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ABSTRACT

Cloud-resolving large-eddy simulations (LES) on a 500 km3 500 km periodic domain coupled to a ther-
modynamic ocean mixed layer are used to study the effect of large-scale moisture convergenceM on the
convective population and heat and moisture budgets of the tropical atmosphere, for several simulations with
M representative of the suppressed, transitional, and active phases of the MaddenÐJulian oscillation (MJO).
For a limited-area model without an imposed vertical velocity, M controls the overall vertical temperature
structure. Moisture convergence equivalent to; 200 W m2 2 (9 mm day2 1) maintains the observed tempera-
ture proÞle above 5 km. Increased convective heating for simulations with higherM is partially offset by
greater infrared cooling, suggesting a potential negative feedback that helps maintain the weak temperature
gradient conditions observed in the tropics. Surface evaporation decreases as large-scale moisture conver-
gence increases, and is only a minor component of the overall water budget for convective conditions rep-
resenting the active phase of the MJO. Cold pools generated by evaporation of precipitation under convective
conditions are gusty, with roughly double the wind stress of their surroundings. Consistent with observations,
enhanced surface evaporation due to cold pool gusts is up to 40% of the mean, but has a small effect on the
total moisture budget compared to the imposed large-scale moisture convergence.

1. Introduction

Within 108 latitude of the equator, organized atmo-
spheric convection occurs across scales ranging from
individual thunderstorm systems to planetary-scale dis-
turbances such as the MaddenÐJulian oscillation (MJO).
Understanding what drives these different scales is a key
question for tropical weather prediction and accurate
simulation of the atmospheric general circulation. At
the cloud scale, we have a fairly good knowledge of
convective system structure and the processes that de-
termine how storms evolve (see, e.g.,Rottuno et al.
1988). Our understanding decreases as convection ag-
gregates from individual storms to mesoscale clusters,
and eventually to larger-scale disturbances like the
MJO. A theory connecting convection with large-scale
dynamics for the MJO is notably absent, and was part of
the motivation for the Dynamics of the MaddenÐJulian

Oscillation (DYNAMO) Þeld experiment conducted
during the fall of 2011 in the central Indian Ocean.
DYNAMO researchers observed the convective clouds
and the convective population with detailed observa-
tions from the surface, aircraft, and satellites, including
Doppler cloud and precipitation radar, as well as other
in situ ocean and atmosphere measurements (Powell
and Houze 2013; Moum et al. 2014).

One of the main goals of DYNAMO was to better
describe the convective processes leading up to the for-
mation of a MJO event. MJO events typically form in the
central Indian Ocean and propagate eastward over the
eastern PaciÞc. They affect weather, such as hurricane
development in both the eastern PaciÞc and western
Atlantic tropical warm pools ( Maloney and Hartmann
2000; Camargo et al. 2009). Much of our understanding of
the MJO structure is based on measurements taken in the
western tropical PaciÞc Ocean as part of the extensive
Tropical Ocean and Global Atmosphere Coupled
OceanÐAtmosphere Response Experiment (TOGA
COARE) Þeld program in 1992Ð93 (Webster and Lukas
1992), which sampled three MJO events propagating over
the western PaciÞc from the Indian Ocean. MJO events
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are usually fully developed with a large-scale atmospheric
circulation that maintains strong convective activity by
the time they reach the western PaciÞc.

A primary emphasis during the DYNAMO Þeld
program was to build an observational network similar
to TOGA COARE for the genesis phase of the MJO
over the central Indian Ocean, with the goal of un-
derstanding the transition from conditions of suppressed
convection, to the active phase of the MJO character-
ized by numerous convective clusters and high average
precipitation rates. Convection during the suppressed
phase is typically limited by large-scale subsidence and
characterized by trade wind cumulus and cumulus con-
gestus systems with only occasional isolated deep con-
vective activity (Johnson et al. 1999). These relatively
shallow convective features are believed to moisten the
lower troposphere preceding the active phase of the
MJO ( Kemball-Cook and Weare 2001). As the active
phase develops, convective features increase in scale
and organization, expanding from isolated cells to large
clusters spanning hundreds of kilometers. Synoptic-scale
moisture convergence is the dominant source of moisture
during the active phase and explains a large fraction of
the observed precipitation (Lin and Johnson 1996;
Johnson and Ciesielski 2013; de Szoeke et al. 2015).

Convection and surface ßuxes are also affected by
convectively forced cold pools. Over the tropical ocean,
convectively forced cold pools appear as cool and
slightly drier air masses beneath convective systems,
with wind gusts enhancing surface ßuxes as they spread
laterally. They have been observed in association with
convection at many scales ranging from precipitating
trade wind cumulus (Zuidema et al. 2012) to mesoscale
convective complexes (Young et al. 1995). In mid-
latitudes, cold pool boundaries are known to trigger new
convection and are often implicated in the development
of severe storms (Rotunno et al. 1988; Weckwerth and
Parsons 2006; Houston and Wilhelmson 2012). In the
deep tropics, cold pools can cause a more than doubling
of the local latent heat ßux (Jabouille et al. 1996). Un-
derstanding how cold pools interact and potentially
enhance tropical convection is important for accurate
representation of convection in large-scale models
where these processes are not well resolved.

On average, heating by deep convection through
condensation is the primary mechanism that balances
radiative cooling throughout the tropics, thereby
maintaining a radiative-convective equilibrium (RCE)
over long time scales. Latent heating is nearly balanced
by adiabatic cooling of updrafts, and is redistributed by
direct convective eddy transport and via adiabatic
subsidence in regions of low convective activity. This
results in a tropical atmosphere that maintains a steady

temperature proÞle close to the moist adiabatic lapse
rate as demonstrated in sounding data from DYNAMO
(seeFig. 1). Moisture, on the other hand, varies signiÞ-
cantly in the tropics (Fig. 1b) depending on the local
conditions. Sources of tropical moisture can be divided
into large-scale convergence and surface latent heat ßux.
We further divide surface latent heat ßux into regional
average values and anomalies generated by locally en-
hanced evaporation from surface wind variations in cold
pools produced during convective events. We address
the relative role of these different water sources on
convection as the active phase of the MJO develops.

In this study we employ a cloud-resolving large-eddy
simulation (LES) model to examine how convection re-
sponds to external forcing from prescribed domain-scale

FIG . 1. SkewTÐlogp temperature proÞle (solid) for the average
DYNAMO conditions from the R/V Revelle along with a histo-
gram of (a) observed temperature and (b) observed dewpoint
temperature. The dashed line signiÞes the dewpoint temperature
used in the model initial conditions.
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moisture convergence and different background wind
conditions. We test if convective heating is a linear
function of increased moisture convergence and/or in-
creased mean surface winds, and if convectively forced
processes, such as the formation of cold pools or in-
creased cirrus anvil coverage, generate signiÞcant feed-
backs to convection through changes in surface ßuxes.
The main objective of this work is to determine the pro-
cesses that change the column heat budget and to better
understand how organized convective systems affect the
environment leading up to the active phase of the MJO.

The paper begins with a description of the coupled
large-eddy simulation model, its initial conditions, and
its boundary conditions in section 2. In section 3, results
from a basic case simulation are presented with an
analysis of cold pool formation. Section 4compares the
heat and moisture budgets from the suite of experi-
ments. The role of ocean surface properties is presented
in section 5. Section 6summarizes the conclusions.

2. Model description and experimental design

A basic set of experiments with three prescribed
large-scale moisture convergence values are conducted.
The Þrst case represents the suppressed phase with low
precipitation, and the second and third cases represent
periods during the active phase of the MJO with moderate
and strong precipitation rates, respectively. Prescribed
winds in these cases are relatively light (, 10 m s2 1) with
weak vertical shear. An additional experiment is con-
ducted with higher surface winds and suppressed MJO
phase moisture convergence to examine how increased
surface ßuxes from stronger winds affect convective
activity versus externally forced moisture convergence.

Simulations are conducted using a version of the
Skyllingstad and Edson (2009)LES model that includes
parameterizations for the radiative transfer of infrared
and solar radiation (Mlawer et al. 1997) along with a
seven-component cloud microphysics scheme (Thompson
et al. 2008). Model equations are based onDeardorff
(1980) with a subgrid closure based on the Þltered
structure function method from Ducros et al. (1996).
The momentum equations are expressed in ßux form
and solved using the third-order AdamsÐBashforthÐ
Moulton scheme. Scalar quantities are integrated with a
conservative VanÐLeer method based onColella (1990).
Pressure is solved using a split time compressible
scheme based onWicker (2009) with an implicit method
in the vertical to allow for higher resolution near the
model surface.

The LES model is coupled to an ocean model based
on the K-proÞle parameterization (KPP) boundary
layer scheme fromLarge et al. (1994) with momentum

nonlocal terms deÞned as inSmyth et al. (2002). Each
ocean grid point is treated as an independent column
that interacts with the LES model grid point. Ocean
columns do not exchange properties in the horizontal
direction. As shown later in our analysis, lateral gradi-
ents of SST and salinity generated by surface ßux vari-
ability are typically quite small. Coupling between the
LES and ocean is accomplished using the COARE
version 2.5 bulk ßux algorithm described inFairall et al.
(1996)as implemented inVickers and Mahrt (2006). For
efÞciency and because the ocean responds much slower
than the atmosphere, KPP is evaluated once every
20 time steps (roughly 40Ð50 s) using instantaneous
atmospheric Þelds.

Simulations are conducted over a horizontally peri-
odic domain having dimensions of 537.6 km3 537.6 km
and grid spacing of 300 m. Experiments are initialized by
interpolating a coarse-resolution domain spinup in-
tegration of 4 days with grid spacing of 600 m, which
reaches a quasi-equilibrium population of active con-
vective clusters. Results are analyzed over the 3-day
period from days 6Ð8 (hours 144Ð216).

The simulations use a stretched vertical grid with the
lowest grid cell spacing of 10 m increasing to 150 m at
approximately 600-m height. Constant 150-m spacing is
then applied up to roughly 11 250m, followed by a
gradual increase in the grid spacing to 1000 m at the
model top near 24 km. Vertical boundaries are rigid with
Rayleigh velocity damping gradually applied in the upper
1/5 (5 km) of the domain for absorbing vertical propagat-
ing internal waves based onDurran and Klemp (1983).

Initial conditions for temperature and humidity are
set to a mean, idealized proÞle from the Research Vessel
(R/V) Revelleradiosondes as shown inFig. 1. Free tro-
posphere humidity varies considerably between con-
vective and suppressed conditions in DYNAMO. In our
simulations, speciÞc humidity is reduced above 3000 m
representing conditions during the suppressed stage of
the MJO. A total of four scenarios are simulated by
varying large-scale moisture convergence in the marine
boundary layer to represent different phases within the
MJO cycle as shown inTable 1. Surface wind speed and
shear are varied as shown inFig. 2. Initial velocity pro-
Þles of cases M100, M200, and M450 represent weak
shear and low wind conditions near the beginning of the
November MJO event with imposed boundary layer
moisture convergence of 100, 200, and 450 W m2 2, re-
spectively. In the fourth case (M100W), winds are in-
creased by 6 m s2 1 throughout the lower atmosphere
with 100 W m2 2 moisture convergence (Fig. 2). The
initial wind proÞle is used to deÞne a weak background
pressure gradient by assuming the ßow is in geostrophic
balance for a latitude of 28N.
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In addition to the standard model scalars (temperature
and moisture variables), we also include a variable rep-
resenting the origination height of air parcels. The value
of the parcel height is reset every 8 h to the local gridpoint
height. Advection and turbulent mixing are used to
transport the parcel height as with other model scalars,
such as the potential temperature and moisture parame-
ters. As is shown below, the parcel height parameter
provides a unique way to examine the process of vertical
mixing generated by moist tropical convection, and the
important role of downdrafts in forming cold pools and
broad regions of midtropospheric vertical exchange.

Simulating the tropical atmosphere with a limited-
domain model and prescribed external forcing typically
produces an atmospheric vertical temperature structure
that differs from the observed tropics. For example,
simulations with both single-column and cloud-resolved
models forced using observed heating and moistening
rates from TOGA COARE produced reasonably accu-
rate precipitation rates, but with temperature errors of
6 28Ð38C distributed throughout troposphere (Woolnough
et al. 2010). Most of these errors are attributed to missing
large-scale circulation feedbacks that would act to dis-
perse temperature anomalies through changes in vertical
motion.

Methods for including these circulations typically
prescribe a vertical velocity that is adjusted to enforce a
known temperature proÞle (e.g., the weak temperature
gradient approximation; Sobel and Bretherton 2000;
Raymond and Zeng 2005). Another method for including
large-scale forcing involves coupling convection to oscil-
latory low-mode gravity wave systems (Kuang 2008),
yielding somewhat improved proÞles of mean vertical
velocity in comparison with the weak temperature gra-
dient method (Wang et al. 2013). Such methods to include
the effect of large-scale dynamical forcing on a limited-
area domain are somewhat ad hoc. Though they succeed
at preventing unrealistic drift of the average temperature
proÞle, their effect on convective processes is not clear.

Rather than applying a prescribed temperature ad-
justment via vertical motion as in these long-term studies,
we impose an idealized, Þxed large-scale moisture ßux and
focus on the short-term processes that change the radia-
tive balance and temperature structure during the initial

convective adjustment. Simulations are short enough that
we do not expect or require that they reach full equilib-
rium, and they do not drift too far from a realistic tem-
perature proÞles except when forced with very high
moisture convergence. We consider idealized cases with
wind shear similar to tropical conditions encountered
during the DYNAMO experiment. A mixed-layer ocean
model is used to simulate possible feedbacks from vari-
able sea surface temperature. Simulations are limited to
; 10 days, which is sufÞcient for establishing a quasi RCE
with only small mean temperature and moisture trends,
and allows for much higher resolution and model Þdelity
than used in previous cloud-resolving model (CRM)
simulations.

3. Convective structure

a. Basic convective conditions

We begin our analysis with an overview of the basic
convective structures that are present to some degree in
all of the experiments. Plots of cloud cover and surface
properties for case M100 are shown inFig. 3. Convection
typically consists of 5Ð10 isolated 10Ð20-km convective
cells. At times they form clusters greater than 100 km
across as shown by the centrally located cloud mass in

TABLE 1. Model simulation parameters for conditions representing different phases of MJO development. Transition refers to conditions
leading up to the active phase. Shear parameters are deÞned in text.

Case Moisture convergence (W m2 2) usfc (m s2 1) utrop (m s2 1) MJO phase

M100 100 1 8 Suppressed
M200 200 1 8 Transition
M450 450 1 8 Active
M100W 100 7 14 Suppressed

FIG . 2. Initial wind proÞles for cases M100, M200, and M450 (solid)
and case M100W (dashed).
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Fig. 3. Simulated convective cells and clusters are most
evident in the surface temperature and ßux Þelds, which
indicate where cold pools have expanded from convec-
tive downdrafts. Cold pool systems are characterized by

air masses with cooler temperatures, higher surface
winds, and corresponding increased surface latent heat
ßux. Initially, cold pools are drier than the surrounding
boundary layer because they originate from higher,

FIG . 3. Case M100 (a) cloud albedo, along with surface (b) temperature (K), (c) speciÞc humidity (g kg2 1), (d) surface
wind speed (m s2 1), (e) latent heat ßux (W m2 2), and (f) parcel height from day 8, hour 3 (tracer initialized 8 h earlier).
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colder air that has much lower speciÞc humidity. This is
shown for example by the cluster of cold pools near the
upper center of the domain at y 5 400,x 5 250 km where
the lowest temperatures coincide with dry regions in the
plot of speciÞc humidity (Fig. 3c). Air in these cold pools
originates from heights of 2000Ð3000 m as indicated by
the parcel height (Fig. 3f).

Cold pools are generated by negatively buoyant
downdrafts that develop from evaporative cooling as
rain and snow fall through unsaturated air beneath ac-
tive convection. Eventually the cool air mass sinks to
the surface, where increased surface pressure gradients
from both dynamic and hydrostatic forcing generate
strong outward-directed ßows. Large cold pool regions
are typically formed through the combination of multi-
ple smaller cells, which then merge together as indicated
by the patches of low speciÞc humidity inFig. 3near x 5
250,y 5 400 km. As the cold pool expands, strong surface
latent and sensible heat ßux act to increase the speciÞc
humidity and gradually warm the cold pool. The highest
ßuxes are collocated with regions of strong winds that are
produced along the leading edge of the cold pool. Fluxes
over 300 W m2 2 are produced in response to wind gusts
up to 20m s2 1 in the developing system inFig. 3.

Older cold pool regions persist for many hours as their
temperature recovers, for example as seen in the slightly
lower temperature and speciÞc humidity in the old cold
pool region evident near x 5 350,y 5 300 km. Because
cold pools thin as they expand, the increasing surface
moisture is conÞned near the surface and generates a
ring of higher speciÞc humidity around older cold pools
(Fig. 3c). During the recovery phase of the cold pool,
there are often small fronts in the moisture and tem-
perature that are less obvious in the velocity Þeld. For
example, the surface temperature and speciÞc humidity
in Fig. 3 exhibits a sharp discontinuity that extends from
about x 5 300,y 5 400 km southeastward tox 5 500,y 5
300 km, with almost no change in surface wind speed.
Cold pool strength and life cycle displayed in Fig. 3 are
consistent with previous LES experiments reported in
Moeng et al. (2009)and Khairoutdinov et al. (2009) .

b. Cold pool structure

The evolution of a cold pool cluster is presented in
greater detail in Figs. 4Ð6. In this example, new con-
vective cells are developing along a remnant cold pool
boundary that is barely visible in the temperature and
speciÞc humidity at hour 15 on day 7. As convective cells
evolve, a series of cold pools form and expand away
from the initial convective core. The cold pool boundary
produced by these cells develops well-deÞned arc cloud
lines (Fig. 4c) in response to increased convergence
along the expanding front. Arc clouds are often

observed in satellite imagery of tropical convection and
occasionally in radar. Arc clouds visible in Fig. 4cmove
in a direction opposite the mean winds and do not lead
to more large-scale convection, but dissipate. Cell
propagation over eastward-expanding cold pools is
consistent with propagation of squall lines that reduce
the mean environmental shear (Rotunno et al. 1988).

Cross-sectional plots presented inFig. 5 show how
evaporative cooling by precipitation generates a locally
stratiÞed air mass that has much lower speciÞc humidity
than the surroundings into which it descends. The cold
pools have strong outßow winds up to about 300 m, with
maximum velocities concentrated at the surface. Air
parcels are drawn into the downdraft structure from
heights greater than 3000 m, as indicated by the parcel
height plot in Fig. 5d. The model suggests that much of
the cold pool air mass originates from well above the
boundary layer. The parcel height also shows how
the expanding cold pool displaces air upward along the
leading edge with transport of near-surface air up to
near 300 m. This uplift may also promote new cloud
development by lifting slightly higher speciÞc humidity
air from the surface (Feng et al. 2015). Uplift at cold
pool outßow boundaries generates new convection in
trade wind cumulus regimes (Li et al. 2014).

Surface ßuxes are strongly inßuenced by the properties
in the cold pool as demonstrated by a plot of the in-
stantaneous ßuxes inFig. 6. Increased surface winds and
reduced humidity generates a latent heat ßux that peaks
near 400W m2 2 at the nose of the cold pool front moving
southward at y 5 190 km and exceeds 200W m2 2 over
10km traversing the cold pool. Wind stress and sensible
heat ßux are also much higher in the cold region. Pre-
cipitation rates of ; 60mmh2 1 for this case are consistent
with the brief, intense rain events commonly observed
during the DYNAMO cruise ( Moum et al. 2014). A more
quantitative analysis of cold pool effects on surface wind
and ßuxes is presented below insection 4d.

4. Sensitivity to moisture convergence

The convective population experiences and responds
to the varying large-scale moisture convergence in dif-
ferent phases of the MJO. Previous CRM modelÐ
observation comparisons have shown the importance
of moisture convergence in setting the strength of con-
vection and average precipitation rates. Predicted rain-
fall amounts are consistent with measurements even
though average model temperature and moisture con-
tent can drift signiÞcantly from observed proÞles, for
example as simulated byWoolnough et al. (2010) and
Wang et al. (2013). Here we examine how convection
responds to three different amounts of large-scale
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moisture convergence (cases M100, M200, and M450)
that are representative of the transition from the sup-
pressed stage to the active stage of the MJO.

a. Surface wind speed response

In each of the cases, the strength of moisture con-
vergence changes convection frequency, strength, and

overall behavior. We plot the surface zonal wind com-
ponent u, using a timeÐlongitude Hovmöller diagram
along a line of latitude ( Fig. 7), thereby representing
both the eastward propagation of convective systems
and their relative strength. This representation shows
the acceleration of the surface wind by cold pools, which
typically appears as a couplet of positive and negative

FIG . 4. Surface plots of (a) potential temperature, (b) speciÞc humidity, and (c) cloud albedo from case M100 over a subregion of the full
domain on day 7. The dashed black line indicates the location of cross sections and ßuxes presented inFigs. 5and 6.

JULY 2015 S K Y L L I N G S T A D A N D D E S Z O E K E 2447

�8�Q�D�X�W�K�H�Q�W�L�F�D�W�H�G���_���'�R�Z�Q�O�R�D�G�H�G���������������������������������$�0���8�7�&



velocity as a cold pool intersects the meridional location
plotted. Zonal wind maxima indicate the leading edge
of cold pool systems from recently active convective
cells. In case M100, cold pools are generated by large,
slow-moving systems that last; 6 h and occasionally
generate a strong eastward wind gust, for example, on
day 7 nearx 5 480 km (Fig. 7a). The number of cold pool
systems is limited, with relatively few interactions be-
tween cold pool edges leading to new convective cells.
Cold pool edge propagation in the zonal direction is
sometimes; 5 m s2 1, but does not show a well-organized
structure over time.

Case M200 (Figs. 7c,d) produces more convective
cells that tend to propagate eastward as indicated by
long-lived eastward gust fronts. Slow-moving, westward-
propagating gust fronts are indicated by regions of
negative velocity. Gust fronts are typically active for
about 100Ð150 km with propagation speeds between 5
and 8 m s2 1. Intersections between cold pools from
different convective cells occasionally generate new
convection, for example, as shown by the gust front

FIG . 5. Vertical cross sections alongx 5 350 km of (a) potential
temperature (K), (b) speciÞc humidity (g kg2 1), (c) meridional
velocity (m s2 1), and (d) parcel height parameter (m) taken from
case M100 at hour 16 on day 7. Cross sections correspond to the
black dashed line indicated in Fig. 4. The arc cloud is associated
with the front at y 5 190 km. FIG . 6. Surface (a) rainfall over previous 10-min period,

(b) friction velocity, (c) sensible heat ßux, and (d) latent heat ßux
from day 7, hour 16. Cross sections correspond to the northÐsouth
line indicated in Fig. 4 at x 5 350 km.
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intersection just after day 7 near x 5 380 km. Anima-
tions of surface temperature and speciÞc humidity sug-
gest that many new cells are generated along old cold
pool boundaries that have well-deÞned temperature and
humidity gradients, but do not have signiÞcant wind
variations.

Cell propagation in case M450 has stronger outßows
both westward and eastward. Phase speeds again range
between 5 and 8 m s2 1, depending on the particular cell.
Systems in this case are more vigorous, long lived, and
tend to traverse the periodic domain multiple times.
New cells form at the intersections of eastward- and

FIG . 7. Hovmöller diagrams of zonal velocity and speciÞc humidity aty 5 268.8 km for case (a),(b) M100; (c),(d) M200;
and (e),(f) M450.
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