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Abstract An uncertain representation of convective clouds has emerged as one of the key barriers to
our understanding of climate sensitivity. The large gap in resolved spatial scales between General
Circulation Models (GCMs) and high resolution models has made a systematic study of convective clouds
across model configurations difficult. It is shown here that the simulated atmosphere of a GCM in Radiative
Convective Equilibrium (RCE) is sufficiently similar across a range of domain sizes to justify the use of RCE to
study both a GCM and a high resolution model on the same domain with the goal of improved constraints
on the parameterized clouds. Simulations of RCE with parameterized convection have been analyzed on
domains with areas spanning more than two orders of magnitude (0.80—204 X 10°km?), all having the
same grid spacing of 13 km. The simulated climates on different domains are qualitatively similar in their
degree of convective organization, the precipitation rates, and the vertical structure of the clouds and water
vapor, with the similarity increasing as the domain size increases. Sea surface temperature perturbation
experiments are used to estimate the climate feedback parameter for the differently configured
experiments, and the cloud radiative effect is computed to examine the role which clouds play in the
response. Despite the similar climate states between the domains the feedback parameter varies by more
than a factor of two; the hydrological sensitivity parameter is better behaved, varying by a factor of 1.4. The
sensitivity of the climate feedback parameter to domain size is related foremost to a nonsystematic
response of low-level clouds as well as an increasingly negative longwave feedback on larger domains.

1. Introduction

Research over at least the past two decades has shown that an uncertain representation of clouds, specifi-
cally tropical low-level clouds, is currently the largest source of spread among state-of-the-art climate mod-
els [Cess et al., 1989; Bony and Dufresne, 2005; Stevens and Bony, 2013]. Specific limitations of modeled
clouds include both features which differ from what one observes (e.g., “too few, too bright,” [Webb et al.,
2001; Nam et al., 2012]) as well as features which are inadequately understood (e.g., controls on cloud verti-
cal structure [Nuijens et al., 2015], and organization [Bretherton et al., 2005; Muller and Held, 2012; Wing and
Emanuel, 2014]). An important component of these limitations is the delicacy of the interactions between
clouds and circulations [Bony et al.,, 2015; Sherwood et al., 2014]. Efforts to better understand the role of
moist convection in the climate system would be advanced by an ability to simulate the interaction
between convection and the large-scale circulation using both models with parameterized convection and
models with explicitly simulated convection. However, for these types of problems, making a logical and
clear connection between Cloud Resolving Models (CRMs), and large-scale models that parameterize con-
vection is difficult in large part because of the immensely differing range of parameters and large differ-
ences in the range of scales simulated, particularly for climate applications.

Global, or large-scale models using Radiative Convective Equilibrium (RCE) with parameterized convection
have led to insights concerning tropical energetics of GCMs and the climate sensitivity [Popke et al., 2013;
Becker and Stevens, 2014], and are increasingly being used to study the interplay between convection and
large-scale circulations [Arnold and Randall, 2015]. It has also become clear that even with the relative sim-
plicity of RCE, differences in convective parameterization schemes play a decisive role on the overall statis-
tics of the simulation [Popke et al., 2013; Coppin and Bony, 2015; Reed et al. 2015]. Due to the multiplicity of
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solutions that previous RCE simulations have produced [Held et al., 2007; Jeevanjee and Romps, 2013; Ema-
nuel et al., 2014; Wing and Cronin, 2016; Zhou, 2015] which depend on domain details, grid-spacing, surface
temperature, and parameterizations, we cannot per se assume that solutions of GCM-RCE simulations will
be independent of domain size. Examining these domain size effects using simulations with parameterized
convection, extending to near global scales, is the aim of this paper.

Although not specifically focused on details of the convection or cloud feedbacks, early studies of RCE
[Manabe and Strickler, 1964; Manabe and Wetherald, 1967] led to fundamental advancements in our under-
standing of the atmosphere. The overall surface warming from high clouds and cooling from low clouds
was first shown by Manabe and Strickler. Manabe and Wetherald showed the equilibrium surface tempera-
ture warming in RCE, for a specified change in atmospheric CO,, is strongly dependent on whether atmo-
spheric relative humidity or absolute humidity is assumed fixed as the surface is warmed. In the ensuing
decades cloud resolving models have also been used to simulate RCE. So doing allowed assumptions about
the structure of the atmosphere, convection, and clouds to be relaxed as more atmospheric processes could
be resolved by the simulations. These pioneering studies have come back into focus with the realization
that convective aggregation arises spontaneously from simulations with an explicit representation of con-
vection [e.g., Nakajima and Matsuno, 1988; Held et al., 1993; Tompkins and Craig, 1998; Bretherton et al.,
2005; Muller and Held, 2012], in ways that depend on temperature [Wing and Emanuel, 2014], thereby raising
the question as to its importance for the climate system [Bony et al., 2015; Mauritsen and Stevens, 2015; Cop-
pin and Bony, 2015].

Previous work has shown how fruitful the strategy of linking convection-resolving to parameterized convec-
tive models can be. For example the observational analysis by Redelsperger et al. [2002] highlighted a strong
dependence of tropical convection on tropospheric humidity. Convective parameterizations were then
shown by Derbyshire et al. [2004] not to reproduce this behavior as modeled by CRMs. Subsequently, the
convection scheme in the European Center for Medium-Range Weather Forecasting (ECMWF) model was
modified to include a dependence on relative humidity of the entrainment rate [Bechtold et al., 2008]. These
changes led to significant improvements in the representation of the atmospheric variability in the ECMWF
model. Simulations of the diurnal timing of precipitation have also benefited from comparisons between
convection-resolving idealized models and global, highly parameterized models [Rio et al., 2009; Bechtold
etal, 2014].

Despite these cases of cooperation between models using resolved and parameterized convection, a clean-
er experimental configuration in which GCMs and CRMs could be compared would be useful. This paper
explores the possibility of using RCE in this context. We analyze the features of an atmosphere with parame-
terized convection as a function of domain size to explore the applicability of such a configuration.

Simulations using parameterized physics and a coarse grid, commensurate to what one might use for a
high-resolution GCM study, and with an explicit representation of convection on a necessarily fine grid are
now feasible for domains on the order of 10¢ km?. This possibility naturally raises the question as to whether
a direct comparison between GCMs and CRMs is likely to be influenced by the choice of the domain size, or
whether there are robust features of the simulations that can be expected to emerge irrespective of a given
domain size. The recently developed model ICON (ICOsahedral Nonhydrostatic) has the flexibility to allow
simulations across a range of scales, thereby providing a unifying framework for studying convection at dif-
ferent scales and with different degrees of parameterization. All of the simulations presented in this paper
use parameterized convection. In addition to simulations with a fixed SST on domains of different sizes
(e.g., Figure 1) simulations are performed with fixed SSTs (297 K and 301 K) to test whether climate feed-
backs are sensitive to domain size. As if not, this raises the possibility of using CRMs directly, on smaller
domains, to constrain estimates of climate sensitivity.

Shown in Figure 1 is the total precipitation rate from simulations (described in the next section) using the
ICON model with parameterized convection on five different domains. The only difference between these
simulations is domain size, which is described throughout using the unit M (1IM=10° km?; Mega km?).
The domains range in size from slightly larger than Texas (0.80X10° km?; 3/4M), to almost half of the
surface area of the Earth (204x10%km?; 200M). The precipitating structures organize on the scale of the
domain, and show a slight tendency toward stronger precipitation and more organization as the domain
size increases. These structures continuously evolve while moving through the domains. However, it will be
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Figure 1. Precipitation rate (nmd ") of the equilibrated state for the five domains with a constant SST of 301 K. Domain sizes are labeled as 3/4M, 3 M, 12 M, 50M, 200M, with increasing
numbers indicating a four-fold increase in area (see Table 1). For comparison, the black bar in the 3M, 12M, 50M, and 200M domains represents a length of 830 km, corresponding to the

short edge length of the 3/4M domain.

shown that the solutions are quite similar when measured statistically, for instance in terms of the mean
subsidence fraction and the mean vertical structure of the simulated atmosphere. To the extent that the
simulated climates of these domains are similar there is reason to think that improved constraints of the
parameterized convective response on a small domain, for instance through the application of cloud resolv-
ing models, would also improve the parameterized convection of a global simulation.

The design of the simulations and details of the model used are presented in the next section. In section 3
results are presented both in terms of the mean atmospheric state, and the response to a perturbation of
4 K to the SST. Section 3 also explores robust differences in the response to warming, and suggests that
while many changes in the simulated atmosphere do not depend on domain size, the climate sensitivity is
sensitive to small differences that are not robust across domains. Despite having the same core model and
identical physics, the total radiative feedback from warming still varies by about a factor of two across
domain sizes. Discussion and conclusions are given in section 4.

2. Experimental Design and Model Setup

2.1. Methodology

The framework of RCE is used here to focus on the interactions between radiation, large-scale circulation,
and clouds without the complicating influence of heterogeneities imposed on the large scale. Despite
homogeneous forcing, the spontaneous emergence of large-scale overturning circulations, as also empha-
sized by Popke et al. [2013], makes it possible to capture the interplay of clouds with these circulations, in
contrast to single column model studies. Two simulations with constant SST values of 297 K and 301 K are
made on five doubly periodic domains of different size but identical grid spacing. The Coriolis force is set to
zero everywhere and the insolation and profiles of trace-gases (e.g., ozone) are made horizontally uniform.
The cosine of the zenith angle is /4 and the insolation used is 340.3 Wm ™2, approximately equal to Earth’s
global annual mean value. There is no diurnal cycle and a surface of water at a fixed temperature defines
the lower boundary. One result of this is that neither the surface nor the top of the atmosphere is expected
to have a balanced energy budget. However, the flux of energy into and out of the atmosphere will be
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Table 1. Length of Simulations, SST Used, Size and Names of Domains for Each Simulation®

Area Edge Grid SST Length P1 P2
Domain (km?) Length (km) Points (K) (year) (year) (month)
3/4M 0.80%10° 960 X 831 4,608 297/301 10 9 12
3M 3.2X10° 1,920 X 1,663 18,432 297/301 10 9 4
12M 12.8X10° 3,840 X 3,326 73,728 297/301 4 3 8
50M 51.1Xx10° 7,680 X 6,651 294,912 297/301 2 1 4
200M 204%10° 15,360 X 13,302 1,179,648 297/301 1 0.6 0.76

®The M in the domain names stands for million (or Mega) km?. Also shown are two different periods (P1 and P2) of time used for
computing mean values from the end of the simulations. See text and figure captions for details.

balanced once the energy content of the atmosphere equilibrates with its forcing, which, after the initial
adjustment period, remains steady in time except for weather related fluctuations. This provides a simple
framework for analyzing the behavior of the convection and the sensitivity of the feedback processes yet
retains the full complexity of the physics and dynamical equations.

We have computed simulations on five different domains, ranging from about the size of the global tropics
(area =204x10°km?, side length =15,360km) down to a regional scale of ~8x8 degrees (area
=0.80x10%km?, side length =960 km); the lower bound on scale was chosen for feasibility of comparison
with high-resolution models. In addition to varying the size of the domain, simulations with different SST
values allow us to examine the climatic response to warming perturbations, and compute the total feed-
back that results from the warming.

Because there are fewer grid points on the smaller domains, the degree of variability in the domain mean
per time step increases as the domain size decreases. This is because a given perturbation will have a larger
influence on the statistics of a domain with fewer grid points, relative to a domain with more grid points. To
obtain comparable statistics between the various domains, and take advantage of the computational econ-
omy of the smaller domains, the length of simulation increases as the domain size decreases. Details of the
simulations examined in this paper are given in Table 1. The periods used for computing feedback and sen-
sitivity parameters and cloud radiative effects (P1) and domain mean profiles (P2) are given in Table 1. The
increased length of P1 was necessary to obtain robust statistics for the feedback parameters of the different
domains.

2.2. Model Details

The horizontal grid used in this study consists of equilateral triangles on a plane with periodic boundary
conditions in both dimensions. The ICON model solves the fully three-dimensional nonhydrostatic and com-
pressible Navier-Stokes equations and is described in detail in Zangl et al. [2015]. All of the simulations
described here use triangles with an edge length of 20 km, implying an effective grid spacing of about
13 km (defined as v/cellarea in Zangl et al. [2015]). This grid spacing is chosen to match the operational res-
olution used by the German weather service (Deutsche Wetter Dienst: DWD). The vertical coordinate is a
height-based hybrid coordinate with 60 vertical levels between the surface and the model top at 40 km.
The top of the model uses a Rayleigh damping of the vertical wind following Klemp et al. [2008] to prevent
the reflection of gravity waves from the model top. The variables are positioned on a regular-triangular C-
grid with a combination of first- and second-order finite difference spatial discretizations. Time integration
is computed with a two time-level predictor-corrector scheme with the physics parameterizations split into
slow and fast modes. Further information on discretization aspects of triangular grids are discussed in Gass-
mann [2011] and Wan et al. [2013]. The ongoing development of ICON is a joint project between the Max
Planck Institute for Meteorology (MPI-M) and DWD. Thus ICON has been developed as a unified modeling
framework that functions both as an operational weather forecast model and a global climate model, albeit
with a different set of parameterizations. ICON can also be used as a Large Eddy Simulation model capable
of explicitly representing canonical cloudy boundary layer flows on grid meshes as fine as 50 m or less
[Dipankar et al., 2015].

The physics parameterizations used in the present study are the NWP physics, so named because they are
used operationally by DWD in their global implementation of ICON. The cumulus convective parameteriza-
tion is a bulk mass-flux scheme that allows deep, shallow, and midlevel convection [Bechtold et al., 2001,
2008]. To close the system it is assumed that convective available potential energy is consumed by the

SILVERS ET AL.

RCE, CONVECTION, AND DOMAIN SIZE 1333



QAG U Journal of Advances in Modeling Earth Systems  10.1002:2016ms000620

cumulus convection over a particular time scale. The radiative transfer scheme is an RRTM scheme similar to
that used in the IFS model and identical to that of the ECHAM6.1 model [Mlawer et al., 1997; Stevens et al.,
2013]. The microphysics scheme is from the COSMO-EU five-category prognostic scheme [Seifert, 2008] pre-
dicting rain, snow, cloud ice, cloud liquid water, and water vapor. Relative humidity is computed over a lig-
uid surface only. The cloud cover scheme is based on a fixed width box-function probability density
function of total water (similar to the parameterization of Sundqvist [1978]) with an added diagnostic anvil
term that uses the detrainment from the convective parameterization. Thus a relative humidity threshold is
defined beyond which cloud cover forms. The boundary layer and turbulence scheme relies on a prognostic
equation for turbulent kinetic energy [Raschendorfer, 2001]. Interactions between the turbulence scheme
and subgrid-scale clouds follow the statistical model of Sommeria and Deardorff [1977]. For these experi-
ments gravity waves are not parameterized. The development of these schemes is ongoing, those used for
this study correspond to revision number 16400. As an additional option to the NWP physics parameteriza-
tions used here, a successor to the ECHAM6 physics is also being implemented into ICON at MPI-M which
will be used for climate studies.

The profile used for the ozone is representative of the tropics and is the same profile used by Popke et al.
[2013]. To trigger the adjustment process, perturbations of 0.2 K, white in spatial distribution, were applied
to the initial potential temperature field in the lowest four model levels. The initial values of the vertical, w,
and one component, v, of the horizontal velocity fields are zero. In the lowest 2.5 km the horizontal velocity
u begins with an exponentially decaying profile (5ms~" at the surface), which is dissipated to near zero
within the first few hours of each experiment. For the simulations to behave reasonably it was necessary to
specify a minimum surface wind velocity scale used only in the computation of the surface fluxes. This
required adding 0.8 m s~ to the default value used in the physics (0.01 ms™"). The initial profiles for poten-
tial temperature, and water vapor are idealized based upon the best fit to profiles from a large-eddy simula-
tion. The potential temperature was initialized as 0=0 . +4.8z below the tropopause and as
0=0s.+4.824,+22.0(z—2z) at and above the tropopause, where 0 is potential temperature (K), z is height
(km) and the subscripts ‘tp’ and ‘sfc’ represent the values at the tropopause level and surface, respectively.
The water vapor was initialized as an exponentially decaying concentration with a scale height of 2.8 km
and an initial surface relative humidity of near 70%.

3. Results

3.1. Mean Climate

A progression from homogeneous initial conditions through a period of dominant wave activity and even-
tually a stationary state, or equilibrated state is illustrated in Figure 2. This figure shows the time evolution
of the precipitation rate on the 50M domain. After approximately 20 days of near homogeneous conditions
fast, large-amplitude gravity waves as seen in the middle plot develop and propagate through the domain.
Approximately 30 days later these waves have been replaced by multiple slowly moving convective sys-
tems. Similar waves also occur on other domains but after this early stage no such waves are seen in any of
the simulations. The direction of propagation can also occur along either axis, or diagonally. In this later
stage the mean values of precipitation, relative humidity, and cloud cover fluctuate about a well defined
mean value. It is this mean environmental state represented in Figure 2 (right) which we refer to as the
mean equilibrium state, or stationary state, and which is analyzed in this study. All domains show a similar
progression from the initial state to equilibrium.

One method of diagnosing whether the atmosphere has reached a statistically stationary state is to exam-
ine the time evolution of various quantities. After an initial adjustment period with large fluctuations in the
energetics of the simulations stationarity is approached. The evolution of the domain mean total precipita-
tion during the first 2 years of simulation for each of the five domains is shown in Figure 3. Based on the
precipitation we judge that all simulations have reached a stationary state after about 200 days, with the
50M and 200M domains adjusting to equilibrium much sooner. Because the 3/4M, 3M, and 12M domains
all proceed for longer than 2 years, the average value of the precipitation during the last year of each simu-
lation is shown by the dots at the right of Figure 3, except for the 200M domain for which the last 6 months
have been used. This confirms that the mean value has indeed been reached during the period shown.
Variations in the precipitation are progressively smaller as the model domain size increases with a
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Figure 2. Evolution in time of the precipitation rate (mm d™") on the 50M domain with an SST of 301 K. Snapshots are from (left) day 10, (middle) day 25, and (right) day 760. The period

of the waves in the middle plot is &~ 16 h.

convergence of the mean value for the largest domains. The mean (of all domains, with SST=301 K) precipi-
tation is 5mmd ™" with no simulation deviating by more than 7%. The systematic increase in precipitation
with domain size is consistent with the systematic decrease of upper level clouds (Figure 5). A decrease in
upper level clouds will increase the atmospheric radiative cooling and thus require more convective heating
in stationarity.

Basic physical characteristics of the simulated atmospheres can be determined by looking at the domain
mean thermodynamic profiles. These are shown for the simulations with SST=297K in Figure 4. Cloud lig-
uid water, cloud cover, and RH, all maximize in the lowest kilometer. The RH (computed over a liquid sur-
face) drops to its tropospheric minimum value (=~ 15%) at about 7 km. Between roughly 12 km and 16 km
there is a maximum of relative humidity, cloud cover, and cloud ice, due to radiatively driven mass conver-
gence in the upper troposphere in clear skies that is satisfied by the detrainment from convective clouds
[e.g., Hartmann and Larson, 2002; Zelinka and Hartmann, 2011]. All domains have three peaks in the cloud
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] ing to the melting level clouds and
5.00 _ - anvil detrainment, respectively. The
] C simulations also uniformly produce
’c% 1 i two peaks of cloud liquid water below
ke) 4.50 r 4km (0.8 km, 2.2 km). Overall, the pro-
E i i files plausibly represent the mean state
E 400 — é — of the tropical atmosphere over the
S jj r oceans and show agreement among
© 3.50 4 - all domain sizes on the vertical struc-

E_ L ture of the atmosphere.
§ 3.00 —— 200M | Our simulations are not only coherent
c ] em— 00 L r across configurations, the vertical struc-
2 50 _ = éﬁﬂM L ture of the atmospheres is also broadly
] 3/4M : similar to results found in Popke et al.
200 d— — — — 3 [2013]. Their Figure 4 compares two
Global RCE versions of ECHAM6 which

0 200 400 600

differ only by their convection schemes,
time (days) and one profile from the tropical region

. 5D | . | e st 2 of a standard preindustrial control run
igure 3. Domain mean evolution in time of the total precipitation over the first .
years of the simulations. Shown is a 30 day running mean. The 200M simulation from the MPI-ESM-LR model. Comparing
was run for a total of 1 year and thus only extends through half of the figure. The the profiles from our Figure 4 with
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Figure 4. Mean vertical profiles with a constant SST of 297 K. Values were computed over the P2 period.

midtroposphere with RH dropping to between 15% and 20% at about 7 km. All simulations have two peaks of
cloud cover and cloud liquid water in the lowest 4 km. More importantly, the differences among our domains in
Figure 4 are equal to or smaller than the differences between the ECHAM simulations which result from both
different physics parameterizations and different SSTs in Popke et al. [2013]. Among the profiles from Popke
et al. [2013] for example, there is a difference of 2-3km in the vertical placement of the RH, cloud fraction, and
cloud ice around 15 km. The RH humidity at 15 km differs by up to 20% and one of the temperature profiles is
several degrees warmer throughout the troposphere. Considering that ICON and ECHAM differ in dynamical
core, physics, resolution, domain and geometry, the similarity of the RCE climates they simulate, both to each
other and to the tropical environment of MPI-ESM-LR, points to the broad applicability of the RCE framework.

To give an impression of the relative scale of features present on the 3/4M, 12M, and 200M domains Figure
5 shows the same data as Figure 1, tiled according to scale, periodically repeated to fill a region the size of
the 200M domain. The 3/4M, 3M, 12M, and 50M domains all show the precipitation and moisture struc-
tures to organize on the largest scale available (Figures 1, 5, and 6). The 200M domain shows signs that the
maximum scale of convective organization may be between the 50M and 200M domains, but this deserves
further investigation.

The organization of convection into large coherent structures has received much attention over the previ-
ous two decades. Several different metrics (subsidence fraction, distance between clusters, bi-modality of
water vapor, tropospheric RH, etc. [e.g., Bretherton et al., 2005; Tobin et al., 2012; Coppin and Bony, 2015])
have been used to determine the degree of aggregation in observations or simulations. To provide a quan-
tification of the convective organization the subsidence fraction is computed. This measures the fraction of
the model domain with subsiding motion (w < 0ms™"), typically associated with nonconvective regions.
The subsidence fractions for domains 3/4M, 3M, 12M, 50M, and 200M at an SST=297 K (301 K) are 0.72,
0.79, 0.78, 0.76, and 0.77 (0.70, 0.71, 0.75, 0.72, 0.71), respectively. These were computed using the vertical
velocity on the model level at approximately 5.5 km (comparable to 500 mb). Histograms of vertical velocity
at this level have a peak subsidence of 25 hPaday ' across all domains in good agreement with tropical val-
ues given by both Popke et al. [2013] and ERA-40 reanalysis [Bony et al., 2006]. These subsidence fractions

<—13302km——>

; 3
{ $ '
|
i % % ;
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¢ i $ £
e
¢ i ! £ 5
i |
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Figure 5. Snapshots in time of total precipitation (mmd~") for the (left) 3/4M, (middle) 12M, and (right) 200M domains tiled according to scale. Times and colors are same as for

Figure 1, SST=301K.
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Figure 6. Column integrated water vapor (mm). The SST = 301 K and the time of the snapshots is the same as for Figure 1, but the color scale differs. For comparison, the black bar in
the 3M, 12M, 50M, and 200M domains represents a length of 830km, corresponding to the short edge length of the 3/4M domain.

are relatively high compared to estimates from reanalysis (0.6) and consistent with an aggregated state,
although the structure (Figure 1) is somewhat different from what one typically sees in global [e.g., Coppin
and Bony, 2015] or cloud resolving [Bretherton et al., 2005] simulations.

The column integrated water vapor for each of the domains is shown in Figure 6, at the same periods of
time as seen in Figure 1. This reveals the distribution of the moisture content, even in regions which are not
precipitating, and in particular gives a quantitative measure of dry regions. The driest region for the 3/4M
domain is relatively moist with 32 mm of vapor in contrast to the largest four domains which have dry
regions that drop to about half as much (17 mm) water. Overall the largest four domains show a similar spa-
tial structure of moisture. The filamented structure of the driest regions is intriguing and deserves further
study. There is a slight tendency for the difference between the maximum and minimum values of column
water vapor to become more pronounced with increasing domain size.

One clear sign of convective aggregation is an abnormally dry mean atmospheric state (=~ 20% RH between
2and 10 km in Bretherton et al. [2005] (Figure 4a, Tobin et al., 2012). This behavior is not pronounced in the
present simulations (Figure 5), rather the relative humidity profiles are comparable to the tropical mean pro-
files of comprehensive GCM simulations. However, the time evolution of the cloud fields and water vapor,
the emergent patterns of convection on the largest scales of the domains (Figure 1), the persistence of a
few large patches of water vapor (Figure 6), and the consistently high values of the subsidence fraction are
consistent with an aggregated state.

Despite the overall similarity of the mean state among the five domains, there are quantitative differences
in the mean cloud and ice fields, and the spatial structure of the clouds and water vapor. Column integrated
values of the cloud cover, water vapor, cloud liquid water, and cloud ice, as well as the domain mean pre-
cipitation are given in Table 2. The differences between domains are most pronounced for the smallest (3/
4M) domain. The 3/4M domain does not have the same degree of convective organization as the larger
domains and at both 297K and 301K it has the lowest subsidence fraction. The low level peaks of cloud cov-
er and cloud liquid water are larger by about 30% and the cloud ice in the anvil region is larger by 50%.
This domain has the lowest mean precipitation (Figure 3 and Table 2), and no secondary peak in cloud lig-
uid water (Figure 4). The total cloud cover, cloud liquid water, and cloud ice of the 3/4M domain also differ
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z (km)

24 -

20 4

Table 2. Total Cloud Cover (Tot CC), Column Integrated Diagnostics (Water Vapor (g, ), Liquid Water (g.), and Ice (g;)), and Domain
Mean Precipitation (P)®

Domain SST (K) Tot CC (%) q,(kg/m?) G.(g/m?) G;(g/m?) P (mm/d)
3/4M 297 82 39.7 153 6.16 4.29
301 81 555 17.7 6.17 475
3M 297 73 36.4 222 5.03 4.60
301 75 525 25.8 5.64 494
12M 297 67 36.4 204 5.26 4.64
301 63 49.7 39.3 6.35 5.19
50M 297 63 37.0 24.2 5.54 4.68
301 58 51.1 211 6.64 5.20
200M 297 64 36.9 225 5.60 4.65
301 57 519 264 6.74 5.21

#Column integrated values are indicated by (). Values were computed over the P2 period except for precipitation which was com-
puted over the last 6 months for 200M and the last year for all other domains.

(Table 2) from the larger domains. This indicates that despite the relatively large size of the 3/4M domain
(960831 km?) in comparison to previous CRM studies (e.g., Bretherton et al. [2005] used a domain of 576 X
576 km? and Wing and Emanuel [2014] a domain of 768X 768 km?), the 3/4M domain is not sufficiently large
enough to simulate an atmospheric state that is physically consistent with that of the larger domains.
Overall, the vertical thermodynamic profiles and the time evolution of precipitation show convergence
toward a common structure as the domain size increases with the 50M and 200M domains appearing prac-
tically indistinguishable.

3.2. Sensitivity to Sea-Surface Temperature

Here we examine the response of the RCE simulations to a uniform SST perturbation of 4 K. The difference
between the domain mean profiles for the two sets of simulations is shown in Figure 7. The basic behavior
and mean vertical structure of the simulations with an SST of 297 K is qualitatively similar to those with an
SST of 301 K. As with the mean state discussed in the previous section, as the domain size increases the
spread of the response among the simulations converge toward a common structure with a particularly
strong overlap in the cloud cover, cloud liquid water, and cloud ice between 50M and 200M. At higher SSTs
the specific humidity increases and temperature warms throughout the atmosphere for all domains with
the maximum warming occurring at 13-14 km. While the magnitudes differ, the maximum and minimum
of cloud cover, cloud ice, cloud liquid water, and temperature occur at similar levels among the domains.

Cloud cover, cloud ice, and RH all exhibit a spatial dipole of positive and negative values between 10 and
20 km that can be explained by a vertical shift of the profiles as the surface warms (Figure 7). For example,
the height of the maximum cloud cover from convective anvil detrainment shifts from 12-14 km to 14-
16 km. This shift of upper level clouds is shown as a function of temperature in Figure 8. For each of the dif-
ferent surface temperatures, the temperature of the maximum upper level cloud is approximately indepen-
dent of domain. According to the Fixed Anvil Temperature (FAT) hypothesis, as the surface warms the
upper level clouds shift vertically with a constant anvil cloud top temperature [Hartmann and Larson, 2002].

)

-15-10 5 0
Relative Humidity (%)

5 10 15

AR RS MAME AR AAAL AbAd  BRES EAEEA ERms | T Tt | BB a B o |

0246 8101214 2 -0 0 10 20 -04 -02 .00 .02 .04 2 0 2 4 &
Domain mean Temp (K) Cloud Cov (%) Cloud Liq water (g/kg) Cloud Ice (mg/kg)

Figure 7. Response of simulations to warming shown as the difference (301K—297K) of mean vertical profiles between the two sets of fixed SST cases. Values were computed over the

P2 period.
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z (km)

The upper level clouds in Figure 8 do not
shift vertically isothermally, but the change
in the temperature of the upper level clouds
(= —5K) is less than half of the temperature
increase (=~ 15K) on a constant height level.

There is variation between individual simula-
tions in the response of the RH, but for all sim-
ulations the RH shifts vertically with warming
resulting in consistent increases of RH above
15 km and between 5 and 8 km, and drying
between 8 and 15 km. The RH difference pro-
files of all domains have fluctuations on the
order of 15% with roughly the same vertical
levels of tropospheric maxima and minima
and nonsystematic fluctuations above about
0.6 km. The cloud layer at the melting level
Cloud Cov [%] shifts uniformly for all domains from a height
of 5 km when the SST is 297 K to between 6
and 7 km in the case with a warmer SST.

Temp [K]

Figure 8. Response of upper level cloud cover to warming plotted on
temperature levels. Simulations with SST = 301K shown by solid lines, and

SST = 297K by dashed lines. Values were computed over the P2 period. Between the surface and about 5 km the

response seen in Figure 7 indicates a nontriv-
ial interaction of changing surface fluxes, cloud cover, and turbulent mixing. A number of studies have
argued that the response of tropical low clouds to warming is decisive for the determination of the cloud
feedbacks. It has been hypothesized that as SSTs rise, enhanced mixing of the boundary layer air with the
drier free troposphere dries out the cloud layer and results in less clouds [e.g., Rieck et al., 2012]. Brient et al.
[2016] showed that models with a pronounced maximum in low cloud amount at cloud base are most sus-
ceptible to convective drying, but not through a reduction of clouds throughout the cloud layer, as shown by
Rieck et al. [2012], rather by a reduction of cloud amount at cloud base. This effect is pronounced in our simu-
lations, and is robust as it appears irrespective of the domain size.

All domains show a pronounced cloud base peak in liquid water, which is systematically reduced as the sur-
face temperature increases. To highlight the response of the moisture content in the boundary layer Figure 9
shows the RH, cloud cover, and cloud liquid water from Figure 7, along with specific humidity (qv), focused
only on the lowest 4 km. Although the domains with an SST of 301 K have higher specific humidity and RH in
the lowest 0.6 km, the cloud liquid water and cloud cover (except for 3M) decrease there. The increase of
RH below 0.6 km can be understood as a consequence of the energetics for a tropical system of RCE.
Relative humidity in the planetary boundary layer should increase when the convective mass flux decreases

4.0 -20 0.0 20 4.0 8 4 0 4 8 -03 -.02 -01 .00 .01 .02 -2
Relative Humidity (%) Cloud Cov (%) Cloud Liq water (g/kg)

Figure 9. Same data as Figure 7, zoomed in to reveal boundary layer features. Values were computed over the P2 period.
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[see Satoh, 2013, equation (15.4.11)]. The decrease of the convective mass flux in a warming atmosphere fol-
lows from the approximation that M. « P/q, where M_ is the convective mass flux, P is the precipitation, and
g is the mixing ratio of water vapor [Betts and Ridgway, 1989; Held and Soden, 2006]. As the surface tempera-
ture warms, P will increase at a slower rate than g, implying a decrease of M. The change of P and the
changes of water vapor (Tables 2 and 3) confirm that M, should decrease for our simulations, and thus that
boundary layer RH should increase with warming.

Between the surface and 0.6 km, the change of RH, cloud liquid water, and specific humidity decrease with
height for all domains. A decrease of cloud cover and cloud liquid water in the BL could indicate a deepen-
ing BL with dry tropospheric air being entrained from above. However, the total response of low clouds to
warming in GCMs results from a balance between drying from the convective parameterization and moist-
ening by the turbulence parameterization. Different balances between these processes were argued [Brient
et al., 2016; Sherwood et al., 2014] to be one of the primary factors leading to the spread of total feedback in
CMIP models. All of our simulations show (Figure 9) a uniform decrease of cloud liquid water (0.6 km) and a
decrease with height of low-level water vapor in response to warming but the response of cloud cover and
RH is not systematic across domains. The implications of this on the feedback parameter will be discussed
in the next section.

The partition between convective and large-scale precipitation is likely to influence a model’s climate
response to warming [Held et al., 20071. In the present simulations the parameterized convection scheme
accounts for almost all (about 90%) of the precipitation. Domains with warmer SSTs have less convective
precipitation. The fraction of convective precipitation for domains 3/4M, 3M, 12M, 50M, and 200M at an
SST=301 K (297 K) are 0.94, 0.89, 0.82, 0.88, and 0.88 (0.95, 0.89, 0.90, 0.92, 0.92), respectively. A clear con-
nection between the partitioning of precipitation types and the feedbacks is not obvious.

3.3. Climate Change Feedbacks and Hydrologic Cycle Sensitivity

To estimate the climate feedback parameter, 4, the difference between the top-of-atmosphere radiance in
the warm simulation and the cooler simulation is normalized by the SST difference, e.g., following Cess et al.
[1989]. Given the climate feedback parameter the equilibrium climate sensitivity can be estimated as
—Fyxco, /A for which purpose we adopt a value of Fyxco,=3.7 Wm~2 following Myhre et al. [1998]. The
reader is referred to Sherwood et al. [2015], for a broader discussion of forcing and feedback concepts. This
method is arguably the most direct method for estimating the climate feedback parameter. The hydrologi-
cal sensitivity parameter can similarly be defined [e.g., Flaschner et al., 2016] as the slope of temperature-
dependent precipitation change (AP/AT).

The thus calculated feedback parameters, climate- and hydrologic sensitivities of our simulations vary
with domain size (Table 3) in a nonsystematic fashion. Variations in the climate feedback parameter are
large, (1.8 =0.5), and differ by a factor of about two between the largest and smallest value. In contrast,
variations in the hydrological sensitivity parameter are much smaller, (2.4 £0.3), and vary by a factor of
1.4. Relative contributions from the long- and shortwave components of the total feedback parameter
are also tabulated. Although the magnitude of the longwave feedback parameters are larger, the range
of the shortwave feedback parameters (2.6 Wm™2K™") is greater than those of the longwave feedback
parameters (1.35Wm~2K™'). The shortwave feedback contributes the most to the variability of the total
feedback response, but it is clear that the contribution of the longwave component cannot be
neglected for either the climate feedback parameter or the hydrologic sensitivity parameter. This likely

Table 3. Mean Energetics®

Domain Jsue/ su.cir (W/m?2K) i) 24w cir(W/m2K) 2(W/m?K) ECS (K) HSP (%K)
075 M 0.08/0.25 —1.93/-2.13 —1.85 +(0.5/0.4) 2.00 23
3M —0.89/0.25 —1.49/—155 ~239 +(0.4/0.3) 1.55 19
12M 0.13/0.23 —228/-2.48 —2.15 +(0.4/0.3) 1.72 26
50M 1.71/025 —2.84/—-2.05 —1.13 £(0.2/0.2) 329 27
200M 0.92/0.25 —251/-225 —1.59 +(0.2/0.2) 233 27

?Long- and short-wave feedback parameters, total feedback parameter, equilibrium climate sensitivity (ECS) and hydrologic sensitivi-
ty parameter (HSP) (defined as AP/ATy, where P is the total precipitation) as a function of domain size. Values were averaged over the
P1 period.
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indicates an interplay of multiple mechanisms in the response. As is to be expected, the hydrological
sensitivity scales closely with the change in atmospheric cooling (not shown) which is dominated by
longwave feedbacks, (i.e., not variability in atmospheric shortwave absorption as is evident when look-
ing across climate models [e.g., Takahashi, 2009])) and thus the weakest sensitivity is found in the 3M
domain.

The Cloud Radiative Effect (CRE = clear-sky radiance - all-sky radiance) can be used to investigate the role of
clouds in the response to a perturbation. We find that variation in shortwave feedbacks is dominated by
cloud radiative effects (Table 3) as the clear-sky shortwave feedback is practically domain-size independent,
whereas in the longwave both cloud and clear-sky feedbacks are important. The spread of the longwave
clear-sky (temperature plus water vapor) feedback is larger than expected. This could be influenced by the
amount of water vapor in clear-sky regions, the partition between convective and large-scale precipitation,
and the degree to which the clouds of a simulation are aggregated. There is also a nonsystematic variation
of the low-level RH response to warming that could be important (Figure 9). Computing the change of CRE
(ACRE) between the simulations with different SSTs and decomposing this into the shortwave and long-
wave components reveals that the shortwave ACRE varies in sync with the total ACRE while the longwave
ACRE is approximately independent of domain size.

The variation in shortwave cloud feedback and ACRE across the domain sizes is difficult to ascribe to spe-
cific features of the mean state or response. While the nonsystematic response of the low clouds strongly
contributes to this variation, other factors also contribute. All domains have an increase of upper level
clouds between 14 and 18km with the differences in magnitude (up to 5%) contributing to differences in
the longwave feedback parameters shown in Table 3. Although the response of upper level clouds is broad-
ly consistent across domains (Figure 8), the varying degree to which each domain satisfies the proportion-
ately higher anvil temperature hypothesis may contribute to the spread of the longwave feedback [Zelinka
and Hartmann, 2010]. We also see (Figure 9) that the response of the low-level specific and relative humidity
differs slightly from the cloud cover response indicating the importance of surface fluxes and turbulent
mixing.
Considering the only difference among the simulations is the size of the domain, and the similarity of the
thermodynamic response (Figure 7), the substantial spread in the feedback parameters is surprising. Despite
having identical physics parameteriza-
tions, the range of feedback parame-

0.0 7 I I I : I B ters that we calculate (1.3Wm™2K™")
' i is larger than the range from the mod-
-0.5 —: } els which participated in CMIP5
_ ] i C (1.1Wm™2K™"). To illustrate this the
L 40 - e | feedback parameters for each domain
g 4 + i size are shown in Figure 10. The values
© 15 4 o for individual models from CMIP5 are
n“f T + i r also displayed with the black markers.
4 ] i These results highlight the ability of
g 20 ] ~  different simulations to have similar
% ] C climates but differing climate sensitivi-
8 2.5 j - ties [Mauritsen et al., 2012; Zhao et al.,

= | - 20161

3.0 -
] [ 4. Conclusions

-3.5 I I I I T It has been shown that the simulated
3/4M  3M i2M  50M  200M atmosphere of the ICON GCM run into
Domain RCE is sufficiently similar across a range
of domain sizes to justify and encour-
Figure 10. Feedback parameter (Wm 2K ") as a function of domain size. Bars cor- age the use of RCE to study both a

respond to a 97.5% confidence interval with a one-sided t-test. A de-correlation GCM d a CRM h d .
time of three weeks was assumed for all domains. The feedback parameters from and a on the same domain
CMIP5 models are shown by the black markers. with the goal of improved constraints
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on the parameterized clouds. This was demonstrated with SST perturbation simulations on multiple domains
in a state of RCE. The equilibrated stationary states of the largest four domains have nearly indistinguishable
thermodynamic profiles while the smallest domain, 3/4M, differs with less precipitation, more cloud ice, and
larger values of cloud cover. In addition to these differences, the 3/4 M domain has the lowest subsidence
fraction. As a result the 3/4 M domain appears to be too small for the RCE studies recommended by this
study. However, for all simulations the low-level RH, cloud cover, and cloud liquid water maximize below
1km. All simulations have a peak in cloud cover at the melting level of the same magnitude and the upper
level cloud ice, cloud cover, and RH indicate that the vertical extent of convection is similar for all domains.
There is a systematic increase of the domain mean precipitation as a function of domain size for the smaller
domains but convergence has been reached in the largest three domains. Overall, the resulting model state
resembles that of the tropical atmosphere on Earth.

Notwithstanding the qualitative similarities of the simulations, quantitative differences lead to a surprisingly
large sensitivity of the feedback parameter, and thus the climate sensitivity, on domain size. The range of
the feedback parameter (1.3 Wm™2K~") is more than a factor of two and is comparable to the range of feed-
backs which were obtained by the CMIP5 models (1.1 Wm™2K~", Figure 10). Due to our experimental setup
the different values of the feedback parameter in these simulations cannot be due to differences in the sub-
grid scale parameterization schemes, grid, discretization, or formulations of the dynamical core. Among the
remaining possible factors it seems likely that some combination of nonlinear interactions between the
wind field, surface fluxes, low-level clouds, and radiation are responsible for the variations in the feedback.
We interpret these changes as a possible manifestation of structural instability [McWilliams, 2007] that has
been hypothesized to exist in some models, and may also be a characteristic of the natural system.

These results offer encouragement for future tests on regional domains using models with both explicit and
parameterized convection. Despite its apparent imprecision with regard to the feedback parameter, the par-
adigm of RCE is a compelling simplification of the atmosphere that is interesting to study, not only for its
well appreciated insight into quantities like climate sensitivity, but more fundamentally because of its ability
to elucidate the ways in which convection and large-scale circulations interact.
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