�1), respectively.
In some literature this same parameter is called the cli-
mate feedback parameter, the negative of its inverse is often
called the climate sensitivity parameter. With this notation
Eq. (13.1) takes the simple form:

�R = F + � �Ts. (13.3)

The quantity, �R measures the imbalance between the
rate at which the Earth receives, versus, looses energy. For
the case when �R > 0 our sign convention is such that this
implies a transitory heat flux convergence, or accumulation
of energy in the system. The accumulation of energy that

1 The reason why we consider changes in surface temperature
only is that owing to thermodynamical constrains on the vertical
structure of the atmosphere, changes in atmospheric temperatures
depend to a large extent on surface temperature changes.

Figure 13.2 (a) Time series of the global-mean surface
temperature change predicted by coupled ocean-atmosphere

models after an instantaneous doubling of CO2 concentration in

the atmosphere. The asymptote (dashed line) represents the
long-term global warming reached by the climate system at

equilibrium, referred to as the Equilibrium Climate Sensitivity

(ECS). Each point represents a yearly multi-model mean
anomaly compared to pre-industrial (unperturbed) conditions.

(b) Relationship between the global-mean anomalies of the

surface temperature �Ts and of the net radiation flux at the top
of the atmosphere �R (commonly referred to as Gregory plot).

The �R intercept at �Ts = 0 corresponds to the radiative

forcing, the �Ts intercept at �R = 0 to the ECS, and the slope �

of the relationship to the feedback parameter. Also reported are

estimates of the radiative forcing diagnosed from 2xCO2

atmosphere-only experiments with fixed surface temperatures

(dark grey marker, the slight global warming associated with it

is due to the land-surface warming), and radiative forcing
diagnostics derived from radiative calculations after allowing for

the adjustment of stratospheric temperatures (light grey

marker).

occurs in this situation must be stored within the system
(heat uptake), and for the most part this heat uptake is,
at least initially, thought to be concentrated in the upper
part (700 m) of the ocean. It leads to changes in ocean tem-
peratures, and to Ts, until the energy budget of the system
approaches a new balance (�R = 0, Figure 13.2). At equi-
librium:

�T eq
s = �

F

�
. (13.4)

In the case where F is the radiative forcing associated with
a doubling of the CO2 atmospheric concentration (F2CO2),
�T eq

s is referred to as the Equilibrium Climate Sensitivity
(ECS). For decades, this simple metric has been one of the
most common measures of the magnitude of the climate sys-
tems’s response to increased atmospheric CO2. There are

Wanneer een forcering (i.e. doubling CO2: 3,75 Wm-2) wordt ingeschakeld, zal Ts zich aanpassen tot dat 
stralingsevenwicht is hersteld. 

R = ASR�OLR ' 0Stralingsbalans top atmosfeer: 

�Ts = �F

�
= ECS
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two important reasons why ECS is such an important mea-
sure, and hence enduring focus, of climate change. First, nu-
merical experiments show that many of the long-term global
and regional responses and aggregated impacts of climate
change scale with the ECS. Second, many of the processes
that control the ECS also influence the transient climate re-
sponse. For both of these reasons ECS estimates are crucial
to assessments of the economic cost of climate change and
hence for the development of strategies for mitigating and
adapting to climate change.

Eq. (13.4) nicely illustrates how the ECS is determined
by the ratio of two quantities: the radiative forcing, and the
feedback parameter. Hence to understand the ECS requires
an understanding of processes that contribute to the feed-
backs on the one hand, and how exogenous perturbations
translate into radiative forcing on the other hand. These
ideas are developed further in the following sections.

13.2.2 Feedbacks

To explain the idea of feedbacks it is useful to construct a
simple model of R. To do so we assume that the OLR de-
pends on the surface temperature as OLR = � � Ts

4, where
� is the Stefan-Boltzmann constant and � is a quantity that
accounts for all the factors that, for a given global-mean Ts,
a↵ect the absorption and emission of LW radiation from the
surface to TOA: long-lived greenhouse gases (GHG), water
vapor, clouds, temperature lapse-rate, horizontal variations
of surface temperature, etc2. By introducing So, the inso-
lation at TOA, ↵, the planetary albedo, that depends on
surface types such as vegetation, snow or sea-ice and on at-
mospheric variables such as clouds or aerosols, the R can
be expressed as a function of four climate variables, So,↵, �

and Ts as follows

R =
So

4
(1� ↵)� � � Ts

4 (13.5)

If we assume that Ts is the only climate variable that
responds to an external perturbation and, following the no-
tation of the previous section, use ' to denote So and other
possible external parameters, then the sensitivity of R to Ts
can be calculated analytically as

(@R/@Ts)' = �4 � � T 3
s (13.6)

This quantity is named the Planck feedback parame-
ter, �P. Present-day values for � and Ts lead to �P ⇡

�3.3Wm�2 K�1. For a doubling of CO2, which is asso-
ciated with a radiative forcing of the order of 3.7 Wm�2

(see below for an explanation of why this number is only an
approximation) this would lead, after Eq. (13.4), to an equi-
librium global warming �Ts,P = �F/�P of roughly 3.7/3.3
= 1.1K. This quantity, commonly refered to as the Planck
response, corresponds to the ECS of a system devoid of ra-
diative feedbacks.

However, as climate is warming many variables other than
Ts are likely to respond: for instance, an increase in the

2 In the present climate, global-mean values of 240 Wm�2 and
288 K for the OLR and Ts, respectively, suggest a global-mean
value of � close to 0.61.

Figure 13.3 Diagrammatic illustration of forcing and

feedbacks following the system described by Eq. (13.5). In the
full system (a) the feedbacks and adjustments can be diagnosed

by relating �R to �Ts for a given perturbation, �', using the

regression method. Panel (b) just the contributions to feedbacks
(�P,��

and �

↵

), as would be inferred by a prescribing �Ts and

measuring �R, so that � = �R/�Ts. Panel (c) likewise
illustrates a method for diagnosing the adjustments (⇣

�

and ⇣

↵

)

by measuring the response, �R, to the perturbation, �' when

surface temperature is decoupled from the system, i.e., Ts is not
allowed to change. In all panels the grey block designates what

is perturbed, and the output is normally measured in terms of

the bold variables.

atmospheric water vapor content would increase the atmo-
spheric LW opacity and would reduce �, or an increased
melting of snow and ice at the surface would decrease the
surface albedo and hence ↵. Both e↵ects would, as compared
to the previous case (the Planck response), reduce the de-
gree to which a change in Ts would dampen, or reduce, the
initial change in R. In other words, the feedback parameter,
while still negative, would have a reduced magnitude i.e.,
�P < � < 0, implying a larger ECS, such that ECS > �Ts,P.

Alternatively, changes within the climate system that re-
duce its sensitivity to perturbations (such that � < �P < 0)
would produce an ECS < �Ts,P.

Processes that increase the climate sensitivity are gen-
erally conceptualized as positive feedbacks, because as the
system warms they act in a way that increases the radia-
tive imbalance that is responsible for the warming in the
first place. Processes that decrease the climate sensitivity
are generally thought of as negative feedbacks, because they
act to reduce the radiative imbalance in response to warm-
ing. The Planck response is a basic and very strong negative
feedback. A system can have a number of feedbacks, as for
instance illustrated in Fig. 13.3a, where the Planck, emissiv-
ity and albedo feedbacks are all included. Whether or not
the system is stable depends on whether the sum of all the
feedbacks is positive or negative. If the positive feedbacks are
too large, so that the overall feedback factor becomes pos-
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humidity trends at the largest geographical scales. On average, the 
impact of the correction procedures is to remove an artificial temporal 
trend towards drying in the raw data and indicate a positive trend in 
free tropospheric specific humidity over the period of record. In each 
analysis, the rate of increase in the free troposphere is concluded to 
be largely consistent with that expected from the Clausius– Clapeyron 
relation (about 7% per degree Celsius). There is no evidence for a 
significant change in free tropospheric relative humidity, although 
a decrease in relative humidity at lower levels is observed (Section 
2.5.5). Indeed, McCarthy et al. (2009) show close agreement between 
their radiosonde product at the lowest levels and HadCRUH (Willett et 
al., 2008).

2.5.5.2 Global Positioning System

Since the early 1990s, estimates of column integrated water vapour 
have been obtained from ground-based Global Positioning System 
(GPS) receivers. An international network started with about 100 
stations in 1997 and has currently been expanded to more than 500 
(primarily land-based) stations. Several studies have compiled GPS 
water vapour data sets for climate studies (Jin et al., 2007; Wang et 
al., 2007; Wang and Zhang, 2008, 2009). Using such data, Mears et al. 
(2010) demonstrated general agreement of the interannual anomalies 
between ocean-based satellite and land-based GPS column integrat-
ed water vapour data. The interannual water vapour anomalies are 
closely tied to the atmospheric temperature changes in a manner con-
sistent with that expected from the Clausius–Clapeyron relation. Jin 
et al. (2007) found an average column integrated water vapour trend 
of about 2 kg m–2 per decade during 1994–2006 for 150 (primarily 
land-based) stations over the globe, with positive trends at most NH 
stations and negative trends in the SH. However, given the short length 
(about 10 years) of the GPS records, the estimated trends are very sen-
sitive to the start and end years and the analyzed time period (Box 2.2).

2.5.5.3 Satellite

AR4 reported positive decadal trends in lower and upper tropospheric 
water vapour based on satellite observations for the period 1988–2004. 
Since AR4, there has been continued evidence for increases in lower 
tropospheric water vapour from microwave satellite measurements of 
column integrated water vapour over oceans (Santer et al., 2007; Wentz 
et al., 2007) and globally from satellite measurements of spectrally 
resolved reflected solar radiation (Mieruch et al., 2008). The interannual 
variability and longer-term trends in column-integrated water vapour 
over oceans are closely tied to changes in SST at the global scale and 
interannual anomalies show remarkable agreement with low-level spe-
cific humidity anomalies from HadCRUH (O’Gorman et al., 2012). The 
rate of moistening at large spatial scales over oceans is close to that 
expected from the Clausius–Clapeyron relation (about 7% per degree 
Celsius) with invariant relative humidity (Figure 2.31). Satellite meas-
urements also indicate that the globally averaged upper tropospheric 
relative humidity has changed little over the period 1979–2010 while 
the troposphere has warmed, implying an increase in the mean water 
vapour mass in the upper troposphere (Shi and Bates, 2011).

Interannual variations in temperature and upper tropospheric water 
vapour from IR satellite data are consistent with a constant RH 

 behavior at large spatial scales (Dessler et al., 2008; Gettelman and 
Fu, 2008; Chung et al., 2010). On decadal time-scales, increased GHG 
concentrations reduce clear-sky outgoing long-wave radiation (Allan, 
2009; Chung and Soden, 2010), thereby influencing inferred relation-
ships between moisture and temperature. Using Meteosat IR radianc-
es, Brogniez et al. (2009) demonstrated that interannual variations in 
free tropospheric humidity over subtropical dry regions are heavily 
influenced by meridional mixing between the deep tropics and the 
extra tropics. Regionally, upper tropospheric humidity changes in the 
tropics were shown to relate strongly to the movement of the ITCZ 
based upon microwave satellite data (Xavier et al., 2010). Shi and 
Bates (2011) found an increase in upper tropospheric humidity over 
the equatorial tropics from 1979 to 2008. However there was no signif-
icant trend found in tropical-mean or global-mean averages, indicating 
that on these time and space scales the upper troposphere has seen 
little change in relative humidity over the past 30 years. While micro-
wave satellite measurements have become increasingly relied upon for 
studies of upper tropospheric humidity, the absence of a homogenized 
data set across multiple satellite platforms presents some difficulty in 
documenting coherent trends from these records (John et al., 2011).
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Figure 2.31 |  (a) Trends in column integrated water vapour over ocean surfaces from 
Special Sensor Microwave Imager (Wentz et al., 2007) for the period 1988–2010. 
Trends have been calculated only for those grid boxes with greater than 70% complete 
records and more than 20% data availability in first and last decile of the period. Black 
plus signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies 
outside the 90% confidence interval). (b) Global annual average anomalies in column 
integrated water vapour averaged over ocean surfaces. Anomalies are relative to the 
1988–2007 average.
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humidity trends at the largest geographical scales. On average, the 
impact of the correction procedures is to remove an artificial temporal 
trend towards drying in the raw data and indicate a positive trend in 
free tropospheric specific humidity over the period of record. In each 
analysis, the rate of increase in the free troposphere is concluded to 
be largely consistent with that expected from the Clausius– Clapeyron 
relation (about 7% per degree Celsius). There is no evidence for a 
significant change in free tropospheric relative humidity, although 
a decrease in relative humidity at lower levels is observed (Section 
2.5.5). Indeed, McCarthy et al. (2009) show close agreement between 
their radiosonde product at the lowest levels and HadCRUH (Willett et 
al., 2008).

2.5.5.2 Global Positioning System

Since the early 1990s, estimates of column integrated water vapour 
have been obtained from ground-based Global Positioning System 
(GPS) receivers. An international network started with about 100 
stations in 1997 and has currently been expanded to more than 500 
(primarily land-based) stations. Several studies have compiled GPS 
water vapour data sets for climate studies (Jin et al., 2007; Wang et 
al., 2007; Wang and Zhang, 2008, 2009). Using such data, Mears et al. 
(2010) demonstrated general agreement of the interannual anomalies 
between ocean-based satellite and land-based GPS column integrat-
ed water vapour data. The interannual water vapour anomalies are 
closely tied to the atmospheric temperature changes in a manner con-
sistent with that expected from the Clausius–Clapeyron relation. Jin 
et al. (2007) found an average column integrated water vapour trend 
of about 2 kg m–2 per decade during 1994–2006 for 150 (primarily 
land-based) stations over the globe, with positive trends at most NH 
stations and negative trends in the SH. However, given the short length 
(about 10 years) of the GPS records, the estimated trends are very sen-
sitive to the start and end years and the analyzed time period (Box 2.2).

2.5.5.3 Satellite

AR4 reported positive decadal trends in lower and upper tropospheric 
water vapour based on satellite observations for the period 1988–2004. 
Since AR4, there has been continued evidence for increases in lower 
tropospheric water vapour from microwave satellite measurements of 
column integrated water vapour over oceans (Santer et al., 2007; Wentz 
et al., 2007) and globally from satellite measurements of spectrally 
resolved reflected solar radiation (Mieruch et al., 2008). The interannual 
variability and longer-term trends in column-integrated water vapour 
over oceans are closely tied to changes in SST at the global scale and 
interannual anomalies show remarkable agreement with low-level spe-
cific humidity anomalies from HadCRUH (O’Gorman et al., 2012). The 
rate of moistening at large spatial scales over oceans is close to that 
expected from the Clausius–Clapeyron relation (about 7% per degree 
Celsius) with invariant relative humidity (Figure 2.31). Satellite meas-
urements also indicate that the globally averaged upper tropospheric 
relative humidity has changed little over the period 1979–2010 while 
the troposphere has warmed, implying an increase in the mean water 
vapour mass in the upper troposphere (Shi and Bates, 2011).

Interannual variations in temperature and upper tropospheric water 
vapour from IR satellite data are consistent with a constant RH 

 behavior at large spatial scales (Dessler et al., 2008; Gettelman and 
Fu, 2008; Chung et al., 2010). On decadal time-scales, increased GHG 
concentrations reduce clear-sky outgoing long-wave radiation (Allan, 
2009; Chung and Soden, 2010), thereby influencing inferred relation-
ships between moisture and temperature. Using Meteosat IR radianc-
es, Brogniez et al. (2009) demonstrated that interannual variations in 
free tropospheric humidity over subtropical dry regions are heavily 
influenced by meridional mixing between the deep tropics and the 
extra tropics. Regionally, upper tropospheric humidity changes in the 
tropics were shown to relate strongly to the movement of the ITCZ 
based upon microwave satellite data (Xavier et al., 2010). Shi and 
Bates (2011) found an increase in upper tropospheric humidity over 
the equatorial tropics from 1979 to 2008. However there was no signif-
icant trend found in tropical-mean or global-mean averages, indicating 
that on these time and space scales the upper troposphere has seen 
little change in relative humidity over the past 30 years. While micro-
wave satellite measurements have become increasingly relied upon for 
studies of upper tropospheric humidity, the absence of a homogenized 
data set across multiple satellite platforms presents some difficulty in 
documenting coherent trends from these records (John et al., 2011).
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Figure 2.31 |  (a) Trends in column integrated water vapour over ocean surfaces from 
Special Sensor Microwave Imager (Wentz et al., 2007) for the period 1988–2010. 
Trends have been calculated only for those grid boxes with greater than 70% complete 
records and more than 20% data availability in first and last decile of the period. Black 
plus signs (+) indicate grid boxes where trends are significant (i.e., a trend of zero lies 
outside the 90% confidence interval). (b) Global annual average anomalies in column 
integrated water vapour averaged over ocean surfaces. Anomalies are relative to the 
1988–2007 average.
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Figure 13.6 Estimates of the equilibrium climate sensitivity
from climate models, and their decomposition into partial

contributions associated with the Planck response (Plk), the

water vapor plus lapse-rate feedback (W&L), the surface albedo
feedback (Sfc), cloud feedbacks (Cld), and adjustments (Adj).

Boxes indicate the 25%-75% spread of model estimates around
the multi-model mean value, and whiskers represent the

minimum and maximum values. The sum of all partial

contributions on the right equals the total on the left.

13.3.4.2 Observational constraints

Given the large spread of model estimates of climate sensi-
tivity, one may attempt to estimate climate sensitivity from
past climate changes using observations.

From equation 13.3 and time series of global measure-
ments of surface temperature �Ts, of the Earth system heat
uptake (�R, dominated by the ocean heat uptake), and esti-
mates of the radiative forcing F , observational estimates of
ECS may be inferred using:

ECS =
F2CO2

F � �R
�Ts. (13.15)

In deriving this equation, one initially solves for the feed-
back parameter in terms of F and R and substitutes for �

using Eq. (13.4). So doing implies that the feedback param-
eter, which was introduced as a property of the system in
equilibrium, also governs its approach to equilibrium. This,
for the reasons discussed in §13.2.4, is not an obviously valid
assumption, but it is used nonetheless.

Observational estimates of �Ts and �R combined with
model estimates of F2CO2

and of the radiative forcing F ,
suggest, based on Eq. (13.16), a most likely ECS value of
2 K. These types of estimates are amenable to formal uncer-
tainty analysis, with the caveat being that the uncertainty
associated with the assumption that � holds locally and tem-
porally is di�cult to quantify. Application of such an analy-
sis produces a 5-95% confidence interval in the range of ECS
to be 1.2-3.9 K. By comparison, climate models suggest a
higher most likely estimate (about 3 K) and a range of esti-
mates shifted to higher values (2.1 to 4.7 K). Whether these
di↵erences result from biases and uncertainties in observa-
tions, from biased estimates of model climate feedbacks, or
from failures in the assumptions underlying the derivation
of Eq. (13.16), remains to be assessed. However, increasing

evidence suggests that the latter (e.g., assumptions accord-
ing to which � does not depend on time, on the nature of
the climate perturbation, and on surface warming patterns)
explains part of the di↵erences.

In addition to instrumental records, longer-term records
of past climate variations (e.g., glacial-interglacial changes)
can be used to investigate how the Earth system responds
to external perturbations. While promising, this approach
is complicated by the di�culty of inferring global tempera-
ture changes from proxy records which have an incomplete
spatial coverage. Another di�culty arises from the need to
have a good knowledge of solar, volcanic and orbital changes,
of atmospheric composition changes (e.g., greenhouse gases,
aerosols), and of ice sheets changes, all of which are re-
quired to estimate past radiative forcings with a su�cient
precision. Given these di�culties, the climate sensitivity es-
timates inferred from past climate variations such as the
Last Glacial Maximum remain very uncertain. They hardly
constrain estimates produced by comprehensive modeling,
except by ruling out extreme ECS values (lower than 1 K
or larger than 5 K). Interestingly however, the inter-model
spread of climate sensitivity estimates inferred from past
climate changes arises primarily from di↵erences in the SW
cloud feedback, as it is the case for future changes. Given the
fairly good correspondence between the inter-model spread
of this feedback in past and future climates, there is rea-
son to believe that further direct or indirect constraints on
the cloud feedbacks derived from paleo-climatic studies will
translate into more e↵ective constraints on ECS.

13.3.4.3 Bottom-up vs top-down approaches

The relationship between uncertainties in cloud feedbacks
and in climate sensitivity is so tight that constraining one is
largely equivalent to constraining the other. Therefore, sev-
eral approaches may be considered to assess the sign and
magnitude of cloud feedbacks (Figure 13.7): the top-down
approach, which consists in constraining the large-scale or
global-scale behaviour of the climate system (e.g., its climate
sensitivity) to constrain the process-scale behaviour (e.g.,
elementary cloud feedback processes), and the bottom-up
approach which consists in constraining the individual el-
ementary processes to constrain the emergent system-scale
behaviour on the one hand, or perhaps even determine the
magnitude of specific feedback processes on the other.

Both the top-down and bottom-up approaches have
strengths and weaknesses. The top-down approach is tan-
talizing as it does not assume an a priori knowledge of the
physics of cloud feedbacks. The drawback, however, is the
risk to incorrectly constrain feedbacks by misinterpreting the
relative role of cloud feedbacks vs other factors (e.g., heat
uptake) in the climate sensitivity estimate, or by assuming
(wrongly) that the behaviour of clouds feedbacks is inde-
pendent on the time scale or the type of climate variation
considered, cf., §13.2.4.

In contrast, the bottom-up approach is much more
physically-based, and well suited to focused observational
analyses (including field experiments) and process studies.
Its drawback, however, is that the processes which are truly

CMIP5 Estimates of Equilibrium Climate Sensitivity 
After Vial et al. Clim. Dyn (2013) 
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Figure 7.11: Robust cloud responses to greenhouse warming (those simulated by most models and possessing some 

kind of independent support or understanding). The tropopause and melting level are shown by the thick solid and thin 

grey dashed lines, respectively. Changes anticipated in a warmer climate are shown by arrows, with red colour 

indicating those making a robust positive feedback contribution and grey indicating those where the feedback 

contribution is small and/or highly uncertain. No robust mechanisms contribute negative feedback. Changes include 

rising high cloud tops and melting level, and increased polar cloud cover and/or optical thickness (high confidence); 

broadening of the Hadley Cell and/or poleward migration of storm tracks, and narrowing of rainfall zones such as the 

ITCZ (medium confidence); and reduced low-cloud amount and/or optical thickness (low confidence). Confidence 

assessments are based on degree of GCM consensus, strength of independent lines of evidence from observations or 

process models, and degree of basic understanding. 

 

Cloud Feedback Mechanisms 
 Source: FP7 EUCLIPSE final report   

IPCC AR5 

•  Cloud feedback likely positive 

•  Largest uncertainty from low clouds 

•  Robust positive feedback Signal from Fixed Anvil Theory (FAT) 

•  But missing processes can not be excluded  



Cloudy futures
Scientists have good reasons to believe that changes
to water in response to a given radiative forcing ac-
count for more than half of Earth’s average surface
temperature change. But estimating the climate sen-
sitivity with greater precision remains difficult. 
Models that encapsulate the basic properties of water
produce a wide range of estimates (see figure 4). Most
of the imprecision in climate sensitivity and re-
gional patterns of rainfall changes can be related to
a poor understanding of how clouds change in a
warming climate15 and how changing clouds affect
atmospheric circulations.8

Although clouds have long been recognized as
crucial for Earth’s radiation budget, only in the past
few decades have researchers appreciated that
clouds can both warm and cool the atmosphere and
the surface. Early models of the climate system, to the
extent that they considered clouds at all, assumed
that their effect on the enthalpy budget was not a
function of the climate state. But RCE models devel-
oped in the early 1970s and later general-circulation
models demonstrated that clouds exert a marked in-
fluence on climate sensitivity.8,16

In addition to the idea of a positive feedback as-
sociated with changes in the cloud-greenhouse effect,
other ideas have begun to emerge as to why cloudi-
ness might depend on the working temperature of
the atmosphere. In most cases the ideas stem from the
fundamental properties of water. For instance, be-
cause the lapse rate of air that remains saturated as it
rises is a function of temperature, warmer climates
might be characterized by more condensate-laden
clouds; the larger optical depth increases the cloud-
 albedo effect and thereby moderates the warming. In
contrast, warming is also expected to be accompa-
nied by increased evaporation, which drives more
mixing in the lower atmosphere and may lead to
fewer clouds, enhancing warming.17

As the singular challenge clouds pose to our
understanding of climate and climate change has
become better appreciated, research on clouds has
intensified. In recent years detailed experimentation
and analyses of climate models have demonstrated
which cloud regimes and processes are critical to ex-
plaining intermodel differences in the projections of
future climate.15 Recent research also shows that
clouds directly mediate the response of the atmos-
phere to an external forcing, and they do so on time

scales as short as a few hours.18 More generally, so
strong is the coupling between clouds and circula-
tion systems, from thunderstorms to monsoons,
that advancing our understanding of regional cli-
mate change rests firmly on advancing our under-
standing of clouds and cloud processes.

Despite imperfect models, our understanding of
the behavior of the climate system is so deeply rooted
in the basic physicochemical properties of the water
molecule that we can confidently conclude that global
warming from anthropogenic emissions of long-lived
greenhouse gases poses serious risks. And yet we’re
hampered by an inability to clearly pin down the pace
of that warming and the nature of regional changes the
planet is likely to experience. A grasp of both is crucial
for adaptation measures. That fact highlights the ur-
gent need to better understand the ways in which
water couples to the atmosphere’s circulation systems.

We thank Kerry Emanuel, Isaac Held, John Mitchell, and
Raymond Pierrehumbert for their extensive and thoughtful
comments on an early version of this manuscript, and Aiko
Voigt for contributions to our discussion of RCE.
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Figure 4. How much does the temperature of Earth’s surface change
from doubling the carbon dioxide in the atmosphere? Comprehensive
climate models from the coupled-model intercomparison project
(CMIP5) yield a median estimate of 3.45 K bounded in the orange box
by the 25%–75% spread over the total range of values. Shown in blue are
the estimates of the temperature change based on well-understood
feedback processes. In the absence of the effects of water, one expects a
warming ΔTd of about 1 K. Water in the atmosphere increases that dry 
response by an additional 1.5 K. The amplification includes contributions
from processes described in the text: the combined water- vapor and
lapse- rate feedbacks (a), the cloud- greenhouse feedback (b), and the
 surface- albedo feedback (c).
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 Bepaling van Equilibrium Climate Sensitivity (ECS) uit observaties 

Als de mondiale temperatuurstijging, de Forcering, en de Warmte Opname van het 
klimaatsysteem kan worden gemeten dan kan ECS worden bepaald uit: 

ECS =
FCO2

F ��R
�Ts

FCO2 = 3,45 Wm-2 (“Effective” Radiative Forcing) 
ΔR  = Essentially the ocean heat uptake ~ 0.6 Wm-2 
F    = Radiative Forcing over the period where ΔTs is determined 
  

Toegepast op 20e eeuw (maar ook op paleo-data) 
 
Grote onzekerheid in aerosol forcing en in ocean heat uptake. 
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Box 12.2 |  Equilibrium Climate Sensitivity and Transient Climate Response

Equilibrium climate sensitivity (ECS) and transient climate response (TCR) are useful metrics summarizing the global climate system’s 
temperature response to an externally imposed radiative forcing (RF). ECS is defined as the equilibrium change in annual mean global 
surface temperature following a doubling of the atmospheric CO2 concentration (see Glossary), while TCR is defined as the annual 
mean global surface temperature change at the time of CO2 doubling following a linear increase in CO2 forcing over a period of 70 years 
(see Glossary). Both metrics have a broader application than these definitions imply: ECS determines the eventual warming in response 
to stabilization of atmospheric composition on multi-century time scales, while TCR determines the warming expected at a given time 
following any steady increase in forcing over a 50- to 100-year time scale.

ECS and TCR can be estimated from various lines of evidence. The estimates can be based on the values of ECS and TCR diagnosed 
from climate models (Section 9.7.1; Table 9.5), or they can be constrained by analysis of feedbacks in climate models (see Section 
9.7.2), patterns of mean climate and variability in models compared to observations (Section 9.7.3.3), temperature fluctuations as 
reconstructed from paleoclimate archives (Sections 5.3.1 and 5.3.3.2; Box 5.1), observed and modelled short-term perturbations of the 
energy balance like those caused by volcanic eruptions (Section 10.8), and the observed surface and ocean temperature trends since 
pre-industrial (see Sections 10.8.1 and 10.8.2; Figure 10.20). For many applications, the limitations of the forcing-feedback analysis 
framework and the dependence of feedbacks on time scales and the climate state (see Section 12.5.3) must be kept in mind. Some 
studies estimate the TCR as the ratio of global mean temperature change to RF (Section 10.8.2.2) (Gregory and Forster, 2008; Padilla 
et al., 2011; Schwartz, 2012). Those estimates are scaled by the RF of 2 × CO2 (3.7 W m–2; Myhre et al., 1998) to be comparable to TCR 
in the following discussion. 

Newer studies of constraints based on the observed warming since 
pre-industrial, analysed using simple and intermediate complexity 
models, improved statistical methods, and several different and 
newer data sets, are assessed in detail in Section 10.8.2. Together 
with results from feedback analysis and paleoclimate constraints 
(Sections 5.3.1 and 5.3.3.2; Box 5.1), but without considering the 
CMIP based evidence, these studies show ECS is likely between 
1.5°C to 4.5°C (medium confidence) and extremely unlikely less 
than 1.0°C (see Section 10.8.2). A few studies argued for very 
low values of climate sensitivity, but many of them have received 
criticism in the literature (see Section 10.8.2). Estimates based 
on AOGCMs and feedback analysis indicate a range of 2°C to 
4.5°C, with the CMIP5 model mean at 3.2°C, similar to CMIP3. 
A summary of published ranges and PDFs of ECS is given in Box 
12.2, Figure 1. Distributions and ranges for the TCR are shown in 
Box 12.2, Figure 2. 

Simultaneously imposing different constraints from the observed 
warming trends, volcanic eruptions, model climatology, and pale-
oclimate, for example, by using a distribution obtained from the 
Last Glacial Maximum as a prior for the 20th century analysis, 
yields a more narrow range for climate sensitivity (see Figure 
10.20; Section 10.8.2.5) (e.g., Annan and Hargreaves, 2006, 
2011b; Hegerl et al., 2006; Aldrin et al., 2012). However, such 
methods are sensitive to assumptions of independence of the var-
ious lines of evidence, which might have shared biases (Lemoine, 
2010), and the assumption that each individual line of evidence 
is unbiased and its uncertainties are captured completely. Expert 
elicitations for PDFs of climate sensitivity exist (Morgan and 
Keith, 1995; Zickfeld et al., 2010), but have also received some 
criticism (Millner et al., 2013). They are not used formally here 
because the experts base their opinion on the same studies as we 
assess. The peer-reviewed literature provides no consensus on a 

Box 12.2, Figure 1 |  Probability density functions, distributions and ranges 
for equilibrium climate sensitivity, based on Figure 10.20b plus climatological 
constraints shown in IPCC AR4 (Meehl et al., 2007b; Box 10.2, Figure 1), and 
results from CMIP5 (Table 9.5). The grey shaded range marks the likely 1.5°C to 
4.5°C range, and the grey solid line the extremely unlikely less than 1°C, the grey 
dashed line the very unlikely greater than 6°C. See Figure 10.20b and Chapter 10 
Supplementary Material for full caption and details. Labels refer to studies since 
AR4. Full references are given in Section 10.8.
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(continued on next page)

20e eeuw observaties 

Models & Processes 

Paleoklimaat 

ECS: [2, 4.5 K] 

AR5 
[1.5, 4.5 K] 

ECS:[1….9 K] 

[1,6 K] 



Schattingen van stralingsforceringen tov 1750 



Conclusies	  

Robuste Feedbacks suggereren ECS van 2.65K plus/min 0.5 K 
 
 
Lagere ECS heeft extra plausibele negatieve cloud feedback processen “nodig” 
 
 
Observationele schattingen geven een ruimere bandbreedte van ECS [1 , 8K] 
 
 
Betere schattingen van Forcering (met name aerosols (in)direct) kunnen tot betere observationele 
schattingen van ECS leiden. 
  


