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Summary

Clouds are prominent in the climate system, since they play a major role
in the way energy and water are cycled through the atmosphere. One of
the most relevant impacts of the clouds on the earth’s climate is their in-
teraction with the radiative fluxes. Changes in this interaction in response
to an external perturbation are known as cloud radiative feedbacks, which
form an important contribution to the climate sensitivity of the Earth. An
outstanding unanswered question of climate science is how clouds will change
as climate warms. General circulation models (GCMs) are invaluable tools
for addressing this issue, but they generally disagree in simulating clouds for
present-day and future climate. The main reason is that many cloud-related
processes take place on spatial and temporal scales typically smaller than
the model grid spacing employed, requiring their treatment by means of pa-
rameterizations. Despite parameterizations being constantly improved, they
remain an approximate representation of the true atmospheric behavior and
introduce substantial uncertainties.

Cloud radiative effects depend critically on both the type of cloud and
its frequency of occurrence, which define different cloud regimes. This the-
sis provides insights into the role of the various meteorological conditions
in determining the different cloud regimes and transitions among these. It
is shown that in the tropics these cloud regimes can be disentangled in a
mid-tropospheric pressure vertical velocity (wsop) and sea surface tempera-
ture (SST) phase space. Such a bivariate approach is applied using satellite
observations to analyse the cloud changes during El Nino. The transitions
between different cloud regimes give rise to opposing cloud feedbacks. The
sign of the feedback is controlled by the cloud optical thickness. Furthermore,
a novel diagnostic technique is developed to quantify the relative contribu-
tion of different meteorological factors controlling the cloud interannual and
seasonal variability. Changes in the humidity near the surface and SST in the
eastern equatorial Pacific and sea level pressure (SLP) in the western part of
the basin describe most of the interannual variability, in terms of cloud cover
and radiative effects. In addition, it is found that the well accepted relation-
ship between lower-tropospheric stability (LTS) and marine stratocumulus
cloud amount has strong seasonal dependence, especially when spatial varia-
tions are taken into account.



The understanding of the underlying mechanisms regulating the interplay
between clouds, radiation and meteorological conditions, along with the novel
diagnostics developed, have been employed in modeling evaluation. In order
to avoid much of the ambiguity when it comes to evaluating cloud simulations
with satellite retrievals, satellite simulators are embedded in the model code.
This approach is demonstrated to be imperative. Specific physical processes
are identified as largely responsible for biases in precipitation, cloud amount
and radiative fluxes in the EC-Earth GCM. These include the parameteriza-
tion of the cloud droplet size, the temperature-dependent parameterization
that distinguishes between ice and liquid water phases, the overestimated
mass flux and the erroneous detrainment parameterization in the convection
scheme.

Based on these identified biases, a number of sensitivity experiments have
been carried out and are described in the last part of this thesis. These serve
to investigate the impact of cloud-related uncertainties on model biases and
radiative feedbacks. This approach helps to understand why GCMs simulate
the cloud feedbacks, and by implication the climate system, in the way they
do. It is found that the details of the representation of cloud microphysical
and convective processes do not appear crucial for the total feedback in the
EC-Earth GCM, due to compensating effects, but are relevant for the cloud
feedback itself, especially its shortwave component. Finally, connections be-
tween model bias and the projection of the tropical cloud response to global
warming are demonstrated and discussed.



Samenvatting

Wolken vormen een belangrijke component van het klimaatsysteem,
aangezien ze een grote rol spelen in de energie- en waterkringloop van de
atmosfeer. FEen van de meest relevante effecten van wolken op het kli-
maat van de aarde is hun interactie met de stralingshuishouding. Veran-
deringen in deze interactie als gevolg van een externe verstoring worden
wolken-stralingsterugkoppelingen genoemd, en dragen bij aan de klimaat-
gevoeligheid van de aarde. Een belangrijke vraag die onbeantwoord blijft in
de klimaatwetenschap is hoe wolken zullen veranderen als het klimaat op-
warmt. Algemene circulatie modellen (GCMs) zijn van onschatbare waarde
bij het beantwoorden van deze vraag, hoewel ze onderling variéren in hoe
ze de wolken in het hedendaags en in het toekomstig klimaat simuleren. De
hoofdreden voor deze verschillen is dat veel wolkengerelateerde processen
plaatsvinden op ruimte- en tijdsschalen die kleiner zijn dan de typische mod-
elroosterafstanden en tijdstappen van de GCMs, met als gevolg dat deze pro-
cessen geparameteriseerd worden. Ondanks continue verbeteringen aan deze
parameterisaties, blijven ze een benadering van de werkelijke atmosferische
processen en introduceren ze aanzienlijke onzekerheden.

Wolken-stralingseffecten zijn kritisch afhankelijk van zowel het wolken-
type als van de frequentie van voorkomen, welke samen verschillende wolken-
regimes definiéren. Dit proefschrift geeft inzicht in hoe verschillende mete-
orologische omstandigheden de wolkenregimes en de overgangen daartussen
bepalen. Er wordt aangetoond dat deze wolkenregimes in de tropen kunnen
worden onderscheiden middels de mid-troposferische verticale snelheid en de
zeeoppervlaktetemperatuur (SST). Deze bivariate benadering is toegepast op
satellietobservaties om wolkenveranderingen te analyseren tijdens El Nino.
De overgangen tussen verschillende wolkenregimes leiden tot tegengestelde
wolkenterugkoppelingen, waarbij het teken van de terugkoppeling hoofdzake-
lijk bepaald wordt door de optische dikte van de wolk. Verder is een nieuwe
diagnostische techniek ontwikkeld om de relatieve bijdrage van meteorologis-
che factoren te kwantificeren die de interjaarlijkse- en seizoensvariatie in de
wolkeneffecten bepalen. Veranderingen in de luchtvochtigheid nabij het op-
pervlak en SST bij de evenaar in de Qost-Pacifische oceaan en de luchtdruk
op zeeniveau in de West-Pacifische oceaan beschrijven het grootste deel van
de variabiliteit in de wolkenbedekking en de stralingseffecten.



Ook is gevonden dat de algemeen geaccepteerde relatie tussen stabiliteit on-
derin de troposfeer en stratocumuluswolken sterk seizoensafhankelijk is, in
het bijzonder wanneer rekening wordt gehouden met het ruimtelijke patroon.

Het begrip van de onderliggende mechanismen die de wisselwerking tussen
wolken, straling en meteorologische omstandigheden reguleren, is samen met
de nieuw ontwikkelde diagnostiek toegepast in modelevaluatie. Om veel van
de ambiguiteit te vermijden die optreedt bij evaluatie van wolkensimulaties
met satellietwaarnemingen, zijn satellietsimulators ingebed in de modelcode.
Er wordt aangetoond dat deze aanpak essentieel is. Specifieke fysische pro-
cessen zijn achterhaald die grotendeels verantwoordelijk zijn voor systema-
tische fouten in neerslag, hoeveelheid wolken en stralingsfluxen in de GCM
EC-Earth. Hieronder vallen de parameterisatie van de druppelgrootte, de
temperatuurafhankelijke parameterisatie die onderscheid maakt tussen de ijs-
en de vloeistoffase, de overschatte massaflux, en de parameterisatie van de-
trainment in de opwaartse convectieve massaflux.

Gebaseerd op deze geidentificeerde systematische fouten zijn een aantal
gevoeligheidsexperimenten uitgevoerd, die beschreven worden in het laatste
deel van dit proefschrift. Hiermee wordt de impact van wolkengerelateerde
onzekerheden op systematische fouten in modellen en stralingsterugkoppelin-
gen onderzocht. Deze benadering vergroot het inzicht in de wolkenterugkop-
pelingen in de GCMs en hun invloed op de werking van het gehele klimaat-
systeem. De details van de manier waarop de microfysica van de wolken
en de convectieprocessen wordt beschreven, blijken niet cruciaal te zijn voor
het geintegreerde stralingseffect in het EC-Earth GCM door compenserende
processen, maar zijn wel relevant voor de wolkenterugkoppeling zelf, in het
bijzonder voor de kortgolvige stralingscomponent. Ten slotte worden relaties
tussen de systematische fouten in modellen en projecties van tropische wolken
in een opwarmend klimaatsysteem aangetoond en bediscussieerd.






CHAPTER 1

Introduction

The earth’s climate system is controlled by the radiative energy balance at the
top of atmosphere (TOA) between the solar radiation absorbed by the earth
and the thermal radiation emitted to space. The distribution of absorbed,
scattered and emitted radiation in space and time is strongly modulated by
many components of the earth’s system, such as absorbing gases in the at-
mosphere, surface albedo, clouds, etc. The time-space structure of planetary
radiation balance is both a driver of and is driven by the state of the earth’s
climate.

Clouds strongly influence the climate system, for a large part due to their
influence on the transfer of solar and thermal radiation. Clouds enhance the
planetary albedo through scattering of solar radiation. On the other hand a
cloudy atmosphere emits less thermal radiation to space than would do under
clear-sky conditions. The two effects are not in balance and the net globally
averaged radiative contribution by clouds is negative in the present-day cli-
mate. Therefore, clouds strongly cool the planet, reducing the net downward
radiation at TOA by about 20 W/m? [74, 238]. Taking into account that
more than half of the planet is covered by clouds in current conditions, an
eventual increase of 10% of cloudiness in future climate would result in a
further reduction of the downwelling radiation of 4 W/m?. This quantity
is sufficient to compensate the direct forcing caused by doubling CO4 con-
centration in the atmosphere. This simple example demonstrates that small
changes in cloud amount can have a dramatic impact on the climate. For
this reason understanding what governs clouds and how they respond to a
warming planet is a crucial climate question.

Changes in the effect of the clouds on the radiative fluxes in response to
an external perturbation are known as cloud radiative feedbacks [232]. The
response of the clouds to the climate change and their feedbacks contribute to
determine the sensitivity of the earth’s climate. Equilibrium climate sensitiv-
ity is defined as the global mean surface-air temperature change experienced
by the climate system after it has attained a new equilibrium in response
to a doubling of atmospheric CO5 concentrations from preindustrial levels
(see section 1.4). According to the Fifth Assessment Report (AR5) of the
Intergovernmental Panel on Climate Change (IPCC), the equilibrium climate
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sensitivity estimates from general circulation models (GCMs) is likely to lie
in the range 1.5°C to 4.5°C [149]. The large range of uncertainty is primar-
ily due to the global estimates of the climate feedbacks which differ among
these models. In particular, the spread associated with the cloud feedbacks
is roughly three times larger than that associated with the other main feed-
backs [118]. Therefore, the representation of the clouds in GCMs accounts
for much of the uncertainties in climate projections. This is a longstanding
issue.

The first quantitative studies to formally incorporate cloud feedbacks in a
representation of the climate system began to appear in the early 1970s [87].
From the beginning modeling of clouds has been recognized as one of the
most difficult tasks for GCMs [1, 80]. More than a decade later Ramanathan
(1987) [237] stated that, despite significant progresses in our understanding
of the global mean climate, “cloud feedback continues to be the major source
of uncertainty in the surface temperature sensitivity of climate models”. At
present, this statement is still valid, as reported in the IPCC AR5 [149] and
in the EUCLIPSE project summary (http://www.euclipse.eu/downloads/
DOW_EUCLIPSE_final.pdf). EUCLIPSE (European Union Cloud Intercom-
parison, Process Study & Evaluation Project) is an international effort ending
in 2014 designed to improve the evaluation, understanding and description of
the role of clouds in the earth’s climate. Achieving this understanding is not
easy, given the complex network of interactions between clouds and the hy-
drological cycle, the atmospheric dynamics and chemistry, the radiation and
aerosols. The present thesis work is done in the context of the EUCLIPSE
project and aims to provide insights on the role of the clouds in the model
biases and their impact on the climate feedbacks.

In the following subsections of the introduction, the main topics that this
four year study has covered are described. These serve to introduce the key
questions addressed in more detail in the individual chapters.

1.1 Clouds

Clouds consist of condensed water suspended in the atmosphere. They occur
on different spatial and temporal scales, ranging from less than a kilometer
to thousands of kilometers in the horizontal direction and from seconds to
days in time. Since most of the water vapor is confined to the first 15 km
above the surface, the majority of clouds forms in the troposphere.

Clouds are central in the climate system, since they play a major role in
the way energy and water are cycled through the atmosphere. Clouds are
a fundamental component of the global hydrological cycle, they drive and
are driven by the atmospheric and ocean dynamics, they act as wet chemical
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reactors and interact with aerosols. One of the most relevant direct impact
of the clouds on the earth’s climate is their interaction with the radiative
fluxes, usually referred to as the Cloud Radiative Effect (CRE). This term
was formerly referred to as Cloud Radiative Forcing (CRF) in the literature.
The longwave and shortwave components of the CRE at TOA, introduced by
Charlock and Ramanathan [177], can be defined as:

LWCRE = OLRgyeqr — OLR (1.1a)
SWCRE = TRSear — TRS (1.1b)
NetCRE = LWCRE+ SWCRE (1.1¢)

N = —-SWCRE/LWCRE (1.1d)

where OLR, TRS, OLR jcqr and T RS jeq, refer to the Outgoing Long-
wave Radiation and the Total Reflected Solar radiation at TOA in actual
and clear-sky conditions, respectively. The sign convention for the quantities
used to define CRE is such that the upward radiative fluxes are positive. The
advantage of defining the cloud effect on the earth’s radiation budget in this
way is that both terms on the rhs of Eq. 1.1 have a long satellite record.
These radiative fluxes can be observed directly without making assumptions
on the properties of the clouds and without detailed knowledge of the state
of the atmosphere [3].
The Longwave Cloud Radiative Effect (LWCRE) depends on the cloud top
temperature, the cloud fraction and the emissivity, which in turn depends on
cloud microphysical variables, such as the cloud water path.
The Shortwave Cloud Radiative Effect (SWCRE) depends on the cloud frac-
tion and on the cloud albedo, which in turn depends on various microphysical
parameters, such as the liquid water and ice water path of the clouds as well
as the particle shape and size distribution and phase (liquid or ice).
NetCRE indicates the net contribution of the clouds to the earth’s radiation
budget.
Moreover, the parameter N depends on both cloud macro- and microphysical
properties. Its main characteristic, unlike NetCRE, is its invariance to the
cloud fraction [225].

The radiative impact of clouds critically depends on both the amount and
type of cloud present [131]. In particular, the contribution of optically thick
low-clouds, such as boundary layer stratocumulus, to the TOA net radiative
budget is negative [74, 135], since they exhibit high albedo and, owing to
their low cloud tops, they emit a similar amount of longwave radiation as the
surface of the earth. On the other hand, the net contribution to the TOA
radiative budget of the tropical deep convective clouds is nearly zero [225,
238]. These clouds are major contributors in driving the tropical circulation
and the hydrological cycle and vice versa. Over the tropical belt, the position
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of the different type of clouds is strongly related to the large-scale atmospheric
circulation and to the Sea Surface Temperature (SST). Low-level boundary
layer clouds (stratocumulus and stratus) are present in regions of large-scale
subsidence, most of them are found on the eastern cold side of the tropical
ocean basins [7]. In contrast, deep convective clouds (cumulonimbus) are
associated with large-scale ascending motions, present over the warm pools
of the tropical oceans, in particular over the Indonesian region [226]. In
the transition regions between these atmospheric circulation regimes, shallow
cumulus clouds are often observed; for instance, the trade wind cumuli are
found between the upward and downward branches of the Hadley cell [86,
210]. Fig. 1.1 illustrates this and other aspects, described below, of the
interaction between radiation, clouds and large-scale dynamics.

b)

Surface

o) Top of Atmosphere

mean = —22.4 W/m?

d) Hydrometeor fraction

Altitude  [km]

40°N

po
mean = 1.5 W/m? Latitude

Figure 1.1: NetCRE calculated at the TOA (a), at the surface (b) and within
the atmosphere (c) using the CERES-EBAF Ed2.7 product [81, 208] for the period
2000-2010. d) Zonal hydrometeor fraction (clouds and precipitation) for the year
2010 from CloudSat 2B-GEOPROF data [228]. CloudSat is unable to detect clouds
in the first 1.2 km above the surface [228]. Observations show the high-clouds in
the ITCZ, the downward branches of the Hadley cell associated with the boundary
layer clouds and the frontal clouds in the midlatitudes.

On a global average basis, low-clouds make the largest contribution to
the net energy balance of the earth and are the most abundant cloud type
[e.g. 190]. This latter is a feature of the climate system and arises from fun-
damental physics involving moist convection and conservation of mass. In a
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conditionally unstable atmosphere (cloudy region), upward motion containing
saturated air is enhanced by positive buoyancy created through condensation
(latent heat release), whereas, in a neighboring clear-sky region, unsaturated
downward air movement is hampered by the dry and stable stratification of
the atmosphere. This “up-moist, down-dry” asymmetry in convection was
first introduced by Bjerknes [236]. According to this theory, convection is
favored by rapid rising motion and ascending air currents are faster than
related descending currents. Since the downdraft and the updraft velocities
are different, the former must be spatially broader than the latter to conserve
the total air mass. Therefore, conditions of subsidence, which favor marine
low-clouds, prevail [26].

So far the discussion has been limited to the effect of the large-scale at-
mospheric circulation and SST distribution on the cloud regimes. However,
clouds also influence the atmospheric dynamics and temperature. Cloud
changes affect the atmospheric circulation by modifying the latent and the
radiative heating profiles [112] and through changing the vertical humid-
ity and lapse rate of the atmosphere [231]. For example, deep convective
clouds heat the tropical atmosphere relative to clear skies [141] (Fig. 1.1c).
This heating fuels the upward branch of the Hadley-Walker circulation [142].
Clouds also influence the SSTs by modulating the solar and thermal radiative
fluxes reaching the surface (Fig. 1.1b). This is important, for instance, for the
transient response of the atmosphere-ocean system to the El Nino-Southern
Oscillation (ENSO) phenomenon [e.g. 35, 126]. ENSO is a regular climate
pattern characterized by large interannual variations in the temperature of
the sea surface of the tropical eastern Pacific Ocean and in the Walker cir-
culation reflected in changes in the sea level pressure in the western Pacific.
Such a change in the meteorological conditions influence the cloud-related
properties, which in turn impact the ENSO seasonal phase lock [57, 58]. As
a positive (negative) SST anomaly develops in the central Pacific, clouds
respond and reflect more (less) solar radiation to space, which reduces (in-
creases) the SST anomaly [239]. That is a negative feedback, but other areas
of the tropical Pacific experience a positive cloud feedback. Warmer SST
during El Nino enhances convective activity in the eastern tropical Pacific
and breaks up the stratiform low-clouds. This leads to an increased solar
flux at the surface and enhances the positive SST anomaly [e.g. 213]. This
topic is further discussed in chapter 2.

Finally, a more complete picture concerning the interaction between large-
scale circulation and clouds requires considering remote effects. In the trop-
ics, the strength of the subtropical inversion, which is observed to be related
to the amount of boundary layer clouds [7], is tied to the strength of the
Hadley Cell, which in turn is partly determined by the amount of deep con-
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vection taking place along the Intertropical Convergence Zone (ITCZ). On
the other hand, trade wind cumuli enhance mixing of heat and moisture lead-
ing to an increase of the surface evaporation from the ocean. This moisture
is transported downstream by the trade winds into the ITCZ, which in turn
intensifies deep convection through latent heat release [86, 165]. Moreover,
it is a matter of fact that the strength of the subtropical inversion is partly
controlled by the free-tropospheric lapse rate. The free-tropospheric temper-
ature in tropical regions of subsidence is mainly determined by the regions
of active deep convection and roughly follows a moist adiabat [89]. This is a
consequence of the negligible horizontal gradients in the tropical temperature
above the boundary layer, due to the weak Coriolis force [88]. Therefore, cli-
mate regimes are connected and changes in one region can affect other areas.
This is important for future climate analyses as well as for climate mod-
eling. For instance, modification in the moist convection parameterization
can influence the marine boundary layer (MBL) cloud evolution, as shown in
chapter 5.

Besides the well-known relationship between the atmospheric circulation
and cloud-related variables [200, 204], several studies identified correlations
between cloud properties and regional or large-scale meteorological condi-
tions at different time scales [90, 209, 239]. For instance, in the stratocumu-
lus regime, the maximum in the amount of boundary layer clouds coincides
with the season of largest lower-tropospheric stability (LTS), as observed
by [7], or of largest estimated inversion strength (EIS), according to [194].
Moreover, several analyses have identified important environmental factors
associated with the transition from unbroken sheets of stratocumulus to fields
of scattered cumulus. Increased SST promotes enhanced convective activity
which breaks up the low-cloud deck. As the SST increases, the stratocumu-
lus dominated region experiences increasing entrainment of warm and dry
free-tropospheric air at cloud top, which leads to a reduction of the transport
of warm, moisture-laden air from the surface to the cloud layer. This pro-
motes a situation known as decoupling, where the MBL is decoupled into two
turbulent layers with well-mixed stratocumulus at the top of the MBL and
sporadic cumulus beneath the stratocumulus. Decoupling reduces the mois-
ture provided from the surface while a significant amount of dry air from
above the inversion is entrained into the MBL. As SST increases relative
to the air above the inversion, LTS decreases and the MBL deepens, along
with a rapid rise in latent heat fluxes. Therefore, changes in the local ther-
mal structure and circulation gradually evaporate the stratocumulus. These
mechanisms are described in several studies [e.g. 116, 206].

Relationships between meteorological parameters and cloud-related vari-
ables have been identified for deep convective clouds as well. In tropical deep
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convective regions the radiative shortwave cooling and longwave heating ef-
fects by clouds tend to cancel each other, with the former slightly dominating,
so that NetCRE is near zero in the observations (Fig. 1.1a). Kiehl [225] and
Cess et al. [46] argued that the dominant factor for this near cancellation
is the tropical tropopause temperature in the deep convective regions. In
addition, Kiehl [225] stated that CRE is determined by the high-clouds in
this region and that changes in the amount of this cloud type are strongly de-
pendent on variations in SST. Further discussion on the relationship between
environmental conditions and cloud variability is given in chapter 3.

Quantifying the relative importance of the different processes that control
cloud properties may help to understand where and why climate models
exhibit a large spread in the cloud feedbacks. The spread among the models
in representing cloud feedbacks is present at all latitudes, but it tends to
be larger in the tropics [113, 198], with a sizeable contribution from MBL
clouds [199]. An example of MBL clouds are the stratocumulus. The amount
of this cloud type is usually underestimated by the GCMs, even when the
observed SSTs are prescribed [21]. The misrepresentation of cloud properties
affects the radiation budget [e.g. 16] and model biases in clouds can stem
from their representation in the cloud scheme, the convective mixing scheme,
the representation of their microphysics or a combination of any of those.
Understanding both how clouds may change in the future and, by implication,
the climate system is still an open question [26]. Climate models represent
invaluable tools for addressing this issue, but, as mentioned above, GCMs
still generally disagree in simulating clouds [2, 111]. In section 1.2 the main
reasons for such a large disagreement among GCMs are discussed.

1.2 General Circulation Models

GCMs are numerical models that explicitly calculate the evolution of flow
patterns based on fundamental physical laws to yield the complete description
of the large-scale motions of the atmosphere or ocean [136]. A system of
differential equations is used to calculate the evolution of the atmosphere,
ocean and other components of the climate. In order to solve the equations,
the planet is divided into a 3-dimensional grid on which the equations are
discretized.

GCMs can reproduce a reasonable climatology of the present climate for
those quantities that can explicitly be simulated, including the zonal mean
flow and the transient eddies in the midlatitudes. Other processes, such
as gravity waves, turbulent eddies and clouds are not well reproduced for
present climate conditions and lead to disagreement among GCMs’ future
climate projections [2, 111, 136]. These represent critical limitations, since
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GCMs are the main tools we use to predict future climate in sufficient detail
to be useful for mitigation and adaptation studies. The main reason for such
a disagreement is that some key processes take place on spatial and temporal
scales typically smaller than the model grid spacing employed, requiring their
treatment by means of parameterizations. These processes are known as
diabatic terms and are often associated with subgrid scale fluid dynamics
or non-fluid dynamical aspects such as radiative transfer. As an example,
Fig. 1.2 shows the contribution of different diabatic tendencies (sometimes
referred to as model physical tendencies) to the temperature tendency in a
GCM.
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Figure 1.2: Zonal mean temperature tendency due to diabatic processes: moist
convection (a), radiation (b), “large-scale” condensation/evaporation (c) and bound-
ary layer turbulence (d). Outputs are from the EC-Earth GCM forced with pre-
scribed observed SST and integrated for the period from 1986 to 2008.

Clouds play a prominent role in each of these processes. In a GCM clouds
contribute to at least four relevant effects: vertical transports of moisture,
heat and momentum by convection of saturated air; the interaction of the
cloud condensate with radiation; the condensation of water vapor, associated
with precipitation and release of latent heat; mixing of heat and moisture in
cloudy boundary layers. All these processes are not explicitly simulated by
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the resolved motion, but are represented statistically by subgrid scale clo-
sure theories. Parameterizations aim to capture the essence of the known
subgrid processes in simple formulations. The main problem is that the pre-
cise mechanisms underlying some key cloud-related processes are not well-
understood or are too complex, because of the many thermodynamic, micro-
physical and dynamical factors that can influence them. Moreover, devising
a single parameterization that accounts for the full range of large-scale condi-
tions present in nature is challenging [204]. Every parameterization contains
one or more adjustable parameters to relate subgrid processes to large-scale
variables explicitly calculated at the grid-box scale. These parameters can-
not often be determined on the basis of fundamental principles, but rather
are carefully calibrated (tuned) within a physical plausible range that gives
the best simulation of the present climate. Therefore, parameterizations in-
troduce substantial uncertainty and the differences among them are a major
reason for the differences among models results.

For instance, the cloud amount in a GCM is determined with a param-
eterization. In the early GCMs, the fraction of the grid-box that a cloud
occupies (C) was often diagnosed as a function of the relative humidity (RH)
of the grid-box [168]. The simplest example of such a function was given by

Sundqvist [92]:
/[1—RH

where RH, is a critical condensation threshold at which cloud is assumed
to form. There is neither observational nor theoretical basis to justify the
assumption that cloud formation is dependent on a fixed RH. [52].

An other example is represented by the moist convection parameterization
that is often based on a mass flux scheme [166, 175]. In such a parameteri-
zation, a cloud ensemble within a grid-box is approximated by one effective
cloud (bulk approach), where air moves upward while compensating down-
ward air moves in the cloud-free environment. Upward air is controlled by
the mass flux, whose vertical profile depends on the lateral mass exchange
between the cloud and the environment, known as entrainment and detrain-
ment. At the turbulence scale, these parameters are often prescribed con-
stants, essentially based on dimensional arguments [61, 181]. Chapter 5 and
previous studies [e.g. 84] demonstrate that GCMs are particularly sensitive
to the choice of these quantities and, more in general, to the way convection
is parameterised.

Moist processes are critical also to the behavior of the boundary layer
when it contains clouds, e.g. oceanic stratocumulus. An increasing number
of GCMs accounts for these situations by adopting a combination of the eddy-
diffusivity and mass flux approaches [155]. This parameterization represents
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non-local mixing due to strong up/down-draughts with mass fluxes, while the
remaining small-scale turbulent part is described with diffusion. The former
estimates the turbulent flux (w'¢’) of a moist conserved variable ¢ with:

W=t = 9) (1.3)

where the subscript “u” stands for the updraught properties, M is the mass
flux and p is the density of the air.
The latter, the eddy-diffusivity approach, is a local first order closure where
¢ is approximated as diffusion by:

W = —Ky— (1.4)

where Ky is a turbulent diffusivity coefficient.

One of the most critical tasks of such a parameterization is determining
the strength of the turbulent diffusion across the inversion. This is often
prescribed according to the top-entrainment, given in turn by an additional
parameterization [178].

Finally, cloud microphysics is crudely treated by means of parameter-
izations and sometimes certain relevant aspects are not considered at all,
e.g. aerosol-cloud interaction. In addition, radiation transfer calculations in
GCMs require assumptions on how cloud layers are arranged with respect to
each other along the vertical (cloud overlap assumption). Each assumption
has different effects on the radiation budget [179]. All these uncertainties
potentially lead to systematic errors in simulating important features of the
mean climate and its variability, including ENSO [99] (see also chapter 2),
the Madden-Julian oscillation [48], the frequency and intensity of convective
precipitation [47].

Model performance evaluation is a first step in order to reduce systematic
errors. GCMs are evaluated against observations, usually satellite retrievals
(see section 1.3), using metrics, i.e. a quantitative error measurement, and
diagnostic techniques. An example of model evaluation is shown in chapter 4.

1.3 Satellite observations and simulators

Many measurement campaigns have been set up to learn more about the
dynamics, microphysics and chemistry of clouds. Observations come from
different sources: radiosondes, weather ships, aircraft and in particular satel-
lites. Since the 70s measurements from satellites have been increasingly used
and now represent the most important source of the global observing network.
Satellites are powerful tools as they provide global or nearly-global coverage.
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Unlike most of the other instruments, satellites do not measure geophysical
variables, but the radiance that reaches the TOA at a given frequency (or
channel). The measured radiance is related to the geophysical atmospheric
variables by the radiative transfer equation [173].

Let us suppose we know an atmospheric variable, such as the temperature
profile. We can then compute uniquely the radiances (I) that a sounding
instrument would measure using the radiative transfer equation. This is
known as the forward problem.

o1, (2)

L,:/O B,,[T(z)]sz (1.5)

where! v identifies a wave number, B, is the Planck function and 7, is the
trasmittance. 97, (z)/0z is the weighting function and represents the contri-
bution of an atmospheric layer extending from level z to TOA.

What actually the satellite instruments do is solving the inverse problem:
retrieving the atmospheric temperature profile from a set of measured radi-
ances. Since the weighting functions are generally broad and only a finite
number of channels is available, the inverse problem is formally ill-posed,
because an infinite number of different temperature profiles could give the
same measured radiances [51, 173]. The inverse problem is then reduced by
assuming some a priori information in the retrieval algorithms.

When the satellite instruments retrieve cloud properties, the observed
radiances are used to detect a wealth of information, e.g. the presence of
clouds, the optical depth, the emissivity and sometimes the droplet size.
The retrieval of these quantities is influenced by the viewing direction, the
instrument resolution, the wavelength used, the orbit of the satellite and
the attenuation of the remote signals. These limitations introduce additional
uncertainties into the retrievals and make the observation of the same variable
different from one satellite to another one. This suggests that more than one
source of data is desirable in order to measure the cloud properties properly.
Furthermore, all these peculiarities typical of the satellite observations are
not present in the GCMs. For instance, the cloud droplets simulated by
a model do not depend on the wavelength. In addition, some cloud layers
might not be observed from space when shielded by thick upper-level clouds.
This implies that the cloud-related variables from GCMs and from remote
sensing observations are a priori not the same thing. Therefore, a consistent
definition of cloud properties is necessary when it comes to compare model
outputs with satellite estimates.

Satellite simulators represent a possible approach to reduce ambiguities
in the comparison between model results and satellite retrievals. The simula-
tor is a run-time diagnostic tool that mimics what a satellite would retrieve

1Fq. 1.5 is written for clear-sky conditions.
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if the real-world atmosphere had the clouds of the model. The use of a
satellite simulator also facilitates model intercomparison by minimizing the
impacts of how clouds are defined in different parameterizations [2]. In a
simulator the input values from the model are converted to a set of subgrid
scale profiles by dividing each grid-box into a certain number of subcolumns
generated randomly. Each layer of these subcolumns is completely clear or
overcast, statistically consistent with the grid-averaged model diagnostics
and the cloud overlap assumption. The radiances are then calculated in each
subcolumn of each grid-box, that is treated as a satellite pixel (forward prob-
lem). Finally, a satellite-like cloud fraction is computed at the resolution of
the model grid-box using the radiance profiles, making similar assumptions to
those that the satellite algorithm uses (inverse problem). Satellite simulators
have been developed for many different satellite instruments, such as MISR
[188], Cloudsat QuickBeam [151], CALIPSO GOCCP [83], MODIS [193] and
ISCCP [8]. Outputs from this latter can be compared with the longest record
of cloud observations and is extensively used in chapters 4 and 5. Unlike the
other simulators, it does not make full forward simulations of radiances [2].
Many of the limitations of using satellite instruments are also included in
the simulators. For instance, the screening of clouds low in the atmosphere by
clouds above when passive sensors are used or the assumption that clouds are
single layered. Moreover, some retrieval algorithms (ISCCP) may underesti-
mate the altitude of clouds with partial emissivity, especially if the partially
emissive cloud lies above an optically thick cloud. On the other hand, other
limitations are not taken into account in a simulator, such as calibration and
view angle dependent biases present in the observational dataset [193, 224].

1.4 Climate sensitivity and feedbacks

Representation of clouds in GCMs is an example of parameterization of fast
processes that impact crucial aspects of long-term climate characteristics,
such as climate sensitivity. Climate sensitivity is the “amount by which an
objective measure of climate changes when one of the assumed independent
variables controlling the climate is varied” [136]. It can also be used as a
metric for the model performance [136]. Commonly, the climate sensitiv-
ity is calculated by analysing the global mean surface-air temperature (7%)
change in response to the change in the radiative fluxes at TOA. Shifts in
T, are particularly important, because many regional and global climate re-
sponses scale well with it [12]. As T changes, many climate variables change
in concert. Processes arisen from these changes, that affect the relationship
between the imposed forcing and the magnitude of the climate change re-
sponse, are known as feedback mechanisms. The concept of feedback is used
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to characterize the behavior of a dynamic system which takes into account
the outputs to modify the features of the system itself and thus to modify the
future outputs. Climate feedbacks can either amplify or damp the climate re-
sponse to an imposed perturbation. The extent to which the climate changes
due to an external radiative forcing depends largely on radiative feedbacks
[97].

Let R be the net TOA radiative flux. At equilibrium R is zero, i.e. the
absorbed shortwave radiation must balance OLR:

R= %(1—@ — OLR (1.6)

where Sy is the insolation and « is the planetary albedo. Let us impose
now on the climate system a radiative forcing (AF), such as a change in a
greenhouse gas concentration or in the solar constant. The climate system
responds to AF with a change in R to restore the energy balance, which is
approximately linearly dependent on the global mean surface-air temperature
change ATy, such that:

AR = AF + \AT, (1.7)

where \ (< 0) is the climate feedback parameter and its inverse is referred
to as the climate sensitivity parameter (fluxes are positive downward). The
parameter \ determines to what extent T needs to change in order for the
TOA fluxes to return in equilibrium, i.e. A must be negative to yield a stable
climate. When the climate system reaches a new steady state (AR = 0),
a new equilibrium temperature is reached as well. If the initial forcing is
doubled CO,, the new equilibrium temperature is named the equilibrium
climate sensitivity [198].

The total feedback parameter A is commonly decomposed into the effect
of different individual climate components affecting R:

A=Ap+ Ao+ N+ A+ Ay + Re (1.8)

This separation is based on the assumption of additivity and has been sup-
ported by several studies [4, 93, 232]. The rhs of Eq. 1.8 is the sum of the
Planck (P), water vapor (w), lapse-rate (1), cloud (¢) and surface albedo («)
feedback parameters, plus a residual term (Re), which is small at the global
scale (less than 10%) for modest climate changes [163] (see also chapter 5).
The sum of Ap, i.e. the response due to a vertically uniform warming of
surface temperature throughout the troposphere, and of \;, i.e. the response
due to departures from the vertically uniform tropospheric warming, is re-
ferred to as the temperature feedback. Finally, A may also be separated into
its longwave and shortwave components.
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Different methods have been proposed to diagnose radiative feedbacks.
One of these is known as the partial radiative perturbation (PRP) method
[232], where the radiative effect of a climate variable (water vapor, clouds,
temperature or albedo) is examined by taking that variable from the per-
turbed simulation and substitute it into the instantaneous flux computation
of the control simulation, holding all other inputs fixed. The radiative re-
sponse is then divided by ATy to compute the feedback strength. An other
technique is the so called CRE method [44]. In this case the difference be-
tween the clear- and all-sky radiative response is referred to as the CRE and
then normalized by AT,. An alternative solution is the radiative kernels
method [107]. Using this approach, climate feedbacks are computed as prod-
ucts of two terms: one dependent on the radiative transfer algorithm (kernel)
and the other one on the climate response of a specific climate variable. An
application of the kernel technique is shown is chapter 5.

Each method has its own strengths and weaknesses, as reviewed in Bony
et al. [198] and Soden et al. [108]. In particular, each approach strives to
diagnose correctly the cloud feedback. The PRP method biases both the
cloud and water vapor feedback calculations, by assuming that all fields are
temporally uncorrelated with each other. This implies that cloud changes
in response to water vapor changes are not considered. As far as the CRE
method is concerned, a sizeable part of the CRE change does not result
from a change in cloud properties alone, but it depends also on changes in
the environment (temperature, water vapor, surface albedo). Finally, in the
radiative kernels approach the cloud feedbacks cannot be evaluated directly,
because of strong nonlinearities arising from the vertical overlap of clouds.

As a final step, one would wonder what is the link between feedback
parameters and climate sensitivity. In other words, what is the contribution
of each feedback to the equilibrium AT,? Following Dufresne and Bony [118],
it can be demonstrated that:

AT, = AT, p+ > AT, (1.9)
i£P
where i indicates a generic climate variable affecting R. AT, p = —AF/Ap

is the temperature response due solely to the Planck feedback. AT,; =

)’\\1‘3 AT, represents the influence of each feedback i on the climate sensitivity.

1.5 Outline of the thesis

The remainder of the thesis is structured as follows.
Chapter 2: Since clouds are intimately coupled with the large-scale cir-
culation, Bony et al. [200] proposed a method to combine cloud-related
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quantities with changes in the frequency distribution of the mid-tropospheric
vertical pressure velocity (wsop)- The present chapter highlights the short-
comings of using this method to sort different cloud regimes. Therefore a
diagnostic technique is developed, that enables one to distinguish between
different cloud types and their radiative impacts through a bivariate decom-
position of the clouds on wsgg and SST in the tropical regions. Changes in
cloud and radiation properties as a result of changing dynamical and ther-
modynamical regimes are extremely important, as they determine the sign
and strength of the cloud feedback. A few studies have shown that the cloud
feedbacks not only change in space, but also in time during the ENSO events
[64, 99, 100]. The technique devised in this chapter is applied to analyse the
transition between cloud regimes in the ENSO cycle. The use of the El Nino
case study illustrates the validity of the diagnostics and its advantages over
regime decompositions that use a single variable. The study advances our
understanding of the reasons for cloud variability in the tropics and provides
some insights related to cloud feedbacks on climate.

Chapter 3: Cloud properties depend on the meteorological conditions.
Analysing this relation may help to understand why GCMs exhibit a large
spread in the cloud feedbacks. Clement et al. [28] took some steps in this
direction by proposing a cloud metric to evaluate GCMs based on the cor-
relation between meteorological quantities and cloud cover. However, they
did not go as far as to quantify to what extent the environmental conditions
contribute to the cloud changes. This point is addressed in this chapter, that
is primarily about a new diagnostic technique, developed by expanding on
previous works [28, 200], to quantify the relative contribution of environmen-
tal factors to the variability of cloud-related quantities. The method centers
on the use of the change in probability distribution functions of the environ-
mental factors to derive the integrated changes in associated cloud properties.
The technique is applied to analyse the factors tied to the interannual vari-
ation of tropical clouds and seasonal variation of MBL clouds. Furthermore,
it is argued that this diagnostic tool can be used as a novel way of testing
the fidelity of the cloud simulation in GCMs.

Chapter 4: Climate models still generally disagree in simulating clouds
for current and future climate [2, 21, 111]. A practical method to acquire
greater confidence in cloud changes for future climate predictions is to assess
the realism of the cloud simulation in present-day conditions. The aim of this
chapter is to investigate the capability of the EC-Earth GCM to faithfully
reproduce the observed CREs, cloud-related variables and precipitation in
the recent decades. The model is forced with prescribed observed SSTs and
an atmosphere-only experiment is carried out. For the first time, satellite
simulators are embedded in the EC-Earth code and used to derive diagnos-
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tics more readily comparable to observations. Several satellite products and
novel regime-compositing techniques, devised in the previous chapters, are
used to isolate the sources of errors in the model. Connections are made be-
tween cloud biases and CREs, as well as to specific physical parameterizations
within the model that may cause the biases.

Chapter 5: Motivated by the cloud biases found in the previous chapter,
the parameterization structure of two physical processes (turbulent mixing
and the aerosol indirect effect) is revised in the EC-Earth GCM. These two
novel EC-Earth configurations, along with others obtained by altering tun-
able parameters in the model, serve to carry out sensitivity experiments for
present-day and warmer climate conditions. The goal is analysing the im-
pact of the formulation of cloud-related processes on the model biases and
climate feedbacks. Connections between model biases in current climate and
the strength of the cloud feedbacks are discussed.

In chapter 6 the main results from this dissertation are summarized.
This chapter also discusses the still open questions and what further can be
done to explore the consequences of this study.



CHAPTER 2

Changes in the cloud
properties in response to El
Nino: a bivariate approach

We analyse the dependence of the cloud radiative effect (CRE) and cloud
amount on mid-tropospheric pressure velocity (ws00) and sea surface temper-
ature (SST) and point out the shortcomings of using these two proxies sepa-
rately as means to separate cloud regimes. A bivariate approach is proposed
to overcome these shortcomings and it is used to systematically investigate
marine cloud properties at different spatial and time scales in the present-day
(1985 to 2001) tropical climate. During the 1997-1998 El Nifo, the greatest
regional change in CRE and cloud cover coincides with the greatest local
change in circulation and SST. In addition, we find that the cooling effect
of the stratiform low clouds reduces at the rate of approximately 1 W/m?
per percent of cloudiness reduction in the subsident cold pools of the Pacific
ocean. During El Nifo, the transition between different cloud regimes gives
rise to opposing cloud feedbacks. The sign of the total feedback is controlled
by the cloud optical thickness. More generally, we find that the largest part
of the cloud response to El Nino, when averaged over the tropical Pacific,
is not directly associated with wsgg and SST changes, so other factors must
play a role as well.

This chapter has been published as: Lacagnina C. and F. Selten. Changes in the cloud
properties in response to El Nifio: a bivariate approach. Climate Dynamics, 40:2973-2991,
2013.
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2.1 Introduction

It has been recognized that clouds strongly affect the earth’s climate in a
variety of ways over a wide range of time and space scales. The most impor-
tant of these effects are the changes in the radiative fluxes, which are usually
referred to as the Cloud Radiative Effect (CRE). Clouds enhance the albedo
of the surface-atmosphere column by scattering solar radiation; at the same
time, they emit less thermal radiation to space than the surface-atmosphere
column would under clear-sky conditions. The two effects are not in balance
and the net globally averaged radiative contribution by clouds is negative
[e.g. 74, 238], that is clouds cool the planet.

Changes in CRE in response to an external perturbation are known as
cloud feedbacks. Despite the importance of these feedbacks in determining
the sensitivity of earth’s climate, the fidelity of their representation in climate
models continues to remain a topic of debate, because of their large spread
among models [42, 144, 216]. This spread is larger than for other feedbacks
[107, 118, 187]. As was pointed out by Bony and Dufresne [199], marine
boundary-layer clouds are at the heart of tropical cloud feedback uncertain-
ties in climate models; understanding how they may change in a perturbed
climate therefore constitutes a crucial part of the cloud feedback problem.

The radiative impact of clouds critically depends on both the amount
and type of cloud present [131]. In particular, the contribution of optically
thick low-clouds, such as boundary layer stratocumulus, to the net radiative
budget is negative [74, 135], since they exhibit high albedo and, owing to
their low cloud tops, they emit a similar amount of longwave radiation as the
surface of the earth. On the other hand the net contribution to the radiative
budget of the tropical deep convective clouds is nearly zero [225, 238]. On
a global average basis, low clouds make the largest contribution to the net
energy balance of the earth and cover a very large fraction of the tropical
area [e.g. 190].

Over the tropical belt the position of the different type of clouds is strongly
related to the large-scale atmospheric circulation and to the Sea Surface Tem-
perature (SST). Low-level boundary layer clouds (stratocumulus and stratus)
are present in regions of large-scale subsidence, most of them are found on
the eastern cold side of the tropical ocean basins [7]. In contrast, deep con-
vective clouds (e.g. cumulonimbus) are associated with large-scale ascending
motions, present over the warm pools of the tropical oceans, in particular
over the Indonesian region [226]. In the transition regions between these at-
mospheric circulation regimes shallow cumulus clouds are often observed; for
instance, the trade wind cumuli are found between the upward and downward
branches of the Hadley cell [86, 210].

Since the large-scale atmospheric circulation in the tropics closely depends
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on the spatial distribution of SST [197], perturbations in marine cloud cover
could be related with changes in SST pattern, such as those associated with
El Nifio-Southern Oscillation (ENSO) phenomenon [e.g. 35, 72, 126]. Indeed,
studies concerning El Nino variability highlighted that variations in low cloud
amount are negatively correlated to the local SST anomaly [183].

So far we discussed the effect of the tropical circulation and SST on the
cloud properties. However, clouds also influence the atmospheric dynamics
and temperature. Cloud changes affect the atmospheric circulation by modi-
fying, for instance, the latent and the radiative heating profiles [112] and in-
fluence the SSTs by modulating the solar and thermal radiative fluxes reach-
ing the surface. This latter represents a well-known atmosphere feedback
relevant for ENSO [57, 58]. As a positive (negative) SST anomaly develops
in the central Pacific, clouds respond and reflect more (less) solar radiation
to space, which reduces (increases) the SST anomaly [239]. That is a neg-
ative feedback, but other areas of the tropical Pacific experience a positive
cloud feedback. Warmer SST during El Nino enhances convective activity in
the eastern tropical Pacific and breaks up the stratiform low clouds. This
leads to an increased solar flux at the surface and enhances the positive SST
anomaly [e.g. 213]. A few studies have shown that the cloud feedbacks not
only change in space, but also in time during the ENSO events [64, 99, 100].
They found that the seasonal evolution of the cloud feedbacks can partly
explain the ENSO seasonal phase lock. In this study the role of the clouds in
the amplification, peak and decay phases of the 1997-1998 El Nino is further
explored at the seasonal scale by distinguishing the different cloud regimes.

Since the clouds are intimately coupled with the large-scale circulation,
Bony et al. [200] proposed a method to combine radiation budget quantities
with changes in the frequency distribution of the mid-tropospheric vertical
motion to isolate the dynamical effect from other environmental factors on
the cloud properties. We highlight the shortcomings of using this method to
sort different cloud regimes in section 2.4. Therefore a bivariate approach is
developed, following Williams et al. [128], which enables a more complete
distinction among different cloud regimes (section 2.4.1) and may help to iso-
late influences on cloud properties other than temperature at the surface and
large-scale circulation (section 2.6). Unlike Williams et al. [128], we quan-
titatively evaluate these influences. In addition, we examine the observed
changes in the cloud amounts and CREs associated with the 1997-1998 El
Nino, providing physical explanations for such a response to ENSO (section
2.5). The cloud feedbacks involved in the El Nino seasonal phase lock are
discussed in section 2.5.1.
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2.2 Data

In this study we use monthly mean observations from different sources for
the years 1985 through 2001. Top of atmosphere Global Energy and Water
Cycle Experiment (GEWEX) Surface Radiation Budget (SRB) Release-3.0
data [96, 120] is extensively used in our analyses. It is archived at the Atmo-
spheric Science Data Center (ASDC) at the National Aeronautics and Space
Administration (NASA). Cloud amounts and tropopause temperature are
taken from the International Satellite Cloud Climatology Project (ISCCP)
data product D2 [246]. Two ISCCP D2 classifications are considered. One
provides three cloud types defined only by cloud top pressure P, (hereafter P.
categories) and one provides nine cloud types classified based on their cloud
top pressure and optical thickness 7 (hereafter P.-7 categories) [23, 24]. For
SST we use the Extended Reconstructed Sea Surface Temperature (ERSST)
data [164] and the Global Precipitation Climatology Project (GPCP) product
[195] for precipitation.

Two different reanalysis products are used to provide the vertical pres-
sure velocity at 500 hPa: ERA-40 Reanalysis products from the European
Centre for Medium-range Weather Forecasting (ECMWF) [222] and the
NCEP/DOE Atmospheric Model Intercomparison Project (AMIP-II) Re-
analysis, an updated version of NCEP/NCAR Reanalysis with some signifi-
cant improvements [154].

All data used here are analyzed over the tropical oceans between 30 °N
- 30°S and they are gridded at 2.5° x 2.5° resolution, the original 1° x 1°
SRB and ERSST values are also interpolated to 2.5° x 2.5° grid boxes.

2.3 Methodology

The longwave and shortwave components of the CRE at the top of atmo-
sphere (TOA), introduced in Charlock and Ramanathan [177], can be defined
as:

LWCRE = OLRuear — OLR (2.1)
SWCRE = TRSueqr — TRS (2.2)
NetCRE = LWCRE + SWCRE (2.3)

N = —SWCRE/LWCRE (2.4)

where OLR, TRS, OLR jcqr and T RS jeqr refer to the Outgoing Longwave
Radiation and the Total Reflected Solar radiation, a measure of the outgoing
shortwave radiation, at the TOA in actual and clear-sky conditions, respec-
tively. The sign convention is such that upward radiative fluxes are positive.
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The Longwave Cloud Radiative Effect (LWCRE) depends on the cloud top
temperature, the cloud fraction and the emissivity, which in turn depends on
cloud microphysical variables, such as the cloud water path. The Shortwave
Cloud Radiative Effect (SWCRE) depends on the cloud fraction and on the
cloud albedo, which in turn depends on various microphysical parameters,
such as the liquid water and ice water path of the clouds as well as the particle
shape and size distribution and liquid or ice phase. NetCRE indicates the net
contribution of the clouds to the earth’s radiation budget. In addition, the
parameter N depends on both cloud macro- and microphysical properties. Its
main characteristic, which is different from the NetCRE, is its invariance to
the absolute magnitude of the cloud effect and to the cloud fraction [46, 225].
This parameter is evidently different for different cloud regimes and it has a
typical value of N ~ 1.2 for deep convective clouds, N ~ 4 for stratocumulus
and N ~ 1 for trade cumulus [114].

Several studies investigated the links between radiation, clouds and envi-
ronmental factors in different ways, here we follow and further develop one
of the latest techniques. The Bony et al. [200] method is a technique to
decompose the changes in clouds and CREs (hereafter indicated as C) in a
dynamic component and a component not related to changes in the large scale
circulation, by sorting data of interest as a function of the pressure velocity
at 500 hPa (ws00). The monthly mean of wsog defines different dynamical
regimes. The range of wsgp values is binned and monthly mean values of C
from observations are averaged over the region with the same wsgy values, in
order to get C,, . Then the tropically averaged temporal change in any cloud
or radiative variable (§C) can be expressed as the sum of a term arising from
a temporal change in the Probability Density Function (PDF) of wsqo (6F,,),
called the dynamic component and a term arising from a temporal change in
the mean value of the variable binned in each dynamical regime (§C,,), called
the thermodynamic component. The analytical formula is:

6C = / 0P, C, dw+ / P,6C,, dw —l—/ 0P,6C,, dw (2.5)

dynamic thermodynamic co—variation

where P,, indicates the PDF of wsgy and the last term is the co-variation
component, which has been found small compared to the other terms [200].
By definition, the thermodynamic component includes every influence that
is not captured by changes of wsgg, such as SST, atmospheric temperature,
moisture profiles, dry intrusions in the free troposphere, etc. In this study
we propose an extension of this method to isolate the effect of temperature
variations on CRE, hence SST is used instead of wsgg as a proxy.

In addition a novel composite technique for clouds is developed. The
Bony et al. [200] analysis is not able to distinguish among very different
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cloud regimes, such as stratocumulus and trade cumulus regions, subjected
to the same wsqq, since pools with the same subsiding motion can have very
different SST and cloud conditions [114]. In order to enable this distinction we
computed a bivariate PDF depending on w5y and SST, which must respect

the condition: o oo
/ / P, sst dwdsst =1 (2.6)
0 —o0

so that the tropically averaged C' variable can be expressed as:
C :/ / P, 55tCu,sst dwdsst (2.7)
0 —o0

This bivariate approach enables a more complete distinction among different
cloud regimes, as will be shown in the next section.

The variation in C that occurs within wsgg and SST regimes will be used
to assess the impact on the cloud properties of other environmental factors,
which are not directly related to the large-scale circulation and the surface
temperature. Therefore fooo fix;o P, 55t0C,,sst dwdsst may be referred to as
the residual component of 5C in the bivariate approach. Note that is case
of using only wspg as a proxy for the decomposition, the residual component
coincides with the thermodynamic component in Eq. 2.5.

2.4 Cloud composite techniques in the tropics

Fig. 2.1 shows various cloud properties and the precipitation as a function
of wspg on the left and of SST on the right side. The observational variables
are decomposed in wsgp (SST) bins following Bony et al. [200], as explained
above. Error bars and shadows represent the 95% range of the variations in
the 204 monthly decompositions.

Fig. 2.1a shows the PDF of the pressure velocity and the decomposition
on wspg of the coverage of four different cloud types. The ISCCP P.-7 cloud
categories are grouped and distinguished only by cloud-top height, following
Ockert-Bell and Hartmann [172], but here the low-level clouds are also distin-
guished by 7. Clouds with tops below 680 hPa and optical thickness greater
than 3.6 are defined as “stratocumulus”, whereas clouds at the same height
with optical thickness less than or equal to 3.6 are defined as “cumulus”,
following Rossow and Schiffer [246] just grouping stratus and stratocumu-
lus in the “stratocumulus” category. Sorting monthly mean cloud amount
in monthly mean ERA-40 mid-tropospheric w bins enables to distinguish
between regions where high clouds are predominantly present and regions
governed by low clouds (Fig. 2.1a). The two very different cloud regimes are
also highlighted by the GPCP precipitation decomposition on wsgy shown in
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Figure 2.1: Various cloud-related variables composited on monthly values of ERA-
40 wsoo on the left and of ERSST SST on the right over the tropical oceans (30 °N
- 30°S) during 1985-2001. Shaded areas and vertical bars show the 95% range
of the monthly variability. a) Cloud cover (dashed lines) and PDF of wsgo (solid
line); ¢) Cloud cover (dashed lines) and PDF of SST (solid line); b) and d) SRB-
derived NetCRE, N (=-SWCRE/LWCRE) and GPCP precipitation. ISCCP P.-r
categories are used for thin (7 < 3.6, cumulus) and thick (7 > 3.6, stratocumulus)
low-level (P. > 680 hPa) clouds, middle-level (440 hPa < P. < 680 hPa) clouds,
high-level (P. > 440 hPa) clouds. The dotted vertical lines in ¢) and d) indicate
the supergreenhouse range limits discussed in the text.

Fig. 2.1b, where the strong precipitation is associated with the high cloud
amount in the regions of strong rising motions. Fig.2.1b also shows various
CREs based on monthly mean SRB data. The NetCRE is almost indepen-
dent of wso; it exhibits values around -20 W/m?2. However, several studies
showed that the observed annual mean NetCRE ranges from near zero over
the warm pools of the tropical oceans to less than -40 W /m? over the eastern
cold side of the tropical ocean basins [e.g. 226].

The parameter N has values of about 1.2-1.4 where wsqq is negative, which
is typical for deep convective clouds, but it reaches values of 2-2.5 where w5
is positive, which is a mixture of values typical for stratocumulus (N ~ 4)
and trade cumulus (N ~ 1) [114] . Hence wsgp is not a good proxy to distin-
guish between regions dominated by stratocumulus and regions dominated
by cumulus, with very different CRE, as highlighted by the typical N values.
We will come back to this in next section where we introduce a diagnostic
tool that does distinguish between these two regimes.
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Figs. 2.1c-d are similar to Figs. 2.1a-b except for using SST as a proxy
instead of wsgg. The maximum of the PDF for the temperatures coincides
with the supergreenhouse range (26.5°C - 29.5°C), a region where OLR jcqr
and SST are inversely proportional. This behavior is known as the clear-
sky supergreenhouse effect [239]. Bony et al. [201] have also shown that
water vapor, convection and cloud-related parameters behave differently in
this particular range of temperature.

The frequency of occurrence of SST values beyond 30°C decreases dra-
matically. These pools are generally associated with diminished convection
and the presence of hot spots [70, 71]. Finally, the PDF of SST shows a
negative skewness toward cold pools, which are regions generally dominated
by low-level clouds, in particular the optically thick clouds.

Apparently, using SST as a proxy, one can distinguish between high and
low clouds as in the case for wsgg, but also between stratocumulus and cumu-
lus clouds (Fig. 2.1c). This better distinction is also evident when looking at
the NetCRE in Fig. 2.1d, where a stronger dependence on SST is found. The
parameter N reaches higher values, closer to values typical for stratocumulus
regimes. SST looks like a good proxy to separate different cloud regimes, but
cumulus and upper-level cloud properties are often combined in the same
SST-bin. These cloud types have similar impact on NetCRE and N (1 and
1.2 respectively) and therefore SST related shortcomings can not be noted
from evaluating the CREs as in Fig. 2.1d.

This point is illustrated by scatter plots of monthly SRB-derived CREs
versus ERA-40 pressure velocity on the left and ERSST SST on the right
side (Fig. 2.2). Only a randomly selected subset of 1% of all data points is
plotted.

Moderate positive wsgg bins include both cold (SST < 26°C) and warm
(SST > 26°C)! waters (Figs. 2.2a-c). The former often exhibits much
more negative SWCRE values, likely associated with sheets of stratocumu-
lus, whereas the latter is associated with similar low LWCRE but less neg-
ative SWCRE, a characteristic of scattered cumulus. A similar ambiguity is
shown in Figs. 2.2c-d, where warm SST bins capture both convective (w < 0
hPa/day) and subsident (w > 0 hPa/day) regimes. The former is character-
ized by higher CRE values, associated with upper-level clouds and the latter
comprises weak albedo low-clouds. Using SST as a proxy leads to averaging
areas with similar SST but different vertical motions and clouds. We further
explore this by employing a bivariate approach in the next section.

To a first approximation, if SST would play a dominant role in changing
the cloud distribution, one may infer from Fig. 2.1c that, in a warmer climate,

IThe threshold of 26 °C has been chosen because, beyond this temperature value, the
supergreenhouse range begins.
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Figure 2.2: Scatter plots of monthly SRB-derived longwave (a-c) and shortwave
(multiplied by -1) (b-d) CRE versus ERA-40 w500 on the left and ERSST SST on
the right. Only randomly selected 1% of the points over the tropical oceans (30 °N
- 30°S) during 1985-2001 is plotted.

the regions dominated by high-clouds should increase with respect to the
regions with stratiform low-clouds. On the other hand Vecchi and Soden [17]
showed that the tropical atmospheric circulation weakens consistently in a
simulated warmer climate in all CMIP3 models; according to Fig. 2.1a, it
would imply a more peaked w599 PDF with the consequent reduction of deep
convective regions, associated with high-clouds. Hence the “dynamic” and
the “thermodynamic” influences could affect the cloud regime distribution in
opposite ways. An assessment of both influences during El Nifio is subject of
the sections 2.5 and 2.6.

2.4.1 Bivariate composite technique

In the previous section we examined the weak and strong points of using wsgg
or SST as a proxy to detect and sort different cloud regimes. Here we show
that using these two quantities together enables a better distinction among
cloud regimes.

Fig. 2.3 is similar to Fig. 2.1 except that a bivariate approach is taken.
SRB-derived CRE and ISCCP P, cloud categories cover are decomposed on
wspo and SST, whose bivariate PDF is shown in Fig. 2.3a. The area covered
by large-scale subsidence is the most dominant: most of the frequency is



Chapter 2. Changes in the cloud properties in response to El

. . .
26 Nino: a bivariate approach
a) PDFgsst x 107 b) ~SWCREqsst w/m?
31 30 100
90
29 25 e
27 20 70
. 60
© 25
= 15 50
K
- 40
10 %
21 56
5
19 o
0 0
80 60 -40 -20 0 20 40 60 80 -60 -40 -20 0 20 40 60
@soo [NPa/day] @soo [NPa/day]
°) Nusst (= ~ SWCRE yest / LWCRE yeq1) N d) NetCREqss: W/m?
4.0 0
29 36
32 10
27
28
?25 24 -20
K 2.0
23 36
16
21 12
-40
19 08
04
80 60 -40 -20 0 20 40 60 80 -60 -40 -20 0 20 40 60
@soo [NPa/day] @soo [hPa/day]
e) Low-level cloud amount % f Upper-level cloud amount %
70 100
29 50 20
80
27 50 70
60
o 25 40
;; 50
23 90 40
20 30
21
20
10
19 0
: . 0 0
80 60 -40 -20 0 20 40 60 80 -60 -40 -20 0 20 40 60
@soo [NPa/day] @so0 [NPa/day]

Figure 2.3: SRB-derived CREs and ISCCP cloud cover composited with respect
to ERA-40 wsoo and ERSST SST over the tropical oceans (30 °N - 30°S) during
1985-2001. a) bivariate PDF of wsoo and SST; dashed lines delimit the four regimes
used in Figs. 2.4-2.5. b) (-)SWCRE; c¢) N; d) NetCRE; e) low-level cloud amount
(P. > 680 hPa), the black solid lines indicate 20 and 30% of stratocumulus amount
(7 > 3.6); f) high and middle level cloud amount (P. < 680 hPa), the black solid
lines indicate 20, 30 and 40% of thin high and middle level cloud amount (7 < 3.6).
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found in the region of moderate warm waters, namely at the edge of the
tropical convergence zones. The negative skewness of the PDF of SST, seen
in Fig. 2.1c, is here detectable in subsidence areas, namely on the eastern
side of the ocean basins, which are covered by a considerable amount of
low-level clouds (Fig. 2.3e). The convective areas are particularly frequent
in very warm pools, mostly coinciding with the Indonesian region and the
Intertropical and South Pacific Convergence Zones (ITCZ, SPCZ), which are
governed by upper-level clouds (Fig. 2.3f). The geographical distribution of
the wsgp and SST fields over the tropics will be discussed below. Finally Fig.
2.3a highlights the non-linear relationship between vertical motion and SST
in the tropical belt, which is the main reason for the loss of information in
using the two proxies separately.

Compositing the Walker-Hadley circulation with this bivariate approach
allows to avoid to average regions with similar vertical motions but different
SST. These two regimes present similar LWCRE, but have different albedo,
for this reason the (-)SWCRE in Fig. 2.3b ranges from 60 W/m? to 15
W /m? for the same downward motion (w ~ 40 hPa/day). The dependence
of SWCRE on SST in the subsidence regimes confirms that, also on the large-
scale, temperature is one of the factors in the observed transition between
unbroken stratiform clouds to scattered cumulus [95, 125, 171]. These differ-
ent values of SWCRE for the same positive wsgg bins are consistent with the
parameter N values (Fig. 2.3c), that tend to be higher over the pools where
stratocumulus clouds are expected. The upper region of Fig. 2.3c, associated
with warmer waters, where LIWCRE and SWCRE tend to cancel each other,
shows N values of ~ 1.2 or above, typical of deep convective clouds, but also
a small area of values around 1, typical of trade cumulus, is found for very
warm SST and subsident motions.

The NetCRE gives a measure of the net cooling effect of the clouds. Fig.
2.3d shows that it is stronger over the subsident cold pools, coinciding with
the largest amount of the stratocumulus in Fig. 2.3e (black contour lines)?,
and over the convective moderate warm pools, dominated by upper-level
clouds, in particular where the thin clouds are less present (Fig. 2.3f black
contour lines). The upper-level clouds are defined as the sum of high and
middle clouds and, based on their optical depth, they have been sorted in
thin (7 < 3.6) and thick (7 > 3.6) clouds, following Rossow and Schiffer [246]
just grouping cirrus and altocumulus in the same thin upper-level category
and the remaining clouds (high and middle) in the thick upper-level category.
As shown by Kubar et al. [137], values of 7 around 3.6 discriminate between
upper-level clouds having a positive or negative effect on the net radiation.

2The black contour lines are drawn considering cloud fractions only for day-time, for
which the optical depth is available (ISCCP P.-7 categories). In contrast, the colored
contours are drawn considering night and day times (ISCCP P, categories).
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Despite the strong cooling effect of the clouds covering the moderate warm
convective pools, their contribution to the earth’s radiation budget is quite
small compared to the thick low clouds, because of their relatively small fre-
quency of occurrence in the tropics (Fig. 2.3a).

Part of what we have already explained using the bivariate approach can
be observed in Fig. 2.4. These are the spatial distributions of the PDF in Fig.
2.3a (expressed in %) and of the cloud properties in Figs. 2.3b-e-f. We show
these to clarify the correspondence between large-scale wggg-SST patterns and
the cloud regimes, which allows to successfully employ the bivariate tech-
nique to distinguish among different cloud regimes. Fig. 2.4(upper-panel)
highlights that subsidence occurs over both warm (Fig. 2.4b) and cold (Fig.
2.4d) SSTs, as well as that both upward (Fig. 2.4a) and downward (Fig. 2.4b)
vertical motion can be found over similar warm SSTs. Fig. 2.4(lower-panel)
shows the very good association between wsg0-SST conditions and CREs or
cloud types. Beyond the well-known relationship between large-scale down-
ward (upward) motion and low-level (upper-level) clouds and related radia-
tive impact, we point out the correspondence between the highest values of
occurrences in Fig. 2.4b, namely the edge of the warm convective zones, and
the low values of CREs and cloud amounts in the same areas (Fig. 2.4 lower-
panel), likely associated with trade cumulus or mostly clear sky regimes [50].

Three different data sets (ERA-40 reanalysis, SRB and ISCCP) are con-
sistent with each other and it enables to use jointly wsqo and SST to sort
cloud properties. Particularly relevant is the possibility to disentangle cloud
types with similar top height but different optical thickness, such as stra-
tocumulus, cirrus and altocumulus. In several studies stratocumulus regions
are separately analyzed [e.g. 7, 95] or merged with other cloud types [e.g.
200], but with this diagnostic tool one can check the behavior of all of these
and their radiative contribution in a single analysis. This feature might turn
out useful in the analysis of large intermodel differences in the sensitivity
of the SWCRE to SST changes, which occur both in climate change and in
present-day interannual variability in tropical subsidence regimes [199]. An
other advantage of using a bivariate technique compared to the more common
approach to look at the spatial distribution is that one can easier estimate
the mean relationships among different fields and quantify the relative con-
tribution of different cloud regimes to the tropics-wide climate. We will take
advantage of these characteristics when investigating the changes in cloud
properties in response to El Nino, in the next section.
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Figure 2.4: Spatial distribution of the frequency of occurrence (expressed in %) of
ERA-40 w500 and ERSST SST (upper panel) in four large-scale vertical motion and
temperature regimes, as indicated in Fig. 2.3a. Lower panel: spatial distribution of
the SRB-derived longwave (e) and shortwave (multiplied by -1) (f) CRE and of the
ISCCP P, categories low-level (g) and upper-level (h) cloud amounts. The period

of analysis ranges from 1985 to 2001.
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2.5 Changes in cloud properties during El Nino

We now evaluate the relationships among large-scale circulation, SST and
various cloud properties which occur in association with the short-term cli-
mate anomalies observed in the present-day tropical climate, such as El Nino-
Southern Oscillation (ENSO). ENSO is a regular climate pattern character-
ized by large variations in the temperature of the sea surface of the tropical
eastern Pacific Ocean and in the Walker circulation reflected in changes in
the sea level pressure in the western Pacific. In this study we will focus
on the strongest El Nino event of the last decades and its effect on various
cloud-related variables over the tropical Pacific. The El Nino event analyzed
here lasted from May 1997 to April 1998. This period has been chosen as the
ENSO event, since it is the 12 consecutive months period with the largest
warm anomaly in the Nifio 3.4 region (5°N - 5°S, 120°W - 170°W), during
1985-2001. The Nino 3.4 is often used as an index to define ENSO events
[e.g. 67].

An overview of the main El Nino effects on the spatial distribution of the
large-scale circulation, SST and of the cloud regimes in shown in Fig. 2.5.
Fig. 2.5(upper-panel) is similar to Fig. 2.4(upper-panel) except for presenting
the anomalies of the frequency of occurrence of wsyg and SST; the anomalies
(hereafter) are calculated as the mean of the 1997-98 El Nifno event minus
the climatological annual mean (1985 to 2001). The black solid lines in Fig.
2.5(upper-panel) indicate the statistical significance of the changes at the 95%
level, calculated with a two-tailed normal test. Since our sample includes just
17 years, we used the bootstrapping technique to estimate the distribution
from a large number of random selections of 12 calendar months from the 17
years of data. The changes in wsgg and SST in the regions delimited by the
black solid lines are significantly different at the 95% confidence level from
the 17 year climatology, due to the El Nino event.

The cold tongue, usually present over the eastern and central equatorial
Pacific, becomes warmer, most of it still remains under subsidence conditions
(Figs. 2.5d-b), while its western part also becomes convective (Fig. 2.5a).
The ascending branch of the Walker circulation shifts eastward, as highlighted
by the higher frequency of warm convection particularly over the central
equatorial Pacific. At the same time the typical convergence zones, such
as the Indonesian region and the SPCZ, experience an unusual intrusion
of downward motion; further to the west, the area off the coast of Kenya
and Somalia becomes warmer and is affected by more frequent ascending
motion. All these are clues of a shift of the Walker circulation and a significant
warming of the mean value of SST over the tropical Indian and Pacific oceans.

As mentioned in the introduction, variations in the large-scale atmo-
spheric circulation and SST distribution can affect the cloud regimes. This
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Figure 2.5: As in Fig. 2.4, except for showing the data as the mean difference
between 12 months of the El-Nifio event (May 1997-April 1998) and the annual
mean of period 1985-2001. The black solid lines indicate the statistical significance
of the changes at the 95% level, calculated with a two-tailed normal test. The red
dashed lines indicate the zero change.

relationship is evident in Fig. 2.5(lower-panel): the changes in the cloudiness
and related radiative impact often match the changes in Fig. 2.5(upper-
panel). For instance, the increased high cloud amount over the central and
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eastern tropical Pacific and off the coast of Kenya and Somalia coincides
with the more frequent occurrence of convection over these regions; as a con-
sequence, the LW and SW components of the CRE enhance over the same
areas. Interesting is also to note that the greatest low cloud reduction oc-
curs in the eastern tropical Pacific, associated with SSTs which warm and
reach the supergreenhouse range (Figs. 2.5b-d), where convection is acti-
vated and cloud properties dramatically change, as explained in section 2.4.
These observations suggest a correlation between meteorological conditions
and cloud-related variable changes which will be explored below.

The changes observed so far can be summarized and better quantified

using the bivariate approach. The analysis is now restricted to the tropical
Pacific Ocean (30°N - 30°S, 100 °E - 280 °E), where most of the ENSO signal
remains confined.
Fig. 2.6a shows the difference between the PDF of the 1997-98 El Nino and
that of the 1985-2001 climatology. The frequency distribution of the bivari-
ate PDF not only obviously shifts toward warmer waters but it also shifts
toward more subsidence, in a region generally favorable for a transition from
unbroken sheets of stratocumulus to fields of scattered cumulus, as discussed
in the previous section. We point out that the reduction of the regions with
moderate positive/negative pressure velocity is only partly offset by the cor-
respondent warmer areas increase. This is more clear when the change in the
frequency of occurrence of wsgg is examined (Fig. 2.6b): a larger number of
grid points with extreme pressure velocity values are found during El Nino,
consistently in both two of the major reanalysis projects, ERA-40 and NCEP-
DOE. The increased frequency of the strongest upward/downward motions
(ws00 < -70 hPa/day, wspp > 30 hPa/day) is consistent with an increase in
the frequency of intense precipitation events in Fig. 2.6c. The increase in
extremes of precipitation is a striking feature of the El Nino phenomenons
[e.g. 207].

Fig. 2.7 shows the mean anomalies in CREs and cloud amounts (defined
as the monthly C;* —C¢, where ¢ refers to a grid box and the superscripts w, ¢
to the value in this grid box during the El Nino month and the correspondent
month in the mean annual cycle, respectively) binned based on the annual
cycle (averaged over the 1985-2001 period) 500 hPa wspp and SST bins. The
usually subsident warm pools, namely the edge of the Pacific convective zones
in Fig. 2.4b, experience an increase of the LWCRE and of the (-)SWCRE?
(Fig. 2.7a-b), which are very well correlated with the high and middle cloud
amount rise (Fig. 2.7d). Conversely, the usually convective zones (Fig. 2.4a)
exhibit a reduction of upward motion (Fig. 2.5a) and of upper-level cloud

3This CRE component is negative, hence a positive anomaly implies less negative values.
To prevent confusion, we chose to show its changes multiplied by -1, in this way negative
anomalies must be interpreted as a reduced cloud cooling effect.
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Figure 2.6: The El Nifio event (May 1997-April 1998) minus the annual mean of
period 1985-2001 change in the bivariate PDF of ERA-40 wsoo and ERSST SST
(a), in the PDF of ERA-40 and NCEP-DOE w500 (b) and in the PDF of GPCP
precipitation (c). The last two are expressed in percentage change of the respective
PDFs. The dots in (c) indicate the climatology (1985-2001) of the precipitation
PDF expressed in percentage. The analysis is restricted to the tropical Pacific
Ocean (30°N - 30°S, 100 °E - 280 °E).

amount and their radiative impact (Fig. 2.7). It is consistent with [174], who
correlated the unusual intrusion of descending air into regions with strongly
rising motion with part of the anomalous value of N (=-SWCRE/LWCRE)
and cloud cover in 1998. Moreover, the (-)SWCRE reduction over the sub-
sidence cold pools is associated with the low-level cloud amount drop (Fig.
2.7c), likely because of the transition from stratocumulus, on average de-
tectable in this region (Fig. 2.3e), to scattered cumulus. It appears to be
supported by the roughly no change of the LWCRE in Fig. 2.7a, which is
tied to the cloud top pressure, similar for these two cloud types.

The regions where most of the CRE changes occur are associated with
significant changes in wsgp and SST (Fig. 2.5), suggesting a relation between
cloud properties and environmental conditions. We now quantitatively ex-
plore this relation in order to provide a physical explanation. Fig. 2.8 shows
the CRE and cloud fraction anomalies binned based on the regional w5y and
SST anomalies (w}’ —w§ and SST — SSTY) over the tropical Pacific Ocean
(30°N - 30°S, 100°E - 280 °E).

LWCRE and (-)SWCRE anomalies (Figs. 2.8a-b) are almost linearly
proportional to the wsgp and positive SST anomalies. The main difference
between the two relationships is that the CRE anomaly, in regimes where
there is no monthly circulation change (Aw; = 0), is roughly zero, whereas
it is negative for no monthly surface temperature change (Asst; = 0) and
insensitive to negative SST anomalies.

w

The PDFs of the regional wsoo and SST anomalies (w} — w{ and

SST —SSTF) in Figs. 2.8a-b are positively skewed. These PDFs are used as
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Figure 2.7: Mean anomalies [El-Nifio event (12-mo between May 1997 to April
1998) minus the annual mean of period 1985-2001] of SRB-derived CRE (a and b)
and ISCCP P, categories cloud cover (c and d) binned based on the annual cycle
(12-mo between 1985 to 2001) ERA-40 wsoo and ERSST SST bins. Analysis is for
the tropical Pacific Ocean (30 °N - 30 °S, 100 °E - 280 °E). The dashed (solid) black
lines in c¢) indicate the negative (positive) stratocumulus amount (P. > 680 hPa,
7 > 3.6) anomalies, expressed in %.

statistical weights to quantify the mean NetCRE change that occurred dur-
ing the 1997-98 El Nino event over the tropical Pacific. This change, based
on SRB data, is +1.0 & 1.9 W/m?. The large standard deviation reflects the
monthly variability which occurs during El Nino with respect to the annual
cycle. The slightly positive value implies a reduced cooling effect of the clouds
over the tropical Pacific Ocean (30 °N - 30°S, 100 °E - 280 °E) during the El
Nifio year (May 97 to April 98 mean SST of 26.6 + 0.1* °C) compared to
the annual mean (1985 to 2001 mean SST of 26.2 £ 0.2 °C'). This indicates
an overall cloud positive feedback during El Nino. The cloud feedback issue
will be further examined in section 2.5.1.

We now analyze the cloud fractions and their role in the NetCRE change
during the warm phase of ENSO. The greatest cloud amount anomalies ob-
served during El Nifio are due to the high and middle clouds (Figs. 2.7c-d)
and these are associated with significant changes in wsg9 and SST (Figs. 2.8c-
d). Both CRE components behave similarly (Figs. 2.8a-b). Based on the

4The standard deviation stems from the monthly variability of SST tropically averaged
over the Pacific.
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results shown in Figs. 2.7-2.8, we propose the following mechanism: higher
(lower) SST promotes enhanced (reduced) convection [63, 197], which implies
more (less) high cloud amount [e.g. 127], hence higher (lower) CREs.
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Figure 2.8: Mean anomalies [El-Nifio event (12-mo between May 1997 to April
1998) minus the annual mean of period 1985-2001] of SRB-derived cloud radiative
effect (a and b) and ISCCP P, categories cloud cover (¢ and d) composited with
respect to ERA-40 Awsoo (left) and to ERSST Asst (right). Awsoo and Asst (right)
represent the mean anomalies of wsop and SST, respectively. Frequency distribution
of Awsoo (a), Asst (b) and 95% range of the monthly variability are also shown.

Regarding the low-level cloud anomalies, Fig. 2.7c shows that most of the
decrease occurs in regions usually governed by downward vertical motion, in
particular in the area of cold pools, where the observed reduction essentially
arises from stratocumulus (Fig. 2.7c black contour lines). The similar re-
duction of low clouds detectable over the warmer waters might be due to
the increase of upper-level clouds in that area (Fig. 2.7d). High clouds may
obscure part of the lower clouds, due to the “top-down” ISCCP satellite view
and thus this reduction is probably overestimated.

Fig. 2.8c shows that negative Aw values, indicating areas with stronger
rising (or weaker subsident) motion during El Nifio, are associated with neg-
ative low-level cloud anomalies. It is consistent with the mechanism for
which enhanced convection breaks up the stratiform clouds in the atmo-
spheric boundary layer [62, 183]. Beside this relationship, reduced low-level
cloud amount during El Nifo is also correlated with warmer SST (Fig. 2.8d),
which has been recognized to be the fundamental driver in the stratocumu-
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lus to cumulus transition [25, 125, 171, 202]. In particular, increased SST
causes larger buoyancy fluxes and increased entrainment of warm and dry
free-tropospheric air at cloud top, which leads to inhibit convection below the
cloud base, hence to inhibit the transport of warm, moisture-laden parcels
toward the cloud layer, which in turn promotes a situation known as decou-
pling. This decoupling reduces the moisture provided from the surface which,
together with the increased entrainment at cloud top and the deepening of
the Marine Boundary Layer (MBL), gradually evaporates the stratocumulus
[206]. Finally, if the clouds are thin enough, their optical depth may decrease
as well, which might cause the observed weakening of the SWCRE over the
usually subsident cold pools in Fig. 2.7b.

Moreover, we note a mean stratocumulus fraction reduction of about -
6% over the usually subsident cold pools in Fig. 2.7c (black contour lines),
which is associated with a (-)SWCRE weakening of about -6 W/m? in the
same area. This suggests that the stratiform clouds reduce their cooling effect
at the rate of approximately 1 W/m? per percent of cloudiness reduction in
this region.

2.5.1 Cloud feedbacks during El Nino at the seasonal
time scale

As ENSO signals have a strong seasonal dependence, it is also interesting
to examine cloud changes in different seasons rather than annually. A few
studies [e.g. 64, 99] have shown that clouds have a role in the amplification,
peak and decay phases of El Nifio. We show this by using the bivariate
approach.

Fig. 2.9 is similar to Fig. 2.7. The monthly anomalies (September 1996
to August 1998 minus the correspondent month in the mean annual cycle of
period 1985-2001) of CREs, optical depth (7) and cloud top pressure (P,) are
binned based on the annual cycle of wsgp and SST bins and then seasonally
averaged. SST and wsgp anomalies have been composited in the same way and
displayed in Fig. 2.9-panel3. The usually subsident warm regions experience
an increase of (-)SWCRE and of LWCRE (shadings in Figs. 2.9-panels1-2)
during the North Hemisphere spring (MAM) 97 till MAM 98, with a peak
during DJF 97-98. These anomalies are in phase with the SST warming in the
subsidence regimes, which starts in MAM 97 and develops for approximately
1 year (shadings in Fig. 2.9-panel3; [60]). The (-)SWCRE changes are higher
than the LWCRE changes, implying that the cloud contribution to the albedo
dominates the cloud greenhouse effect. This gives rise to a negative feedback:
the SST warming is constrained by the cooling effect of the clouds. It is
due to the presence of thick convective clouds that replace shallow cumuli,
notably from JJA 97 to DJF 97-98 seasons. During this El Nifio phase, P,
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Figure 2.9: Similar to Fig. 2.7: monthly anomalies (September 1996 to August
1998 minus the corresponding month in the mean annual cycle of period 1985-
2001) of various quantities are binned based on the annual cycle (averaged over
the 1985-2001 period) ERA-40 wsoo and ERSST SST bins and then seasonally
averaged. The shadings represent the SRB-derived SWCRE (panel 1) and LWCRE
(panel 2) anomalies and ERSST SST (panel 3) anomalies. The black solid (dashed)
lines indicate the positive (negative) ISCCP optical depth anomalies (panel 1), the
positive (negative) ISCCP cloud top pressure anomalies (panel 2) and the positive
(negative) wsoo anomalies (panel 3). The different seasons are indicated above each
box.
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Figure 2.9: (Continued)

decreases while 7 increases, which are indicators of the presence of higher and
thicker clouds. P. and 7 control the LWCRE and the SWCRE, respectively
(see section 2.3), while both the CREs depend on the cloud amount, that
increases in this area during the El Niflio event (Fig. 2.7). Therefore, the
changes in 7, although small, play a more important role in determining
the sign of the feedback than changes in P, i.e. the (-)SWCRE increase
dominates on the LWCRE increase. The presence of convective clouds in the
usually subsident warm pools is due to the anomalous convective activity (or
reduced subsidence) during El Nino (Figs. 2.9d3-e3-13).

When the 1997-98 El Nifo starts (MAM 97), the usually subsident cold
pools exhibit a negative (-)SWCRE anomaly, which remains till SON 97
and is associated with roughly no change in LWCRE (Figs. 2.9c-d-e). The
changes in the CRE regime are likely due to the transition from stratocu-
mulus, on average dominating this region (Fig. 2.3e), to scattered cumulus.
This is consistent with the reduction of 7 together with the slightly negative
P, anomaly. The stratocumulus amount also reduces in this area (Fig. 2.7).
Therefore, the clouds are less efficient in scattering solar radiation and the
surface warms faster. This is a positive cloud feedback, which opposes the
negative feedback mentioned above. The two feedbacks are not in phase,
indeed the former peaks during SON 97, whereas the latter peaks during
DJF 97-98 (Figs. 2.9e-f), which coincide with the phases of maximum and
declining ENSO anomaly, respectively in the usually subsident regions. This
is consistent to previous findings [64, 99], but here it is shown for the first
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time the transition between different cloud regimes. Both feedbacks occur
in regions usually associated with similar downward motion, but with very
different SSTs. This highlights once more the importance of disentangling
different cloud regimes with the bivariate approach.

Finally, we note that CREs in the usually convective warm pools exhibit
appreciable changes during the peak and decay phases of the El Nino event
(Figs. 2.9e-f-g). The anomalies of the two components of CRE are roughly
similar, hence the CRE changes do not produce a relevant direct feedback
in this area. We also note that the CRE anomalies are associated with
the increase of P,, which reflects the unusual occurrence of mean subsiding
motion over the tropical west Pacific during 1998 (Figs. 2.9f3-g3), consistent
with Allan et al. [174].

2.6 Residual component in the bivariate ap-
proach

In the previous section we noted that the regional changes in CRE and cloud
amounts primarily match the wsog and SST changes. However, some changes
in the cloud properties are associated with local processes and meteorological
influences which are not captured by the two proxies used so far, and occur
within the same wgg-SST bins. The part of the tropically averaged change in
a cloud-related variable (6C) that does not directly result from the wsgo-SST
change is referred to as the residual component of the C response to El Nifio,
an expression of it is given in section 2.3.

In order to show that some changes in C arise under given wsgo-SST
conditions we composited monthly C' in wsgp and SST bins for the tropical
Pacific Ocean (30°N - 30°S, 100 °E - 280 °E). Then the decomposition has
been averaged once on the 1997-98 El Nifio period (May 1997 to April 1998)
and once on the climatological mean state (1985-2001) and the difference gives
0Cy,sst- Finally, 6Cy, st has been multiplied by the climatological frequency
distribution (1985 to 2001) of wsgp and SST (P, ss). Since wspp and SST
conditions are significantly different between the climatology and an El Nino
year (Fig. 2.5-upper-panel), the residual component refers to changes which
occur in grid boxes associated with the same wsqp and SST but, in general,
are not associated with the same geographical position.

Various examples of residual components in the bivariate approach are
shown in Fig. 2.10. We note they represent the effective contribution of
6Cy 55t t0 6C because they are weighted by P, ss¢ (P, sst0Cu, sst). The
greatest contribution to the LWCRE-Residual component decrease comes
from the regimes of large-scale warm convection (Fig. 2.10a). It matches
in part the reduction of upper-level clouds in Fig. 2.10d and is not com-
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Figure 2.10: Various cloud-related variables composited with respect to monthly
values of ERA-40 w500 and ERSST SST during the El Nifio event (12-mo mean
for May 1997-April 1998) minus its composite in the annual mean (17-yr mean of
monthly composites during 1985-2001) (6Cl.,ss¢), multiplied by the annual mean
bivariate PDF of wsoo and SST (F.,s5¢t0Cs,sst). SRB-derived LWCRE (a) and
SWCRE (b). ISCCP P. categories of low-level (c) and high and middle level (d)
cloud amounts. Analysis is for the tropical Pacific Ocean (30°N - 30°S, 100 °E -
280°E).

pletely offset by the (-)SW component decrease (Fig. 2.10b). It leads to a
strong negative NetCRE anomaly, which corresponds to an enhanced cool-
ing cloud effect in this area. This effect is also present over moderate warm
(23°C < sst < 26°C) subsident regions, but in this case it is due to the
SWCRE-Residual component strengthening not balanced by the positive
LWCRE-Residual component. It is correlated with the increased amount
of the low-level clouds (Fig. 2.10c). Finally, the reduction of the low-level
cloud amount in subsident cold regimes is likely responsible for the weak-
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ening of the SWCRE-Residual component in the same area, while the LW
component does not change appreciably. It might indicate the transition from
stratocumulus to trade cumulus, which have similar cloud top pressure but
different cloud albedo. By definition of residual component this transition
occurs independently of circulation and surface temperature changes.

The changes in cloud properties within the same wsp9-SST bins observed
so far highlight the intrinsic sensitivity of the clouds to other meteorological
variables. This term is referred to as the residual component and dominates
the tropically averaged cloud property changes (see bivariate-Residual com-
ponent in Tab. 2.1). In Tab. 2.1 the different components of Eq. 2.5 are
reported, calculated using once wsog as a proxy, once SST and once wsgg and
SST combined (bivariate approach). Note that the integral over the whole
ws00-SST range of P, s5:0C,, st in Fig. 2.10 equals the residual component
in Tab. 2.1.

[W/m?] (%]
LWCRE -SWCRE low cloud amount upper cloud amount
Total (3C) -0.73 -1.75 -0.97 -0.68
w-Dynamic -0.09 0.03 0.04 -0.13
SST-Dynamic 2.09 1.34 -0.90 1.93
bivariate-Dynamic 0.63 -0.81 -0.74 0.41
w-Residual -0.67 -1.81 -1.07 -0.55
SST-Residual -2.68 -3.23 0.09 -2.67
bivariate-Residual -1.25 -1.01 -0.25 -1.02
w-Co-variation 0.03 0.03 0.06 0.00
SST-Co-variation -0.14 0.14 -0.16 0.06
bivar.-Co-variation -0.12 0.07 0.02 -0.07

Table 2.1: Dynamic, residual and co-variation components (see Eq. 2.5) of aver-
aged change in CRE and cloud amounts (6C) in response to El Nifio 1997-98 in
the tropical Pacific Ocean (30°N - 30°S, 100°E - 280 °E). The components are
calculated once using wsoo as a proxy for the decomposition, once using SST and
once using the two proxies together (bivariate approach, see section 2.3). Note that
the “bivariate-Residual” components are the sum of the values reported in Fig. 2.10
and “Total” is the spatial average of the changes in Fig. 2.6 (lower-panel). SRB
and ISCCP P, categories data are used.

The term arising from changes in the bivariate PDF of wggg and SST
(fooo ffooo 0P, 55tCo,sst dwdsst, bivariate-Dynamic component) falls in be-
tween the term arising from changes in the PDF of wsgp and SST separated
(w or SST Dynamic components in Tab. 2.1) and in one case (SWCRE) it de-
scribes better the changes of C' than wsgg and SST separately. However, the
residual component often contributes most to C, in all three cases of decom-
position. Since the residual component describes the part of 6C that arises
within the same w or/and SST regime, this indicates that a sizable amount of
6C does not directly result from circulation and surface temperature changes
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during El Nino. Finally, Tab. 2.1 also shows that the Co-variation compo-
nents are very weak and generally smaller than the other components.

2.7 Summary and discussion

In the Tropics, cloud properties, such as CREs and cloud amounts, are cou-
pled to the large-scale atmospheric circulation and SST distribution. These
relationships can be quantified with the mid-tropospheric pressure velocity
ws00, used as a proxy for large-scale rising and sinking motions, or with SST,
in order to analyze observed and simulated climate variations at different
time scales. In this study, we highlighted the shortcomings of using wsgg and
SST as tools to sort cloud regimes. In particular, they are not capable to
distinguish between regions dominated by very different CRE regimes. Using
wsoo (SST) as a proxy one averages areas with similar wsgg (SST) but differ-
ent cloud presence. The frequency distribution in a bivariate wsgo-SST phase
space, highlights the non-linear relationship between these two variables in
the tropical oceans (30 °N - 30°S), which is the main reason for the loss of
information about cloud regimes using the two proxies separately.

For this reason we propose a bivariate approach (following Williams et al.
[128] to systematically investigate the cloud property climatology and change
in response to El Nino. This diagnostic tool enables a better distinction
among different cloud regimes, in particular it allows to isolate stratocumulus
from other cloud types. One of the main advantages of using a bivariate
approach compared to the more common spatial distribution maps is that
one can easier estimate the mean relationships among different fields and
quantify the relative contribution of different cloud regimes to the tropics-
wide climate.

The cloud property climatology has been examined in the period 1985 to
2001. The dependence of SWCRE on SST in the subsidence regimes confirms
that, also at the large-scale, temperature appears to be one of the principal
factors in the observed transition between unbroken stratiform clouds to scat-
tered cumulus [95, 125, 171]. In contrast, this dependence is very weak for a
given value of the large-scale rising motion. We noticed a region of moderate
warm convective pools characterized by a strong cloud cooling effect, but its
contribution to the earth’s radiation budget is quite small compared to the
stratocumulus effect, because of its relatively small frequency of occurrence
in the tropics.

Part of the present study has been focused on the short-term climate
perturbation resulting from the 1997-1998 El Nino. Our analysis, although
inconclusive, is not entirely inconsistent with the picture of a strengthened
tropical circulation over the Pacific during this event. Clearly, this interpre-
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tation needs further validation in future studies.

The usually subsident and warm Pacific pools, namely the edge of the con-
vective zones, experience a strengthening of the LW and SW cloud radiative
effect, which matches very well the high and middle cloud amount increasing
in the same area. Conversely, the usually convective zones exhibit a reduc-
tion of upward motion associated with a reduction of upper-level clouds and
their radiative impact. As a result, the NetCRE slightly weakens during the
warm phase of ENSO.

During the 1997-98 El Nifo, the greatest regional change in CRE and
cloud cover are on average associated with the greatest local change in cir-
culation and SST. Observations suggest that higher (lower) SST promotes
enhanced (reduced) atmospheric convection [63, 197], which implies more
(less) high and middle cloud amount [e.g. 127], hence higher (lower) CREs.
An other striking feature of El Nino is that the low cloud fraction change
is negatively correlated with stronger rising (or weaker subsident) motion
and warmer SSTs. It is consistent with other observational studies [e.g. 183]
and appears to be supported by theoretical considerations [206], as briefly
explained in the text.

The reduced low cloud amount also contributes to the observed SWCRE
decrease in the subsident cold pools of the Pacific ocean. In fact, taking
advantage of the bivariate approach, we noticed that the stratiform low clouds
tend to reduce their cooling effect at the rate of approximately 1 W/m?
per percent of reduced cloudiness in this region. We stress that this latter
observational evidence can not be obtained just using wsg as a proxy for the
decomposition.

As ENSO signals have a strong seasonal dependence [e.g. 64], the cloud
changes were also investigated at the seasonal time scale. We show that
the transition from shallow cumuli to thick upper-level clouds acts to reduce
the amount of solar radiation reaching the surface, contributing to damp
the warm SST anomaly during El Nino. On the other hand, the transition
from stratiform low-level clouds to scattered cumuli acts as a positive feed-
back, which contributes to amplify the El Nino anomaly. The two opposing
feedbacks coexist during the ENSO events, but they peak in different sea-
sons (DJF for the former and SON for the latter). This is consistent with
Guilyardi et al. [64] and Lloyd et al. [99], but here the transition between
different cloud regimes is shown for the first time and the related feedbacks
are analyzed in greater isolation.

It is also shown that changes in the cloud optical depth (7) play a promi-
nent role in determining the sign of the cloud feedback during the El Nino
seasonal phase. 7 controls the SWCRE and is determined by the micro-
physical properties of the clouds. Climate models exhibit large biases in the
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simulation of the cloud microphysical properties [e.g. 170]. Since the SW flux
feedback is the main source of model uncertainty when it comes to simulate
ENSO events [100], we link this to the biases in the microphysical properties
of the (MBL) clouds. Therefore, a more detailed assessment of the biases in
the microphysical properties of the clouds, such as water path and droplet
size, is needed to reduce the intermodel uncertainties in simulating ENSO.
Since ENSO events are primarily associated with large-scale atmospheric and
SST changes, analyzing cloud properties in the framework of the bivariate
approach provides a useful tool for understanding the source of the ENSO
amplitude biases, due to erroneous cloud feedbacks.

However, not all the cloud-related variable variations during El Nino are
associated with wsgp and SST changes. Using the bivariate approach it is also
possible to evaluate the residual anomalies in cloud properties within the same
ws00-SST bins (residual component). These residual anomalies describe a
larger fraction of the cloud changes, when averaged over the tropical Pacific,
than wsgp and SST. This indicates that the averaged cloud changes often
result from processes other than the direct effect of circulation and surface
temperature variations during El Nino.

Finally, this study focused on cloud changes and feedbacks associated
with El Nino variations. In a warming climate, the cloud changes and feed-
backs might be different. Lu et al. [101] have shown that variations in the
large-scale dynamics and thermodynamics of the atmosphere in response to
greenhouse gas forcing are very different from the response to El Nino. Zhu
et al. [183] claimed that changes in the cloud amount in response to these
forcings may involve different mechanisms. Furthermore, Sun et al. [59] have
demonstrated that there is no significant correlation between the intermodel
variations in the cloud albedo feedback during ENSO and the intermodel vari-
ations in the cloud albedo feedback during global warming. However, whilst
the planet warms, many studies show that cloud feedbacks arise through a
transition from one cloud type to another [e.g. 56, 113]. The ability of the bi-
variate approach to isolate the cloud properties and feedbacks of the various
cloud regimes can thus be exploited in the investigation of cloud changes in a
warmer climate and in the interpretation of intermodel differences. This fea-
ture of the bivariate approach is particularly relevant in subsidence regimes,
where intermodel differences of tropical cloud feedbacks are the largest, both
in climate change and in present-day interannual variability [199].
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CHAPTER 3

A novel diagnostic technique
to investigate
cloud-controlling factors

Cloud properties depend on the local meteorological conditions. This re-
lation is quantified using a simple framework which expands on previous
methodologies. This novel diagnostic technique is applied in order to under-
stand and assess the relative contribution of various environmental factors
to the observed interannual and seasonal variations in cloud properties. In
this analysis framework, sea surface temperature, sea level pressure and, to a
lesser extent, the humidity field are the largest contributors to the interannual
cloud anomalies in the equatorial Pacific. In addition, in contrast to previous
studies, we find that the interannual variability of the ratio of shortwave to
longwave cloud radiative effect (N) is independent of the tropopause tem-
perature. Finally, we quantify the role of different factors which are thought
to influence the seasonal cycle of the stratocumulus in the subtropics. Off
the California coast, the lower-tropospheric stability (LTS) better describes
the seasonal low-cloud amount changes than the estimated inversion strength
(EIS). When the spatial variation in LTS (or EIS) and low-cloud amount is
considered within a season, a different relationship is found that depends
on the season. The nonlinear relationships between environmental factors
and cloud properties can, to a certain extent, be described within the novel
framework proposed.

This chapter has been published as: Lacagnina C. and F. Selten. A novel diagnostic
technique to investigate cloud-controlling factors. J. Geophys. Res. Atmos., 118, 5979-
5991, 2013.
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3.1 Introduction

The impact of potential changes in cloud properties as a key factor in the
issue of climate change has been recognized since several decades [e.g. 80,
87]. Despite this prominent role of clouds, their representation in climate
models continues to be one of the major uncertainties in climate projections
[43, 187, 216]. In the tropics, the spread among current models in predicted
temperature changes mostly arises from the radiative response of the marine
boundary-layer (MBL) clouds to a change in surface temperature [199].

Quantifying the relative importance of the different processes which con-
trol cloud properties may help to understand where and why climate models
exhibit such a large spread in the cloud feedbacks. Clement et al. [28] took
some steps in this direction by proposing a cloud metric to evaluate General
Circulation Models (GCMs) based on the correlation between meteorological
quantities and cloud cover. However, they did not go as far as to quantify to
what extent the meteorological conditions contribute to the cloud changes.
This point will be the focus of this paper.

Besides the well-known relationship between the atmospheric circulation
and cloud-related variables [200, 204], several studies identified correlations
between cloud properties and regional or large-scale meteorological conditions
at different time scales [90, 174, 209, 239]. For instance, in the stratocumulus
regime, the maximum in the amount of MBL clouds coincides with the season
of greatest lower-tropospheric stability (LTS), as observed by [7] or of great-
est estimated inversion strength (EIS), according to [194]. Moreover, several
analyses identified important environmental factors associated with the tran-
sition from unbroken sheets of stratocumulus to fields of scattered cumulus.
Changes in sea surface temperature (SST), surface fluxes and entrainment
rate of free-tropospheric dry, warm air are considered primary regulators of
MBL cloudiness [29, 205, 211]. Free-tropospheric humidity controls to a cer-
tain extent the drying effect of the entrained air into the cloud layer and
thus plays a role as cloud-controlling factor [95]. Relationships between me-
teorological parameters and cloud-related variables have been identified for
deep convective clouds as well. In tropical deep convective regions the radia-
tive shortwave cooling and longwave heating effects by clouds tend to cancel
each other, with the former slightly dominating, so that the ratio between
these two effects is near one in the observations. Kiehl [225] and Cess et
al. [46] argued that the dominant factor for this near cancellation is the
tropical tropopause temperature in the deep convective regions. In addition,
Kiehl [225] stated that the cloud radiative effect (CRE) is determined by
the high-clouds in this region and that changes in the amount of this cloud
type are strongly dependent on variations in SST. The relative importance
of these cloud-controlling factors is quantified in the present study applying
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an original approach.

Because of the strong relationship between cloud types and local meteoro-
logical conditions, it is plausible to expect that changes or shifts, for instance,
in the large-scale circulation induce variations in CRE. Based on this idea
Bony et al. [200] proposed a method to combine radiation budget quantities
with changes in the frequency distribution of the mid-tropospheric vertical
motion (wsgg) to isolate the dynamical effect from other influences on the
cloud properties. We further develop this method using different meteoro-
logical variables as a proxy instead of wsoo (section 3.3). This study aims
to provide a systematic approach to quantitatively assess the relative con-
tribution of different environmental conditions to cloud amount and CRE
variations. The novel approach is used to investigate the interannual (sec-
tion 3.4) and seasonal (section 3.6) cloud variations in the tropical Pacific.
Section 3.7 summarizes and discusses the major findings.

3.2 Data

We use monthly mean observations from different sources for the years 1985
through 2001, gridded at 2.5° x 2.5° resolution.

TOA radiative fluxes are retrieved from Global Energy and Water Cycle
Experiment (GEWEX) Surface Radiation Budget (SRB) Release-3.0 data
[96]. Another similar data set available for a long-term period is the Inter-
national Satellite Cloud Climatology Project Flux Data (ISCCP-FD) [251],
that we also use in our analysis.

Cloud amounts are taken from the International Satellite Cloud Climatol-
ogy Project (ISCCP) data product D2 [246]. In this data set cloud amount
is categorized based on the cloud top pressure (P, in hPa): high, middle,
and low clouds are defined as P. < 440, 440 < P. < 680, and 680 < P,
respectively. Cloud amount is retrieved from satellite measurements of in-
frared (IR) and visible (VIS) radiances during day-time, while it can only be
obtained from IR radiances for night-time conditions. We use monthly means
of day and night retrievals for high and middle clouds, whereas only day-time
retrievals are used for low-clouds. The reason for this is that using only IR
radiances it is difficult to detect this cloud type. The combined VIS/IR es-
timates (visible adjustment) are superior and allow to detect more low-level
cloudiness [23, 122]. Furthermore, due to the top-down satellite view, low-
clouds may partially be obscured by middle and high clouds. Such an effect
can be corrected to some extent by assuming that ISCCP low-clouds (L) are
randomly overlapped with upper-level clouds (U), following
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Rozendaal et al. [13]:

L
!

L' = -0 (3.1)
where L’ indicates the adjusted low-cloud fraction. In order to be consistent
with the low-cloud field, only day-time retrievals for high and middle clouds
are used when these enter in the overlap assumption. As stated in Zhu et
al. [183], thick low-clouds can only be obscured by thick upper-clouds and
not by thin high and middle clouds. This requires a more refined definition
of the random overlap assumption, that may be accomplished by modifying
Eq. 3.1 in the following way:

I Lihin Linick
1-U  1—Unick

(3.2)

where Lyp;, indicates ISCCP thin low-clouds (optical thickness 7 < 3.6;
P. > 680 hPa), Liper stands for thick low-clouds (7 > 3.6; P. > 680 hPa)
and Ugpier, represents thick middle+high clouds (7 > 3.6; P, < 680 hPa).
Hereafter only this latter definition of adjusted low-cloud fraction (L’ in Eq.
3.2) is considered. Finally, only ISCCP retrievals for day-time are used to
characterize the total cloud amount (A;), as low-clouds can be the largest
contributor to A; in some circumstances, such as in subsident regimes.

For SST we use the monthly mean Extended Reconstructed Sea Surface
Temperature (ERSST) data [164]. ERA-40 Reanalysis products from the
European Centre for Medium-range Weather Forecasting (ECMWF) [222] are
used to provide different atmospheric variables: the vertical pressure velocity
at 500 hPa (ws00), the sea level pressure (SLP), the tropopause temperature
(TT), the specific humidity at surface (q) and at 700 hPa (q7p0) and the
potential temperature at 700 hPa. The combination of the latter with SST
gives a measure of the marine LTS [7]. A refinement of LTS, known as EIS,
was proposed by Wood and Bretherton [194] and is calculated as follows:

EIS = LTS — (2700 — LCL)T3 (3.3)

where I'%59 is the moist-adiabatic potential temperature gradient at 850 hPa,
2700 18 the height of the p = 700 hPa surface and LCL is the lifting con-
densation level. Monthly rather than synoptic-scale ERA-40 data are used
to retrieve all these quantities. This impacts especially the calculations of
LCL and I'%59. However, Kawai and Teixeira [85] have shown that the sign
of the correlation coefficient between EIS and low-cloud amount is the same
at the synoptic timescale as it is at the monthly mean timescale. In addi-
tion, the relationship is weaker on timescales less than a month. Therefore,
it seems reasonable to study these relationships for monthly means. Finally,
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we compute the difference of humidity between the boundary layer and the
free troposphere just above (Aq) by subtracting q from qrqo.

Reanalysis products, such as ERA-40 data, have a number of advantages:
good global coverage and long time series and can be used with reasonable
confidence [20]. On the other hand, reanalysis products suffer from model
biases. Quantities such as latent (LA) and sensible (SE) heat fluxes are com-
puted from parameterizations using surface observations. The Objectively
Analyzed Air-Sea Fluxes (OAFlux) project [146] in part reduces this short-
coming. The OAFlux products are constructed from an optimal blending
of ground-based observations, satellite retrievals and various atmospheric re-
analyses. OAFlux estimates of LA and SE are unbiased and have the smallest
mean error compared to the main reanalyses projects [146]. In the present
study, LA and SE quantities are taken from the OAFlux dataset.

3.3 Methodology

The longwave and shortwave components of the CRE at the top-of-
atmosphere (TOA), introduced in Charlock and Ramanathan [177], are de-
fined as:

LWCRE = OLRgeqr — OLR (3.4)
SWCRE = TRSeear — TRS (3.5)
N = —-SWCRE/LWCRE

where OLR, TRS, OLR jcqr and T RS jcqr refer to the Outgoing Longwave
Radiation and the Total Reflected Solar radiation, a measure of the outgoing
shortwave radiation, at the TOA in actual and clear-sky conditions, respec-
tively. The sign convention for the quantities used to define CRE is such that
the upward radiative fluxes are positive.

Several studies investigated the links between radiation, clouds and en-
vironmental factors in different ways. Here we follow and further develop
one of the latest techniques. Bony et al.’s analysis [200] is a methodology
to decompose the changes in cloud amount and CREs (hereafter indicated
as () in a dynamic component and a component not related to changes in
the large-scale circulation, by sorting data of interest as a function of wsqg.
The monthly mean of wsog defines different dynamical regimes. The range
of wsgp values is binned and monthly mean values of C' from observations
are averaged over the region with the same w5y values, in order to get C,
. Then, the tropically averaged temporal change in any cloud or radiative
variable (6C) can be expressed as the sum of a term arising from a tempo-
ral change in the Probability Density Function (PDF) of wsgp (6F,,), called
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the dynamic component, and a term arising from a temporal change in the
mean value of the variable binned in each dynamical regime (6C,,), called the
thermodynamic component. The analytical formula is:

6C = / 0P, C, dw —|—/ P,éC,, dw+ / 0P,6C, dw (3.7

— 00

dynamic thermodynamic co—variation

where P, indicates the PDF of wsg9 and the last term is the co-variation
component. By definition, the thermodynamic component includes every in-
fluence that is not captured by changes of wsog, such as SST, atmospheric
temperature, moisture profiles, dry intrusions in the free-troposphere, etc. In
this study we propose an extension of this method to isolate the effect of dif-
ferent meteorological conditions on C'. It is straightforward to compute PDFs
for other relevant environmental factors in order to quantitatively evaluate
which process is more strongly related to the changes in the cloud properties.
Using a generic proxy v, Eq. 3.7 can be rewritten as:

5C = / SP,Cydy  + / P,3C., dvy + / §P,6C. dy (3.8)
2l v ol

environmental forcing  residual forcing co—variation

The first term on the rhs of Eq. 3.8 will be referred to as the environmental
forcing component (hereafter v-EFC) of that specific cloud-controlling factor,
which, in the case of v = w5, coincides with the dynamic component of Eq.
3.7. The second rhs term represents the remaining variation of C' which is
not directly related to the « changes (residual forcing component). Finally,
the co-variation component arises from the correlation of « and non-v effects
in 6C. This term is small compared to the others, as will be demonstrated in
section 3.4. The different EFCs also imply a decomposition of the so called
thermodynamic component in Eq. 3.7, which was found to dominate the
change in CRE tropically averaged [200]. Obviously, the EFCs calculated
in this way are not independent of each other and it is true that in nature
all processes contributing to a certain relationship between two variables are
interdependent and occur simultaneously [156]. Using the method described
above, we determine the relative contribution of different environmental fac-
tors (7) to the observed cloud-related variable changes (6C).

3.4 Environmental forcing components in the
interannual variability

It has already been emphasized in the introduction that different meteoro-
logical conditions influence the properties of clouds and their variations. wsgg
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and SST are intimately coupled with clouds [e.g. 200, 201], but also LTS [7],
SLP [28], Tropopause Temperature (TT) [46], specific humidity at the sur-
face (q) and at 700 hPa (qzo0) [95], latent (LA) and sensible (SE) heat fluxes
[206] have been observed to play a role in the cloud property variations.

Therefore cloud-related variables (C') vary with the different meteorolog-
ical conditions examined in these studies. These variations can be described
by changes in the PDF of a specific environmental factor () to extract its ef-
fect on the cloud property of interest (y-EFC), as explained in section 3.3. We
will analyze the interannual variations in marine CREs and cloud amounts
in a restricted area of the tropical east [7.5°N - 7.5°S, 200 °E - 280 °E; (EP)]
and west [10°N - 5°S, 100°E - 170 °E; (WP)] Pacific. Other authors chose
these regions to study interannual changes in the cloud properties [45, 114]
and often interpreted their findings in connection to El Nino-Southern Os-
cillation (ENSO). The EP region is characterized by low-level clouds and a
considerable interannual variability in spatially-averaged SST (£1.1°C) and
the WP region by upper-level clouds and small, to within £0.3 °C, SST inter-
annual anomalies. Both regions experience a great reduction in their typical
cloud population during the positive ENSO phase [e.g. 213].

In order to get the environmental forcing component (EFC) of a particular
environmental factor (), CREs and cloud amount (C) are composited with
respect to monthly means of 4. The range in which ~ varies is binned and
monthly mean values of C' are averaged over the region with the same -y
values, to get monthly C". For each month, the number of occurrences
of each ~-bin normalized by the total number of occurrences in the area
considered is referred to as the PDF of v (PJ'). The 17-yr mean (1985-
2001) of monthly C7' and P gives the climatological mean-state C, and
P,, respectively. Finally, the mean-state P, is subtracted from the 12-mo
mean of monthly P of a specific year, to get the annual anomaly 6 P,. The
integral over all -y range of § P,C,, of a particular year, is referred to as y-EFC
and defines the contribution of v to the annual anomaly of C (6C). §C is the
spatially-averaged annual mean C' when the climatological mean-state (17-yr
mean of 1985-2001) is removed (see also the explanation of the methodology
in section 3.3).

As an example of application of the method, Fig. 3.1a shows annual
mean time series of high-cloud amount (for brevity referred to as C here)
in the EP region together with various 7-EFCs. The high-cloud anomalies
(0C, black line) match very well the magnitude and the variability of ENSO:
they are positive during El Nifio (e.g. 1987, 1992, 1997) and negative during
La Nifia (e.g. 1988, 1999) years. The EFCs show that the SST changes
exert a stronger control on 6C compared to the wsgg changes. Indeed, the
contribution of wspp (wsp0-EFC) often falls below the annual anomalies of C,
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Figure 3.1: a) Anomalies of annual mean spatially-averaged marine ISCCP high-
cloud amount (C) relative to the annual mean of period 1985-2001 (6C), together
with EFCs of ERA-40 wsqo, tropopause temperature (TT) and ERSST SST. Error
bars are 95% ranges of monthly variability of C. Analysis is for the East Pacific
Ocean (7.5°N - 7.5°S, 200 °E - 280 °E). The correlation and regression coefficients
between dC and v-EFC are given in Tab. 3.1 in the row labeled “environmental
forcing components (EFCs)”. b) Anomalies of annual mean spatially-averaged wsoo
(red line) and SST (green line) relative to the annual mean of period 1985-2001.
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Figure 3.2: The black lines indicate the PDF (P) of ERA-40 wsoo (a) and of
ERSST SST (b). The black solid lines indicate the mean of the monthly PDFs for
the period 1985-2001. The black dashed lines are the mean of the monthly PDFs
for the 1997 El Nifio year. Colored lines are marine ISCCP high-level cloud amount
(C) composited on monthly values of wsoo (a) and SST (b) during 1985-2001, in
the East Pacific region (note that fw 0P, C,, dvy, with v = wso0 or SST, equals the
values in Fig. 3.1a for the year 1997).
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although it predicts correctly their sign. The contribution of SST (SST-EFC)
tracks 6C closer. This translates in a high correlation coefficient between
ws00-EFC or SST-EFC and 6C for both factors, but in a lower value of the
slope of the linear regression between wsoo-EFC and 6C than between SST-
EFC and 6C. In general, the higher the correlation coefficient, the more
similar the frequency and the phase of the two signals (y-EFC and 6C). The
closer to 1 the slope of the linear regression, the closer the amplitude of the
two signals. Fig. 3.1a also shows the EFC of TT, which is an example of a
signal that poorly tracks 6C, both in amplitude and in phase.

When statistically significant, the correlation coefficient between v-EFC
and 0C is always positive by construction. This is illustrated in Figs. 3.1-
3.2. Fig. 3.1 shows the well-known relationship between convective activity
and high-clouds [e.g. 183], which leads to a negative correlation coefficient
(compare the red line in Fig. 3.1b and the black line in Fig. 3.1a). The
ws00-EFC (Fig. 3.1a), on the other hand, is positively correlated with the
high-cloud cover. For instance, the 1997 El Nino year is characterized by
more convective activity (i.e. more negative wsgp values) in the EP region,
as a consequence the PDF of wsoo (Fig. 3.2a) shifts towards higher values of
the binned high-cloud amount (C,). This leads to a positive wsgo-EFC for
the year 1997 (Fig. 3.1a), which correlates positively with §C. In contrast,
dwspp 1s negative for the same year (Fig. 3.1b) and correlates negatively
with 6C. During El Nifio also SST tends to increase in the EP region and
the relative PDF shifts towards higher values of C,s (Fig. 3.2b). As a
consequence, SST-EFC is positive for the year 1997 (Fig. 3.1a). In this case,
since the correlation between SSTs and high-cloud anomalies is also positive
(Fig. 3.1b), the sign of the correlation is consistent between C correlated to
0SST and 0C correlated to SST-EFC. Therefore, the correlation coefficient
between 7-EFC and §C is adjusted using the sign of the correlation between
spatially and yearly averaged C and -y, to make the actual relationship visible.

The above figures and discussion are intended to clarify how the values
reported in Tab. 3.1 are calculated and why it is necessary to study both
the correlation (first row) and the slope of the linear regression (second row)
between 6C and y-EFC.

Along with the correlation and regression coefficients between 6C and
v-EFC, the third row of Tab. 3.1 reports the slope of the linear regression
between 0C and the co-variation component of Eq. 3.8. The small values
demonstrate that this term describes very little of 6C, thus it can be neglected
in our analysis. Finally, in the fourth row of Tab. 3.1 is shown the correlation
coefficient between the spatially and yearly averaged v environmental factors
and the high-cloud amount anomaly (§C), following Clement et al. [28]. The
correlation coefficients are generally similar to those arising using the EFCs
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~ environmental factors

High-cloud

amount (W) w500 SST LTS SLP TT q q700 Aq LA SE
E“‘gron.me“tal -0.91 0.95 -0.52 -0.78 -0.30 0.90 0.75 0.63 0.85 0.68
orcing
Components 0.56 0.94 0.32 0.42 004 0.89 0.86 0.23 0.13 0.23
(EFCs)
Co-variation 0.02 000 -003 -00L 000 002 -00L 007 -001 003
Clement et al. g6 092 -0.60 -0.80 -0.31 0.86 0.76 003 0.83 0.52

[28]

Table 3.1: Statistical relationships between spatially and yearly (1985 to 2001)
averaged climate anomalies over the East Pacific Ocean (7.5°N - 7.5°S, 200 °E -
280 °E). Statistical significance of the values is calculated with a one-tailed ¢ test.
The effective degrees of freedom are derived from the lag-1 autocorrelation. The
values that are statistically significant at the 95% level are shown in bold. First two
rows: Correlation (first row) and slope of the linear regression (second row) between
high-cloud amount annual anomalies (§C) and various v-EFCs. Third row: Slope
of the linear regression between §C and various y-co-variation components (see Eq.
3.8). Fourth row: Correlation between §C and various environmental factors (v),
following Clement et al. [28]. Marine ISCCP, ERSST, OAFlux and ERA-40 data
are used.
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Figure 3.3: Scatter plot of marine ISCCP high-level cloud amount (C) versus
ERA-40 Aq (black points). Only randomly selected 2% of the points over the East
Pacific region during 1985-2001 is plotted. The red line represents C' composited
on Aq (Caq, average of monthly composites). Shaded area represents the standard
deviation of the monthly composites. A least-squares regression line (green) and
coefficients of determination (R?) are also shown.
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(first row), but in one case (Aq) they differ strongly. The main distinction
between the Clement et al.’s [28] and EFCs methods stems from the fact that
this latter takes also into account the spatial co-variation between the two
quantities. This co-variation can be nonlinear, as shown in Fig. 3.3. In the
example, only 7% of the total variation in the cloud cover can be explained
by the linear relationship between Aq and C, but the variance explained
increases when a nonlinear fitting function is considered. This latter function
is given by Caq and leads to a higher correlation when weighted by é Paq
(Aq-EFCQC).

3.4.1 Caution in the interpretation of the EFCs

The v-EFCs are meaningful only when the scatter plot variable C' against
the environmental factor «y indicates a clear dependence in space and in time.
This point is illustrated by scatter plots of monthly SRB-derived CRE versus
various v factors for the EP region (Fig. 3.4). For instance, Fig. 3.4b4 shows
that SWCREgp is almost independent of SLP, given the statistical error
bounds. As a consequence, it is not possible to predict changes in SWCRE
from SLP variations alone. When less than 10% of the total variation in C
is described by C., (measured by the coefficient of determination: R? < 0.1),
the relationships in Tab. 3.2 are reported in italics. For these cases, the value
of the slope of the regression between 6C and v-EFCs are always very small
(less than 0.2, second rows in Tab. 3.2). This is due to the fact that C,
is almost flat (compare Figs. 3.4a5-b4-b5-a9-b9 with related second rows in
Tab. 3.2). As a consequence, fv 0P,C, dy (EFC) is close to zero. In these
situations the EFCs method only indicates that the space-time correlation
between C' and ~ is too weak to give meaningful predictions.

3.4.2 Interannual variability

Tab. 3.2 is similar to the first two rows of Tab. 3.1, but for a larger number
of cloud-related variables. The CREs derived from two radiative data sets
(SRB and ISCCP-FD) do not exhibit marked differences. In the EP region,
SST- and g-EFCs give the largest contribution to the cloud changes (6C),
whereas SLP is the most important factor in the WP region (second rows of
Tab. 3.2). SST and SLP changes are striking features of the ENSO variability
in the respective tropical Pacific areas. It does not surprise that the change
of their PDFs often describes more than half of 6C. These relationships give
a measure of the contribution of ENSO to the observed anomalies of the
radiative balance at the TOA, since the interannual variability is primarily
driven by ENSO [40, 68].
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Figure 3.4: Scatter plots of monthly longwave (a) and shortwave (multiplied by -1)
(b) CRE (C) versus various environmental factors (). Only randomly selected 2%
of the points over the East Pacific Ocean (7.5°N - 7.5°S, 200 °E - 280 °E) during
1985-2001 is plotted. The red lines represent C' composited on « (Cy). Shaded
areas show the standard deviation of the monthly composites. When C, explains

less than 10% of the C' variance, the panels are bordered in red. SRB, ERSST,
ERA-40 and OAFlux data are used.
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Table 3.2: As in Tab. 3.1, but for a larger number of cloud-related variables and
for the East (7.5°N - 7.5°S, 200°E - 280°E) and West (10°N - 5°S, 100°E -
170°E) Pacific Ocean. CREs are derived from SRB and ISCCP-FD data. Marine
ISCCP total (A:), adjusted low-level, mid-level and high-level cloud amounts are
considered. Note that the values in row “High-cloud amount” for the East Pacific
Ocean are copied from the first two rows of Tab. 3.1. When the mean composite
C, describes less than 10% of the C variance, the values are reported in italics (see
section 3.4.1).

During the positive phase of ENSO the EP region experiences an SST
increase, which is associated with the reduction of low-level clouds and the
increase of high and middle clouds [e.g. 114]. Warmer SSTs favor the transi-
tion between a stratiform deck of low-clouds to scattered clouds [25, 125, 171].
Warmer SSTs are associated with a weaker atmospheric stability, measured
by weaker LTS and stronger upward motion. Enhanced convective activity
breaks up the stratocumulus and lower LTS values are indicative of an MBL
that is less effective in trapping moisture. Therefore, the low-cloud amount
reduces in response to changes in these meteorological parameters. The sign
of the correlation between SST-, LTS- and SLP-EFCs with low-clouds is con-
sistent with this mechanism. On the other hand, weaker atmospheric stability
favors more upper-level clouds. Indeed, the correlations between high, mid
and the aforementioned meteorological parameters change sign accordingly.
In contrast to the EP region, the WP area experiences a weakening of the
convective activity, consistent with the tendency of the upward branch of
the Walker circulation to move eastward during El Nino. As a result, SLP
and wspp increase and high and mid clouds reduce. Indeed, SLP-EFC and
ws00-EFC are anti-correlated with the upper-cloud anomalies, but the former
contributes more to 6C than the latter. During ENSO the radiative fluxes
at TOA change all over the tropical Pacific Ocean, consistently with the
CRE anomalies [e.g. 45]. Changes in the cloud type and amount influence
the CREs [131], which indeed correlate significantly with the aforementioned
environmental factors. These mechanisms have been widely recognized by
observations and simulations [e.g. 183, 191]. Park and Leovy [213] noticed
a negative correlation between the local SST anomaly and the change in
low-cloud amount which occurs during El Nino, particularly strong along the
eastern Pacific. SST-EFCs indicate the same but it also shows that the SST
changes contribute to one fifth of the low-cloud interannual variability. More-
over, SST-EFCs track more than three fourth of the high-level cloud cover
changes in the EP region. The strong dependence of these cloud types with
the temperature is consistent with Kiehl [225], but here we also assess to
what extent SST contributes to the cloudiness anomalies. Note that humid-
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ity and SST variations are highly coupled, especially at the surface. Warm
SSTs favor convection and lead to a moister atmosphere, which promotes
more cloudiness. As a result both are similarly related to C. Conversely,
SST- and ¢-EFCs are very small in the WP region (Tab. 3.2, second rows),
owing to the very weak interannual variation of SST.

An important role is also played by the total cloud fraction (Ag), whose
EFCs often describe more than two thirds of {SLWCRE and §SWCRE. It is
not the case of 6N, the ratio of SW to LW CREs, for which the A-EFC con-
tribution is almost zero. The invariance of N to the cloud cover is consistent
with Kiehl [225]. Moreover, Cess et al. [46] argued that much of the inter-
annual variability of N is related to the interannual variability of tropopause
temperature (TT) in the Pacific warm pool. The values reported in italics in
Tab. 3.2 for the WP region indicate that there is no space-time correlation
between the two fields. In this case, the EFCs method cannot be used to cal-
culate the relationships in Tab. 3.2 (see section 3.4.1). However, when simply
correlating in time N and TT, no significant interannual correlation is found.
The origin for this discrepancy with Cess et al.’s results [46] will be discussed
in the next section. The N-TT relationship is also shown for the EP region,
an area which is not characterized by deep convective clouds and where this
relationship is not expected to be statistically significant. However, for the
sake of completeness our results are shown for this region as well.

In the WP region, wsgo-EFC does not describe much of the variations in N
between 1985 and 2001, which is in agreement with Yuan et al. [114], but our
analysis indicates this result is also valid for the other cloud-related quantities
investigated here. Although the wso0-EFC is often very well correlated with
6C, it often contributes to less than half of the interannual variability in C in
these areas. This stems from the fact that the PDF of wsg does not change
much at the interannual scale and that considering w only at 500 hPa does
not capture fully the variability of the w profile associated with cloud changes
[115].

The heat fluxes have been observed to play a role in the evolution of
the clouds [e.g. 33]. The SE-EFCs in Tab. 3.2 are well correlated to cloud
variations in the EP region and describe a sizeable amount of 6C, especially
when SWCRE is considered. On the other hand, the space-time correlation
between LA and C is very weak, as highlighted by the values in italics in
Tab. 3.2. As described in section 3.4.1, when the space-time correlation is
not strong, the EFCs method cannot be used to calculate the relationships in
Tab. 3.2. Heat fluxes are primarily driven by SST and surface winds. Indeed
SE-EFCs covariate with 6C with the same sign of SST-EFCs (first rows in
Tab. 3.2). Regarding the other EFCs, most of them are not statistically
significant, so they have not been considered in our analysis.
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In conclusion, we have shown that the results found in this novel frame-
work of analysis can be related to previous studies and illustrated the valid-
ity of the technique. The methodology proposed here allows to quantify the
contribution of the regional meteorological conditions to the observed cloud
property changes. In addition, the contribution of the EFCs to C takes
into account the spatial and possible nonlinear dependence between C' and ~.
These features make the EFCs technique unique and different with respect
to other previous methodologies, such as those shown in Clement et al. [28§]
and in Bony et al. [200].

3.5 Discussion on the relationship between the
tropopause temperature and N

[225] argued that the near cancellation between the LW and the SW CREs,
i.e. N~ 1, in the tropical deep convective regions is dominated by the tropical
tropopause height. If it is the case, the interannual variability of TT should
control the interannual variability of N. In the previous section we found
that the space-time relationship between TT and N is very weak. When
spatially and yearly averaged marine N is correlated with TT in the Pacific
Warm pool [5°N - 5°S, 140°E - 165 °E; (PW)], the same region selected by
Cess et al. [46], the interannual correlation is not statistically significant as
well. This seems in contrast with Cess et al.’s findings [46]. The correlation
coefficient ranges from 0.4 to 0.5 for SRB and ISCCP-FD data, respectively,
which is consistent with the “null” hypothesis of no relationship (p = 0) in
both the data sets at the confidence level o < 5%. The same relationship
increases when a smaller sample in time is considered. When only the five
years from 1985 to 1989 are taken into account, as in Cess et al. [46], this
relationship is high: the correlation coefficient ranges between 0.8 and 0.7 for
ISCCP-FD and SRB data, respectively (Fig. 3.5a). In addition, Cess et al.
[46] admitted that the correlation they found cannot explain the anomalous
value of N for the year 1998, for which TT does not appreciably differ from
the climatological mean. The fact that N should be related to TT is based
on the key assumption that the CRE in the PW region is controlled by just
one cloud type (cirrostratus). Conversely, the CRE arises from the averaged
contribution of different cloud types [134], whose tops are not necessarily near
the tropopause. Indeed, interannual changes in the cloud types match fairly
well the changes in N in Fig. 3.5b.

The fraction of high-clouds is anomalously low in 1998 and is partly com-
pensated by an unusual occurrence of low-clouds. This may be the result
of the influence of the atmospheric dynamics on the cloudiness. However,
we showed in Tab. 3.2 that the wsq0-EFC does not capture much of the N
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Figure 3.5: Annual mean values of meteorological quantities are averaged over the
Pacific Warm pool (5°N - 5°S, 140 °E - 165 °E). a) Scatter plot of marine N versus
tropopause temperature. The years from 1985 to 1989, the same period analyzed
in Cess et al. [46], are highlighted in green. b) Time series of marine ISCCP high-
level, mid-level and adjusted low-level cloud cover and SRB N. Error bars are 95%
ranges of monthly variability.

anomalies, symptomatic of the weak climatological relationship between wsg
and N. Allan et al. [174] argued that changes in N and in the cloud types
cannot be explained solely by changes in the large-scale dynamics, but can be
related to tropics-wide long-term changes in the spatial-mean cloud forcing.
Fig. 3.5b shows the tendency of N to increase on the decadal scale. Hart-
mann et al. [134] explained the near cancellation between the LW and the
SW CREs with an alternative hypothesis. They argued that the net radiation
at TOA in convective areas is required to be close to that of nonconvective
areas by complex feedback processes. These feedbacks arise from the sensi-
tivity of the tropical circulation to SST gradients and the sensitivity of the
cloud albedo to the vertical motion. The interaction between convective and
subsiding regions, through the large-scale circulation, controls the value of N
for tropical convective clouds. Including these feedbacks in a simple model,
Hartmann et al. [134] showed that the net radiation in convective areas ap-
proaches that in adjacent nonconvective areas, almost independently of the
mean-cloud top temperature assumed for the convective clouds.

A deeper discussion on this topic lies outside the scope of this paper,
which is intended to show an alternative method to relate cloud properties
to environmental conditions. However, we showed the topic is still an open
question and is potentially tied to remote-controlling factors as well as linked
to long-term climate oscillations. We conclude the interannual variability of
N does not (strongly) depend on the interannual variability of TT, but is
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controlled, to a first approximation, by the different cloud types present over
the tropical warm pool.

3.6 The seasonal cycle of low-level clouds

The applicability of the environmental forcing components (EFCs) method is
now shown on a different time-scale. Since subtropical stratocumulus exhibit
a strong seasonal cycle, it is interesting to explore this variability from the
novel perspective of the EFCs. The seasonal cycle of the low-clouds is anal-
ysed in the Californian region (20°N - 30°N, 120°W - 130°W), following
Klein and Hartmann [7]. They noticed that the season of maximum stra-
tocumulus cover, i.e. of maximum low-level cloudiness, corresponds to the
season of greatest lower-tropospheric stability (LTS) or of estimated inversion
strength (EIS). This latter is a more refined measure of LTS and is a more
regime-independent predictor of stratus cloud amount than LTS, according
to Wood and Bretherton [194]. The scatterplot of low-level cloudiness versus
LTS or EIS, averaged over a more extended range of years (1985-2001), leads
to the same result (Fig. 3.6): maximum low-cloud amount during the JJA
season coincides with the maximum mean values of LTS or EIS in the Cal-
ifornian region. However, these relationships change if, instead of regional
mean values, the values for each of the 25 grid points off the California coast
for each season are considered (Fig. 3.6). It suggests that the relationship
between low-cloud cover and LTS (EIS) depends on the season. The slope of
the correlation changes from season to season and the same local LTS (EIS)
value is associated with different cloud fractions in different seasons. For
instance, the cloudiness correlates negatively to LTS (EIS) during the DJF
season, which is opposite with respect to the sign of the correlation for the
overall seasonal cycle. Similar results are found for other subtropical stra-
tocumulus regions (not shown). We conclude that on the seasonal time scale,
the low-cloud amount scales linearly with LTS (EIS), in accord to Klein and
Hartmann [7] and to Wood and Bretherton [194]; whereas the co-variation
in space, within a season, is different and depends on the season.

We also note that EIS has a much smaller seasonal variation than LTS
and, at least off the coast of California, it is not a more effective predictor
of low-cloud cover than LTS. A considerable range of low-cloud amount is
found for a given value of EIS. For instance, for EIS = 4K the cloudiness
ranges from 30 to more than 70 % (Fig. 3.6b). To some extent, the nonlinear
relationship between LTS and low-cloud amount (for brevity referred to as
C here) can be described by the nonlinear function given by C composited
with respect to LTS (Crrs, purple line in Fig. 3.6a). Crrs can be used to
calculate the EFCs and to investigate the cloud variability with the EFCs
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Figure 3.6: Scatter plot of seasonally averaged adjusted low-level cloud amount (C)
versus LTS (a) and EIS (b) for the 25 grid points in the Californian region (20°N
- 30°N, 120°W - 130 °W) stratified by season. ERA-40, ERSST, ISCCP data are
used for the period 1985-2001. The purple line in (a) represents C' composited on
LTS (Crrs, average of monthly composites).

method.

We now quantify to what extent the two indicators of the MBL inver-
sion strength (LTS and EIS) and other meteorological variables are able to
describe the observed low-cloud fraction seasonal cycle. We address this ques-
tion using the EFCs in a similar approach as for the interannual variability in
the previous sections. In this case the mean-state P, and C, are given by the
annual mean of monthly P7* and C7" for each year between 1985 and 2001.
Then, the mean-state P, of a specific year is subtracted from each of the 4
seasonal v-PDFs (3-mo mean of monthly PJ" for each season) of the same
year, to get the seasonal anomaly 6 P,. The integral of 0P, C, is referred to
as v-EFC. The EFCs are then correlated to §C, which now represents the
spatially and seasonally averaged low-cloud cover of a specific year (1985 to
2001) when the annual mean is removed. The results could be shown in a
table structured as Tab. 3.2, but, for display purpose, they are shown in
a plot similar to a Taylor diagram. In Fig. 3.7 the radial axis denotes the
slope of the linear regression between each EFC and §C and the azimuthal
axis the correlation coefficient between these two signals. Perfect agreement
corresponds to a point at correlation +1 and regression coefficient one.

Fig. 3.7 shows that the role of LTS is dominant in the seasonal low
cloudiness variability compared to other meteorological quantities (compare
regression coefficients). LTS and EIS are proxies of the temperature strat-
ification in the lower troposphere, which influences both the surface fluxes
and the entrainment of warm and dry free-tropospheric air into the cloudy
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Figure 3.7: “Taylor” diagram showing the relationship between seasonally averaged
adjusted low-level cloud amount (5C, annual mean removed) and the contribution
of 7-EFC for the different environmental factors indicated in the legend. The
relationship is characterized in terms of correlation and slope of the regression
between the two signals, as in Tab. 3.2, but for the Californian region (20°N -
30°N, 120°W - 130°W). ERA-40, ERSST, ISCCP and OAFlux data are used for
the period 1985-2001. When the annual mean composite C, describes less than
10% of the C variation, a cross overlaps the points (see section 3.4.1).

MBL, that both play a role in the stratocumulus evolution [206]. Although
EIS-EFC is very well correlated with the low-clouds (correlation coefficient
p ~ 0.8), it describes not much of the seasonal variability (regression coeffi-
cient less than 0.3). This is mainly due to the much smaller seasonal variation
of EIS relative to that of LTS (Fig. 3.6). The main difference between these
two proxies stems from the fact that the former does not include variations of
the free-tropospheric temperature, which has a significant seasonal cycle off
the coast of California (see Lin et al. [243] for a discussion on that matter).

A crucial first step in the transition between a deck of stratiform low-
clouds to scattered cumulus is the decoupling. This defines a situation where
the MBL is decoupled into two turbulent layers, which implies significant dif-
ferentiation between the cloud and subcloud thermodynamic properties. As
a consequence, the transport of moisture-laden parcels toward the cloud base
is inhibited. Decoupling is often driven by the increase of SST [206], which
leads to a reduction of the temperature inversion between the MBL and the
free-troposphere and an increase of the entrainment rate of warm, dry air
from above the inversion into the cloud layer. The reduction of moisture
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provided from the surface, together with more entrainment and the deep-
ening of the MBL, are fundamental mechanisms leading to a reduction of
the cloud cover. Therefore, warmer SSTs should favor less stratocumulus-
like conditions. However, Klein and Hartmann [7] have found that, off the
California coasts, SSTs are seasonally not anti-correlated with the low-cloud
amount. They showed that 700 hPa temperature has a larger seasonal vari-
ability than SST, hence the former is more important than the latter in
determining LTS in this region. Consistently, SST-EFC correlates positively
with the low-cloud anomalies and LTS-EFC correlation and regression coef-
ficients are larger than SST-EFC correlation and regression coefficients (Fig.
3.7). Using a mixed-layer model, Bretherton and Wyant [206] showed that
the surface latent heat fluxes increase during decoupling processes, but in
Fig. 3.7 the LA-EFC does not describe much of the changes of the seasonal
low-cloud amount in the Californian region, although it is highly correlated
toit (p ~ —0.7). It is also true that decoupling does not immediately lead to
a drop in stratocumulus cloud amount [171] and the mixed-layer theory does
not hold in cases of shallow convection regimes. However, since no space-time
correlation can be found between LA, SE and 6C, as highlighted by the black
cross points in Fig. 3.7, the relationships found using the EFCs method need
to be interpreted with caution (see section 3.4.1).
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Figure 3.8: Seasonal PDFs of qroo (a), of q (b) and of Aq (c), expressed in percent-
ages. ERA-40 reanalysis data are used for the period 1985-2001 in the Californian
region (20°N - 30°N, 120°W - 130°W).

Regarding the humidity field, Fig. 3.7 shows that q7go- and, to a lesser
extent, q-EFCs contribute to a sizeable part of 0C. The moistening of the
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MBL favors more condensation and hence cloudiness, all things being equal.
The humidification of the free-troposphere can have two opposing effects, as
explained in Sandu et al. [95]. An increase of moisture above the boundary
layer reduces the drying effect of the entrained air into the cloud layer, which
would promote more cloud cover. On the other hand, more water vapor in
the free-troposphere enhances the downwelling longwave radiation, which re-
duces the radiative cooling at cloud top. As a consequence, the production
of turbulence in the MBL is reduced and this would favor more decoupling-
like conditions. The high values of the correlation and regression coefficients
between qr7go-EFC and 6C as compared to the other environmental factors,
reveal that the humidification of the free-troposphere plays an important
role in controlling the low-cloud amount variability. Fig. 3.8a shows that
the largest values of qrgp occur during JJA, which coincides with the season
of the largest low-cloud cover (Fig. 3.6). Therefore, the net effect of the
free-tropospheric moistening seems to promote more stratocumulus-like con-
ditions. Finally, we also note that Aq contributes less to 6C than q and qroo
separately. The reason for that is shown in Fig. 3.8. q exhibits the maximum
from June to November and the minimum from December to May. qrog peaks
only during JJA, the season of maximum cloudiness (Fig. 3.6). As a result,
q700-EFC tracks the low-cloud amount anomalies better than q-EFC (Fig.
3.7). When q and qr7go are combined into Aq, this latter peaks during SON,
which does not coincide with the season of maximum cloudiness. Because
of this, q and qrog separately correlate better with the low-cloud cover than
Aq.

In conclusion, although LTS and, to a lesser extent, qroo are the best
predictors of low-cloud amount in the Californian region, we stress that none
of the EFCs alone can describe the seasonal cycle of the low-level cloudiness
fully. This imply that the interaction of multiple meteorological parameters
plays a role.

3.7 Summary and discussion

Different environmental factors were evaluated in order to quantify their effect
on interannual and seasonal variation in clouds and their radiative impact.
For this purpose an extension of the Bony et al.’s method [200] is applied using
different meteorological variables as a proxy instead of wsgg. Various cloud
properties exhibit consistent relationships with LTS, SLP, humidity fields and
other environmental factors determined on a local basis in different studies,
such as [7, 28, 90] and others. These relationships can be combined with the
changes in the PDF of the respective proxy (EFC) to assess its main impact.
This novel approach has been explored throughout the paper, showing its
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validity and advantages at different time-scales.

In this analysis framework the effect of the large-scale vertical velocity
on CRE and cloud amount interannual variability is smaller than the SST
effect, at least in the eastern equatorial Pacific. The changes of the PDFs of
the humidity at surface and SST in the eastern equatorial Pacific and SLP
in the western side capture most of the interannual variability of CREs and
cloud cover. Since SST and SLP changes are striking features of the ENSO
variability in the respective tropical Pacific areas, these relationships give a
measure of the contribution of ENSO to the observed anomalies of the trop-
ical cloudiness and radiative balance at the TOA. Furthermore, some of the
properties of N (=-SWCRE/LWCRE) have been analysed. It is invariant
to the cloud cover, consistent with Kiehl [225], and to the tropopause tem-
perature changes, which seems to be in contrast with Cess et al. [46]. The
contrast arises because their analyses consider a too short period and N is
assumed to be controlled by just one (high) cloud type, while it arises from
the averaged contribution of different cloud types [e.g. 134], whose tops are
not necessarily near the tropopause.

Moreover, the seasonal cycle of the low-clouds has been evaluated with the
aim of understanding the factors responsible for the presence of these clouds
in specific subtropical locations, where marine stratocumulus are dominant.
We conclude that in time (seasonally), the low-cloud amount scales linearly
with LTS and EIS, in accord to Klein and Hartmann [7] and to Wood and
Bretherton [194]; whereas the co-variation in space, within a season, is dif-
ferent and depends on the season.

In the Californian area the seasonal cycle of the low-clouds has been
assessed from the original perspective of the EFCs method. We find that the
role of LTS and, to a lesser extent, of the humidity field is dominant in the
seasonal cycle of the low-clouds compared to other environmental factors. An
additional result is that LTS is a more effective predictor of the low-cloud
amount than EIS off coasts of California. This is mainly due to the larger
seasonal variation of the former relative to that of the latter. Surprisingly,
the specific humidity in the MBL and in the free-troposphere combined are a
less effective predictor of low-cloud cover than the same quantities considered
separately. However, since none of the analysed environmental conditions can
fully account for the seasonal low-cloud amount evolution, the interaction of
multiple meteorological parameters plays a role.

From a parameterization perspective, cloud properties must be repre-
sented in terms of environmental conditions computed by GCMs at each
time step [116]. Thus, models should be able to accurately represent the
relationships between meteorological parameters and cloud-related variables.
Assessing the model performance in the framework of the EFCs might shed
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light on the origin of differences in cloud fields between models and observa-
tions and allows to relate these discrepancies to specific aspects of the physical
parameterizations used in the models. The GCMs can be ranked according
to the sign of the simulated correlation coefficient compared to the observa-
tions, as in Clement et al. [28], and whether they can faithfully replicate to
what extent an environmental parameter contributes to the observed cloud
changes (EFC). In this sense, the method shown may be used as a more con-
straining test to assess GCMs’ cloud performance with respect to Clement et
al. [28]. In addition, a striking feature of the novel methodology proposed
in this study is the fact that it takes into account the spatial distribution
and possible nonlinear relationships between cloud changes and environmen-
tal conditions. These relationships can be synthesized in a single plot (Fig.
3.7), that can be used as a simple tool for cloud modeling evaluation.

Finally, the few variables analysed do not represent all possible meteo-
rological conditions which influence the development and properties of the
clouds. Other factors, such as the vertical wind shear, the temperature lapse
rate, the aerosol effects, entrainment rate, drizzle, vertical distribution of
radiative cooling in the cloud may also influence the cloud properties. The
combined effect is difficult to quantify from observations alone. High resolu-
tion numerical simulations may aid to further explore and assess the role of
these factors.
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CHAPTER 4

Evaluation of clouds and
radiative fluxes in the
EC-Earth general circulation
model

Observations, mostly from the International Satellite Cloud Climatology (IS-

CCP), are used to assess clouds and radiative fluxes in the EC-Earth general
circulation model, when forced by prescribed observed sea surface tempera-
tures. An ISCCP instrument simulator is employed to consistently compare
model outputs with satellite observations. The use of a satellite simulator is
shown to be imperative for model evaluation. EC-Earth exhibits the largest
cloud biases in the tropics. It generally underestimates the total cloud cover
but overestimates the optically thick clouds, with the net result that clouds
exert an overly strong cooling effect in the model. Every cloud type has its
own source of bias. The magnitude of the cooling due to the shortwave cloud
radiative effect (|]SWCRE]) is underestimated for the stratiform low-clouds,
because the model simulates too few of them. In contrast, [SWCRE| is over-
estimated for trade wind cumulus clouds, because in the model these are too
thick. The clouds in the deep convection regions also lead to overestimate
the [SWCRE|. These clouds are generally too thick and there are too few
mid and high thin clouds. These biases are consistent with the positive pre-
cipitation bias and the overly strong mass flux for deep convective plumes.
Potential sources for the various cloud biases in the model are discussed.

This chapter has been published as: Lacagnina C. and F. Selten. Evaluation of clouds
and radiative fluzes in the EC-FEarth general circulation model. Climate Dynamics, in
press, 2014.
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4.1 Introduction

Clouds strongly interact with the solar and thermal radiation [e.g. 74, 204];
changes in this interaction in response to an external perturbation are known
as cloud feedbacks [e.g. 232]. These cloud feedbacks contribute to the earth’s
climate sensitivity. Despite the importance of clouds, their representation
in general circulation models (GCMs) continues to account for much of the
uncertainties in climate projections [43, 216, 235]. The global cloud feedback
is positive in all models [107], but the spread associated with intermodel
differences is roughly three times larger than that associated with the other
main feedbacks [118].

The spread among the models in representing cloud feedbacks is present
at all latitudes, but it tends to be larger in the tropics [113, 198], with a size-
able contribution from marine boundary layer (MBL) clouds [199]. An ex-
ample of MBL clouds are the stratocumulus. These are stratiform low-clouds
particularly persistent over the eastern basins of the subtropical oceans. The
amount of this cloud type is usually underpredicted by the GCMs, even when
the observed sea surface temperatures (SSTs) are prescribed [21]. Stratocu-
muli primarily contribute to the earth’s radiation budget by enhancing the
surface albedo. The underprediction of these clouds can lead to positive SST
biases of about 5 K in coupled GCMs [38]. The misrepresentation of the sub-
grid cloud structure affects the radiation budget [e.g. 16] and so model biases
in clouds can stem either from their representation in the cloud scheme, the
convective mixing scheme or the representation of their microphysics or a
combination of any of those.

The interaction of the clouds with a wide range of climate processes criti-
cally depends on both the amount and type of cloud present [e.g. 131], which
is intimately coupled to the large-scale atmospheric circulation [127, 169, 200]
and to many other factors, such as sea surface temperature (SST) [201], lower-
tropospheric stability (LTS) [7], sea level pressure (SLP), etc. [28, 31]. Un-
derstanding both how clouds may change in the future and, by implication,
the whole climate system is still an open question [26]. Climate models repre-
sent invaluable tools for addressing this issue but, as mentioned above, GCMs
still generally disagree in simulating clouds [2, 111]. A practical method to
acquire greater confidence in cloud changes for future climate predictions is to
assess the realism of the cloud simulation of present-day conditions. Williams
et al. [129] have argued that at least part of the local cloud anomalies in the
current variability can be attributed to the cloud response to climate change.
Since global observation of clouds are only possible from space, satellite ob-
servations are a particularly relevant source of information to judge models
in the current climate.

Data products from the International Satellite Cloud Climatology Project
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(ISCCP) [246] provide retrievals of various cloud-related variables for a long
period of time (1983 to present). We will mainly take advantage of this data
set to evaluate cloud biases in the EC-Earth atmospheric GCM [242]. Because
of the significant differences between the ways clouds are simulated and the
ways they are observed, an ISCCP satellite simulator [8, 170] is employed.
This approach allows a more consistent comparison between model clouds
and the ISCCP products by using common definitions of clouds. Therefore,
a satellite simulator is a convenient tool to evaluate models’ performance.

The aim of this study is to investigate the capability of the EC-Earth
model to faithfully reproduce the observed cloud radiative effects (CREs),
cloud-related variables and precipitation in the recent decades, when it is
forced by prescribed observed SST. Our main objective is to establish com-
mon features and highlight differences between model simulations and obser-
vations in terms of reproducing specific cloud regimes and the relationships
between cloud properties and environmental conditions. The link between
model biases and the parameterizations employed will also be discussed by
identifying processes that either help or hinder the simulation of clouds. The
model analyzed is an earth system model based on the integrated forecast
system (IFS) of the European Centre for Medium-Range Weather Forecasts
(ECMWF). The general strategy of employing a weather forecasting model
for climate studies has been laid out by Hazeleger et al. [241]. The IFS model
has been optimized for surface variables such as temperature and pressure,
while EC-Earth, based on IFS, has been optimized for top-of-atmosphere
(TOA) fluxes. Since misrepresentation of the cloud structure influences the
energy budget of a climate model [22], it is therefore of particular interest to
evaluate the cloud biases in EC-Earth.

A detailed evaluation of the cloud simulation is presented here, mainly
focusing on the tropical belt where, as will be shown, the cloud biases tend
to be the largest. The strategy is to investigate the model biases from the
global to the regional spatial scale and from the multidecadal to the seasonal
time scale. This will be accomplished by taking advantage of compositing
techniques. In section 4.2 the model, the simulation, the observational data
and the methods used to compare both are described. The cloud biases are
assessed globally in section 4.3 and with more detail over the tropical belt
in section 4.4. We also evaluate the ability of EC-Earth to reproduce the
relationships between meteorological conditions and seasonal stratocumulus
variability (section 4.5). Finally, in section 4.6 the results of the previous
sections are summarized and possible directions on how to improve the rep-
resentation of the cloud field in EC-Earth are discussed.
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4.2 Data

4.2.1 Observations

We use monthly mean observations from different sources for the years 1984
to 2007, gridded at 2.5° x 2.5 ° resolution.

Cloud properties are determined using the simulator-oriented ISCCP
product [193] available at http://climserv.ipsl.polytechnique.fr/
cfmip-obs/. This dataset contains cloud albedo, cloud amount, cloud-top
pressure (P.) and cloud optical depth (7) retrieved from satellite measure-
ments of infrared and visible radiances. Cloud amount is categorized into six
Thins (71 <1.3,1.3<7<36,3.6<7<94,94<7<23, 23 <7 <60, and
60 < 7). Cloud amount is further categorized based on P, (in hPa): high,
middle and low clouds are defined as P. < 440, 440 < P. < 680 and P. >
680, respectively.

Two complementary sources of data, based on different sensors, are used
to characterize the cloud microphysics properties.

First: MODIS [215] is a Moderate Resolution Imaging Spectrometer instru-
ment aboard the Terra (EOS AM) and Aqua (EOS PM) sun-synchronous
satellites. MODIS uses visible and near-infrared (VIS/NIR) radiances tech-
niques to retrieve cloud properties and provides a wider range of observations
than ISCCP, in particular the liquid water path (LWP) and the particle size
of the cloud droplets. We use monthly averages of diurnal retrievals from
both platforms combined.

Second: PATMOS-x [18] is a Pathfinder Atmosphere’s Extended dataset
based on the Advanced Very High Resolution Radiometer (AVHRR) located
on the National Oceanic and Atmospheric Administration (NOAA) polar-
orbiting satellites. Emissivity and P, are retrieved using infrared channels.
Effective particle radius and 7 are obtained from solar channels and the cloud
water path is derived from these.

Radiation budget quantities at TOA are retrieved from Global Energy
and Water Cycle Experiment (GEWEX) Surface Radiation Budget (SRB)
Release-3.0 data [121]. The same quantities are also obtained from Clouds
and the Earth’s Radiant Energy System (CERES) Energy Balanced and
Filled (EBAF) TOA Ed2.7 [81], for the period 2001-2007. For SST we use the
Extended Reconstructed Sea Surface Temperature (ERSST) data [164]. The
precipitation field is documented with the Global Precipitation Climatology
Project (GPCP) product [195] and the Tropical Rainfall Measuring Mission
(TRMM) data product 3B43 [105]. GPCP gives a global overview of the
earth precipitation budget, whereas TRMM documents earth precipitation
mainly focused on the tropical belt, beginning in 1998.

ERA-Interim reanalysis of the ECMWF [15] are used to provide various
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atmospheric variables: the specific humidity at surface (¢) and just above
the boundary layer at 700 hPa (grqp), the sea level pressure (SLP) and the
potential temperature at 700 hPa. The combination of the latter with SST
gives a measure of the marine LTS [7]. A refinement of LTS, known as
estimated inversion strength (EIS), was proposed by Wood and Bretherton
[194] and is calculated as follows:

EIS = LTS — (2700 — LOL)T3 (4.1)

where I'8%0 is the moist-adiabatic potential temperature gradient at 850 hPa,
2700 is the height of the p = 700 hPa surface and LCL is the lifting condensa-
tion level. All these quantities are obtained from ERA-Interim data. Finally,
the vertical pressure velocity field at 500 hPa (wsoo) is characterized us-
ing ERA-Interim reanalysis and NCEP-DOE reanalysis [154] products. The
latent (LA) and sensible (SE) heat fluxes are taken from the Objectively
Analyzed Air-Sea Fluxes (OAFlux) data [146].

4.2.2 Model and simulation description

This study uses the EC-Earth model version 2.3, which is based on cycle 31r1
of the ECMWF IFS model. It is coupled to an ocean GCM that is based on
version 2 of the Nucleus for European Modeling of the Ocean (NEMO) [82].
The ocean/ice and atmosphere/land components communicate through the
OASIS 3 coupler [219]. The atmosphere GCM is run at a horizontal spec-
tral resolution of T159 (triangular truncation at wavenumber 159, roughly
equivalent to 125 km) and has 62 levels in the vertical. The distance be-
tween levels increases gradually with height with typically about 20 levels to
resolve the boundary layer. More information can be found at the website:
http://ecEarth.knmi.nl.

Clouds are described by prognostic equations for cloud water content and
cloud fraction and are distinguished in convective and stratiform clouds [167].
The parameterization of the former is based on the bulk mass flux approach
[166], whereas the formation of the latter is based on nonconvective processes,
such as large-scale lifting and/or diabatic cooling [30]. Tab. 4.1 provides a
summary of the physical parameterizations used in the model, which are
relevant to the cloud simulation.

EC-Earth was integrated for the period from 1984 to 2007 with prescribed
observed SST and sea ice, supplied by the Atmospheric Model Intercom-
parison Project (AMIP). The atmospheric component of the coupled ocean-
atmosphere model is used in isolation, such that the simulation can be consid-
ered an atmosphere-only experiment. This configuration follows the protocol
of the Coupled Model Intercomparison Project (CMIP5) experiment #3.3.

Ihttp://cmip-pemdi.1llnl.gov/cmip5/docs/Taylor_CMIP5_22Jan1l_marked.pdf
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Physical EC-EARTH cycle 31r1 [242]
component
e Rapid Radiative Transfer Scheme (RRTM) for longwave radiation [102]
Radiation
e Shortwave radiation scheme [79]
Deep Mass flux scheme [166] with convective available potential energy (CAPE)
convection closure [234]
Shallow Mass flux at cloud base estimated based on the moist static energy budget in
convection the sub-cloud layer [166]
Mid-level Activated if there is a large-scale ascent and a sufficiently moist layer. Mass
convection flux at cloud base related to the large-scale vertical velocity [166]

Boundary layer
and turbulence

Eddy diffusivity with different closures depending on the stability regimes and
on the vertical location above the surface:

o Eddy-diffusivity mass flux in the mixed layer [155, 184]
e Revised version of the Louis scheme [148, 182]

e Local diffusion with Monin-Obukhov functions [159]

Entrainment
and
Detrainment

e For the updraught: fixed values of turbulent entrainment/detrainment
for shallow convection [230] and penetrative/mid-level convection [104].
Organized entrainment directly proportional to the large-scale moisture
convergence. Organized detrainment estimated from the updraught
kinetic energy [176]

e For the downdraught: turbulent entrainment/detrainment set to a con-
stant value. Organized entrainment tied to the vertical velocity in
the downdraught [234]. Organized detrainment activated if either the
downdraught becomes positively buoyant or reaches the surface.

Cloud
microphysics
and
macrophysics

e Prognostic cloud fraction scheme [167]

e Effective radius of the liquid water cloud particles based on Martin et
al.’s parameterization [157]

e Effective dimension of the ice water cloud particles diagnosed from
temperature [34]

e Distinction between liquid and ice phase made as a function of tem-
perature

e Conversion from cloud water/ice to rain/snow treated following
Sundqvist [91]

e Fallout of rain water/snow parametrized as in Kuo and Raymond [138]

e Evaporation rate of convective rain below cloud base parametrized fol-
lowing Kessler [66]

Overlap

Maximum-random [117]

Table 4.1: Cloud-related physical parameterizations in EC-Earth.
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Finally, the aerosol and CO2 concentrations from observations were sup-
plied by AMIP and included in the model. They interact with the radiation
scheme, but aerosols do not interact with the cloud parameterizations, hence
their indirect effects are not considered in this experiment.

For the first time, an ISCCP satellite simulator has been embedded in
EC-Earth. The simulator used is part of the Cloud Feedback Model Inter-
comparison Project (CFMIP) Observation Simulator Package (COSP) ver-
sion 1.3 (http://cfmip.metoffice.com/COSP.html). COSP [2] is a software
tool that provides convenient means to mimic satellite retrievals, by using
model outputs to define quantities actually observed, rather than inferred,
from satellites (e.g. visible/infrared radiances). In this way, simulated clouds
can be directly compared with the observations. The advantage of the sim-
ulator approach is that it accounts for effects at the pixel scale, such as the
screening of clouds low in the atmosphere by clouds above them and the fact
that satellite retrievals assume clouds are single layered, while they often
occur in multiple layers, both in reality and in the model.

4.2.3 Computation of grid box values

Only monthly means of three hourly model outputs are used in our analy-
sis, gridded at 2.5° x 2.5° resolution. Outputs from the ISCCP simulator
require caution at the stage of time averaging. Variables (e.g. cloud albedo)
need to be averaged only over daytime and in-cloud points and weighted by
the grid box cloud fraction. This produces cloud area weighted in-cloud val-
ues. Monthly averages comply with the indications from the CFMIP project
(http://ctmip.metoffice.com/README).

Grid box values of cloud droplet effective radius (r.y) and convective
mass flux (M,) are calculated as follows. Model r.g is a multilevel variable.
Following Greuell et al. [247], grid box values are obtained averaging r.g over
all the model layers, weighing each layer contribution by its LWP at that level.
LWP values for each vertical level are computed as the product of the mass
fraction of cloud liquid water and the pressure difference between two levels
divided by the gravity constant. r.z will be used to investigate boundary
layer clouds, for which it is almost constant within a cumulus and increases
with height within a stratocumulus [e.g. 143]. This averaging method assigns
more weight to the upper layers of the stratocumulus, since the mass fraction
of liquid water increases toward the cloud top. The satellite-retrieved rg is
also more representative of the upper portion of the clouds. Finally, LWP,
ref and the mass fraction of cloud liquid and ice water averages are for the
cloudy portion only and daylight conditions. This to make a fair comparison
with the satellite products.

The convective mass flux, M., is a quantity not directly observed, we
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retrieve it following Held and Soden [153]. As a first order of approximation,
M, can be derived as M, = P/r, where P is the mean precipitation from
satellite retrievals (GPCP or TRMM) and r is the water vapor mixing ratio
at the surface from ERA-Interim reanalysis. This approximation assumes
that air from the boundary layer is transported into the free-troposphere
where most of the water vapor condenses and falls down as precipitation. At
the level of detrainment r is at least one order of magnitude lower than at the
surface, hence the return flow of vapor into the boundary layer by large-scale
subsidence is negligible [17]. Although the convective mass flux is a standard
output of EC-Earth, we computed it in the same way from the simulation,
in order to make a fair comparison with the observations.

Finally, the longwave and shortwave components of the CRE at the TOA,
introduced in Charlock and Ramanathan [177], are defined as:

LWCRE = OLRueqr — OLR (4.2)
SWCRE = TRSuear — TRS (4.3)
NetCRE = LWCRE + SWCRE (4.4)

where OLR, TRS, OLR jcqr and T RS jcqr refer to the Outgoing Longwave
Radiation and the Total Reflected Solar radiation, at the TOA in actual and
clear-sky conditions, respectively. The sign convention for the quantities used
to define CRE is such that the upward radiative fluxes are positive.

4.3 Global evaluation

Global maps of NetCRE, total cloud cover and precipitation from observa-
tions and EC-Earth are shown in Fig. 4.1. EC-Earth reproduces the broad
structure of the general circulation, such as the tropical convergence zones,
where the precipitation is maximum and the distribution of the low and
upper (mid+high) clouds, consistent with the position of the Hadley Cir-
culation and the midlatitude storm tracks. Globally averaged from 1984 to
2007, |NetCRE| is overestimated by about 5 W/m? in our model: the cool-
ing effect of the clouds is too strong (Figs. 4.1a-b). Most of this bias arises
from the tropical belt, both over land and over ocean and it is partly off-
set in the midlatitudes (Fig. 4.1c). Along with the SRB radiative data set,
Fig. 4.1c also shows the zonal average of the NetCRE bias derived from
CERES. This demonstrates that the departures of the simulation from the
observations generally exceed the uncertainty in the satellite-based products,
so these differences are significant and can be referred to model biases.

In order to distinguish which cloud type is responsible for this bias, cloud
cover has been stratified based on the cloud top pressure (P.). Global maps
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Figure 4.1: Global maps for 1984-2007, a)-c) NetCRE, d)-f) Low-level cloud
amount, g)-i) Upper-level (mid-+high) cloud amount, j)-1) Precipitation. Left: SRB,
ISCCP and GPCP observational data; middle: EC-Earth model simulation; right,
black solid lines: zonal mean differences between model and observation (model
minus observation), with related correlation coefficient (p) and root-mean-square
deviation (rmsd). Dashed lines in f) and i) represent zonal mean biases when cloud
amount is stratified into ranges of optical thickness (blue lines: 7 < 3.6, green lines:
7 > 3.6). Dashed lines in ¢) and 1) are the zonal mean biases when CERES is used
instead of SRB and TRMM instead of GPCP data, respectively. The numbers with
asterisk in e) and h) are the global mean cloud amounts computed directly from the
GCM and not passed through the ISCCP simulator. Trapeziums in a)-b) delimit
regions on which some evaluations presented in this paper focus.

of low-level (P, > 680 hPa) and upper-level cloudiness (P, < 680 hPa) from
observations and model are shown in Figs. 4.1d-e-g-h. Global means are



Chapter 4. Evaluation of clouds and radiative fluxes in the
80 EC-Earth general circulation model

reported at the bottom of each figure, both for the clouds from the ISCCP
simulator and for the model clouds (with asterisk). The model cloud cover is
higher than the cloud cover from the ISCCP simulator and from the ISCCP
observations. EC-Earth has too few clouds according to the values from the
ISCCP simulator but too many when the model clouds are evaluated. This
highlights the importance of using an ISCCP simulator in the models to avoid
reaching diametrically opposed conclusions.

The discrepancy between the simulated cloud cover with and without satel-
lite simulator stems from three main assumptions, that are applied in the
first case. First: modeled cloud amounts with optical thickness below 0.3 are
not considered to make a fair comparison with the observations. ISCCP has
difficulties to detect clouds with optical thickness less than about 0.3 [246].
Second: some cloud layers might not be observed from space when shielded
by higher clouds. Third: only day-time data are considered, leaving out the
diurnal cloud cycle. In the remainder of this study, only cloud values from
the ISCCP simulator are considered.

Globally averaged EC-Earth predicts roughly 5% less low-level cloud area
fraction. The situation is particularly striking in the subtropics off the west
coasts of America, Australia and Africa, where stratocumuli are dominant.
These regions coincide with the surface air temperature warm bias noted by
Hazeleger et al. [242]. Here it is shown to be related to the underestimated
stratocumulus cloud cover and it emphasizes the role of the MBL clouds as a
source of bias for the SST bias. Furthermore, the model often fails to capture
the local contrasts between adjacent cloud regimes, such as trade cumulus
and stratocumulus, both in terms of cloud cover (Figs. 4.1d-e) and radiative
fluxes (Figs. 4.1a-b). The two adjacent boxed regions denote areas for which
this situation is examined in more detail in section 4.4.1. We also note that
the regions mentioned above are next to broad deserts. The soil-dust aerosols
from these deserts can alter the cloud properties, in particular their amount
[11] and their albedo [162], especially in shallow marine cloud systems [192].
Since the indirect aerosol effects are not explicitly modeled in this simulation,
this might be an additional source for the biases detected over these areas.
Low-clouds are also underestimated in the storm tracks of the Northern Hemi-
sphere and over the midlatitude oceans of the Southern Hemisphere (Figs.
4.1d-e-f). Along with Figs. 4.1a-b-c, this is consistent with the 2-m temper-
ature warm bias found in the coupled version of EC-Earth [242], especially
for the latter region. The Arctic is the only area where the low-clouds are
overpredicted (Fig. 4.1f). This is a typical bias for the EC-Earth model,
which affects future climate scenario simulations as well [227]. However, ob-
servational errors should also be taken into account: in polar regions, ISCCP
cloud amounts are too low by about 15% [246].
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The mid and high level clouds are analysed together, following Marchand
and Ackerman [188], in order to minimize the effects of retrieval errors in
ISCCP. ISCCP tends to detect spurious middle clouds if higher thin clouds
overlay the lower clouds and the thermal-infrared method used can detect a
lower fraction of high-clouds by underestimating their altitude [e.g. 78, 249].
The ISCCP simulator is designed to imitate these errors; however, if the
model has the correct amount of high-level cloud but the wrong distribution
of high-cloud emissivities, then the simulator will still produce a seemingly
incorrect amount of high and middle clouds [Marchand (2012), personal com-
munication]. Therefore, the choice of looking at the combined mid and high
level clouds is justified.

Mid-+high cloud amount is generally underestimated by about 5% at all lat-
itudes (Figs. 4.1g-h-i). In the midlatitudes the clouds are particularly un-
derpredicted along the storm tracks. Ryan et al. [77] argued that this is
likely due to deficiencies in the Tiedtke’s parameterization [167]. This scheme
predicts clouds in frontal regions using the large-scale vertical velocity (w),
without any information on the subgrid distribution of w. It is possible that
half of the grid box experiences strong upward motion while the other half
experiences strong downward motion, as a result the total grid box “large-
scale” w is zero. In this case the Tiedtke’s parameterization [167] predicts
no condensation, leading to an underestimation of the cloudiness in frontal
regions. Using both large-scale w and the subgrid-scale w distribution may
improve this situation [77].

Fig. 4.1i shows that the model produces too many optically thick (7 > 3.6)
upper-level clouds (e.g. cumulonimbus) and too few thin (7 < 3.6) upper-
level clouds (e.g. altocumulus), over the tropical belt. Thin (thick) mid and
high clouds have a strong warming (cooling) effect on the net radiation [137].
The lack (abundance) of thin (thick) upper-clouds in EC-Earth contributes
to the overly negative NetCRE in the tropics (Fig. 4.1c). Too many thick
upper-level clouds are consistent with the overestimation of precipitation in
the deep tropics (Figs. 4.1j-k-1). The precipitation budget has also been
retrieved using another data set (TRMM) to demonstrate that the model
biases are generally larger than the uncertainty between the observational
estimates (Fig. 4.11).

The overestimation of thick upper-level clouds in the model can be asso-
ciated to different reasons. In this study we focus on two important factors.
The first stems from the fact that vertical transport of moisture in EC-Earth
is mainly due to convection, which points to deficiencies in the convective
scheme. The second factor is related to the detrainment of moist convection,
an important term for the prognostic equations of the cloud fraction and wa-
ter content in the cloud scheme (Tab. 4.1). One possibility is that EC-Earth
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does not predict enough detrainment at the mid-levels, which allows convec-
tion and water vapor to penetrate more deeply in the upper troposphere. As
a consequence the formation of towering clouds is favored. Both factors will
be discussed in section 4.4.2.

4.4 Tropical performance

The tropical belt (35°N - 35°S) is the largest climate region of the world,
roughly 50% of the earth’s surface, and is the region where EC-Earth exhibits
the largest cloud biases (see previous section). For these reasons we focus our
analysis on this area.

Fig. 2 shows various cloud-related variables in a ws00-SST phase-space.
This compositing technique has been found particularly useful to study the
different cloud regimes in the tropical region [39, 128]. The Hadley-Walker
circulation is decomposed into a set of dynamical and thermodynamical
regimes defined by the monthly means of wsgg and SST. These are partitioned
into 10 hPa/day and 1°C wide bins. Monthly means of cloud amounts and
radiative fluxes are averaged over the grid boxes associated with the same
ws00-35T values. Within this framework, thick low-clouds are mostly found
over relatively cold pools with large-scale sinking (w500 > 0) motion, namely
the eastern basins of the tropical oceans, while upper-level clouds are mainly
expected over warmer SSTs with large-scale rising (w500 < 0) motion, coin-
ciding with the convergence zones. Finally, areas of subsidence and warm
SSTs are associated with trade cumulus or mostly clear sky regimes, which
are found at the edge of the tropical convergence zones [39].

The contour lines in Fig. 4.2a represent the Probability Density Function
(PDF) of wsgp and SST as depicted by reanalyses and observations (similar
in EC-Earth, not shown). It shows the statistical weight of each bin of the
ws00-SST phase-space. The shadings in Fig. 4.2a represent the biases (model
minus observation) in the total cloud cover. This is too low, in particular
for bins associated with cold and subsidence conditions, namely the stra-
tocumulus region. This is consistent with the underestimation of low-clouds
over the eastern basins of the tropical oceans in Fig. 4.1e. The shortage of
stratocumulus in EC-Earth is consistent with the negative bias in [SWCRE]
over the cold subsident region in Fig. 4.2b (shadings). In contrast, [SWCRE]|
is overestimated for warmer SSTs, in particular where wsgg is positive (trade
cumulus region). The magnitude of the biases in SWCRE is far larger than
in LWCRE (Fig. 4.2c¢). This demonstrates that the large bias in NetCRE
(Fig. 4.1c) is primarily due to the misrepresentation of SWCRE.

SWCRE accounts for the interaction between solar radiation and clouds.
This interaction can be further investigated with the ISCCP cloud albedo
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Figure 4.2: Cloud-related variables composited with respect to wsoo and SST over
the tropical oceans (35°N - 35°S) during 1984-2007. a) Total cloud cover, b)
[SWCRE|, ¢) LWCRE, d) Cloud albedo (c). Shadings represent the bias (model
minus observation), contours the climatological field from observations, except for
a) where contours are the frequency of occurrence of wsoo and SST from observations
expressed in percentage. Analysis is based on ERA-Interim, ERSST, ISCCP, SRB
and EC-Earth data.

(Fig. 4.2d), which is an in-cloud property independent of the cloud amount?,
unlike SWCRE. The model cloud albedo is about right for the stratocumulus
region, while the [SWCRE]| and the cloud cover are too low for the same area.
Therefore, the negative bias in [SWCRE| is primarily due to the shortage of
stratocumuli rather than due to the misrepresentation of the microphysical
cloud properties. In contrast, EC-Earth overestimates the cloud albedo and
the |[SWCRE]| in areas of warmer SSTs, along with an underestimation of

2In the ISCCP simulator, the cloud albedo is the average over cloudy areas and thus is
not a function of the cloud amount.
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the cloud cover (Fig. 4.2). This implies that the overprediction of the cloud
albedo, and by implication of the optical depth, overcompensates the under-
prediction of the trade cumulus cloud cover and, to a lesser extent, of the
upper-level cloud cover. This points to a misrepresentation of the microphys-
ical cloud properties, such as liquid water path, effective radius, etc. These
hypotheses are further investigated in the next sections.

4.4.1 DMarine boundary layer clouds

MBL cloud simulation in GCMs is by no means trivial and only a few
models can predict the extent of these clouds and their CREs realistically
[19, 36, 180]. Also the EC-Earth model exhibits large biases when it comes
to simulate MBL clouds. In the previous sections we showed that EC-Earth
cannot well reproduce regional contrasts in CRE and cloudiness in the sub-
tropics (Figs. 4.1a-b-d-e), mainly due to biases in the SWCRE in subsidence
regimes (Figs. 4.2b-c). |[SWCRE] is underestimated for stratocumulus dom-
inated areas and overestimated for cumulus-topped boundary layer regions.
This can be the result of either too few (high) cloud fraction, too small (large)
cloud water contents, too large (small) particle sizes or a combination of any
of those. We now investigate which of these gives the largest contribution to
the SWCRE bias.

The focus is on the Hawaiian Trade Cumulus [15°N - 35°N, 180°E -
220°E; (HT)] and Californian Stratocumulus [15°N - 35°N, 220 °E - 250 °E;
(CS)] regions, as defined in Webb et al. [170], for the years 2003 to 2007.
The observations are in broad agreement with the partitioning of the cloud
types into these two regimes. Indeed, [SWCRE| (Fig. 4.3a) and cloud cover
(Fig. 4.1d) are maximal within the first kilometers off coasts of California
and then gradually decrease toward the west. Simulation of these regimes
with EC-Earth is poor. |[SWCRE]| is too low in the CS region and too high
in the HT region (Fig. 4.3a), while cloud cover is definitely too low (Fig.
4.1e). Fig. 4.3b shows that the cloud albedo is about right (or slightly
underestimated) on average for the CS region and too high for the HT region.
These deficiencies are consistent with the findings in the previous section
and also representative of other subtropical regions, as demonstrated in Figs.
4.2a-b-d. What was observed at the large-scale can also be found at the
regional scale and for a shorter time sampling (1984-2007 and 2003-2007,
respectively).

Figs. 4.3c-d show the cloud-top pressure (P.) and optical thickness (7)
joint histograms for the HT and CS regions, respectively. The shadings repre-
sent the mean cloud fraction distribution in EC-Earth, while the contour lines
are the biases with respect to the ISCCP observations. The most common
cloud type has 7 in the mid range, with cloud tops in the lower troposphere,
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Figure 4.3: Various quantities averaged from 2003 to 2007 over the Hawaiian Trade
Cumulus (HT) and the Californian Stratocumulus (CS) regions. Results obtained
from EC-Earth are in green. Shadings are the 95% ranges of monthly variability.
Meridional averages of SWCRE (a) and cloud albedo (b). Joint histograms of P.
and 7 for the HT (c) and CS (d) regions. Colored areas are results from EC-Earth,
black contours are model minus observations (solid lines when positive bias, dashed
lines when negative). Meridional averages of LWP (e) and ey (f), dashed lines
when the MODIS simulator is used.
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for both model and satellite-retrievals. In the HT region EC-Earth simulates
too few thin clouds (7 < 3.6) and too many thick clouds (7 > 3.6). Since the
cloud albedo is primarily governed by the optical depth, this explains the ex-
cessive albedo of the trade cumulus regimes in EC-Earth. Regarding the CS
region, the largest biases arise at 7 values between 1.3 and 9.4, but compen-
sating errors occur at different altitudes. Overall, the model predicts slightly
too few thin and slightly too few thick clouds, which results in a cloud albedo
about right or slightly underestimated compared with the observations (Fig.
4.3b).

The inconsistency between satellite-retrieved and simulated visible optical
thickness is further investigated by looking separately at the biases in the
liquid water path (LWP) and the liquid droplets effective radius (7 ), which
are related to 7 through the following relationship [140]:

3 LWP

2 Te

(4.5)

where p; is the density of liquid water. LWP and r.y are not retrieved
by ISCCP, hence MODIS is used as a complementary source of data. The
quantity 7 somewhat differs between ISCCP and MODIS, but the signs of the
biases with respect to EC-Earth are the same and qualitatively comparable
(not shown). In order to estimate the uncertainties in the observations, Figs.
4.3e-f also show quantities from PATMOS-x, available in the GEWEX Cloud
Assessment Database [110]. The EC-Earth LWP is well simulated: it falls in
between the two observational data sets for both the CS and HT regions (solid
line in Fig. 4.3e). On the other hand, the EC-Earth ry is underestimated
when compared with MODIS and PATMOS-x, notably for the trade cumulus
area (solid line in Fig. 4.3f). The modeled reg is the vertical mean of the
droplet size in each model box, weighted by the liquid water content at each
layer (more details in section 4.2.3). This averaging method is somewhat
different from how the satellites retrieve r.f. Indeed, it does not take into
account that satellite-retrieved r.s depends on the wavelength () used for
the observation. MODIS retrieves r.g using a combination of three different
A [186], the main difference being that absorption by liquid water decreases
with decreasing A. That means that the vertical sampling of droplets becomes
progressively deeper when A reduces, so it can include contributions from
drizzle [214]. Differences in the retrieved rey using different A can exceed
10 wm [252]. This then implies that r.s from MODIS can be higher than
rer simulated by EC-Earth in part because of the different vertical average
assumptions. This issue is addressed by passing the necessary input profiles
to the MODIS simulator included in COSP version 1.3. The 7.y bias is
now smaller but still considerable for the HT region (dashed line in Fig.
4.3f). On the other hand, the LWP calculated using the MODIS simulator
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reduces, but agrees fairly well with the observations (dashed line in Fig. 4.3e).
Therefore, the underestimation of .5 appears to be the main reason for the
overestimation of 7 and hence of the cloud brightness in EC-Earth.

Droplet sizes in EC-Earth are simulated based on Martin et al.’s pa-
rameterization [157]. Given a constant droplet concentration (51 cm~3 over
ocean; 313 cm ™2 over land), rep is parametrized using the liquid water con-
tent. Several studies showed that the droplet concentration is not constant
and depends on the availability of cloud condensation nuclei (CCN), their
size distribution and chemical composition, as well as on the intensity of
convective updrafts at the cloud base [e.g. 185]. Moreover, Martin et al.’s
parameterization [157] has been devised for steady warm stratocumulus, ho-
mogeneous clouds where entrainment processes and penetration by cumulus
clouds are negligible. Martin et al. [157] have shown that the same pa-
rameterization is far less reliable in other circumstances, for instance when
cumulus clouds affect a stratocumulus layer. The HT region is an exam-
ple of such a case and in this region the simulated r.s exhibits the largest
departures from the observations (Fig. 4.3f). Therefore, a more refined pa-
rameterization of the effective droplet radius is desirable to reduce the bias
in the cloud albedo.

To summarize, [SWCRE] in the stratocumulus regions is underestimated,
but 7 is about right. This leaves underestimation of cloud amount by the
model as the most important cause for the SWCRE bias in this region. On the
other hand, [SWCRE] in the cumulus-topped MBL regions is overestimated,
along with 7, while the cloud fraction is too low, but not as much as for
the stratocumuli. This leaves misrepresentation of cloud microphysics as the
main source of the SWCRE bias for the trade cumulus clouds. In particular,
EC-Earth simulates a realistic LWP for MBL clouds, but 7.z is too low
compared with observations.

4.4.2 Deep tropics

Fig. 4.4a is similar to Figs. 4.3c-d, but for the tropical western Pacific
[5°S - 20°N, 70 °E - 150 °E; (WP)]. This region was selected by Webb et al.
[170] as representative of a typical deep convective area in the tropics. The
most common clouds are the highest and thinnest (shadings in Fig. 4.4a),
corresponding to ice clouds near the tropopause. This cloud type occurs too
often (P, < 180 hPa) in EC-Earth compared with the ISCCP observations
(contour lines in Fig. 4.4a). Below this level, the model underestimates the
amount of thin clouds (7 < 3.6) and, to a lesser extend, overestimates the
amount of thick clouds (7 > 3.6). This is summarized in Fig. 4.4b, which
compares profiles of cloud cover with height. The profiles are obtained by
summing the values of the joint histogram in Fig. 4.4a in the six columns
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(1) along each row (P.). EC-Earth predicts a larger fraction of clouds with
cloud top above 12 km (P, < 180 hPa), while produces too few clouds below,
in the mid and high troposphere, compared with the satellite retrievals. In
the mid and high troposphere (550 < P. < 200 hPa) the temperature ranges
between 0°C and —50°C (blue line in Fig. 4.4b), where supercooled liquid
water can coexist with ice. In this range of temperatures, EC-Earth exhibits
the largest biases in cloud cover, which points to deficiencies of the model in
dealing with mixed-phase clouds.

Fig. 4.4c shows the cloud cover as a function of 7 (sum of all the P,
layers for each 7 bin of the joint histogram in Fig. 4.4a). For comparison, we
also show observations from MODIS and MISR, (Multiangle Imaging Spec-
troRadiometer; [189]). The latter instrument employs retrieval techniques of
optical depth quite similar to that of ISCCP. Indeed, the two observational
estimates agree very well. On the other hand, MODIS retrieves a higher
amount of optically thick clouds compared with the other two instruments.
This appears to be a systematic overestimation due to imperfect ice models
used in MODIS retrievals [193]. The largest differences among the observa-
tional estimates of the cloud cover are for 7 < 3.6. This is mainly due to
the way these satellite instruments treat partly cloudy pixels [189, 193]. The
simulators do not actually account for these features that cause differences
in the retrieved optical depth [193]. Bearing in mind the observational un-
certainties, EC-Earth appears to have too many optically thick clouds and
not enough optically thin clouds, resulting in a flatter 7 distribution than ob-
served. The overestimation of the optical thickness leads to overestimation of
ISWCRE] in this and other warm convective regions (Fig. 4.2b). In contrast,
no appreciable disagreement is found for the LWCRE, consistent with the
good overlap between simulated and observed P, in Fig. 4.4d. For the whole
region the agreement is even better due to compensating errors at different
longitudes. The LWCRE is underestimated around 100 °E and overestimated
at longitudes greater than 130 °E. Consistently, P, is too large west of 110 °E
and too small to the east. Despite biases in the profile of the cloud cover
with height (Fig. 4.4b), the mean P. is well reproduced, indicating that the
correct prediction of LWCRE arises from compensating errors in the cloud
vertical and horizontal distribution rather than a correct profile of P,.

The cloud misrepresentation in the deep tropics could be due to deficien-
cies in the parameterization of various physical processes and their interac-
tions. We focus now on the convective scheme, since the vertical transport
of moisture in EC-Earth is mainly due to convection. In such a scheme the
strength of the updrafts in a cumulus ensemble is characterized by the mass
flux, which quantifies the amount of mass transported in the vertical. The
convective mass flux (M) has been derived as explained in section 4.2.3. The
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Figure 4.4: a) As in Figs. 4.3c-d, but for the tropical western Pacific region [5°S -
20°N, 70°E - 150 °E; (WP)]. b) Cloud cover as a function of the cloud-top pressure
(P.), equal to the sum of all the optical thickness (7) bins for each P. layer in a);
air temperature profile is also shown (blue line); the black vertical line indicates
the 0°C temperature. c¢) Cloud cover as a function of 7, equal to the sum of all the
P, layers for each 7 bin in a), along with MODIS and MISR observations. d) P.
(solid lines) and LWCRE (dashed lines) meridionally averaged over the WP region.
Shadings indicate the 95% ranges of monthly variability. Monthly values of ERA-
Interim, ISCCP, MODIS, MISR, SRB, CERES and EC-Earth data are used for the
period 2003-2007.

range of negative wso values (representative of upward motion) is binned and
monthly mean values of M, are averaged over the grid boxes associated with
the same monthly mean wsgg bin, in order to get M.,. The mean of the 60
monthly composites from 2003 to 2007 accounts for the mean relationship
between M. and wsgo and is shown in Fig. 4.5. For the composite, the grid
points over ocean and the grid points over land have been considered sepa-
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rately.

Fig. 4.5 shows that the mass flux in the model is overestimated®, notably
over the ocean basins associated with extremely negative values of wsgg. The
stronger convective activity in our model is also confirmed by the higher oc-
currence of the wsgp extremes than depicted by the reanalyses (Fig. 4.5b). We
show this by binning the Hadley-Walker circulation into a series of dynamical
regimes defined by values of wsgg- The statistical weight of each dynamical
regime, i.e. the PDF of wsop (P,), from ERA-Interim or NCEP-DOE re-
analyses is then subtracted from the EC-Earth P,. The moderate values of
wspo occur less frequently in EC-Earth with respect to what is “observed”,
but the extremes of P, are more populated in our model. This implies an
overall strong vertical motion in EC-Earth, in agreement with the picture of
too strong mass flux drawn above.

Further evidence was presented as part of the European Cloud Systems study
(EUROCS), where Derbyshire et al. [221] have shown that the mass flux in
the ECMWF Tiedtke parameterization of convection [166] is unrealistically
high compared with Cloud Resolving Models (CRMs). Since the develop-
ment of thick anvil clouds is favored in areas of intense convection ([119],
chapter 9), we interpret the tendency of EC-Earth to overestimate the thick
clouds in the deep tropics as due, at least in part, to the excessive mass flux
computed in the Tiedtke’s convective scheme [166].

The mass flux is very sensitive to mixing between clouds and their en-
vironment by the so-called entrainment and detrainment processes, which
describe the intrusion of dry environmental air into the cloud and the out-
flow of cloudy air into the environment, respectively [e.g. 103]. Focusing on
the latter, too weak detrainment would lengthen the lifetime of the convective
thick clouds, which in turn persist too long in the same area, contributing to
the positive bias in the precipitation budget, larger over the Inter Tropical
Convergence Zone (ITCZ; Figs. 4.1j-k-1). The detrainment modulates the
mass flux profile [e.g. 49] and an underestimation of detrainment causes the
updrafts to extend higher into the atmosphere reaching the tropopause. At
this level the anvil clouds are forced to stretch and generate cirrus, which
are too many in EC-Earth (Fig. 4.4a). Moreover, too weak detrainment in
the mid-troposphere is consistent with the underestimation of thin clouds
at this level (Fig. 4.4b). These are typically mixed-phase clouds associated
with deep convection (Fig. 4.4b, [98]) and usually form when ice crystals are
surrounded by sufficient water vapor [160]. The vapor in the mid and high
tropical troposphere is supplied by the detrainment in deep convective clouds
[245].

3We have also compared the standard output updraft M. in mid-troposphere from the
model with the observations and the overestimation is even larger (not shown).
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Figure 4.5: a) Convective mass flux (M.,) composited with respect to wsoo over
land and over ocean in the tropics (35°N - 35°S). Dark-colored bars: EC-Earth
outputs are used. Light-colored bars: ERA-Interim, GPCP and TRMM data are
used. Vertical error bars represent the standard deviation of the retrieved M.,
that results from differences between the two precipitation data sets (GPCP and
TRMM). b) Model PDF minus reanalysis PDF of marine wsoo (6 P.,) derived from
EC-Earth and two independent meteorological reanalyses: NCEP-DOE and ERA-
Interim. The difference is expressed in percentage. Monthly values for the period
2003 to 2007 are used.

The strong underestimation of thin mixed-phase clouds in mid-
troposphere could also be due to the treatment of liquid and ice water phases
in the model. We show this by considering vertical profiles of temperature
and mass fractions of liquid and ice water? in the troposphere, meridion-
ally averaged over the WP region. The range of temperature in this height-
longitudinal plane is binned into intervals of 2 °C. Then, monthly mean values
of mass fraction of liquid/ice water are averaged over the grid boxes with the
same temperature-binned values. The mean of the 60 monthly composites
from 2003 to 2007 represents the mean relationship between the liquid/ice
water and the temperature in the troposphere.

In Fig. 4.6, the frequency distribution of the temperature bins (PDFr)
shows that freezing temperatures are not rare in the deep tropics. The dis-
tinction between ice and liquid water phases in EC-Earth is a function of
temperature: in the model all the liquid water present below a certain tem-
perature threshold is converted into ice. Because of this parameterization the
mass fraction of cloud liquid water drops to zero below -23 °C (Fig. 4.6),
whereas observational evidences show that supercooled liquid can occur till
temperatures approaching -40 °C [e.g. 248]. Also the ECMWF IFS model

4Mass of cloud liquid (or ice) water in the grid cell divided by the mass of moist air.
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Figure 4.6: Mass fraction of cloud liquid (CLW) and ice (CLI) water composited
on temperature in the longitude-height plane meridionally averaged over the tropi-
cal western Pacific region (5°S - 20°N, 70 °E - 150 °E). In addition, the frequency
distribution of the temperature bins (PDFr), expressed in percentage, is plotted
(black solid line). Shadings represent the standard deviation of the monthly vari-
ations. Monthly values of EC-Earth simulation outputs are used for the period
2003-2007.

used the same parameterization to distinguish between liquid and ice water
phases, and indeed it used to underestimate the liquid phase at very low
temperatures considerably [41]. This bias has been reduced in later versions
of the IFS model using separate prognostic variables for liquid and ice [150].
Since supercooled water is necessary for the ice crystals to form and grow
mixed-phase clouds [10], the lack of liquid water in mid-troposphere may be
an additional reason for the shortage of mid-tropospheric thin clouds in EC-
Earth.

In conclusion, deficiencies in the convective scheme and in the detrain-
ment parameterization are likely key sources for the biases in precipitation
and CREs in the deep tropics (Fig. 4.1). An additional source of bias is
likely related to the temperature-dependent function which partitions the
water condensate into ice and liquid, leading to underestimate the formation
of mixed-phase clouds.
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4.5 Relationships between meteorological con-
ditions and seasonal cloud variability

We now evaluate EC-Earth at the seasonal time scale by analysing the sea-
sonal variability of the low-cloud amount in the subtropical oceans. The
regions selected are identical to those in Klein and Hartmann [7] and the
results are plotted in Fig. 4.7. In the Peruvian (10°S - 20°S, 80°W - 90 °W)
and Californian (20°N - 30°N, 120°W - 130°W) regions, the peak of the
low-cloud amount occurs in JJA at nearly 75%, with the minimum in DJF
at about 40% (Fig. 4.7 red lines). The Canary Islands region (15°N - 25°N,
25°W - 35°W) also experiences the peak of cloudiness during the Northern
Hemisphere summer, but with only 45% of cloud cover. The minimum cloud
amount for this region occurs in SON, which coincides with the season of
maximum cloud cover for the Namibian region (10°S - 20°S, 0°E - 10°E)
at 70%.

The seasonal cycle of the low-level clouds is associated with the seasonal
variation of the environmental conditions and resembles the stratocumulus-
to-cumulus transition [147, 243]. The mechanisms involved in such a tran-
sition are associated with changes in the environmental conditions and are
described in several studies [7, 116, 206].

EC-Earth reproduces the seasonal cycle of the low-clouds in the subtrop-
ics well, but, as expected from the analyses in the previous sections, the
cloud cover is systematically underestimated in every season (green lines in
Fig. 4.7). The model predicts peaks of cloudiness in agreement with ISCCP
observations in all the stratocumulus dominated areas, although the minima
of the cloud amount not always coincide with the observations. The Canary
Islands region has the lowest cloudiness in DJF for EC-Earth and not in
SON, as for ISCCP. In the Namibian region, the cloud cover remains nearly
constant from December to May, whereas the simulation predicts a minimum
in MAM.

Errors in the representation of the relationships between meteorological
conditions and clouds can be a potential source for such biases. From a pa-
rameterization perspective, cloud properties must be represented in terms of
environmental conditions computed by GCMs at each time step [116]. The
ability of EC-Earth to replicate the relationships between environmental fac-
tors and MBL cloud amount in the observations is evaluated at the seasonal
scale in the Namibian region. We address this issue by following the method
proposed in Lacagnina and Selten [31]. This is a diagnostic technique where
several atmospheric properties are used to define regimes, in which cloud-
related variables are composited. This framework is employed to identify
and synthesize cloud deficiencies in the simulation and to connect those to
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Figure 4.7: Seasonally averaged low-level cloud amounts for the Peruvian (10°S -
20°S, 80°W - 90 °W) and Namibian (10°S - 20°S, 0°E - 10 °E) regions in a) and
for the Californian (20°N - 30°N, 120 °W - 130 °W) and Canarian (15°N - 25°N,
25°W - 35°W) regions in b). Green lines indicate EC-Earth simulations and red
lines ISCCP satellite observations for the period 1984-2007.

specific physical processes that are dominant in that regime definition.
Monthly mean cloud amount (C) is composited by different meteorological
variables (7). If C, is a composite of C' in a bin defined by the value of v, and
P, the frequency of this bin, the area-averaged C' (C') may then be defined
as: C = f,y P,C., dv. Hence, the temporal change in C (6C) can be expressed
as:

5C — /513707 dy +/137507 dﬂy+/6Py6Cﬁ, dvy (4.6)
Y Y Y

environmental forcing  residual forcing co—variation

The rhs of Eq. 4.6 is the sum of a term arising from a temporal change
in P, (0P,), called the environmental forcing component (hereafter EFC), a
term arising from a temporal change in C for a given y regime (6C,), called
the residual forcing component and a co-variation term. The v-EFC isolates
the effect of a « environmental condition on the cloud change, whereas the
residual forcing component contains the effects of other environmental factors
on the clouds, which are not captured by .

Here we apply this technique on the seasonal time-scale. The 4 seasonal
~-PDFs (3-mo mean of monthly P, for each season) of a specific year have
been computed and from each the annual v-PDF for that year (12-mo mean
of monthly P,) is subtracted (6P,). The integral of §P, multiplied by the
annual mean of monthly C, will be referred to as the EFC. The EFCs are then
correlated to 6C, which in this case is the seasonal anomaly of C' with respect
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to the annual mean [spatially and seasonally averaged low-cloud cover of a
specific year (between 1984 and 2007) when the annual mean is removed]. 6C
and v-EFC can be correlated to quantify to what extent the seasonal changes
in C are tracked by the seasonal changes in the environmental conditions (7).
The higher the correlation coefficient®, the more similar the frequency and
the phase of the two quantities (6C and y-EFC, with a total of 96 relations for
1984-2007). Furthermore, using the EFCs method, it is possible to quantify
the relative contribution of a « factor to the seasonal cloud amount anomalies.
The slope of the linear regression between §C and y-EFC quantifies to what
extent a ~ environmental factor describes the seasonal change in C. The
closer to 1 the slope, the closer the amplitudes of the two quantities.

The results are displayed in a plot similar to a Taylor diagram (Fig. 4.8).
The radial axis denotes the slope of the regression coefficient between each
EFC and §C and the azimuthal axis the correlation coefficient between these
two quantities. Perfect agreement corresponds to a point at correlation +1
and regression coefficient one. The points are derived from ISCCP low-level
clouds combined with observations and reanalyses, while the triangles are
derived from EC-Earth outputs. Using this approach the observations exhibit
well-known dependencies, such as the negative correlation between low-clouds
and SST and the positive correlation between low-clouds and LTS.

The signs of the correlation between EFCs and 6C are consistent be-
tween simulations and observations (Fig. 4.8), except for qroo-EFC. qrqg is
the specific humidity in the free-troposphere just above the boundary layer
and affects the moisture exchange at the top of the MBL. Moistening of the
free-troposphere has two opposing effects. More water vapor just above the
boundary layer enhances the downwelling longwave radiation, which reduces
the radiative cooling at the cloud top. As a result, the MBL turbulence
production is reduced, which promotes decoupling-like conditions. On the
other hand, more free-tropospheric moisture reduces the drying effect of the
entrained air into the cloud layer, which favors more cloud cover [95]. The
negative correlation coefficient between qr0o-EFC and 6C suggests that the
former effect prevails on the latter in this region. Misrepresentation of the
role of q7go points to deficiencies in the parameterization of the entrainment
and/or in the turbulence scheme in EC-Earth and can be an additional cause
for the lack of stratocumulus in the model. Fig. 4.8 shows that the re-
gression coefficients between the EFCs and 6C, which quantify the relative
importance of v in determining the cloud regime, are always underestimated
in EC-Earth, compared with the observations. The model is thus not able to

5When statistically significant, the correlation coefficient between v-EFC and §Cis al-
ways positive by construction. We adjust it with the sign of the correlation between spa-
tially and seasonally averaged C and ~, to make this relationship visible, as in Lacagnina
and Selten [31].
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Figure 4.8: “Taylor” diagram showing the relationship between the seasonal varia-
tion of low-level cloud amount (§C, annual mean removed) and the contribution of
the different environmental factors (7-EFC) to this seasonal variation (see legend).
The relationship is characterized in terms of the correlation coefficient and the slope
of the linear regression between the two quantities (6C and y-EFC) for the Namib-
ian region (10°S -20°S, 0 °E - 10 °E). wsoo represents the pressure vertical velocity
at 500 hPa, SST the sea surface temperature, SLP the sea level pressure, LTS the
lower-tropospheric stability, groo and ¢ are the specific humidity at 700 hPa and
at the surface respectively, LA and SE are the latent and sensible heat fluxes re-
spectively, EIS is the estimated inversion strength. ERA-Interim, ERSST, ISCCP,
OAFlux and EC-Earth data are used for the period 1984-2007. When the annual
mean composite C, describes less than 10% of the C' variation in the observations,
a cross overlaps the points.

simulate the proper impact of the changing environmental conditions on the
clouds. It is also worth noting that, despite the model having been forced
with observed SSTs, the correlation and the regression coefficients between
6C and SST-EFC are lower in EC-Earth. This weaker sensitivity of the sim-
ulated low-clouds to the SST changes in the current climate, casts doubts
on the reliability of our model to reproduce properly stratocumulus amount
changes in a scenario simulation of a warmer climate. Nevertheless, the gross
relationships between v factors and cloud cover (Fig. 4.8) are reasonably well
reproduced and lead to a quite realistic simulation of the seasonal cycle of
the MBL clouds (Fig. 4.7).
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4.6 Summary and discussion

This study presents the first detailed evaluation of the cloud biases in EC-
Earth using the ISCCP simulator and the observational ISCCP data set.
Using satellite simulators in the models is important to avoid reaching dia-
metrically opposite conclusions at the stage of the output evaluation. The
cloud amounts in EC-Earth are too high when the ISCCP simulator is not
active and too low when it is active. This is due to specific assumptions
made in the latter case, which are discussed in the text. The satellite simu-
lator strategy consistently defines the cloud quantities to be compared with
the observations, which removes much of the ambiguity when it comes to
evaluating cloud simulations with satellite retrievals.

Model biases were evaluated from the global to the regional space scales

and from the multidecadal to the seasonal time scales. Despite the generally
good agreement, notable biases do exist between EC-Earth and observations.
Globally averaged from 1984 to 2007, the model overestimates the cooling
effect of the clouds, in particular over the tropical belt. Stratifying the clouds
based on their height and their thickness helped to suggest possible reasons
for errors in NetCRE.
EC-Earth frequently underestimates the cloud cover at all latitudes relative
to the ISCCP observations. The situation is particularly striking for the
low-clouds in the subtropical regions, where stratocumulus are dominant.
The upper-clouds (mid-+high) are underestimated at every latitude, but two
opposing biases are present in the tropical belt, where the model predicts too
few thin upper-clouds and too many thick upper-clouds. The overestimation
of the cloud optical depth overcompensates the underprediction of the total
cloud cover, giving rise to an overly negative NetCRE, i.e. a too strong cloud
cooling effect in EC-Earth. Furthermore, the abundance of thick upper-
clouds is also reflected in the overestimation of the total precipitation in the
deep tropics.

Underestimation of total cloud cover and overestimation of optically thick
clouds is common in many climate models [65, 180], with some recent GCMs
having reduced the latter [9]. It is shown that the largest biases in EC-
Earth, in terms of radiative fluxes, cloud amount and precipitation, come
from the tropical belt, which is the main focus of this study. The biases in
NetCRE are driven by its shortwave component. |[SWCRE]| is underestimated
for stratocumulus regimes and overestimated for cumulus-topped boundary
layers and deep convective cloud regimes. We investigated this point further
at the regional scale.

The [SWCRE]| in the stratocumulus regions is underestimated, but the op-
tical thickness is about right. This leaves underestimation of cloud amount by
the model as the most plausible cause for the SWCRE bias in this region. On
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the other hand, the [SWCRE] in the trade cumulus regions is overestimated,
along with the optical thickness, while the cloud fraction is too low, but not
as much as for the stratocumulus. This leaves misrepresentation of cumulus
microphysics as the main source of the SWCRE bias for the trade cumulus
clouds. We took one step further by analysing the MBL cloud microphysics
in more detail using MODIS and PATMOS-x observations as complementary
sources of data. We found that the LWP is well simulated in our model, but
the liquid droplet size is underestimated, notably for trade cumuli. This latter
appears to be the main reason for the excessive cloud brightness in EC-Earth.
We suggest that a more refined parameterization of the effective droplet ra-
dius is desirable. Nevertheless, because of uncertainties in the observations
and in the comparison between model and observations this conclusion de-
mands further investigation. These problems also highlight the need for more
independent cloud data sets with suitable satellite simulators embedded in
the model code. This approach has turned out fruitful in a number of studies
[2, 188, 244] and it is advisable for future EC-Earth cloud evaluations.

Departures from observations are also found in the deep tropics. Similarly
to other models [e.g. 170, 188], EC-Earth has too many optically thick clouds
and not enough optically thin clouds. The overall overestimation of the opti-
cal thickness leads to the overestimation of [SWCRE|. Analysis of the cloud
amount as a function of the height, revealed that EC-Earth predicts a larger
fraction of thin clouds with cloud top above 12 km (i.e. cirrus) compared with
the ISCCP retrievals. In the mid and high troposphere, where supercooled
liquid water can coexist with ice, the underestimation of the cloud cover is
particularly noteworthy. This points to difficulties of the model in dealing
with mixed-phase clouds, that we linked to the temperature-dependent pa-
rameterization that distinguishes between ice and liquid water phases. The
ECMWF IFS model used to suffer the same bias, where it has been reduced
by employing a new cloud scheme with separate prognostic variables for lig-
uid and ice water, allowing a wide range of supercooled liquid water for a
given temperature [150]. Despite biases in the profile of the cloud cover with
height, the mean cloud top pressure is fairly well reproduced, indicating that
the correct prediction of LWCRE arises from compensating errors in the ver-
tical distribution of the clouds. Therefore, the positive bias in [SWCRE] is
not offset by a similar bias in LWCRE, which is the reason for the overly
strong cooling effect of the clouds in EC-Earth.

The overestimation of anvil clouds in the deep tropics can be linked, at
least in part, to the excessive mass flux computed in the Tiedtke’s convective
scheme [166]. The mass flux and the large-scale circulation in the model are
too strong, in particular over the oceans. Guilyardi et al. [64] claimed that
using a different convective scheme (Kerry-Emanuel [5]), with a more com-
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plex representation of downdrafts, helps to reduce an otherwise overactive
convection, notably over the oceans. The role of the detrainment has also
been discussed and we conclude that deficiencies in the detrainment param-
eterization and in the convection scheme may be key sources for the biases
in precipitation and CREs in the deep tropics for EC-Earth.

Finally, the model was evaluated at the seasonal time scale, analysing var-
ious cloud-controlling factors responsible for the seasonal variability of the
low-clouds in the subtropics. The realistic simulation of the seasonal cycle of
MBL clouds is attributed to the model skill in reproducing the relationships
between meteorological conditions and cloud cover, albeit some departures
from observations do exist. Of particular concern is the wrong sign of the
correlation between specific humidity in the free-troposphere and low-cloud
amount. We link this to deficiencies in the parameterization of the entrain-
ments and in the turbulence scheme in EC-Earth. This can be an additional
reason for the underestimation of the stratocumulus cover at the seasonal
and multidecadal time scales. We stress that it is important to evaluate the
ability of GCMs in reproducing the observed covariation between clouds and
environmental conditions, since systematic errors in these relationships cast
doubts on the ability of the model to represent realistically the cloud changes
in a changing climate.

Nevertheless, in view of the wide range of sources for cloud biases in
a GCM, we do not claim to give a complete explanation for all the biases
found in this study. The cloud misrepresentation is arguably due to defi-
ciencies in different parameterizations of the model and their interactions.
For instance, the plane-parallel representation of the clouds with maximum-
random overlap, used in several models and also in EC-Earth (Tab. 4.1), can
lead to biases in the cloud amount and CREs [94]. Shonk et al. [179] have
recently demonstrated that representing the horizontal cloud inhomogeneity
and assuming exponential-random overlap helps to reduce SWCRE biases,
in particular in marine stratocumulus regions. Furthermore, increasing the
vertical resolution can sometimes help. Indeed, accurate simulation of LWP
for boundary layer clouds requires vertical grid spacing below 100 m [27, 203],
which is not currently feasible for a GCM. One possibility to overcome the
issue has been proposed by Marchand and Ackerman [196]. They show that
models can successfully be modified to support an adaptive vertical grid (i.e.
a model that is able to add vertical layers where and when needed) rather
than trying to use a fixed grid with high vertical resolution.

Although EC-Earth exhibits reasonably good skill in simulating clouds,
the model weaknesses discussed above indicate that more effort is needed to
improve the physical parameterizations employed. In this study the general
problem areas were identified, with the goal of giving some guidance on where
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the emphasis for future development in cloud parameterizations should be. A
number of parameters and processes to adopt have been suggested and these
require further investigation. Development focused on those areas, together
with dedicated sensitivity experiments, can likely reduce the uncertainties in
the cloud representation. Clouds affect the radiation budget, the hydrological
cycle, temperature and the general circulation. Thus, reduction of cloud
biases is central to improve the model as a whole. Sensitivity experiments
motivated by the findings in this study are underway and the results will be
reported separately.
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CHAPTER 5

Impact of changes in the
formulation of cloud-related
processes on model biases
and climate feedbacks

To test the impact of modeling uncertainties and biases on the simulation
of cloud feedbacks, several configurations of the EC-Earth climate model are
built altering physical parameterizations. An overview of the various radia-
tive feedbacks diagnosed from the reference EC-Earth configuration is docu-
mented for the first time. The cloud feedback is positive and small. While
the total feedback parameter is almost insensitive to model configuration, the
cloud feedback, in particular its shortwave (SW) component, can vary con-
siderably depending on the model settings. The lateral mass exchange rate of
penetrative convection and the conversion rate from condensed water to pre-
cipitation are leading uncertain parameters affecting the radiative feedbacks
diagnosed. Their impacts offset each other. Consistent with other studies,
we find a strong correlation between low-cloud model fidelity and low-cloud
response under global warming. It is shown that this relationship holds only
for stratocumulus regimes and is contributed by low-cloud cover, rather than
low-cloud microphysics. Model configurations simulating higher stratocu-
mulus cover, that is closer to the observations, exhibit a stronger positive
SW cloud feedback. This feedback is likely underestimated in the reference
EC-Earth configuration, over the eastern basins of the tropical oceans. In
addition, connections between simulated high-cloud altitude in present-day
climate and longwave cloud feedback are discussed.

This chapter is under review for publication in Journal of Advances in Modeling Earth
Systems as: Lacagnina C., F. Selten and A. P. Siebesma. Impact of changes in the
formulation of cloud-related processes on model biases and climate feedbacks. JAMES,
2014.
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5.1 Introduction

Clouds represent a key challenge for climate modeling and substantial dis-
agreement between general circulation models (GCMs) and observations still
exists [2, 21]. Clouds are particularly difficult to simulate in GCMs, because
they result from an intricate balance between dynamical, thermodynamical
and microphysical processes, that are often treated by means of parameteri-
zations.

Due to the broad impact of clouds on the way energy and water are
cycled through the atmosphere, even small changes in cloud properties can
have a dramatic impact on climate [e.g. 132]. Therefore, poor simulation of
present-day clouds casts doubts on the reliability of GCMs in representing
cloud feedback processes in climate change projections. It is a matter of fact
that cloud feedbacks constitute the primary source of uncertainty in GCMs
estimates of climate sensitivity [198, 223]. The implicit assumption is that
our confidence in model simulation of cloud feedbacks under climate change
is proportional to how well a GCM represents the current climate [31, 170].

The effect of clouds on the sensitivity of GCMs to external perturbations
is a long standing issue in climate research and has received a major boost
since the study by Cess et al. [44]. Their analyses were centered around ide-
alized experiments, where the sea surface temperature (SST) was uniformly
perturbed by +2 K. The resulting imbalance in the radiation budget at the
top-of-atmosphere (TOA) was used to evaluate the climate sensitivity of each
model.

These types of intercomparisons are useful to identify the general problem
areas responsible for the model disagreement, but do not give more in depth
insights into the causes for such a disagreement. Indeed, differences in cloud
feedbacks among the models can be due to differences in the cloud param-
eterizations or due to substantial differences in model structure formulation
[4]. Using the same model with different parameterizations might help to
unravel this issue.

Typical parameterizations include determining the fraction of the grid-
box that a cloud occupies, representing convective processes and estimating
the size and the number of the cloud droplets. Each of those represents a cru-
cial challenge for climate modeling and can be identified as primary source
of model biases [e.g. 32]. It has been argued that the value of the cloud
feedbacks, and thus of the climate sensitivity, in the model is influenced by
the details of the physical parameterizations chosen [14, 158, 233]. Therefore,
parameterizations impact both climate sensitivity estimates of future climate
and systematic errors of current climate simulations. Every parameterization
contains one or more adjustable parameters to relate sub-grid processes to
large-scale variables explicitly calculated at the grid-box scale. These param-
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eters cannot often be determined on the basis of fundamental principles, but
rather are carefully calibrated (tuned) to optimise the agreement between
observations and simulations (e.g. ensuring the global earth’s radiation bal-
ance at TOA). Tuning is part of the model developing process and arises
by an inadequate representation of some climate features, in particular of
clouds [229]. During the model developing process, the impact of the choice
of tunable parameters on the model climate sensitivity is often not explored
[e.g. 75]. However, intriguing questions arise from understanding how model
shortcomings impact climate projections and to what extent radiative feed-
backs are sensitive to fairly small changes in model formulation.

We aim to investigate the consequences of the cloud-related uncertainties
on model biases and climate feedbacks in the EC-Earth GCM [242]. These
analyses intend to make a hierarchy among the different processes contribut-
ing to the uncertainty of future climate projections, thereby providing guid-
ance regarding necessary model developments. The dependence of various
physical processes on the model formulation is assessed by analysing the re-
sponse of the cloud field to an idealized climate change, simulated by different
configurations of EC-Earth. Each configuration is built varying one uncertain
parameter or parameterization. This type of approach is sometimes referred
to as “perturbed physics ensembles” [113, 161]. Such a framework allows the
physical feedback processes to be related with the parameter perturbations
made within the ensemble [161]. It is the first time that analyses focus on the
sensitivity of the EC-Earth model to the structure and parameter settings.

Using feedbacks as a diagnostic tool has been recognized as an essential
step in understanding and constraining the future climate system response
[198]. The methodology employed to estimate those is presented in section
5.2. In section 5.3 the model and the sensitivity experiments carried out are
explained, along with the impact of the tunable parameters on the present-
day climate simulation. Two additional sensitivity experiments, where the
parameterization structure of the model is partly revised, are performed.
These aim to reduce some EC-Earth biases found by Lacagnina and Selten
[32]. Their effects are compared with observations in section 5.3.1. More-
over, for the first time the various radiative feedback factors in the EC-Earth
model are documented (section 5.4). The physical parameterizations and re-
gions that determine shifts in these feedbacks are identified in section 5.5.
The relationship between the cloud feedback processes and the current cli-
mate states is investigated as well (section 5.5.1). Finally, we present our
concluding remarks in section 5.6.
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5.2 Methodology for the feedback analysis

Let Q and F be the TOA absorbed shortwave (SW) and outgoing longwave
(LW) radiative fluxes, respectively, depending on a certain number of climate
variables, so that @ = Q(X) and F = F(X). Where X represents a set of n
climate variables, which may affect the radiative fluxes, such as temperature,
water vapor, cloud properties and surface albedo. Suppose there are two
climate states: A and B, where B is a perturbation from A obtained by
changing SST. Typically, changes in SST induce changes in the other climate
variables. The difference in the radiative fluxes between the two climate
states may be written as:

AQ = Q(xP)-Qx?) (5.1a)
AF = F(XP)-F(X%) (5.1b)

The radiative imbalance at TOA can be related to the change in global mean
surface-air temperature (AT) through a total feedback parameter (\):

"aQ F)dX;
->2

T (5.2)

i=1

At first order, by neglecting interactions among variables, A is commonly
split as the sum of the Planck (Ap), lapse rate (\;), water vapor (\,,), surface
albedo (A,) and cloud ()\.) feedback parameters, plus a residual term (Re)
[93]. The latter accounts for nonlinearities in the relationship between TOA
radiation imbalance and AT5.

Various methodologies have been proposed to separate feedbacks in cli-
mate models. Here we follow the computationally efficient radiative kernel
technique [107]. In such a framework climate feedbacks are computed as
products of two terms: one dependent on the climate response of a specific
climate variable and the other one on the radiative transfer algorithm (ker-
nel), which acts as a weighting function. In this framework of analysis, all
clear- and all-sky feedbacks (except clouds) are derived as follows:

Q- F)dX; _ AX;

0xX; dT, Kxi AT, (5.3)

Axi =

Each kernel (Kx;) is obtained by perturbing the variable X; by a small
amount 6X; and by measuring the TOA flux response (§Q, 6F). AX; rep-
resents the difference in the variable X; between two climate states, similar
to Eq. 5.1. Here the two climate states are referred to as the 10-yr model
predicted climate for present-day SST (A) and the 10-yr climate for SST
uniformly warmer by 4 K (B). Monthly means of 3-hr data are used. As in
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Soden et al. [108], tropospheric averages of the water vapor and temperature
feedbacks are obtained by integrating vertically from the surface up to the
tropopause, defined at 100 hPa at the equator and decreasing linearly with
latitude to 300 hPa at the poles. Moreover, the employed kernels in this
study are the same as in Block and Mauritsen [124]'. The question, whether
using radiative kernels from other models is appropriate, has been addressed
by Soden et al. [108]. They have shown globally that the radiative kernels
calculated with different models produce similar results.

Cloud feedbacks cannot be evaluated directly using the kernels approach,
because of strong nonlinearities arising from the vertical overlap of clouds. A
possible solution is estimating the changes in the cloud radiative effect (CRE),
calculated as the difference between the clear-sky and the all-sky fluxes at
TOA, normalized by ATs. However, ACRE itself should not be interpreted
as being due to changes in cloud properties alone, since it depends also on
changes in the environment (water vapor, surface albedo, temperature) [93,
106]. Following Soden et al. [108], we adjust ACRE by correcting for non-
cloud feedbacks:

- ACRE
¢ AT,

—(Ap = AB) = (M= A) = (= AG) = (Aa =A%) (54)

where the exponent © denotes feedbacks calculated using the clear-sky kernels.

5.3 Model and simulations

The atmospheric component of the coupled ocean-atmosphere EC-Earth
model version 2.3 [242] is used in isolation, such that the simulations can
be considered atmosphere-only experiments. The atmosphere GCM is based
on cycle 31rl of the European Centre for Medium-Range Weather Forecasts
(ECMWF) integrated forecast system (IFS) and is run at a horizontal spec-
tral resolution of T159, with 62 levels in the vertical. More information can
be found at the website: http://ecEarth.knmi.nl.

An International Satellite Cloud Climatology Project (ISCCP) simulator
[8, 170] is employed, which outputs modeled cloud quantities using common
definitions with the ISCCP observations. This removes much of the ambi-
guity when it comes to evaluating cloud simulations with satellite retrievals.
The simulator used is part of the Cloud Feedback Model Intercomparison
Project (CFMIP) Observation Simulator Package (COSP; [2]) version 1.3
(http://cfmip.metoffice.com/COSP.html). The outputs from the simulator
used in this study are the following: cloud-top pressure (P.), cloud optical

L Available at: http://www.mpimet.mpg.de/en/mitarbeiter/
thorsten-mauritsen.html?tx_wecstaffdirectory_pil[curstaff]=48.
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depth (7), high, middle and low cloud cover (defined based on P. in hPa:
P. < 440, 440 < P. < 680 and P. > 680, respectively). In addition, the
Moderate Resolution Imaging Spectrometer (MODIS) simulator included in
COSP is used to compare cloud droplet size with MODIS observations [215].
All these are in-cloud fraction-weighted outputs in daylight conditions only.

EC-Earth was integrated for the period from 1999 to 2008 with prescribed
observed SST and sea ice, supplied by the Atmospheric Model Intercompar-
ison Project (AMIP). We will refer to this simulation as “AMIPCTL”. An
additional simulation with SSTs uniformly increased by 4 K is performed for
the same period and the same sea ice extent (named “AMIP4K”). These ex-
periments follow the protocol of the Coupled Model Intercomparison Project
(CMIP5; [130]). Such experiments are not intended to be representative of re-
alistic climate change scenarios, but yet retain salient characteristics of more
complex climate perturbations [37]. They have the advantage of providing a
simple and computationally inexpensive framework to assess the impact of
developments on the main cloud processes under climate change. In addition,
a uniform SST increase ensures a large-scale forcing virtually? identical for
every simulation [44].

Furthermore, sensitivity experiments are carried out by perturbing each
time the value of one single tunable parameter in the EC-Earth reference con-
figuration (named “REF”). This yields new EC-Earth configurations, two for
each tunable parameter in Tab. 5.1 (one for increased and one for decreased
value of the tunable parameter), that are integrated for the “AMIPCTL” and
“AMIP4K” simulations. In the rest of the paper, a plus (minus) next to the
name of the sensitivity experiment indicates increased (decreased) absolute
value of the related tunable parameter. All parameters are varied within
reasonable limits of physical uncertainty [e.g. 49]. These parameters are par-
ticularly interesting, because they have been used to tune this and many
other GCMs [229] and have the potential to control important aspects of the
cloud simulation.

In the EC-Earth model, clouds are described by prognostic equations for
cloud water content and cloud fraction and are distinguished as convective or
stratiform clouds [167]. The parameterization of the former is tied to the mass
flux [166]. In essence, a cloud ensemble within a grid-box is approximated
by one effective cloud (bulk approach), where upward-moving air is com-
pensated by subsiding air in the cloud-free portion of the grid-box. Upward
air is controlled by the mass flux, whose vertical profile depends on tunable
values of the lateral mass exchange between the cloud and the environment,
known as entrainment and detrainment. Indeed, the free tropospheric mois-

2For technical reasons, land surface temperatures are not held constant, but are allowed
to change, leading to a slightly different forcing for each simulation.
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Label Parameter description Values
ENTRPEN Entraln.ment rate for penetrative and midlevel [0.2,0.8,4.0] x 104 m-1
convection
ENTRSCV  Entrainment rate for shallow convection [2,3,9] x 10~ T m !
RTICE Temgerature range where mixed phase is allowed [15,23,34.5] K
to exist
RVICE Ice sedimentation fall speed [0.05,0.15,0.45] m s~ 1

Condensed water content threshold above which  [1.5,3,6] x 10~ T kg kg ©
CLCRIT(®)  precipitation starts (for stratiform and convective  [2.5,5,10] x 10~ % kg kg ™!
clouds, respectively)

CON® Conversion rate from condensed water to precip-  [0.7,1.4,2.8] x 10~ % s |
’ itation (for stratiform and convective clouds, re-  [0.7,1.4,2.8] x 1073 s~1
spectively)

Table 5.1: List of perturbed parameters used in this study, where label represents
the name given in the model’s code. Default values for EC-Earth version 2.3 are
in bold. ® In the model’s code labeled as: RCLCRIT for stratiform clouds and
Z CLCRIT for convective clouds. These parameters are perturbed together. ®)
In the model’s code labeled as: RKCONYV for stratiform clouds and RPRCON for
convective clouds. These parameters are perturbed together.

ture affects the rate at which clouds lose buoyancy through entrainment of
unsaturated air into the convective column [220]. Increased lateral mass ex-
change reduces the buoyancy of the updraft, leading to weaker convection
(Fig. 5.1a). The Tiedtke’s scheme [166] distinguishes between deep, mid and
shallow convection. Weaker shallow convection leads to increased amount of
moisture retained in the boundary layer and so more low-clouds (Fig. 5.1b)
and, by implication, stronger SWCRE. Weaker penetrative convection im-
plies a less efficient vertical transport of heat and moisture throughout the
tropical atmosphere, that manifests in a cooler and drier troposphere (Fig.
5.1c), with less high-clouds.

An additional tunable parameter involves the mixed-phase clouds. The
distinction between ice and liquid water phases in EC-Earth is a function
of temperature: all the liquid water present below a certain negative tem-
perature threshold is converted into ice. Lowering the negative temperature
threshold, closer to observations, leads to a drier and cooler troposphere (Fig.
5.1c), partly because of the reduced release of latent heat, and can impact the
precipitation efficiency through the Bergeron-Findeisen effect. Furthermore,
more supercooled water implies higher concentrations of liquid droplets, all
things being equal; given the smaller size of liquid droplets relative to ice crys-
tals, this tends to enhance cloud reflectivity, particularly at the high latitudes
(Fig. 5.1d).

Two other model configurations are built varying the fall speed of the ice
crystals. The rate at which ice crystals fall depends on their mass, size and
shape; in EC-Earth their velocity is simply set to a constant value. Previous
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Figure 5.1: AMIPCTL experiments, period 1999-2008: absolute difference in vari-
ous climate variables between sensitivity experiment outputs and reference configu-
ration (REF) results. A plus (minus) next to the name of the sensitivity experiment
indicates increased (decreased) absolute value of the related tunable parameter. a)
updraft convective mass flux at 500 hPa from ENTREPEN-, b) low-level cloud
cover (P. > 680 hPa) from ENTRSCV+, c) vertical profiles of temperature (dashed)
and specific humidity (solid) over the tropics (35°N - 35°S) from ENTREPEN-,
RTICE+ and CON+, note that the specific humidity is plotted as fractional change
expressed in percentage, d) cloud albedo from RTICE+, e¢) NetCRE from RVICE-,
f) condensed (liquid + ice) water path from CON+. The dashed lines are £+35°
latitude lines marking the tropical belt.

studies [139, 240] have shown that this parameter affects significantly the
radiation budget of the planet. Reduced ice fall speed in our model promotes
more cirrus, resulting in a less negative NetCRE, especially in the tropics
(Fig. 5.1e).
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Finally, the generation of precipitation (G) in EC-Earth follows the
Sundqvist’s parameterization [91]:

deld

G oo 1o (E8)] (5.5)

where ¢g represents the conversion rate of condensed water (gqq) to precipi-
tation and ¢.r;; is the threshold value of ¢.;q above which precipitation starts
to occur. Increasing the former leads to lower cloud water content (Fig. 5.1f),
less high-clouds and weaker SWCRE. Increasing the latter leads to opposite
changes (not shown), but we noticed that changes in ¢y have a much broader
impact on the climatology than g.,;;, by modifying the profiles of temperature
and humidity (Fig. 5.1c), hardly changed for g..;; experiments.

5.3.1 Revised physics experiments

Two additional EC-Earth configurations are obtained by revising the parame-
terization structure of the turbulent mixing and of the liquid droplet effective
radius (reg). These two configurations are integrated for the “AMIPCTL”
and “AMIP4K” experiments and aim to reduce biases typical of EC-Earth:
too few stratocumulus and too small liquid droplets [32].

The diffusive turbulent flux of a quantity ¢ at a given model level z may
be written as:

W = Ky (5.6)

where w is the vertical velocity. For statically stable regimes, the exchange
coefficients K4 in EC-Earth are computed using a revised Louis et al. [76]
K-diffusion scheme. As a consequence, K, are unrealistic above the bound-
ary layer and the turbulent mixing is too strong, promoting the erosion of
stratocumulus layers from the top [176]. Recent versions of the ECMWF
IFS model (Cy32r3) have reduced this bias by using Monin-Obukhov func-
tional dependencies for K, in the free-troposphere [176]. We follow the same
approach by performing a sensitivity experiment (named “TURB”) with EC-
Earth.

For present-day conditions (AMIPCTL), low-cloud amount from the
TURB experiment agrees better with the observations, especially over the
eastern basins of the tropical oceans (Figs. 5.2a-b-c). On the other hand,
the positive biases get slightly larger over landmasses and Southern Hemi-
sphere (SH) oceans with respect to the REF simulation. Increased low-cloud
amount and liquid water path (not shown) reduce the model bias in SWCRE
(Figs. 5.2d-e-f).
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Figure 5.2: AMIPCTL experiments: difference between model and observations for
2003-2007 (positive when the EC-Earth value is higher than the satellite retrieval).
(upper) Low-level cloud cover (Ciow ), (lower) SWCRE. (left) Outputs from the EC-
Earth configuration with revised physics for turbulent mixing (TURB), (middle)
outputs from the reference EC-Earth configuration (REF), (right) TURB-REF.
Observational datasets used: ISCCP (simulator-oriented ISCCP product; [193])
and CERES (Clouds and the Earth’s Radiant Energy System Energy Balanced
and Filled (EBAF) TOA Ed2.7; [81]). Note that modeled cloud amounts with
optical thickness below 0.3 are not considered to make a fair comparison with
ISCCP retrievals.

As far as the droplet size is concerned, it is computed based on Martin et
al.’s parameterization [157]. Given a constant aerosol concentration (50 cm =3
over ocean; 900 ¢m ™3 over land), the droplet number concentration (N) is
computed and then used together with the liquid water content to calculate
Tef- Employing constant aerosol concentration values is an oversimplification
and does not account for the first aerosol indirect effect [217]. We carry
out a sensitivity experiment (named “INDIRECT”), where N is related to
the observed aerosol mass distributions, provided by CMIP5, through the
Menon et al.’s parameterization [212] and then passed to the Martin et al.’s
parameterization [157] to compute 7cp.

The impact of a more realistic N distribution is manifest as richer spatial
structure of rey over land and as smaller r.5, i.e. larger negative bias (Figs.
5.3a-b), except over the landmasses of SH (Fig. 5.3c). This implies that the
aerosol concentration is tuned too high for these areas in the REF configu-
ration. It is well-known that aerosol concentrations are much lower in the
SH than in the Northern Hemisphere [e.g. 212]. Thus, assuming a constant
aerosol concentration for every land areas is far from being realistic. Smaller
Tefr translates into brighter clouds and hence stronger SWCRE (Figs. 5.3d).
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Figure 5.3: AMIPCTL experiments, period 2003-2007: model outputs are from
the EC-Earth configuration with revised physics for aerosol indirect effect (INDI-
RECT) and from the reference EC-Earth configuration (REF). (upper) Difference
between model and observations, (lower) difference between INDIRECT and REF

model configurations. a)-b)-c) Effective radius of liquid droplets (r.g), d) SWCRE.
MODIS and CERES observations are used.

Lacagnina and Selten [32] have shown that clouds exert an overly strong cool-
ing effect in the REF configuration. Therefore, including only these changes
to account for the aerosol indirect effect degrades the radiative balance in the
model. However, it is still interesting exploring the impact of this and of the

other changes on the EC-Earth climate feedbacks. This is the subject of the
next sections.

5.4 Radiative feedbacks in EC-Earth

Fig. 5.4 shows radiative feedbacks derived from the EC-Earth REF config-
uration. The effective feedback factor (A.fs) is calculated using the TOA
fluxes imbalance:

AQ-F)

Aett = AT

(5.7)

The difference between )\gf 7 (as in Eq. 5.7 but for clear-sky conditions) and
the total feedback factor, calculated based on clear-sky kernels, can be used
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to measure the accuracy of the kernel approach [6]:

0 n  9(Q-F)°dx;
)\eff - Zi:l 0X, dT,

0
/\eff

- 100 (5.8)

Re% =

where n is the total number of kernels. The small value Rey, = 5% indicates
that the kernel linear approximation is reasonable for AMIP4K experiments.

High latitudes poleward of 65° are not shown in Fig. 5.4, since these
regions depend strongly on surface properties and the AMIP4K runs have
prescribed sea ice, that cannot respond to the warming. Because of the design
of this idealized experiment, the globally averaged surface albedo feedback is
quite small (A, = 0.08 Wm~2/K). The only regions contributing significantly
to this feedback are in the Northern Hemisphere, due to the snow melt on
land.
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Figure 5.4: AMIP4K-AMIPCTL experiments, REF configuration: mean zonally
averaged feedbacks. Global mean values are reported next to the legend, along with
Re%, )\eff and ATS.

The strongest radiative feedback is associated with the Planck response
(Ap) to the warming. This is a negative feedback, since the increase in
T, implies larger amounts of outgoing longwave radiation (OLR). Ap is the
largest in the tropics owing to the great sensitivity of the Stefan-Boltzmann
law to temperature.

The largest positive feedback is due to water vapor increase (\,) and
peaks in the tropics, where the troposphere is close to saturation and temper-
atures are higher. The upper troposphere experiences the largest fractional
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change increase in water vapor, because this region warms at a larger rate
than the surface, especially in the tropics (not shown). Since the radiative
effect of absorption by water vapor is roughly proportional to the logarithm
of its concentration [152], the upper troposphere dominates the strength of
Aw. This connects A, to the lapse-rate feedback (A;). Indeed, A; tends to
mirror A, with the former offsetting only half of the latter in Fig. 5.4. It
is worth noting that land temperatures are not constrained by a uniform
increase of 4 K in this experiment and can adjust to achieve a new energy
balance. The result is that landmasses warm more than oceans. Because of
the different land distribution on the earth, )\; is not symmetric between the
two hemispheres.
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Figure 5.5: AMIP4K-AMIPCTL experiments, REF configuration: global maps of
LW (a) and SW (b) cloud feedback factors. Positive values indicate energy input in
the climate system. Global maps of mean change (AMIP4K-AMIPCTL) in cloud-
top pressure (c), low-level cloud cover (P. > 680 hPa) (d), upper-level cloud cover
(P. < 680 hPa) (e), natural logarithm of optical depth (f). Zonal mean changes in
cloud liquid (g) and ice (h) water. Contour lines indicate the isotherm of 0°C and
—23°C for current climate AMIPCTL runs (blue) and perturbed climate AMIP4K
runs (red). i) Mean vertical profiles of cloud cover versus temperature (solid) and
cloud cover versus pressure levels (dashed) over the tropical belt (35°N - 35°S)
in regimes of strong convection (wsoo < —30 hPa/day) for AMIPCTL (blue) and
AMIP4K (red). These regimes are indicated by dashed lines in a).
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The cloud feedback is positive in EC-Earth (A, = 0.24 Wm~2/K) and is
dominated by its LW component. Fig. 5.4 shows that correcting ACRE for
the environmental masking effects (Eq. 5.4) enhances the cloud feedback sig-
nal, in particular its LW component. Despite A. and ACRE/ATj exhibiting
similar longitudinal dependence, the global averages change sign and magni-
tude (ACRE/AT, = —0.05 Wm~2/K). This emphasizes that a correction
for non-cloud feedbacks is relevant when studying the global cloud feedback,
hence this approach is adopted in the rest of our analyses.

Spatial structure of the A\. components is displayed in Figs. 5.5a-b. The
LW ). is mainly positive, peaking in the west tropical Pacific. This feature
is consistent with the fixed anvil temperature (FAT) hypothesis of Hartmann
and Larson [133]. In the present-day climate, high-clouds enhance the nat-
ural greenhouse effect of the planet emitting less thermal radiation to space
than the surface-atmosphere column would under clear-sky conditions. The
reason is that these clouds radiate at a much lower temperature than the
surface. The larger the temperature difference, the stronger the warming
effect. According to the FAT hypothesis, deep convective clouds rise to a
higher altitude in a warmer climate in such a way that the emission temper-
ature remains nearly constant, thus LWCRE becomes stronger, hence LW A,
is positive. The FAT hypothesis is confirmed in Fig. 5.5i for tropical regions
(35°N - 35°S) characterized by strong convection [vertical pressure velocity
at 500 hPa (ws00) < —30 hPa/day, contour lines in Fig. 5.5a].

The positive LW ). is offset by the negative SW A, in deep convective
areas (Fig. 5.5b). This is due to a slight increase in cloud amount (Figs. 5.5d-
e) and in the natural logarithm of optical depth (Fig. 5.5f). It should be
noted that In(7) is linearly proportional to the cloud albedo [218]. The SW A,
is positive over land, in particular over Africa, because of the strong decrease
of the cloud amount (Figs. 5.5d-e). In contrast, the LW A, is negative for
the same areas, but the magnitude is less than its SW counterpart. This is in
agreement with the findings of Zelinka et al. [55]: changes in cloud amount
have a larger impact on SW A, than on LW A.. The latter is dominated
by changes in P. (particularly for high-clouds), that are negative almost
everywhere (Fig. 5.5¢). Over the tropical western side of the continents, a
decrease in P, reflects cloud regime changes from low-cloud to more mid-level
clouds. In these regions, the total cloudiness decreases slightly leading to a
weak positive SW A. (Fig. 5.5b), with similar or weaker In(7) (Fig. 5.5f).

The In(7) exhibits the largest increase in the extra-tropics (poleward of
35°). This feature is robust among GCMs [250] and is due to the increase
in high-latitude cloud water content, dominated by the liquid phase (Figs.
5.5g-h). This model result is supported by observational [109] and analytical
evidence [123]. Figs. 5.5g-h also show that the largest changes arise from
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mixed-phase clouds, in regions where the temperature ranges from 0°C to
—23°C and supercooled water is allowed to exist in the EC-Earth parame-
terization.

These results show that the feedback values (Fig. 5.4) derived from EC-
Earth fall within the range of the feedback strengths diagnosed in the other
CMIP5 models [145]. Moreover, the spatial structure of the changes in the
AMIP4K experiment (Fig. 5.5) is comparable to the analysed changes in
the other CMIP5 scenario simulations of Tomassini et al. [145], which sup-
plies the argument that AMIP4K simulations are in general suitable for in-
vestigating radiative feedbacks. In order to ensure the robustness of these
calculations, we have repeated them using the whole AMIP run (30-yr),
instead of just the last 10 years and obtained consistent results. For in-
stance, globally averaged for 30 years, \og equals —1.75Wm~2 /K, while \og
is —1.72Wm~2 /K, when only the last 10 years of run are retained. This indi-
cates that the number of years used does not materially affect our evaluation.
For practical reasons only results from the last 10 years of the AMIP runs
are considered in the rest of the study.

5.5 Dependence of feedbacks upon model for-
mulation

Fig. 5.6 shows the fractional change between feedback parameters derived
from the different EC-Earth configurations and the REF configuration (see
section 5.3 for a detailed description of the experiments). First, note that the
change in the radiative feedbacks in response to the parameter perturbations
does not scale linearly with the perturbation. An extreme case regards the
LW and SW A, in the CON experiment (Figs. 5.6d-e). An increase or
decrease of the conversion rate both lead to a weakening of both the cloud
feedbacks.

The total feedback parameter (Fig. 5.6a) exhibits small variations within
10%, apparently A is fairly robust in EC-Earth. However, it is immediately
clear that some tunable parameters change significantly the feedback response
in the model. The impact of a decreased entrainment rate for penetrative
convection (ENTREPEN-) and an increased conversion rate from condensed
water to precipitation (CON+) are the most striking. Their effects on the
climate feedbacks are opposite. The impact of ENTREPEN- and CON-+ is
relevant in every component of the total feedback, but it is relatively the
largest for SW A, (Fig. 5.6e, note the different scales).

To understand where these large feedback differences originate, we inspect
the spatial structure of the changes. As expected, ENTREPEN- has the
largest impact in the deep tropics (Figs. 5.7a-b), mainly due to the stronger
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Figure 5.6: AMIP4K-AMIPCTL experiments: fractional change of perturbed pa-
rameters between different configurations of EC-Earth (indicated in the legend) and
the REF configuration versus fractional change of feedback parameters between dif-
ferent configurations of EC-Earth and REF. The global mean feedback parameters
are: effective total (a), lapse-rate (b), water vapor (c), LW cloud (d), SW cloud (e),
cloud (f). On the top right of b)-c)-d)-e)-f) the inter-configuration standard devi-
ation of the respective feedback is reported, normalized by the inter-configuration
standard deviation of the effective total feedback in a) [no units]. It is separated
into regional contributions from the tropics (35°N - 35°S) and the extra-tropics
(poleward of 35°). Feedbacks can be either positive or negative (as shown in Fig.
5.4), in any case negative (positive) values on the y-axis indicate weaker (stronger)
feedback strength.

increase of upper-clouds compared to the REF configuration (Fig. 5.7c). On
the other hand, In(7) does not change significantly (Fig. 5.7d). The LW and
the SW components of the cloud feedback tend to be anti-correlated, leading
to a modest increase of A\, (Fig. 5.6f). Similarly to ENTREPEN-, the CON+
experiment most affects the convective regions, with more emphasis on the
South Pacific convergence zone (Figs. 5.8a-b). The weakening of the cloud
feedbacks is mostly due to the decrease of the upper-level cloud amount in
this area (Fig. 5.8c), along with the decrease of In(7) (Fig. 5.8d).

The tropics contribute most to the inter-configuration standard deviation
in the feedback changes, with the LW and SW A exhibiting the largest spread
(gray bars in Fig. 5.6). However, their combined effect, i.e. A., only varies
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Figure 5.7: Difference between changes in AMIP4K-AMIPCTL experiments for
ENTREPEN- and REF in various cloud-related variables: LW cloud feedback (a),
SW cloud feedback (b), upper-level cloud cover (c), natural logarithm of optical
depth (d).

within 20% and the inter-configuration standard deviation reduces, which is
an indication of sizable compensating effects. An exception is the INDIRECT
experiment, where )\, increases by roughly 40%, owing to the weakening of
the SW component not offset by the LW counterpart (squares in Figs. 5.6d-
e-f). When AMIPCTL simulations are considered, SWCRE is more negative
over the tropics and mid-latitudes in the INDIRECT configuration than in
the REF configuration (Fig. 5.3d). In the AMIP4K simulations, SWCRE is
less negative, as manifested in the weakening of the SW A. (Fig. 5.6e). The
other EC-Earth configuration where the parameterization structure has been
revised, namely the TURB experiment, exhibits the same shifts on the global
climate feedbacks, but less pronounced. Unlike the INDIRECT configuration,
SWCRE strengthens almost exclusively in the subtropical stratocumulus re-
gions in TURB compared to REF (Fig. 5.2f), in the AMIPCTL simulations.
A possible explanation is that starting with more SWCRE in present-day
conditions, a reduction of cloudiness due to external forcings has a stronger
impact on the SWCRE response than in a model simulating weaker SWCRE
in the current climate. Therefore, regions experiencing positive SW A, (e.g.
stratocumulus regimes in Fig. 5.5b) give rise to a stronger local SW A, lead-
ing to a less negative (weaker) global SW A.. This hypothesis is investigated
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Figure 5.8: The same as in Fig. 5.7, but for the CON+ configuration instead of
ENTREPEN-.

in the next subsection.

5.5.1 Any link between model bias and cloud feedbacks?

Here we analyse the response of the sensitivity experiments carried out for
this study over the tropical belt (35°N - 35°S). This is the largest climate
region of the world, roughly 50% of the earth’s surface, and is the region
where most of the variability in radiative feedbacks arises among the differ-
ent EC-Earth configurations (gray bars in Fig. 5.6). A compositing technique
centered around the ws09-SST phase-space is used, following Lacagnina and
Selten [39]. Monthly means of cloud-related variables are composited into
different dynamical and thermodynamical regimes, defined by w5y and SST.
Within this framework, thick low-clouds are mostly found over relatively cold
pools with large-scale sinking (w500 > 0) motion, while upper-level clouds are
mainly expected over warmer SSTs with large-scale rising (wsoo < 0) motion.
Finally, areas of subsidence and warm SSTs are associated with trade cumulus
or mostly clear sky regimes [39]. Monthly mean values of SWCRE, from the
various model configurations for the AMIPCTL and AMIP4K simulations,
have been composited using monthly mean values of wsg9 and SST from the
related configuration. We stress that SST is the same in every experiment,
shifted back by 4 K for the AMIP4K simulations. Such a diagnostic tech-
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nique is particularly convenient for AMIP experiments, since SSTs remain
geographically the same and the large-scale circulation is not dramatically
altered, because closely related to the spatial distribution of SST [197]. Fur-
thermore, the information from the different cloud regimes is aggregated and
the relative contribution of these regimes to the tropics-wide climate is easy
to quantify.
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Figure 5.9: Correlation coefficient between SWCRE for AMIPCTL and its re-
sponse for AMIP4K (ASWCRE) derived from an ensemble of model configurations
described in section 5.3. The SWCRE was previously composited with respect to
wsoo and SST over the tropical oceans (35°N - 35°S) derived from the related
configuration. When AMIP4K runs are considered, SSTs are shifted back by 4 K
to make them coincide with SSTs from AMIPCTL. Red contour lines represent
the frequency of occurrence of wspp and SST from the REF configuration for the
AMIPCTL simulation, expressed in percentage.

Fig. 5.9 shows the correlation coefficient between SWCRE in the
AMIPCTL climate and its response in the AMIP4K simulations, derived
from the ensemble of sensitivity experiments described in section 5.3. The
subsidence cold pool is the only region with strong correlation and high sta-
tistical frequency of occurrence. The strength of the SWCRE response to
climate change is strongly correlated with the strength of the SWCRE simu-
lated in the current climate. A possible explanation of the processes leading
to such a relationship is given in Brient and Bony [73]. Simply put, low-cloud
decreasing weakens the cloud-radiative cooling within the marine boundary
layer (MBL), promoting less MBL relative humidity and hence amplifies the
decrease of MBL low-clouds. Weaker CRE for present-day climate weakens
this feedback loop, leading to a less pronounced decrease of low-clouds in a
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warmer climate and thus a less pronounced weakening of CRE. Here we show
that the strong correlation between the simulation of SWCRE in the current
climate and its response to climate warming arises only from stratocumulus
or stratocumulus to cumulus transition regimes. Other cloud regimes do not
exhibit an obvious link between model simulation of present climate and fu-
ture climate change. It is important to note that ASWCRE is fairly similar to
SW ). in the tropics (Fig. 5.4). The former can thus be used as a surrogate
of the latter for this type of analysis.
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Figure 5.10: SWCRE (a and d), low-level cloud cover (b and e), optical thickness of
low-clouds only (c and f), predicted by different EC-Earth configurations (reported
in the legend) for the AMIPCTL simulations (upper) and their response in AMIP4K
simulations (lower). Solid (dashed) lines for decreased (increased) values of the
related tunable parameter. Cloud-related variables in subsidence regions (wsoo > 0)
are composited with respect to SST from AMIPCTL runs over the tropical oceans
(35°N - 35°S). When AMIP4K runs are considered, SSTs are shifted back by 4
K to make them coincide with SSTs from AMIPCTL. Shadings represent the 95%
ranges of monthly variability of observational estimates derived by CERES and
ISCCP datasets. Modeled cloud amounts with optical thickness below 0.3 are not
considered to make a fair comparison with the ISCCP retrievals.

We take a step further by investigating which component of the SW cloud
feedback contributes to the aforementioned relationship. We use the same
diagnostic technique, but compositing over subsidence regimes only. Fig.
5.10a shows SWCRE derived from AMIPCTL experiments compared with
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observations (shadings). The relationship between SWCRE and SST, which
is particularly strong using observations, is simulated in EC-Earth for stra-
tocumulus regimes (lower SSTs), but breaks down for trade cumulus regions
(higher SSTs). Moreover, the relationship between SWCRE and ASWCRE
emerges notably for lower SSTs (Figs. 5.10a-d). For instance, the green
dashed line, corresponding to the ENTRSCV+ configuration, exhibits much
stronger SWCRE for present climate conditions than its counterpart from
the REF configuration (black line in Fig. 5.10a). This corresponds to a
much stronger reduction in SWCRE for AMIP4K simulations (Fig. 5.10d).
Such a systematic link is more appreciable when the low-level cloud cover
is considered (Figs. 5.10b-e). Model runs with higher low-cloud amount for
AMIPCTL simulate larger reduction in low-clouds for AMIP4K experiments.
Notably, the closer to the observations, the stronger the model sensitivity in
this region. On the other hand, 7 does not show a strong relationship be-
tween AMIPCTL and AMIP4K simulations (Figs. 5.10c-f). Considering the
green dashed line, it falls in the middle of Fig. 5.10c, whereas it exhibits
the largest decrease in 7 in Fig. 5.10f. When a relationship between how
model simulates current climate and how it simulates future cloud feedbacks
is sought, the cloud amount and 7 changes components of the SW cloud feed-
back behave in different ways, with the former contributing the most to this
relationship. This is consistent with the hypothesis proposed by Brient and
Bony [73], which is not concerned with changes in the microphysical structure
of the low-clouds.

These results suggest that processes underlying the SW stratocumulus
feedback are affected by the state of the model present-day climate. This
implies that any model development aiming to improve the representation
of stratocumulus, likely affects the SW low-cloud feedback by a factor that
is proportional to the change in the stratocumulus biases. Let us consider
the ENTRSCV+ experiment (green dashed line), since it exhibits the closest
agreement with observations in terms of cloud cover and SWCRE. For lower
SST regimes, it predicts ASWCRE/AT, ~ 1.2 Wm~2 /K, implying that the
reference configuration (black line) underestimates ASWCRE/AT; by about
30%, over the eastern basins of the tropical oceans. However, this relationship
occurs in a relatively small region of the globe and contributes to, but does
not dominate, the global mean SW X, (Fig. 5.6e).

As far as the LW A, is concerned, we find a relationship between high-
cloud top altitude simulated in AMIPCTL and high-cloud top altitude change
in AMIP4K, in deep convective regions (Fig. 5.11a). We analyse this by
calculating the high-cloud top pressure as the average of the pressure values
at each level weighted by the cloud amount at that level, following Zelinka
and Hartmann [53]. They assumed that this high-cloud weighted pressure
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Figure 5.11: (a) Cloud-weighted pressure in present-day climate (AMIPCTL
simulations) versus difference between cloud-weighted pressure in warmer climate
(AMIP4K simulations) and in AMIPCTL; (b) global and annual mean LW cloud
radiative kernel as a function of the cloud top pressure (CTP), equal to the sum
of all the 7 bins in each CTP layer in Fig. la of Zelinka et al. (2012a); (c) cloud-
weighted pressure in AMIPCTL versus LW A.. Outputs in a) and c¢) are from
the different EC-Earth model configurations reported in the legend in regimes of
strong convection (wso0 < —30 hPa/day) over the tropical belt (35°N - 35°S), as
in Fig. 5.5i. Triangles pointing up (down) indicate increased (decreased) value of
the related tunable parameter.

is a reasonable estimate of the level of the high-cloud emission temperature.
Fig. 5.11a shows that the higher the clouds in the AMIPCTL experiment,
the larger the rise in AMIP4K. This is relevant to the LW A., because the
sensitivity of OLR to a given cloud fraction increases with increasing cloud
altitude [54]. If high-cloud tops were to shift toward lower pressures by
the same amount for every model configuration, one would expect LW A.
being smaller for model configurations with high-cloud tops lower in altitude
in current climate. This interpretation is misleading. Indeed, summing all
the 7 columns along each cloud-top-pressure row of the joint histogram in
figure 1a of Zelinka et al. [54], it can be shown that the LW cloud radiative
kernel scales linearly with the pressure, notably below 440 hPa (Fig. 5.11b).
As a consequence, given a certain cloud amount change, the same shift of
high-cloud tops toward lower pressures results virtually in the same positive
LW )., independently of the level at which high-cloud tops are simulated in
AMIPCTL.

Fig. 5.11a does not only show that different model configurations simulate
high-cloud tops at different pressures in AMIPCTL, but it also shows that
model configurations with high-cloud tops lower in altitude in AMIPCTL,
project high-cloud top pressure changes that are systematically smaller than
the other configurations. This can have an effect on LW A. and indeed Fig.
5.11c shows a correlation between cloud-weighted pressure in AMIPCTL and
LW )\.. However, this relationship is not as systematic as in Fig. 5.11a.
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For instance, LW A. in the CON+ experiment (orange triangle pointing up
in Fig. 5.11c¢) is smaller than in REF (black diamond), despite simulating
high-cloud tops higher in altitude in AMIPCTL and an upward shift higher
in AMIP4K with respect to REF. This implies that both the different shifts
in altitude among the experiments might be too small to impact LW ., and
cloud amount and 7 changes are not negligible in determining this feedback.
These results suggest that a correlation exists between high-cloud top pres-
sure in present-day climate and LW A, and more in depth investigation is
needed in future studies. A compelling framework of analysis to disentangle
these different influences is the compositing technique proposed in Zelinka et
al. [55], where the altitude component of the LW A, can be investigated in
isolation with respect to the cloud cover and 7 changes.

5.6 Summary and discussion

Radiative feedbacks were analysed for the EC-Earth atmospheric GCM, ap-
plying the kernel approach for a 4 K uniform SST perturbation experiment
(AMIP4K). We find that the kernel linear approximation can be used for
such AMIP simulations, because the errors are small (roughly 5%). For the
first time the various radiative feedbacks are estimated for EC-Earth. It
is shown that this model predicts feedbacks in quantitative agreement with
those diagnosed in the other CMIP5 models. The cloud feedback (A.) is
calculated correcting ACRE for non-cloud atmospheric changes using the
radiative kernels. With this method, \. is positive and small in EC-Earth
(A\e = 0.24 Wm~—2/K), with positive LW and negative SW components. When
ACRE/AT, is used as a surrogate of the cloud feedback itself, it reverses the
sign. Both ALWCRE/AT, and ASWCRE/AT, are smaller, but more so
for ALWCRE/AT,. This emphasizes that a correction for environmental
masking effects is relevant, when the global cloud feedback is investigated.

We identify the nature of the cloud changes giving rise to A. in our model.
The spatial pattern of the LW ). is generally positive, peaking in the west
tropical Pacific. It is dominated by the general increase of the cloud-top
height. The SW A, is generally negative and tends to offset its LW counter-
part, except for the subtropical oceans, where it is positive. These regions
experience moderate decrease in low-cloud amount (5% to 10%), whereas the
in-cloud albedo tends to remain constant. On the other hand, the largest in-
crease in cloud albedo stems from the extra-tropics, mainly due to increased
cloud liquid water content.

These results are then compared to various EC-Earth configurations, built
revising various parameterizations that impact the cloud field. These repre-
sent sensitivity experiments whose impact on the present-day and warmer cli-
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mate conditions is assessed. Two sensitivity experiments concern structural
changes: the reduction of the vertical diffusion in free-troposphere and the
introduction of the first aerosol indirect effect in the model. Only the former
leads EC-Earth to perform better compared to the observations. Stratocu-
mulus cover increases and the SWCRE bias reduces, notably over the eastern
basins of the tropical oceans. The rest of the sensitivity experiments concerns
tunable parameter perturbations.

Regarding the sensitivity of the climate feedbacks in EC-Earth to the
model parameter settings, we identify a number of physical processes that
play a dominant role in the way clouds are simulated. Specifically, the de-
creased lateral mass exchange rate of penetrative convection and the increased
conversion rate from condensed water to precipitation are leading parameters
affecting the radiative feedbacks in EC-Earth. This supports the findings of
Sanderson et al. [161], who found a strong impact of the entrainment rate
in deep convection on the climate sensitivity. Here we show that the effects
on the feedbacks of a decrease of the entrainment parameter are systemati-
cally offset by an increase in the conversion rate. Cloud feedbacks can clearly
be identified as the main source of the inter-configuration spread in climate
feedbacks, especially in the tropics. The SW component of . makes a larger
contribution to this spread than its LW counterpart. Perturbation, within
physical uncertainties, of a number of tunable parameters can alter the SW
Ae by 60%, pointing to the existence of many degrees of freedom in this
feedback.

A surprising result is that the change in the radiative feedbacks in re-
sponse to the parameter perturbations does not scale linearly with the per-
turbation, whereas it leads to similar opposing changes in the climatology
for present-day conditions. This highlights the importance of nonlinear in-
teractions between the different processes determining the response of the
climate to an external forcing. Furthermore, the total feedback parameter
(M) exhibits small variations within 10% of its reference value, indicative of
its robustness in EC-Earth. This is a relatively modest change compared
to the CMIP5 intermodel differences [223] and to studies centered around
perturbed physics ensembles in a single GCM [49, 161]. These are based on
future climate projections with changing concentrations of greenhouse gases
in coupled GCMs, unlike the AMIP4K simulations considered here. When
SSTs are allowed to adjust to the model settings, more degrees of freedom
can affect \. Therefore, AMIP4K sensitivity experiments are likely to un-
derestimate the spread in the diagnosed feedback parameters. Sensitivity
experiments with the fully coupled EC-Earth model and different warming
scenarios should be carried out in future to unravel this discrepancy.

Moreover, it should be noticed that feedbacks calculated in this study for
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AMIP4K experiments can be different in magnitude with respect to feedbacks
diagnosed with other types of climate perturbations. We have performed two
additional simulations with the fully coupled EC-Earth reference configura-
tion forced once with pre-industrial levels of CO5 and once with an abrupt
quadrupling of atmospheric COs. These experiments are run for 150 years
and global-annual means of TOA fluxes and surface-air temperatures are
used to derive the climate sensitivity, similarly to Andrews et al. [223]. The
equilibrium climate sensitivity is 3.4 K and A ~ —1.1 Wm~2/K in EC-Earth,
values that are similar to the multimodel average (see Andrews et al. [223] for
a comparison). In contrast, A ~ —1.7 Wm~2 /K in the AMIP4K experiments
used in this study. This supports the findings of Block and Mauritsen [124],
who have shown that A depends on the type and strength of the forcings
applied to the model climate.

Finally, an important question that is relevant in tuning models to obser-
vations is whether a systematic link exists between how models perform in
present-day climate and the strength of the cloud feedbacks. One might ex-
pect that with the continuing improvement of GCMs over time, models would
converge in the simulation of the various climate feedbacks, but this has not
proved true yet [49]. However, consistent with Brient and Bony [73], we find
that the strength of the SWCRE response to climate change is strongly cor-
related with the strength of the SWCRE simulated in the current climate,
but only in stratocumulus dominated regions. Much of this correlation for
stratocumulus regimes is contributed by reduction in the low-cloud amount,
rather than changes in the cloud microphysics, such as liquid water path and
droplet size. These results suggest that any model development aiming to
improve the representation of stratocumulus in the current climate, affects
the SW low-cloud feedback by a factor that is proportional to the change in
the stratocumulus biases. The reference EC-Earth configuration underesti-
mates the SWCRE response by about 30% in these cloud regimes, compared
to configurations closer to the observations.

An additional link between model bias and cloud feedbacks is also dis-
cussed. We find that certain sensitivity experiments simulate high-clouds
lower in altitude in present-day conditions compared to the other experi-
ments and this altitude difference increases in a warmer climate. This can
impact the LW cloud feedback, since the sensitivity of OLR to a given cloud
fraction change increases with increasing cloud altitude [54]. However, the
correlation between present-day cloud altitude and LW cloud feedback is not
so strong, implying that cloud amount and optical depth changes are not
negligible in determining this feedback.

The results presented in this study provide guidance for future model de-
velopments and emphasize links between model fidelity and cloud feedbacks,
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suggesting that observational constraints may be used to assess the credibil-
ity of these feedbacks in GCMs. Further analyses that expand these findings
are warranted, such as investigating the reasons for the robust response of
the total feedback to model setting changes in EC-Earth and the connection
between high-cloud top altitude simulated in the present-day climate and the
LW cloud feedback. Analysing this latter in other models with the appropri-
ate framework (e.g. the partitioning technique in Zelinka et al. [55]) would
help to assess the robustness of this correlation.
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CHAPTER 6

Conclusions and outlook

Processes associated with subgrid scale clouds and the interaction between
clouds, large-scale dynamics and radiation are not well understood nor well
quantified in GCMs, despite being critically important in regulating the en-
ergy flow and establishing the steady state of climate.

Increasing our physical knowledge of how clouds interact with the climate
system is a key requirement to improve modeling of the current and future
climate. For this reason the present dissertation has begun with the analysis
of the main environmental conditions that determine cloud regimes and their
response to current climate variability, such as seasonal and ENSO changes.
This was accomplished using mainly satellite observations and novel diagnos-
tic techniques. This is a fundamental step for the following part of the thesis,
where the ability of a GCM in reproducing the observed cloud regimes was
assessed for present-day climate conditions.

Particular emphasis has been given on understanding the fundamental
underlying mechanisms that regulate the interplay between clouds, radiation
and large-scale circulation. Based on these mechanisms a number of fixes
was proposed to improve the simulation of clouds in GCMs. The impact of
these and other modifications on the model biases and climate feedbacks were
evaluated in the final part of the thesis. Connections between model fidelity
and the strength of the cloud feedbacks was also discussed.

6.1 Conclusions

The interaction between large-scale dynamics, clouds and radiation has been
explored using observations and models. This coupling gives rise to various
cloud regimes characterized by different effects on the hydrological and ener-
getic cycle in the climate system. In the tropics, these cloud regimes can be
disentangled in a ws0p-SST phase space. One of the main advantages of using
such a bivariate approach compared to the more common spatial distribution
maps is that one can easier estimate the mean relationships among different
fields and quantify the relative contribution of different cloud regimes to the
tropics-wide climate. Such a technique is applied with satellite observations
to analyse the cloud changes in the ENSO cycle in chapter 2. The transition
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of cloud and radiation properties between the resulting regimes is examined
in detail. It is shown that the transition from shallow cumuli to thick upper-
level clouds acts to reduce the amount of solar radiation reaching the surface,
contributing to damp the warm SST anomaly during El Nino. On the other
hand, the transition from stratiform low-level clouds to scattered cumuli acts
as a positive feedback, which contributes to amplify the El Nino anomaly.
The two opposing feedbacks coexist during the ENSO events, but they peak
in different seasons. Cloud optical depth is found crucial in determining the
sign of the total cloud feedback during the El Nifio seasonal phase. It is shown
that not all the cloud variability occurring in the ENSO cycle is associated
with wsgp and SST changes, thus other cloud-controlling factors play a role.

To investigate the relative contribution of the meteorological parameters,
which control the cloud interannual and seasonal variability, a novel diag-
nostic technique built on observational datasets is devised in chapter 3. The
method centers on the use of the change in probability distribution functions
of the environmental factors to derive the integrated changes in associated
cloud properties. Changes in the humidity at surface and SST in the eastern
equatorial Pacific and SLP in the western side describe most of the inter-
annual variability in CREs and cloud cover. In addition, off the coast of
California, low-cloud amount scales linearly with LTS and EIS, in accor-
dance with other studies, but the covariation in space, within a season, is
different and depends on the season. An interesting feature of this methodol-
ogy is the fact that it takes into account the spatial distribution and possible
nonlinear relationships between meteorological parameters and cloud-related
variables. Even though such relationships do not immediately reveal causality
between clouds and meteorological conditions, this framework is still partic-
ularly useful for model cloud evaluation as a constraining test for necessary
associations between cloud-related quantities and the environmental factors.
From a parameterization perspective, cloud properties must be represented
in terms of environmental conditions computed by GCMs at each time step
[116]. The GCMs can be ranked according to the sign of the simulated cor-
relation coefficient compared to the observations, as in Clement et al. [28],
and whether they can faithfully replicate to what extent an environmental
parameter contributes to the observed cloud changes.

The achieved understanding of the role of clouds in the real-world cli-
mate, along with the diagnostic tools presented in chapters 2 and 3, are then
employed in the cloud modeling evaluation in chapter 4. In order to avoid
much of the ambiguity when it comes to assessing cloud simulations with
satellite retrievals, satellite simulators are embedded in the model code. This
approach is demonstrated to be imperative. A detailed evaluation of clouds
and radiative fluxes has been documented for the EC-Earth GCM. The over-
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estimation of the cloud optical depth overcompensates the underprediction
of the total cloud cover, giving rise to an overly negative NetCRE (glob-
ally 5 W/m? difference between model and observations), i.e. a too strong
cloud cooling effect in EC-Earth, driven by its SW component. This the-
sis work points to specific physical processes potentially responsible for the
model biases in precipitation, cloud amount and radiative fluxes. These in-
clude the parameterization of the liquid droplet size, which is underestimated
notably for trade cumuli; the temperature-dependent parameterization that
distinguishes between ice and liquid water phases, which gives rise to a mis-
representation of mixed-phase clouds; the overestimated mass flux and the
erroneous detrainment parameterization in the convection scheme. Finally,
analyses of the relationships between meteorological conditions and cloud
cover helped to identify deficiencies in the turbulence scheme, partly respon-
sible for the lack of stratocumulus cover.

A number of parameters and processes to be adopted were suggested in
order to alleviate the diagnosed biases. These motivated some of the sensi-
tivity experiments in chapter 5. To test the effect of model uncertainties and
biases on the simulation of radiative feedbacks, several configurations of the
EC-Earth atmospheric GCM are built by altering the physical parameteriza-
tions. The largest code changes required were the reduction of the vertical
diffusion in free-troposphere in the turbulence scheme and the introduction
of the first aerosol indirect effect, that impact the simulation of the liquid
droplet radii. Only the former led to improved EC-Earth simulations com-
pared with the observations. Stratocumulus cover increases and the SWCRE
bias reduces, notably over the eastern basins of the tropical oceans. It has
been shown that details of the EC-Earth representation of cloud microphys-
ical (e.g. ice fall speed and temperature range where supercooled water is
allowed to exist) and convective processes (e.g. lateral mass exchange rate
for shallow and deep convection) do not appear crucial for the total feed-
back, due to compensating effects, but are relevant for the cloud feedback,
especially its SW component. Furthermore, consistent with previous stud-
ies, it is found that model configurations simulating better stratocumulus
properties compared with the observations exhibit a stronger positive SW
cloud feedback. In addition, connections between simulated deep convective
high-cloud altitude in the present-day climate and the LW cloud feedback
are discussed. These results suggest that some model biases influence the
strength of the cloud feedbacks and observational constraints can be used to
assess the credibility of such feedbacks in GCMs.
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6.2 Outlook

It has been shown that clouds and moist processes have a profound influ-
ence on climate at both regional and planetary scales. On the other hand,
these processes are a major concern for many aspects of weather modeling
and climate change research. For instance, GCMs exhibit large biases in
the radiative fluxes and surface temperature over the Southern Hemisphere
oceans for present-day conditions [69]. Notwithstanding, all models agree
on simulating a robust negative cloud feedback in this region for warming
climate projections [69]. This dissertation shows that this is the case of the
EC-Earth GCM as well, mostly because of biases in the SWCRE for low-
clouds in current climate conditions (chapter 4) and because of cloud water
content increase in a warmer climate (chapter 5). The extent to which this
cloud feedback is due to dynamics (e.g. poleward shift of the storm tracks)
or thermodynamics/microphysics (e.g. phase change from cloud ice to liquid,
involving mixed-phase clouds parameterization) remains to be investigated.

A second line of inquiry takes into account unexplored consequences of the
fixed anvil temperature (FAT) hypothesis. This hypothesis predicts a positive
LW cloud feedback, particularly strong over the Pacific warm pool, and seems
to be a robust feedback mechanism based on theoretical arguments and veri-
fied by models and observations [53]. In contrast, no satisfactory hypotheses
have emerged so far regarding the SW cloud feedback. In the present-day
climate, the tropical deep convective regions are characterized by the near
cancellation between the LW and the SW CREs, i.e. N=-SWCRE/LWCRE
~ 1. Chapter 3 shows that the reasons for such a behavior of N are still
unknown. If this LW-SW CRE balance is not just a fortuitous coincidence,
as claimed by Kiehl [225], but follows from a not immediately obvious energy
constraint, then a robust mechanism for the SW cloud feedback could exist.
Therefore, further analyses on the factors controlling N represent a promising
starting point to elaborate hypotheses for the SW cloud feedback.

Zelinka et al. [55] have shown that GCMs disagree on the magnitude of the
LW cloud feedback, even when only its altitude component is considered. The
FAT hypothesis predicts that the high-cloud altitude increases in a warming
climate in such a way to lead a positive LW cloud feedback. This is a robust
mechanism among GCMs. The question is: why do models exhibit such a
spread in the prediction of the altitude component of the LW cloud feedback?
In chapter 5 it is shown that certain model configurations simulate high-
clouds that are lower in altitude in present-day conditions compared to the
other configurations and this altitude difference increases in a warmer climate.
This can have an important impact on the LW cloud feedback, since the
sensitivity of OLR to a given cloud fraction increases with increasing cloud
altitude [54] and may explain the intermodel spread in this feedback. Further
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analyses are warranted.

Part of the aim of this dissertation has been to look at the data in ways
that are better optimized for the research questions being addressed. A
number of diagnostic tools was devised, such as the environmental forcing
component (EFC) technique presented in chapter 3. An appealing extension
of this diagnostics would be to join it with the methodology proposed in
Zelinka et al. [55]. They describe a technique for quantifying the individ-
ual contribution of the cloud amount, optical depth and cloud-top pressure
changes to the cloud feedback. The resulting tool would partition the con-
tribution of the various meteorological parameters to each of the three cloud
changes aforementioned. The novel method exhibits at least two promising
achievements. Firstly, it would shed light on which cloud-controlling factors
are primarily responsible for the different components of the cloud feedback.
Secondly, intermodel discrepancies in the impact of each environmental fac-
tor on these components may be related to specific aspects of the physical
parameterizations in the models.

Finally, the EC-Earth model evaluation presented in chapters 4 and 5 can
be further expanded including comparison with satellite retrievals from active
sensors. This would highlight biases in the vertical structure of multi-layered
cloud systems. Additional sensitivity experiments where different overlap
assumptions are challenged or where the entrainment/detrainment parame-
terizations are made explicitly dependent on the environmental humidity are
interesting extensions of the present study.
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