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Recent warming (~2K) 
(e.g. Otto et al. 2013) 

vs.  
Model-based (3-5K) 

(Clement et al. 2009, Fasullo and Trenberth 2012,  
Sherwood et al. 2014)

Models underestimate 
by about a factor 2 
(Zhang et al. 2007, Wentz et al. 2007,  
Durack et al. 2012, Ren et al. 2013)

Hydrological sensitivity:

Climate sensitivity:

Models warm too much 
in upper troposphere 

(Thorne et al. 2011, Po-Chedley and Fu 2012)

Tropospheric warming:
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constitute a negative longwave cloud feedback and reduce the water vapor24

feedback as more terrestrial radiation is emitted to space from the expanding
dry and clear regions. In order to be effective in reducing climate sensitiv-26

ity the iris-effect would have to overcome the positive water vapor feedback
stemming from a nearly constant relative humidity [5, 6, 7], and the positive28

feedback associated with rising convective anvil clouds in a warming climate
[8, 9]. Estimates based on observations combined with a simple column model30

suggested this was possible and indicated a climate sensitivity of 0.64-1.6 K
[4]. The study was initially met with critique concerning the treatment of32

data and the underlying assumptions [10, 11, 12], and the controversy over
the detectability of a strong iris-effect in observations remains unresolved up34

until today [13, 14, 15]. The inconclusive debate may in part reflect the chal-
lenges involved in estimating feedback based on observational methods that36

inherently rely on short term temperature fluctuations, showing essentially
no skill when tested against climate models with known feedback [15, 16].38

But, it is probably also not entirely unrelated to the underlying political and
societal implications of a very low climate sensitivity [17].40

Lindzen et al. [4] admittedly did not present a mechanistic explanation
for the increasing precipitation efficiency in a warming climate. However,42

one can imagine at least two processes typically not represented in climate
models whereby this could happen. First, if convective clouds organize in44

larger clusters - possibly supported by a deepening troposphere - they will
dilute less effectively by lateral mixing and hence rain out more of their46

water. Attempts to formulate lateral entrainment rates as inversely propor-
tional to cloud depth, however, lead only to marginal decreases in climate48

sensitivity. Second, microphysical cloud processes may be sensitive to the
amount of water vapor entering clouds at their base, which increases with50

temperature as the saturation vapor pressure. The additional cloud water
could for instance accentuate accretion of cloud droplets by heavier falling52

snow and rain from aloft leading to more effective rainout. Formulations of
convective processes in climate models, on the contrary, typically assume a54

constant conversion rate from cloud water to rain [18], which is effectively a
non-observable parameter. Here we choose to let this parameter depend on56

local surface temperature in order to mimic a microphysical iris-effect in the
atmosphere general circulation model ECHAM6 [19]:58

Cp(Ts) = Co · (1 + Ie)
Ts−To,

where Co = 2 · 10−5 s−1 is the conversion rate in convective clouds as set60

2

An Iris-effect:

ECHAM6, T63L47 
Coupled to mixed-layer ocean 
2xCO2 forcing 
Partial radiative perturbations (PRP) feedback analysis
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Longwave cloud feedback: Shortwave cloud feedback:

Net cloud feedback:
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Hydrological sensitivity is controlled by atmospheric 
energy budget:
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Environ. Res. Lett. 7 (2012) 044018 S Po-Chedley and Q Fu

Figure 2. Trend of the differences between AMIP simulations and observations for T24–TLT over 1981–2008 for UAH (left) and RSS
(right) in the tropics (20�S–20�N) (i.e., the trend of (T24–TLT)AMIP � (T24–TLT)MSU). Open circles are individual AMIP model ensemble
members and the solid circles represent the ensemble mean for a given AMIP model. The error bars represent the 95% confidence interval,
including the effects of autocorrelation.

We also repeated the analysis from Fu et al (2011),
comparing the T24–TLT trends in coupled GCMs and
satellites over the period 1981–2005. As can be seen from
table 1, the results shown here for CMIP5 coupled models are
similar to the CMIP3 models in Fu et al (2011), but using the
newer CMIP5 simulations. The upper tropospheric warming
relative to the lower-middle troposphere is consistently larger
in models than observations. The T24–TLT ensemble mean
trends from all but one CMIP5 coupled GCM are significantly
larger than zero while T24–TLT trends from both UAH and
RSS are not significantly different from zero (not shown
here). Even though we use a shorter time period than Fu
et al (2011), 27 (15) of the 44 models have trends that are
significantly different from UAH (RSS) using two-sample
t-tests (Lanzante 2005). One reason that a smaller fraction of
models are significantly different from MSU data compared
to Fu et al (2011) is because we use seven fewer years,
which decreases the number of degrees of freedom and
increases the uncertainty in the trend for both models and
observations. Another reason that some coupled models are
not significantly different from observations is that coupled
models often overestimate the interannual variability, which
increases the model trend error. No model has an ensemble
mean T24–TLT trend as low as RSS or UAH (table 1).

We also note from table 1 that CMIP5 coupled GCMs
largely overestimate tropical warming just as CMIP3 models
overestimated tropical warming (Fu et al 2011).

Figure 3 demonstrates the distribution of T24 to TLT
trend ratios in AMIP simulations. AMIP models consistently
have larger ratios than MSU observations, even though
the models are constrained with observed SSTs. Of the
55 ensemble members, all have trend amplification ratios
exceeding that of UAH, and only two ensemble members
have less amplification than RSS. In the coupled historical
simulations only 5 (6) ensemble members of 185 have
amplification ratios less than UAH (RSS), and they are all
from the same model (CNRM-CM5). Figure 4 demonstrates
the scaling of interannual and decadal amplification for the
tropical upper-middle troposphere relative to the lower-middle
troposphere. The decadal amplification is the ratio of the T24
trend to the TLT trend, while the interannual amplification is
the standard deviation of the de-trended monthly T24 anomaly
time series divided by the standard deviation of the de-trended
monthly TLT anomaly time series. The decadal amplification
is a measure of the upper- to lower-middle tropospheric
temperature amplification over the past ⇠3 decades, whereas
the interannual amplification is a measure of the amplification
on interannual time scales. It is striking that even though the
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Po-Chedley and Fu (2012)





Mechanism?



organization takes various forms in different studies,
such as small-scale banded precipitating systems em-
bedded within mesoscale envelopes (e.g., Tompkins
2001a; Grabowski and Moncrieff 2001) or one single
moist region where all of the convection is concentrated
(e.g., Held et al. 1993; Bretherton et al. 2005). These
differences could be due to the different models used or
to differences in the model settings (isotropic domain vs
anisotropic channel, presence vs absence of background
flow, interactive vs prescribed radiative cooling, inter-
active vs homogeneous surface fluxes, etc.). The large
changes in the mean climate state, radiative fluxes, and
climate sensitivity accompanying convective organiza-
tion raise questions as to what simulations at lower
resolutions with parameterized convection, in similar
homogeneous geometries, should be expected to pro-
duce to be considered successful in mimicking a cloud-
resolving model.

Recent studies using a three-dimensional cloud-
resolving model show that when the domain is suffi-
ciently large, tropical convection can spontaneously
aggregate into one single region, a phenomenon re-
ferred to as self-aggregation (Bretherton et al. 2005;
Emanuel and Khairoutdinov 2010). The final climate is a
spatially organized atmosphere composed of two dis-
tinct areas: a moist area with intense convection, and a
dry area with strong radiative cooling (Figs. 1b and
2b,d). Whether or not a horizontally homogeneous con-
vecting atmosphere in radiative convective equilibrium

self-aggregates seems to depend on the domain size
(Bretherton et al. 2005). More generally, the conditions
under which this instability of the disorganized radiative
convective equilibrium state of tropical convection oc-
curs, as well as the feedback responsible, remain unclear.

Bretherton et al. (2005) pointed out an upgradient
transport of moist static energy in the aggregated state,
with moist static energy transported from low-energy
(dry) to high-energy (moist) regions. (Moist static en-
ergy variability is largely dominated by moisture vari-
ability due to small horizontal temperature gradients, so
that high-energy regions correspond to moist regions).
More recently, Emanuel and Khairoutdinov (2010)
pointed out hysteresis in the system in simulations where
the sea surface temperature (SST) is computed inter-
actively: in their study convection self-aggregates only if
the SST is warm enough, but the aggregated convection
remains aggregated even if the SST subsequently evolves
to unfavorable cold conditions.

In this study, we investigate in detail the onset of self-
aggregation and how it depends on various parameters,
using essentially the same cloud-resolving model as in
Bretherton et al. (2005) and Emanuel and Khairoutdinov
(2010). Specifically, the questions that we would like to
address are the following:

d How does self-aggregation depend on domain size and
resolution?

d Is there hysteresis?

FIG. 1. Instantaneous snapshots of clouds (0.4 g kg21 isosurface of the mixing ratio of all
liquid and ice phase condensates, precipitating and nonprecipitating) and near-surface tem-
perature (at the first model level z 5 37.5 m) after 60 days in two simulations with the same
resolution dx 5 2 km but different domain sizes: L 5 (a) 198 and (b) 510 km. Convection self-
aggregates when the domain is large enough, resulting in an atmospheric state with one con-
vectively active moist region.
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Muller and Held (2012)



2242 J. NILSSON and K. A. EMANUEL 

Figure 1. Schematic of the structure of the two-column model. At each of the 30 vertical levels, the temperature 
T and specific humidity q are calculated. The scheme of Emanuel(l991) gives the convective tendencies and a 
radiation parametrization by Chou et al. (1991) and Chou (1992) calculates the short- and long-wave radiation 
using clear-sky conditions. A flow field (u,  o), predicted by the linear, hydrostatic equations of motion in a non- 
rotating frame of reference, produces advective tendencies in the heat and moisture budgets. An Ocean mixed 
layer, of temperature T,, exchanges heat and moisture with the atmosphere. The net vertical heat fluxes at the top 

and bottom of the atmosphere are denoted FT and FB, respectively, and d: is the column length. 

parametrization developed by Chou et al. (1991) and Chou (1992). Clear-sky conditions 
are assumed in the radiation calculation. The convection is represented by the Emanuel 
scheme (we use the version 2.03; for details see Emanuel(l991)). Further details of the 
radiative-convective code are described by Renn6 et al. (1994a,b). 

A bulk formula is used to compute the upward fluxes of sensible and latent heat at 
the sea surface: 

(4a) 
(4b) 

where the subscripts a and s refer to properties of the near-surface air and to the sea 
surface, respectively, CE is an exchange coefficient, Va is the near-surface wind speed 
(assigned a fixed value), and Lv is the latent heat of vaporization. As customary, qs 
is assumed to have the saturation value at the sea surface temperature Ts. No explicit 
diffusion of heat or moisture is represented in the model, and therefore the fluxes of 
sensible heat and moisture across the sea surface are distributed evenly over the lowest 
model level. 

FS = PaCEVa(Ts - Ta)Cpl 

F L  = PaCEVa(qs - qa)Lv,  

Nilsson and Emanuel (1999)



[55] Taking a cue from the results of both the two-
layer model and the single-column model, we examine
the response of radiative heating, as a function of alti-
tude, to an instantaneous 20% reduction of specific
humidity from the RCE state at all model levels. While
from Figure 3a such a perturbation is clearly not exactly
an eigenvector of the linear phase of the instability, per-
turbations of such simplified structure should allow us
to understand the basic physics and temperature
dependence of the instability.

[56] Figure 5 (left) shows the perturbation to the
shortwave and longwave components of the radiative
heating, as well as their sum, for the case that
SST 5 25!C, while Figure 5 (right) shows the same
quantities when SST 5 40!C. In both cases, the short-

wave radiative feedback is positive: drying leads to
increased cooling, which when coupled with the result-
ing downward motion, would lead to further drying. At
the lower SST, this is not sufficient to overcome the
powerful negative feedback of the longwave radiative
cooling: Drying leads to reduced longwave cooling at
all levels, which would tend to produce upward vertical
motion, whose moistening then counters the initial dry-
ing. At the higher SST, the sign of the longwave radia-
tive cooling is reversed below about 750 hPa and is now
a positive feedback: Decreasing the water vapor

Figure 5. Perturbation shortwave (red), longwave (blue), and net (black) radiative heating rates in response to an
instantaneous reduction of specific humidity of 20% from the RCE states for (left) SST 5 25!C and (right) 40!C.
Note the different scales on the abscissas.

Figure 6. Perturbation net radiative heating rates in
response to an instantaneous reduction of specific
humidity of 20% from the RCE states for SSTs ranging
from 25 to 45!C.

Figure 7. Schematic regime diagram for equilibrium
states, showing the large-scale WTG vertical velocity as
a function of SST. Below the critical SST, the RCE
state is stable to small amplitude perturbations, but suf-
ficiently large perturbations may transition the state to
an upper stable equilibrium with ascent, or a lower sta-
ble equilibrium with descent. Above the critical SST,
the RCE state is linearly unstable and such transitions
are spontaneous. Question marks denote unexplored
regions; in particular, it is not known whether there are
minimum SST bounds on the existence of the upper
and lower stable equilibria.

EMANUEL ET AL.: RADIATIVE-CONVECTIVE INSTABILITY
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Emanuel et al. (2013)

Warmer atmosphere is more prone to aggregate



(25%–40%) of the total flux variations and the variations
in Dhum account for 30%–35% (60%–75%). Therefore,
convective aggregation is accompanied by stronger tur-
bulent energy exchanges between the ocean and the at-
mosphere because of enhanced near-surface wind speed
and air–sea differences; the wind speed effect prevails in
convective regions while the air–sea difference effect
prevails in nonconvective regions.

2) TOA RADIATIVE FLUXES

The differences in atmospheric humidity that accom-
pany the differences in the convective aggregation state
are likely to affect the radiative fluxes at the top of

the atmosphere and, thus, the energy budget of the at-
mosphere. This is examined by first compositing the
outgoing longwave radiation (OLR) by aggregation pa-
rameters. The OLR appears to covary strongly with the
number of clusters: from the least to most aggregated N
class, OLR is enhanced by up to 30 W m22 (Fig. 11a). An
increase in the clumping of clusters (from D0 of 0.65–0.9
to 0.15–0.4) also leads to an increase in OLR of 10–
20 W m22 (Fig. 11d). These relationships are summa-
rized by the SCAI compositing of OLR (Fig. 11e), which
corroborates the correlation between OLR and convec-
tive aggregation. Although both datasets (OLR-NOAA
and CERES) differ systematically from each other by

FIG. 11. (a) The N composites of OLR flux at the TOA for the CERES (diamonds) and OLR-NOAA (triangle) datasets, for two
domain-averaged precipitation rates. (b) As in (a), but for outgoing shortwave radiation at the TOA. (c) As in (a), but for the total
outgoing radiative fluxes. (d) OLR stratified by D0 and N. (e) As in (a), but for SCAI. (f) As in (b), but for SCAI. The composites are
performed above the Pacific Ocean, for a given SST of 288C. For each precipitation regime, the vertical velocity profiles are comparable
among the aggregation classes. The bars indicate the 95% confidence intervals.

6898 J O U R N A L O F C L I M A T E VOLUME 25

More aggregated

Tobin et al. (2012)



Forcing SST increase

Enhanced  
aggregationReduced anvils 

and tropospheric 
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A negative feedback loop (longwave)



We have implemented a representation of an iris-effect in ECHAM6: 
!
• Climate sensitivity is only lowered from 2.8 to 2.2-2.5 K – not to 1 K as 

suggested earlier – due to natural compensation from lapse-rate and 
shortwave cloud feedbacks 
!

• Hydrological sensitivity increases, in order to sustain the enhanced 
atmospheric cooling, to values higher than that of any other model 
!

• Troposphere warms less than a moist adiabat with an iris-effect 
!

The results show that an iris-effect, for instance caused by unrepresented 
convective aggregation, could be a missing link between models and 
observations, thus deserving further attention
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