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ABSTRACT

The spatial organization of deep moist convection in radiative—convective equilibrium over a constant sea
surface temperature is studied. A 100-day simulation is performed with a three-dimensional cloud-resolving
model over a (576 km)? domain with no ambient rotation and no mean wind. The convection self-aggregates
within 10 days into quasi-stationary mesoscale patches of dry, subsiding and moist, rainy air columns. The
patches ultimately merge into a single intensely convecting moist patch surrounded by a broad region of
very dry subsiding air.

The self-aggregation is analyzed as an instability of a horizontally homogeneous convecting atmosphere
driven by convection-water vapor-radiation feedbacks that systematically dry the drier air columns and
moisten the moister air columns. Column-integrated heat, water, and moist static energy budgets over (72
km)? horizontal blocks show that this instability is primarily initiated by the reduced radiative cooling of air
columns in which there is extensive anvil cirrus, augmented by enhanced surface latent and sensible heat
fluxes under convectively active regions due to storm-induced gustiness. Mesoscale circulations intensify the
later stages of self-aggregation by fluxing moist static energy from the dry to the moist regions. A simple
mathematical model of the initial phase of self-aggregation is proposed based on the simulations.

In accordance with this model, the self-aggregation can be suppressed by horizontally homogenizing the
radiative cooling or surface fluxes. Lower-tropospheric wind shear leads to slightly slower and less pro-
nounced self-aggregation into bands aligned along the shear vector. Self-aggregation is sensitive to the ice
microphysical parameterization, which affects the location and extent of cirrus clouds and their radiative
forcing. Self-aggregation is also sensitive to ambient Coriolis parameter f, and can induce spontaneous
tropical cyclogenesis for large f. Inclusion of an interactive mixed-layer ocean slows but does not prevent
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self-aggregation.

1. Introduction

Radiative—convective equilibrium (RCE) above a
horizontally homogeneous surface, with no ambient ro-
tation or mean pressure gradients, is a time-honored
idealization for understanding the tropical atmosphere
and its sensitivity to perturbations in radiative or sur-
face forcing, starting with single-column models (e.g.,
Manabe and Strickler 1964) and moving on to three-
dimensional (3D) cloud-resolving models (CRMs; e.g.,
Tompkins and Craig 1998).
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It is natural to assume that RCE will be characterized
by a quasi-homogeneous pattern of cumulus convec-
tion. However, several CRM studies of RCE have sug-
gested otherwise. This finding is important because the
spontaneous development of large-scale convective or-
ganization (self-aggregation) can profoundly affect the
horizontal mean temperature and moisture profiles and
the surface and top-of-atmosphere radiative fluxes.
Held et al.’s (1993) seminal study of RCE in a broad
two-dimensional (2D) domain with no initial winds
showed that the 2D convection spontaneously devel-
oped vigorous downward-propagating horizontal jets
due to countergradient convective momentum trans-
port. If the jets were suppressed by artificially removing
any domain-mean horizontal wind, the flow self-
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aggregated within 10 days into two convective centers,
then after 10 more days into just a single narrow sta-
tionary region of persistent and vigorous deep convec-
tion surrounded by weak subsidence and very dry con-
ditions over the remainder of the domain. Held et al.
explained this as a positive feedback between convec-
tion and water vapor, in which deep convection can
more easily develop where it is already moist in the
midtroposphere, and also tends to keep the middle and
upper troposphere moist. They showed that addition of
modest imposed vertical shear of the domain-averaged
horizontal wind in the lower troposphere could prevent
self-aggregation by shearing out incipient moisture
anomalies.

Tompkins (2001) extended the Held et al. study using
a smaller, more appropriate grid spacing and a bowling
alley domain with a short (32 grid point) transverse
dimension to permit 3D convection. However, the
added computational burden limited his simulations to
15 days. His results had both similarities and important
differences to Held et al.’s purely 2D simulations. The
3D convection did not induce jets because of convective
momentum transport, and so did not require any do-
main-scale velocity nudging. He again found self-
aggregation developing in approximately 10 days,
though now in the form of moist precipitating and dry
nonprecipitating patches that slowly moved. Unlike in
the purely 2D case, the flow did not focus into a single
vigorous convective center within the simulated period,
but Tompkins also argued that his results were due to a
water vapor—convection feedback.

Observations have also suggested the importance of
midtropospheric water vapor in organizing marine
tropical deep convection. Midtropospheric dry intru-
sions over the west Pacific ocean can suppress deep
convection even in the presence of substantial condi-
tional instability (e.g., Numaguti et al. 1995; Redel-
sperger et al. 2002). Over the Indian Ocean and west
Pacific, the convectively active phase of the Madden—
Julian oscillation (MJO) is preceded by a several day
period of lower-tropospheric moistening that has been
suggested to precondition the atmosphere for deep con-
vection (e.g., Maloney and Hartmann 1998; Wang and
Schlesinger 1999; Wheeler et al. 2000). Statistically, a
strong correlation is observed over the tropical oceans
between convective precipitation and column water va-
por on daily and longer time scales (Sherwood and
Wabhrlich 1999; Raymond 2000; Bretherton et al. 2004).
RCE self-aggregation simulations can help us hone our
understanding of water vapor—convection interactions
and the role of radiative transfer and surface fluxes in
mediating these interactions.

In this paper, we take advantage of continuing ad-
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vances in computational power and present CRM simu-
lations of self-aggregation in a large square domain us-
ing a fully interactive radiation parameterization. We
then quantify the feedbacks that lead to self-aggrega-
tion in our simulations by considering the column-
integrated moist static energy budget of mesoscale-size
blocks, and present a simple mathematical model and
some sensitivity studies that elucidate the self-aggrega-
tion process.

2. Model configuration and diagnosis

We use version 6.1 of the System for Atmospheric
Modeling (SAM), which is an updated version of the
Colorado State University Large-Eddy Simulation/
Cloud-Resolving Model (Khairoutdinov and Randall
2003). The model uses the anelastic equations of mo-
tion with bulk microphysics. The prognostic thermody-
namic variables are the mixing ratio of total nonpre-
cipitating water g (composed of water vapor ¢, and
cloud condensate g,,, which is partitioned based on tem-
perature T between cloud water g, and cloud ice g,),
total precipitating water g, (7-partitioned between
snow, which has a T-dependent fall speed, and rain,
which has an intensity-dependent fall speed), and lig-
uid-ice static energy s; = ¢, T + gz — L(qiiq + Gice) —
L;q;c., where c,, is the isobaric specific heat of dry air, g
is the gravitational acceleration, L is the latent heat of
vaporization, and L; is the latent heat of freezing, all
assumed constant, and g;;, and g;,. are the mixing ratios
of all liquid and ice phase condensate, respectively. The
total water g, = q + ¢, includes water vapor and all
condensed phase hydrometeors.

A Kessler scheme for autoconversion of cloud liquid
water to rain is used. Cloud ice is assumed to fall at 0.4
m s~ ! and autoconverts to snow at a T-dependent rate.
In SAM 6.1, an autoconversion threshold of 0.1 g kg ™"
for cloud ice to snow is chosen—this is used in a sen-
sitivity study MOREICE, but for all other simulations
presented here this autoconversion threshold is set to
zero to prevent excessive production of radiatively ac-
tive thin cirrus.

We use a Smagorinsky-type parameterization for
subgrid-scale turbulent fluxes. The surface turbulent
fluxes are computed using Monin—-Obukhov similarity
theory. The longwave and shortwave radiation schemes
are taken from the National Center for Atmospheric
Research (NCAR) Community Climate Model
(CCM3) (Kiehl et al. 1998). The effective radii of cloud
water and cloud ice are assumed to be 10 and 10-30 pwm,
respectively, and precipitating water/ice is assumed to
be radiatively negligible because of its large effective
radius. Similar to Tompkins and Craig (1998), we re-
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move the diurnal cycle by reducing the solar constant to
650.83 W m ™2 and fixing the solar zenith angle at 50.5°.
The readers are referred to Khairoutdinov and Randall
(2003) for further details about the model.

We use 64 vertical grid levels with spacing of 75 m
near the surface, smoothly increasing to 500 m above 2
km up to the domain top at approximately 28 km. The
small vertical grid spacing in the boundary layer allows
better resolution of evaporatively driven cold pools
generated by deep convection, and of the vertical struc-
ture of the boundary layer. In a sponge layer from 19.5
to 28 km, all prognostic variables are relaxed toward
their domain-mean values with damping times ranging
from 2 h at the sponge bottom to 2 min at the domain
top. We use a 576 km X 576 km doubly periodic domain
with horizontal grid spacing of 3 km. This configuration
was chosen to allow long simulations on as large a do-
main as we could efficiently simulate on the Linux clus-
ter used for these computations. A 100-day simulation
takes 6 days of computation time on 8 dual-processor
1.8-GHz Opteron nodes.

We specify a sea surface temperature (SST) of 301 K,
no ambient rotation, and no initial wind or large-scale
pressure gradient. We performed a 50-day RCE simu-
lation on a small domain (SD; 96 km X 96 km), which
is too small to permit noticeable self-aggregation. The
horizontal-mean temperature and water vapor profiles
averaged over days 30-50 of this simulation are used to
initialize the large domain (LD) RCE simulation.

The SD-RCE simulation was identically configured
and forced to simulation MOREICE (which used the
default SAM6.1 ice microphysics), except for domain
size. Although we later decided to remove the autocon-
version threshold for cloud ice for our other simula-
tions, we continued to use the above SD-RCE simula-
tion for the initial large-domain sounding for conve-
nience. We have also performed SD-RCE simulations
corresponding to all of the LD model configurations
discussed in this paper. In all cases, their domain-mean
equilibrium soundings are quite similar, varying up to a
degree in temperature and 10% in relative humidity.

To initiate convection, white noise is added to the
initial s;; field at the five lowest grid levels, with an
amplitude of 0.1 K at the lowest level, linearly decreas-
ing to 0.02 K at the fifth level. Drifts of the mean pro-
files in the LD simulation away from their initial
specifications are associated with the self-aggregation
process and model physics differences; the former
dominates when self-aggregation occurs. In both the
SD and LD simulations, but in contrast to the two-
dimensional simulations of Held et al. (1993), cumulus
momentum transport does not spontaneously create
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significant mean vertical shear and the domain-mean
wind remains close to zero at all levels at all times.

Simulations identical to the base run presented in this
paper except with 2-km horizontal resolution on a 512
km X 512 km domain gave similar results to the 3 km
results presented here in this paper, though self-
aggregation took slightly longer to initiate. They will
not be discussed further.

a. Block averaging

To focus on mesoscale organization, we will make
extensive use of block-averaged daily-mean fields. We
horizontally partition the computational domain into 64
(72 km)? blocks. We horizontally average selected 2D
and 3D model outputs over each block. For the 2D
output fields, we average the 24 saved hourly average
values for a given day to get a numerically exact daily
average for each block. For the 3D output fields, we
average the four stored 6-hourly instantaneous values
per day to get an approximate daily average for each
block.

b. Moist static energy and vertical averaging

Moist static energy is a useful thermodynamic vari-
able for studying precipitating convection because it is
approximately conserved in adiabatic displacements of
fluid parcels, and only weakly affected by precipitation
and evaporation of liquid water. To be consistent with
the thermodynamic formulation of the CRM, we work
in terms of a frozen moist static energy (FMSE), which
is exactly conserved by the CRM governing equations
following adiabatic fluid parcel displacements,

hp=sy; + Lq, = ¢, T+ gz + Lq, — LGice

which differs from the conventional definition of moist
static energy only in that it includes the ice freezing
term. From here on, when we refer to moist static en-
ergy we will mean FMSE.

We will consider budgets of FMSE and other quan-
tities integrated over the atmospheric column. They
will be phrased in terms of mass-weighted vertical in-
tegrals, denoted Iy, Iy, . . . for FMSE, total water, etc.,
or mass-weighted vertical averages denoted with angle
brackets, for example, (h1;) = glye/Purr, Where pg,,¢ is the
reference surface pressure.

3. Results

Figure 1 shows horizontal maps of water vapor path
(WVP), outgoing longwave radiation (OLR), precipi-
tation (P), and total heat flux (THF), defined as the
sum of the sensible and latent heat fluxes, with the
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Fi1G. 1. Horizontal maps of daily-mean WVP, OLR, P, and total surface (latent plus sensible) heat flux with
surface wind vector superposed at day 10.

surface wind vector superposed, averaged over day 10.
Self-aggregation, in the form of a developing dry hole
centered at x = 180 km, y = 350 km, is beginning. A
slight minimum in WVP is collocated with suppressed
precipitation and surface fluxes and larger OLR. By
day 20 (Fig. 2), the dry hole greatly amplifies and ex-
pands northwestward. During this amplification phase,
the WVP pattern mainly amplifies in place, with only
slow spatial shifts in the locations of maxima and
minima. By day 50 (Fig. 3), the moist convecting region
focuses into a single, nearly stationary, quasi-circular
patch of intense precipitation and low OLR surrounded
by very dry subsiding air with high OLR. Within the
core of this region, winds are light and surface humidity
very high, so there is a pronounced THF minimum.
Strong surface winds associated with low-level conver-
gence into this patch drives large latent heat flux
around its periphery. In the subsiding regions, THF is
also elevated because of the low boundary layer humid-
ity. Over days 50-100, this organization persists in a
near-steady state, with a slowly drifting rainy patch.
Figure 4 shows the horizontally averaged profiles of

relative humidity (left) and moist static energy &, and
saturation moist static energy A, (right) averaged over
days 1 and 50. The relative humidity sounding high-
lights the intense drying by day 50 over most of the
domain outside the small region of intense convection.
The h, sounding shows considerable warming in re-
sponse to the self-aggregation. This warming is a con-
sequence of the elevated moist adiabat impressed on
the entire domain by the very moist, high &, lower-
tropospheric air in the convective region. The horizon-
tally averaged h, decreases in the lower troposphere
because of drying, and increases comparably in the up-
per troposphere because of warming.

a. Moisture-sorted time series

Because the dry holes move only slowly as they de-
velop, one can quantify their development by sorting
the (72 km)? blocks into quartiles by their daily block-
average WVP, and plotting the time evolution of these
quartiles (Fig. 5).

The WVP (Fig. 5a) of the driest quartile decreases
almost fourfold in the first 40 days. In the moistest
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FIG. 2. As in Fig. 1, but for day 20.

quartile, WVP increases about 10% over this period.
The WVP difference between these quartiles increases
from 5 mm at day 10 to 20 mm at day 20, from which
one can estimate an e-folding time scale of seven days.
Because the WVP decreases in the dry regions are
much larger than the WVP increases in the moist re-
gions, there is a 30% drop in mean WVP (thick black
curve) by day 40. This is one example of how convective
self-aggregation profoundly influences the horizontal-
mean characteristics of the simulated atmosphere. Af-
ter day 40, the moistest WVP quartile begins to dry
because the moist area of active convection has focused
into less than a quarter of the domain. Between 45 and
100 days, the WVP quartile structure is quasi-steady
except for a slight oscillation with a period of 17 days.

The daily quartile-averaged precipitation (Fig. 5b)
tracks the quartile-average WVP trends, but shows
more daily variability about the trends. After day 20,
there is no precipitation in the driest quartile, as the
convection becomes increasingly focused into the
moistest region. The strong relation between precipita-
tion and WVP on daily and longer time scales is what

gives the self-aggregation its memory and will prove a
key ingredient in mathematically modeling this phe-
nomenon.

In quasi-steady RCE, there must be a domain-
averaged balance between THF (Fig. 5¢) and net col-
umn-integrated radiative cooling AR (Fig. 5d). In addi-
tion, there must be domain-averaged moisture balance
between latent heat flux (which dominates the THF)
and precipitation. Because this simulation is initialized
from a small-domain simulation in RCE, precipitation,
THF, and radiative cooling all start out nearly in bal-
ance, at around 100 W m 2. As the simulation evolves
due to self-aggregation, there is domain-averaged
warming and drying, so these balances are affected by
storage. However, they remain approximately valid.
The quartile-average THF shows that the moistest col-
umns tend to have slightly enhanced THF in the early
stages of self-aggregation up until day 20 because of
convective gustiness. This is a positive feedback on self-
aggregation, since it feeds energy into the moistest col-
umns, which have the highest (hy). After day 20, the
reverse is true as large air—sea humidity differences
















































