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W modelach klimatu wykorzystujemy matematyczne
sformutowania praw fizyki co pozwala w sposob ilosciowy

symulowac¢ oddziatywania miedzy elementami systemu
klimatycznego.
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wymuszenia czy badac sprzezenia w systemie klimatycznym.
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Thermal Equilibrium of the Atmosphere with a Convective Adjustment

SYUKURO MANABE AND ROBERT F. STRICKLER

General Circulation Research Laboratory, U. S. Weather Bureau, Washington, D. C.
(Manuscript received 19 December 1963, in revised form 13 April 1964)

1) Rachunki rownowagi
radiacyjnej — na dnie i szczycie
atmosfery rownowagi strumieni
krotko- i dtugofalowych.

2) Dotozenie ,convective
adjustment” = transportu ciepta
od powierzchni w procesach
konwekcyjnych.
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F1c. 1. The left and right hand sides of the figure, respectively, show the approach to states of pure radiative and thermal
: equilibrium. The solid and dashed lines show the approach from a warm and cold isothermal atmosphere.



1) Rachunki rownowagi
radiacyjnej — na dnie i szczycie
atmosfery rownowagi strumieni
krotko- i diugofalowych.

2) Dotozenie ,convective
adjustment” = transportu ciepta
od powierzchni w procesach
konwekcyjnych — sredni
gradient temperatury w
troposferze 6.5K/km.

3) Dotozenie obecnosci chmur
w modelu radiacyjnym.
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Fi1G. 2. Long wave radiation in an atmosphere with clouds.

F1c. 3. Vertical distribution of the flux of solar radiation
in an atmosphere with clouds.




1) Rachunki rownowagi
radiacyjnej — na dnie i szczycie
atmosfery rownowagi strumieni
krotko- i diugofalowych.

2) Dotozenie ,convective
adjustment” = transportu ciepta
od powierzchni w procesach
konwekcyjnych — Sredni
gradient temperatury w
troposferze 6.5K/km.

3) Dotozenie obecnosci chmur
w modelu radiacyjnym.

4) Dotozenie rzeczywistych
(obserwacyjnych) profili
najwazniejszych gazow
cieplarnianych.
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F16. 6a. Pure radiative equilibrium for various atmespheric
absorbers. The distribution of gaseous absorbers at 35N in Apri]
are used. Se=2 ly min™%, cos{=0.5, r=0.5. No clouds. (L+S)
means that the effects of both long wave radiation and solar

radiation are included.
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F1c. 6¢c. Thermal equilibrium of various atmospheres which
have a critical lapse rate of 6.5 deg km™. Vertical distributions of
gascous absorbers at 35N, April, were used. S.=2 ly min™,

cosf=0.5, r=0.5, no clouds.
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Thermal Equilibrium of the Atmosphere with a Given Distribution
of Relative Humidity

Syukuro Maxase anp Ricuarp T. WETHERALD
Geophysical Fluid Dynamics Laboratory, ESSA, Washington, D. C.
(Manuscript received 2 November 1966)

ABSTRACT

Radiative convective equilibrium of the atmosphere with a given distribution of relative humidity is
computed as the asymptotic state of an initial value problem.

‘The results show that it takes almost twice as long to reach the state of radiative convective equilibrinm
for the atmosphere with a given distribution of relative humidity than for the atmosphere with a given
distribution of absolute humidity.

Also, the surface equilibrium temperature of the former is almost twice as sensitive to change of various
factors such as solar constant, CO, content, Oy content, and cloudiness, than that of the latter, due to the
adjustment of water vapor content to the temperature variation of the atmosphere.

Acoordm.g to our estimate, a doubling of the CO, content in the atmosphere has the effect of raising the

of the at here (whose relative hllmldll‘)’ is fixed) by about 2C. Our model does not have the
extreme sensitivity of atmospheric I re to changes of CO; content which was adduced by Maller.

TasLe 4. Equilibrium temperature of the earth’s surface
(°K) and the CO: content of the atmosphere.

Average cloudiness Clear
CO: Fixed Fixed Fixed Fixed
content absolute  relative absolute  relative
(ppm) humidity humidity humidity humidity
1350 289.80 286.11 208.75 304.40
300 291.05 288.30 300.05 307.20
600 202,38 290.75 301.41 310.12
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FiG. 2. Flow chart for the numerical time integration.
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Cloud Feedback Processes in a General Circulation Model

R. T. WETHERALD AND S. MANABE

Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Princeton, New Jersey
(Manuscript received 6 April 1987, in final form 30 November 1987)

ABSTRACT

The influence of the cloud feedback process upon the sensitivity of climate is investigated by comparing the
behavior of two versions of a climate model with predicted and prescribed cloud cover. The model used for
this study is a general circulation model of the atmosphere coupled with a mixed layer model of the oceans.
The sensitivity of each version of the model is inferred from the equilibrium response of the model to a doubling
of the atmospheric concentration of carbon dioxide.

It is found that the cloud feedback process in the present model enhances the sensitivity of the model climate.
1N response [0 [Ne Increase of atmospAeric caroon dioXide, CIOUAINESS INCredses around (e ropopause and Is
reduced in the upper troposphere, thereby raising the height of the cloud layer in the upper troposphere. This
rise of the high cloud layer implies a reduction of the temperature of the cloud top and, accordingly, of the
upward terrestrial radiation from the top of the model atmosphere. Thus, the heat loss from the atmosphere-
earth system of the model is reduced. As the high cloud layer rises, the vertical distribution of cloudiness changes,
thereby affecting the absorption of solar radiation by the model atmosphere. At most latitudes the effect of
reduced cloud amount in the upper troposphere overshadows that of increased cloudiness around the tropopause,
thereby lowering the global mean planetary albedo and enhancing the CO, induced warming,.

On the other hand, the increase of low cloudiness in high latitudes raises the planetary albedo and thus
decreases the CO, induced warming of climate. However, the contribution of this negative feedback process is
much smaller than the effect of the positive feedback process involving the change of high cloud.

The model used here does not take into consideration the possible change in the optical properties of clouds
due to the change of their liquid water content. In view of the extreme idealization in the formulation of the
cloud feedback process in the model, this study should be regarded as a study of the mechanisms involved in
this process rather than the quantitative assessment of its influence on the sensitivity of climate.
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Manabe’'s climate model

Sensitivity of a Global Climate Model to an Increase of : Svuk - et -

00, Concentration i the A — . yukuro Manabe was the first researcher to

’ explore the interaction between radiation

SYUKURO MANABE AND RONALD J. STOUFFER ) balance and the vertical transport of air
Geophysical Fluid Dynamics Laboratory/NOAA, Princeton University, Frinceton, New Jersey 08540 r masses due to convection, also taking account
This sindy ivesigates the respouse of & global model o the limaie 1 the quadrupling of the CO; : of the heat contributed by the water cycle.

‘The model consists of (1) a general circulation model of the atmo-
'

mm-w-ummmammmmammmmwm
i domain and realistic g hy. For the ion of

computational P
transfer, mwmwmuwummuummmmm
mumﬁmuwumn.mm«wmm«mnummmW
the model the large-scale

P in rep ing characteristics of scasonal and geographi-
cal ion of the obx d heri The climatic effect of a CO; increase is deter-
miud_wmmﬂhulthbmmﬂthemdﬂ b ll:l.“I::m sy -
and with a 4 the normal concentration the It is found warming -
l::u“waommco,mmmm hmm“mmmd ATMOSPHERE :
the absence of an fe ism, the g over the A i :
less than the titudes of the north Over the Arctic Ocean and its sur-
roundings, the warming is much larger in winter than summer, thereby reducing the amplitude of sea-
is d this asymmetry in the warming results from the
the of the sea ice. The warming of the model atmosphere resulis in
nmmhmﬁ&emmﬁ:;t;ﬂa@uﬂu?um&ewm'm
additional picked tropical ocean is brought to latitudes
eipz.um:rmu '&nw‘mm.m. ummnmmw . I .
ol b cines sactier: Incoming e ) Cold Hot air +
solar radiation ' “ air latent heat
Infrared v
1+ heat radiation *
'
i
THERMODYNAMIC [
| EQUATION OF EQUATION | EQUATION OF
| WATER VAPOR RADIATION | MOTION
EVAPORATION SENSIBLE HEAT SURFACE STRESS
S AR A A A A A A A A A A AN I A AP A A A A A AN A A A
PRECIFITATION RADIATIVE TRANSFER - e o
i Infrared heat radiation from the Hot air is lighter than cold air, so it rises
ground is partially absorbed in the through convection. It also carries water
SALT EQUATION THERMODYNAMIC EQUATION OF atmosphere, warming the air and vapour, which is a powerful greenhouse
ICE EQUATION EQUATION MOTION the ground, while some radiates gas. The warmer the air, the higher the
I T z out into space. concentration of water vapour. Further up,
where the atmosphere is colder, cloud
OCEAN drops form, releasing the latent heat

stored in the water vapour.




Interaction of a Cumulus Cloud Ensemble with the
Large-Scale Environment, Part I

AKIO ARAKAWA AND WAVYNE HowArD SCHUBERT!

Dept. of Meteorology, University of California, Los Angeles 90024
{Manuscript received 10 August 1973, in revised form 7 November 1973)

ABSTRACT

A theory of the interaction of a cumulus cloud ensemble with the large-scale environment is developed.
In this theory, the large-scale environment is divided into the subcloud mixed layer and the region above.
The time changes of the environment are governed by the heat and moisture budget equations for the sub-
cloud mixed layer and for the region above, and by a prognostic equation for the depth of the mixed layer.
In the environment above the mixed layer, the cumulus convection affects the temperature and moisture
fields through cumulus-induced subsidence and detrainment of saturated air containing liquid water which
evaporates in the environment, In the subcloud mixed layer, the cumulus convection does not act directly
on the temperature and moisture fields, but it affects the depth of the mixed layer through cumulus-induced
subsidence. Under these conditions, the problem of parameterization of cumulus convection reduces to the
determination of the vertical distributions of the total vertical mass flux hy the ensemble, the total detrain-
ment of mass from the ensemble, and the thermodynamical properties of the detraining air.

The cumulus ensemble is spectrally divided into sub-ensembles according to the fractional entrainment
rate, given by the ratio of the entrainment per unit height to the vertical mass flux in the cloud. For these
sub-ensembles, the budget equations for mass, moist static energy, and total water content are obtained.
The solutions of these equations give the temperature excess, the water vapor excess, and the liquid water
content of each sub-ensemble, and further reduce the problem of parameterization to the determination of
the mass flux distribution function, which is the sub-ensemble vertical mass flux al the top of the mixed layer.

The cloud work function, which is an integral measure of the buoyancy force in the clouds, is defined for
each sub-ensemble; and, under the assumption that it is in quasi-equilibrium, an integral equation for the
mass flux distribution function is derived. This equation describes how a cumulus ensemble is forced by
large-scale advection, radiation, and surface turbulent fluxes, and it provides a closed parameterization of
cumulus convection for use in prognostic models of large-scale atmospheric motion.
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FIG. 6. One of the three cloud types considered in Arakawa’s (1969)
parameterization for a three-level model. Solid and open arrows show
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Fic. 1, A unit horizontal area at some level between cloud base and the highest
cloud top. The taller clouds are shown penetrating this level and entraining environ-

mental air. A cloud which has lost buoyancy is shown detraining cloud air into the
environment.,




REVIEW ARTICLE

The Cumulus Parameterization Problem: Past, Present, and Future

AKIO ARAKAWA

Department of Atmospheric Sciences, University of California, Los Angeles, Los Angeles, California

(Manuscript received 24 June 2003, in final form 16 January 2004)

ABSTRACT

A review of the cumulus parameterization problem is presented with an emphasis on its conceptual aspects
covering the history of the underlying ideas, major problems existing at present, and possible directions and
approaches for future climate models. Since its introduction in the early 1960s, there have been decades of
controversies in posing the cumulus parameterization problem. In this paper, it is suggested that confusion
between budget and advection considerations is primarily responsible for the controversies. It is also pointed
out that the performance of parameterization schemes can be better understood if one is not bound by their
authors’ justifications. The current trend in posing cumulus parameterization is away from deterministic diagnostic
closures, including instantaneous adjustments, toward prognostic or nondeterministic closures, including relaxed
and/or triggered adjustments. A number of questions need to be answered, however, for the merit of this trend
Alals -l

Major practical and conceptual problems in the conventional approach of cumulus parameterization, which
include artificial separations of processes and scales, are then discussed. It is rather obvious that for future
climate models the scope of the problem must be drastically expanded from “‘cumulus parameterization™ to
“unified cloud parameterization,” or even to “‘unified model physics.” This is an extremely challenging task,
both intellectually and computationally, and the use of multiple approaches is crucial even for a moderate

success. “‘Cloud-resolving convective parameterization’” or ‘‘superparameterization’ is a promising new ap-
proach that can develop into a multiscale modeling framework (MMF). It is emphasized that the use of such a
framework can unify our currently diversified modeling efforts and make verification of climate models against
observations much more constructive than it is now.



(a) The Cumulus Parameterization Problem
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FIG. 3. (a) A schematic diagram showing interactions between resolved processes in a model
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loop represents the cumulus parameterization problem. (b) A schematic diagram showing the
logical structure of diagnostic studies of cumulus activity based on observed large-scale budgets.
(¢) Same as in (b) except for studies using SCMs or CSRMs.
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Structure of the mass-flux convection parameterization formula-
tion is re-examined. Many of the equations associated with this
formulation are derived in systematic manner with various inter-
mediate steps explicitly presented. The nonhydrostatic anelastic
model (NAM) is taken as a starting point of all the derivations.

Segmentally constant approximation (SCA) is a basic geometri-
cal constraint imposed on a full system (e.g., NAM) as a first step
for deriving the mass-flux formulation. The standard mass-flux
convection parameterization, as originally formulated by Ooyama,
Fraedrich, Arakawa and Schubert, is re-derived under the two
additional hypotheses concerning entrainment-detrainment and
environment, and an asymptotic limit of vanishing areas occupied
by convection.

A model derived at each step of the deduction constitutes a
stand-alone subgrid-scale representation by itself, leading to a
hierarchy of subgrid-scale schemes. A backward tracing of this
deduction process provides paths for generalizing mass-flux con-
vection parameterization. Issues of the high-resolution limit for
parameterization are also understood as those of relaxing vari-
ous traditional constraints. The generalization presented herein can
include various other subgrid-scale processes under a mass-flux
framework.

© 2014 The Authors. Published by Elsevier B.V. This is an open
access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
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Fig. 3. A side view for a further generalization of SCA. Unlike the case of Fig. 2, the subgrid-scale components are no longer
exclusively interacting with the environment, but with various other components: convective updraft, downdraft, cold pool,
stratiform cloud.

Fig. 2. A generalization of Riehl and Malkus' hot-tower hypothesis in Fig. | into two convective-scale components: dark circles
and gray circles representing updrafts and downdrafts, respectively. This corresponds to a special case of segmentally-constant
approximation (SCA) over subgrid-scale processes.



J.-1. Yano: Basic convective element: bubble or plume?
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Figure 4. A schematic summary of the three different theories
for the atmospheric convective entrainment—detrainment processes.
From left to right: Stommel’s entraining plume, Paluch’s cloud-

top entrainment, Raymond and Blyth’s stochastic mixing (based on
Raymond, 1993).
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We are excited to move towards a Phase Il of RCEMIP, which will involve simulations with a prescribed analytic SST boundary condition. For more info
check out: RCEMIP Simulations and the RCEMIP-II protocol paper. Registration for participating in Phase Il is now open!

Click here for Archived Updates
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(a) CM1

Clouds and Convective Self-Aggregation in a Multimodel
Ensemble of Radiative-Convective Equilibrium Simulations. (b) DAM

Hourly averaged outgoing longwave radiation (W m=2) at Day
80 of the RCE_large300 simulation for all cloud-resolving
models. Each panel displays a different model and the size
of each panel represents the domain size, which varies
slightly across models.
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(d) ECHAM6-GCM

Clouds and Convective Self-Aggregation in a 3 i
Multimodel Ensemble of Radiative- (©) N u !
Convective Equilibrium Simulations s T T o

Hourly averaged outgoing longwave radiation
(W m=2) at Day 80 of the RCE_large300
simulation for all global models (except for
IPSL-CM6, which reported daily averaged
output). All models shown are GCMs with
parameterized convection (panels a—k)
except MPAS, NICAM, and SAM (panels |-
n), which are global cloud-resolving models

(I) MPAS

that employ reduced Earth radius of RE/S8,
RE/4, and RE/4, respectively, and are shown L
to scale and, in the box, zoomed in. (m) NICAM

(n) SAM-GCRM
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Horizontal-mean relative humidity
profile, averaged in time
excluding the first 75 days of
simulation of the RCE_small (top
row a—d) and RCE_large (bottom
row: e—h) simulations at 300 K.
The first column (a, e) includes
all models that performed each
type of simulation, where the
black line is the ensemble mean,
the blue shading shows the
range across all models, and the
orange lines indicate the
interquartile range (IQR). The
other columns display each
subgroup of models: models with
parameterized convection
(second column: b, f), CRMs
(third column: c, g), models that
performed RCE_small_vert
(dashed) and RCE_small_les
(solid) simulations (panel d;
RCE_small_les simulations are
averaged over Days 25-50), and
GCRMs (panel h).
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Horizontal-mean total cloud water
condensate profile, averaged in time
excluding the first 75 days of
simulation of the RCE_small (top
row: a—d) and RCE_large (bottom
row: e—h) simulations at 300 K. The
first column (a, e) includes all models
that performed each type of
simulation, where the black line is the
ensemble mean, the blue shading
shows the range across all models,
and the orange lines indicate the
interquartile range (IQR). The other
columns display each subgroup of
models: models with parameterized
convection (second column: b, 1),
CRMs (third column: ¢, g), models
that performed RCE_small_vert
(dashed) and RCE_small_les (solid)
simulations (panel d; RCE_small_les
simulations are averaged over Days
25-50), and GCRMs (panel h).



In summary, despite some robust behaviors, there is substantial disagreement across the
RCEMIP ensemble in representations of cloudiness, self-aggregation, and climate
sensitivity. Some readers may find this discouraging or surprising (perhaps hoping that
models with explicit convection might have agreed better), while some readers may have
anticipated that the many degrees of freedom in how models may achieve RCE would
result in divergent behavior.

Indeed, because RCE is relatively unconstrained, with convection left free to evolve as
long as energy balance is still met, it is a tough test for models. We argue that this is a
benefit of RCE, rather than a weakness. The divergent behavior in RCEMIP reveals the
true sensitivities to representations of convection, microphysics, turbulence, and dynamical
cores, sensitivities that might be masked in other comparisons by constraints imposed by
large-scale circulations. Furthermore, the RCEMIP results show that the wide range of
equilibrated states is not due to differences in the basic configuration such as SST,
CRM grid spacing, insolation, or initialization, as there is a large spread despite
constraining these factors to be the same. Instead, the different responses must be due
to differences in model physics and/or numerics.
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