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ABSTRACT

The role of wind speed on shallow marine cumulus convection is explored using large-eddy simulations and
concepts from bulk theory. Focusing on cases characteristic of the trades, the equilibrium trade wind layer is
found to be deeper at stronger winds, with larger surface moisture fluxes and smaller surface heat fluxes.
The opposing behavior of the surface fluxes is caused by more warm and dry air being mixed to the surface as
the cloud layer deepens. This leads to little difference in equilibrium surface buoyancy fluxes and cloud-base
mass fluxes. Shallow cumuli are deeper, but not more numerous or more energetic. The deepening response is
necessary to resolve an inconsistency in the subcloud layer. This argument follows from bulk concepts and
assumes that the lapse rate and flux divergence of moist-conserved variables do not change, based on sim-
ulation results. With that assumption, stronger winds and a fixed inversion height imply larger surface
moisture and buoyancy fluxes (heat fluxes are small initially). The consequent moistening tends to decrease
cloud-base height, which is inconsistent with a larger surface buoyancy flux that tends to increase cloud-base
height, in order to maintain the buoyancy flux at cloud base at a fixed fraction of its surface value (entrainment
closure). Deepening the cloud layer by increasing the inversion height resolves this inconsistency by allowing
the surface buoyancy flux to remain constant without further moistening the subcloud layer. Because this
explanation follows from simple bulk concepts, it is suggested that the internal dynamics (mixing) of clouds is
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only secondary to the deepening response.

1. Introduction

The “trades” owe their name to the easterly surface
winds that prevail over subtropical oceans and that once
made foreign commerce flourish. Within the trades,
widespread fields of shallow cumulus dominate the vari-
ous forms of moist convection. These trade wind cumuli
remain shallow as their growth is halted by the trade
inversion, limiting their depth to typically 1 or 2 km
(Malkus 1956; Stevens 2005). It is not uncommon, how-
ever, to find cumuli that reach up to 3 or 4 km (Medeiros
et al. 2010) and that produce considerable rain showers
(Nuijens et al. 2009).
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In studying what controls the behavior of these clouds,
the role of the trade winds themselves, from which the
region derives its original name, has received far less at-
tention compared to other features, such as large-scale
divergence, sea surface temperature, and the thermody-
namic structure of the lower troposphere. Although it is
understood that the winds are crucial, by inducing evap-
oration from the ocean’s surface, their persistent nature
may have encouraged us to take them for granted. Exactly
how and how much the weakening and strengthening of
the trades, as measured by wind speed, affects its clouds
has not been extensively studied. In finescale modeling
studies of shallow cumulus convection, for instance, wind
speed is commonly prescribed as a constant forcing.

The objective of our work is to gain more insight into
the influence of wind speed on cloud properties, turbu-
lent fluxes, and the structure of the trade wind layer. For
cases characteristic of the trades, large-eddy simulation
(LES) is used to study the response of convection to
perturbations in wind speed. In addition, bulk theoretical



JANUARY 2012

concepts are used to help us understand the behavior
observed in the simulations.

The motivation for having a closer look at wind speed
stems from a previous study that used observations col-
lected during the Rain in Cumulus over the Ocean (RICO)
field campaign to analyze relationships among clouds,
precipitation, and the large-scale meteorological environ-
ment (Nuijens et al. 2009). Results from that study suggest
that wind speed, in addition to subsidence, plays a major
role in regulating variability in boundary layer humidity,
and hence in cloudiness and rainfall. More specifically,
stronger winds are observed to correspond to higher hu-
midity throughout the entire boundary layer and an
increase in area rainfall. The hypothesized mechanism
behind this relationship that we wish to test is that stronger
winds lead to enhanced evaporation, more upward mixing
of moisture by clouds, and an increase of humidity in the
cloud layer. This in turn favors the development of deeper
clouds with more liquid water, which may rain more.

Relationships among wind speed, humidity, and rain-
fall are not new in studies of deep convection and the
ideas explaining such relationships are similar to what is
proposed for shallow convection. By compositing
sounding profiles over the island of Nauru in the western
tropical Pacific, Holloway and Neelin (2009) show that
variability in deep convective rainfall is mainly linked to
variability in free tropospheric humidity. They attribute
the increase in rainfall with humidity to an increase in the
buoyancy of cloudy updrafts, via entrainment. Similar find-
ings are discussed in Bretherton et al. (2004) and Back and
Bretherton (2005), who also show that wind speed explains
a significant part of the variability in daily rainfall in the
Pacific ITCZ from four years of satellite-retrieved data.

One idea proposed in these studies is that enhanced
evaporation under stronger winds leads to a greater num-
ber of shallow cumuli, where each cumulus contributes to
a moistening and deepening of the boundary layer (here
including both the subcloud and cloud layer), which in-
creases the chance that a deeper precipitating system
develops. Interpreting the RICO results in view of these
ideas, a few interesting questions arise: Does an increase
in wind speed just lead to a greater number of shallow
cumuli or to a deepening of cumuli in general? How does
that impact the moistening versus the deepening of the
boundary layer? Given that the layer close to the ocean
surface moistens, can the enhanced evaporation be sus-
tained over a longer period of time?

The approach that we use in addressing these ques-
tions is inspired by the observations that motivated our
study. The vertical structure observed during RICO at
a single point reflects the history of air masses that have
traveled for a few days through the trades at a certain
wind speed. During this time the different processes that
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act on the layer (the surface fluxes of heat and moisture,
subsidence, and radiation) may have reached equilib-
rium. The increase in boundary layer humidity with
wind speed may thus be explained as an equilibrium
response to stronger winds. This approach is further
explained in section 2. In section 3, the simulations that
are used to describe the transient response to wind speed
perturbations, as well as the equilibrium response, are
described. We focus on nonprecipitating shallow cumulus
cases that have an idealized thermodynamic structure,
though not far from what is typically observed within the
trades. Excluding rainfall may seem at odds with our
motivation, but our goal here is to understand the re-
sponse of clouds to wind speed first, and rain may blur
part of that response. Following the simulations, we
apply concepts from bulk (equilibrium) theory, such as
those described in Betts and Ridgway (1989), to help
understand how the underlying conservation equations
constrain the equilibrium response of the trade wind
layer (section 4). The results are discussed in section 5
and conclusions are summarized in section 6.

2. The idea

Imagine that the vertical profiles in the top panel of Fig.
1 represent the vertical structure of air masses that have
traveled a few days through the trades. If the wind shear
that is present in the profile of u is ignored, one assumes
that the air masses have been advected in their entirety by
a mean (surface) wind speed U. An idealized picture of
the vertical structure at low U (dashed lines) is shown in the
bottom panel. It exhibits a structure that is typical for the
trades: a well-mixed layer of depth 1 above the ocean’s
surface, the cloud layer that is less rapidly mixed, and an
inversion layer at /4 that separates the turbulent boundary
layer from the free tropospheric air above it.

This thermodynamic structure results from a subtle
balance between the processes that act on the layer,
among which clouds are an important link. It is useful to
consider the equilibrium state of the layer because this
eliminates the time derivative from the underlying con-
servation laws and allows one to directly link the gradi-
ents of temperature and humidity to the processes at play.
The equilibrium state for a nonprecipitating case follows
from the tendency equations of the conserved variables
6; and g, (the liquid water potential temperature and
total specific humidity), with the time derivatives d6,/dt
and dq/dt put to zero:

a6 JF,
0=-Wwo + S 1
Yoz o, az’ @)
9 oF
0=—wd— 4 @)
az 9z
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FI1G. 1. (top) Composite profiles of 6, ¢, u, and 6, conditioned on periods with little rainfall
(dashed lines) and periods with moderate rainfall (solid lines) as observed during RICO
[adapted from Fig. 7 in Nuijens et al. (2009)]. (bottom) An idealization of the 6 and g profiles of
the first composite (with little rainfall and lower zonal wind speeds), along with subsidence w,
radiative cooling Q,, and the surface fluxes of heat F, ; and moisture F .

where for convenience g, is written as g and 6, is written as
6. It is assumed that the air mass is horizontally homoge-
neous (which eliminates the horizontal advection terms)
and that there is no significant lateral advection into the air
mass. The term Q, denotes an imposed cooling, which
represents radiative processes; w is the subsidence velocity
(W < 0);and F, =w'6" and F, = w’q’ denote the turbu-
lent fluxes of # and ¢, respectively. In stationarity, con-
servation of energy (in this case conservation of ;)
requires that anywhere between the surface s and the in-
version 4, warming due to subsidence (acting on the tem-
perature gradient) and due to the turbulent heat flux
divergence balances the imposed cooling. Moisture con-
servation requires that drying due to subsidence balances
moistening due to the turbulent moisture flux divergence.

Wind speed enters the above equations via the surface
fluxes. These are typically modeled with bulk formulas
(Fairall et al. 2003), wherein the flux of any quantity is the
product of wind speed and the difference of that quantity
between the surface and the subcloud layer (for 6 and g):

F,, = CoU®, — 6,,), 3)
F, = CU(q, - 4,,). “)

Here, m denotes the well-mixed subcloud layer, Cp, is
a surface transfer coefficient derived from similarity

theory, and U = /uZ, +v2, is the wind speed above the
surface; also, 6, is the sea surface temperature (SST) and
q, 1s the saturation specific humidity at SST. The surface
fluxes combined give the surface buoyancy flux F

~

K

Fy

8
E(F,, + eOF, ), )
v,0

where g = 9.81 m s~ is the gravitational acceleration,
6,0 is the basic-state virtual potential temperature, and
e=(R/R,)—1=0.608, where R, = 461.5] kg ! and
R, = 287 J kg~ ! are the gas constants for water vapor
and dry air.

Equations (3) and (4) show that if U is perturbed by
8U, the surface fluxes change directly, which changes 6,,
and ¢,, [Egs. (1) and (2)] and asks for a further adjust-
ment of the surface fluxes. If warming and moistening
close to the surface (which decreases 6; — 0,,, and g, — ¢,,,)
is sufficient, it can offset the effect of stronger winds on
the fluxes, so that the equilibrium surface fluxes remain
unchanged: 6F,, §F, ~ 0. If moistening and warming are
not sufficient, the surface fluxes in a new equilibrium will
be different and 6 F,, 6Fy # 0.

In the following section we explore the issue with
LES, where one of our main findings is that a change in
wind speed leads to a change in the depth of the layer
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FI1G. 2. (left) Vertical profile of subsidence velocity and the initial profiles of (left middle)
liquid water potential temperature , (right middle) specific humidity, and (right) wind speed
U = Vu? +v? for the RICO intercomparison case (green; Van Zanten et al. 2011), the S7 5 case
(blue), and the Sg s case, which only differs from S7 5 in its profile of w and 0 (red).

h, with 6F,, 6Fy # 0. By using some of the above bulk
concepts in section 5, we demonstrate that this deep-
ening of the cloud layer with stronger winds is a neces-
sary adjustment of the layer to a new equilibrium. We
also explain why the solution we hypothesized in our
previous study (Nuijens et al. 2009) whereby 4 does not
change and 6F,, 6Fy = 0, is inconsistent.

3. Large-eddy simulation
a. Simulation setup

All the simulations are performed with the University
of California, Los Angeles (UCLA) LES code described
in Savic-Jovcic and Stevens (2008), except for the time
stepping, which is performed with a Runge-Kutta-3
scheme (with an adaptive time step limited to be no
larger than 1 s). The simulations are performed with ini-
tial and boundary conditions that lead to the develop-
ment of typical shallow cumulus convection after a few
hours of spinup (Fig. 2; Table 1). The simulation setup
we initially explore is that of the RICO LES intercom-
parison case, which derives its initial profiles from mea-
surements during the RICO field study and its large-scale
forcings from regional downscaling of European Centre
for Medium-Range Weather Forecasts (ECMWF) Re-
Analyses (Van Zanten et al. 2011). The RICO case does
not achieve stationarity (the boundary layer continues to
deepen during the simulation); it has a significant amount
of wind shear (the geostrophic profile of u is sheared by
8 m s~ ' over 4 km) and allows rain to develop. The lack
of stationarity complicates the analysis and both wind
shear and rain provide additional mechanisms that can

influence the dynamics of the layer and that we prefer to
exclude. For these reasons, we turn our focus to a
framework introduced by Bellon and Stevens (2012,
hereafter BS12), which prescribes large-scale forcings
and initial profiles that are not uncommon for the sub-
tropics but are further idealized relative to the RICO case
(Fig. 2; Table 1). We here give a short outline of the
(dis)similarities between the two case setups, in addition
to a more detailed specification of the BS12 framework

TABLE 1. Initial and boundary conditions, forcings, and other
specifications for the idealized framework by BS12. Details are
given in the text.

Case §75, 885

Forcings

Wy (ms™") 75%x107%,85%x 1073

H (m) 1000

0, (K day™") 25

ug (m s h 10

vg (m s 0
Initial and boundary conditions

SST (K) 300

q(gkg™h z<1km:13

z=1.6km: 4
0 (K) z <1 km: 298

z = 1.6 km: do/dz = O, /w
Domain and resolution

At (s) 1

Ax, Ay, Az (m) 50 X 50 X 25%
nx, ny, nz (nondimensional) 256 X 256 X 190
Domain size (km) 12.8 X 12.8 X 5

* At z > 4 km vertical grid is stretched uniformly by a factor
of 1.02.
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[for a detailed description of the RICO case we refer the
reader to Van Zanten et al. (2011)].

Both the RICO case and the idealized case support an
Eulerian reference frame with large-scale forcings that
are constant in space and time. The absence of the typical
increase of SST and decrease in subsidence along a trade
wind trajectory allows us to study the effect of wind speed
alone. In the RICO case the subsidence profile is spec-
ified to be piecewise linear and this is generalized to
a smoother exponential form in the BS12 framework
(Fig. 2, left). For the RICO case a cooling tendency due
to horizontal advection is combined with the radiative
cooling to give a constant (with height) net cooling rate
of 2.5 K day . For our more idealized case the same
cooling rate is applied. In the RICO case an additional
large-scale drying tendency is applied, which is absent in
the idealized case. At the surface, a prescribed SST and
a slip/no-penetration condition are used, with surface
thermodynamic and momentum fluxes parameterized
with bulk aerodynamic formulas [see Egs. (3) and (4)].

In the idealized case the exponential profile w, such
that

w(z) = wy(1 — ™M), (6)

is coupled to the temperature lapse rate in the free tro-
posphere, which follows from the assumption that sub-
sidence warming equals radiative cooling:

doldz(z) = Q,/w(z), (7)

where the base subsidence rate w, equals either 7.5 mm
s ! (case S75), or wy = 8.5 mm s~ ! (case Sgs). The term
H, the scale height, equals 1 km (Table 1). Although w, =
7.5 mm s~ ' is much higher than what is typical for the
trade wind regime and than what is used for RICO (where
wisat most 5 mm s~ '), it helps compensate for the lack of
a separate representation of large-scale advective ten-
dencies and thus promotes the development of stationary
solutions. In particular, the increased subsidence at the
height of the inversion mimics the effect of advecting
a sloped inversion, which induces strong warming and
drying tendencies at that level. The use of a larger value
for the subsidence also accommodates a stronger cooling
rate that helps offset the lack of a separate term repre-
senting the advective cooling within the subcloud layer.
Although our case is idealized, the general behavior
mimics what is evident in the less idealized RICO case.
Our additional idealizations primarily act to bring us closer
to a regime where equilibrium responses are found. This
facilitates the analysis (as it allows us to collect statistics
from the simulations over a longer period). Nonetheless,
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it remains interesting to see how the results generalize as
some of the constraints associated with our idealizations
are relaxed. In particular there is some indication that
by allowing radiation to be interactive and by decoupling
subsidence and the free tropospheric lapse rate (Betts and
Ridgway 1989) a broader range of responses can be found.

The initial profiles of temperature and humidity in the
idealized case are well mixed and constant with height
upto1 km,with§ =298 Kandg =13 g kg~ !, topped by
an inversion layer that extends up to 1.6 km. Above that
height, 6 follows from Eq. (7), and to ensure a zero
drying tendency in the free troposphere the humidity
gradient is set to zero with ¢ = 4 g kg~ '. The initial
wind profile equals the geostrophic wind that is con-
stant with height, with a zonal component of 10 m s~
and a meridional component that is 0 m s~ ' (Fig. 2).
The domain is 12.8 X 12.8 X 5 km? with a grid spacing
of 50 m in the horizontal and 25 m in the vertical,
stretching by a factor of 1.02 in the region where z >
4 km (this is twice the horizontal and roughly twice the
vertical resolution of the RICO case). Simulations are
performed without rain microphysics, which removes
another uncertainty, given that clouds and especially
rain still exhibit a significant sensitivity to the numeri-
cal representation of the flow (Matheou et al. 2011).

The influence of wind speed is studied by perturbing
the zonal wind profile by +50%. For the RICO case this
is done upon initializing the model, after which simula-
tions are continued for 60 h. For the idealized case, the
simulation strategy is slightly different. The model is first
run for 60 h at a 10 m s~ ' wind speed, during which the
boundary layer approaches stationarity, after which wind
speed is perturbed and the simulations are continued for
another 48 h.

In order not to develop systematic numerical differ-
ences between the simulations, the Galilean transform
[which is commonly used to reduce numerical dissipation
and to lower the Courant-Friedrich-Levy (CFL) number
in LES] is adjusted accordingly. For the RICO case the
Galilean velocity equals the zonal wind speed near cloud
base (acting to reduce the numerical dissipation only near
this height). For the idealized framework the Galilean
velocity equals the (constant with height) zonal wind. Any
remaining differences in numerical advection speed left
between the wind speed cases are located in the subcloud
layer, once shear develops (with more shear present in
simulations with stronger winds). Test simulations with
different CFL numbers show that such differences do not
significantly affect the conclusions we draw.

b. Perturbing wind speed

Figure 3 shows the differences in the vertical structure
of the trade wind layer that have emerged after 60 h of
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FI1G. 3. The vertical profile of (a) liquid water potential temperature, (b) specific humidity, (c)
liquid water, (d) zonal wind speed, (e) turbulent heat flux, (f) turbulent moisture flux, (g)
buoyancy flux, and (g) mass flux for the RICO case, averaged from hour 52 to hour 60 of
simulations that start with the control wind speed profile (green), + 5 m s~ ! (dark green), and

u—5ms ! (yellow-green).

simulating the RICO case with different initial wind
profiles. At stronger winds clouds are deeper (Fig. 3c),
hence the cloud layer is deeper, whereas the thermo-
dynamic gradients have changed little (Figs. 3a,b). The
subcloud layer has warmed and moistened (Figs. 3a,b),
but the surface fluxes at different wind speeds remain
different (Figs. 3e,f). Also interesting to note is the little
difference in surface buoyancy flux and cloud-base mass
flux (Figs. 3g,h). Because of wind shear and other features
of the RICO case (discussed in the previous section) we
continue with the idealized case for a more detailed
exploration of these results. We point out that both cases
do respond similarly to wind speed despite their dif-
ferences in (thermo)dynamic structure, which suggests
that our results are not overly sensitive to the additional
idealizations introduced.

After 60 h of simulating S;5 and Sgs at a 10 m s™
wind speed Uy, a typical trade wind layer structure has
developed (Fig. 4), with a subcloud layer up to roughly

1

500 m and aninversion near 1.6 km for Sg 5 (red lines) and
2.3 km for S75 (blue lines). Note that the Coriolis force
and surface drag lead to a turning of the wind and a small
amount of wind shear close to the surface (right panel).
Differences in structure between S7 5 and Sg s are other-
wise small, with a somewhat drier subcloud layer for S7 s,
which is consistent with its boundary layer being deeper.

The boundary layer growth dh/dt for Sgs is zero at
hour 60. This is not true for S; s, where the tendency to
deepen the layer, as measured by dh/dt — w,, still exceeds
the prescribed subsidence rate (blue lines in Fig. 5). The
surface heat and moisture fluxes Fy, and F ;, however,
are roughly constant between hour 48 and hour 60, in-
dicating that the subcloud layer has reached stationarity.
Note that Fj ; is close to zero, implying that the subcloud
layer temperature is equal to the sea surface tempera-
ture. Because Fy over the ocean is typically small, the
convective forcing of the layer, as measured by F, is
weak and strongly influenced by F .
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FI1G. 4. The vertical profile of (left) liquid water potential temperature, (left middle) specific
humidity, (right middle) liquid water, and (right) zonal and meridional wind speed for cases S7 5
and Sg 5, averaged from hour 52 to hour 60 of the simulations.

The zonal wind speed is perturbed at hour 60 by an
amount du = +5 (Uys) and du = —5 (Us), after which
all simulations, including Uy, are continued for two
more days. The most apparent changes occur in the 6 h
after the perturbation, followed by a more gradual re-
laxation to equilibrium (Fig. 5). Similar to the RICO
simulations, the layer deepens at stronger winds, with
a sudden increase in surface moisture flux and an in-
creasingly negative surface heat flux. Cloud fraction
(not shown) and the mass flux are initially perturbed
but quickly relax backward to their original values.
That the surface fluxes evolve more gradually through-
out the simulations suggests that their evolution re-
flects changes in the layer structure (0,,, q,,) after the
perturbation.

The overall response is not completely linear (i.e.,
subtracting wind does not give the exact opposite re-
sponse to adding wind). Some secondary features de-
velop in Uys, such as more shear in the subcloud layer
and increased cloudiness at upper levels (Figs. 6h,c),
which changes its character compared to Us and Uy,
The main response, however, is unaffected by these
differences. One can note that the behavior of the sur-
face heat, moisture, and buoyancy flux, as well as the
mass flux, is similar to the RICO case (Figs. 3e-h), which
supports the idea that the response we are seeing is
general and motivates the use of the idealized case for
developing our ideas. In the following analyses we focus
mainly on §;5. Even though it does not become truly
stationary at higher wind speeds, the temporal evolution
is modest and steady. Moreover, because the clouds in
that case get deeper they are better resolved, and in
terms of the general response to a change in wind speed,
S7.5 and Sg 5 are very similar.

1) SURFACE FLUX AND DEEPENING RESPONSE

Whereas F,, responds immediately to the perturba-
tion, a direct response of Fy  is less apparent, simply be-
cause it is approximately zero to begin with (Fig. 5).
Within the next hour, however, Fj; starts to decrease in
U;s (and increase in Us), a response that was somewhat
unexpected. The reason for Fy ; turning negative in Uss is
because the layer is warming from enhanced entrainment
at the top of the subcloud layer, mixing potentially
warmer cloud layer air into the subcloud layer (note that
Fy . is zero initially, hence the warming cannot be caused
by additional surface input). The enhancement of tur-
bulent entrainment right after the perturbation is caused
by more vigorous turbulence in the subcloud layer, a
result of a larger F,, and F; ;. In Us the opposite takes
place: entrainment (warming) decreases and is less able
to compensate the fixed cooling (2.5 K day !). This
leads to a gradual cooling of the subcloud layer accom-
panied by a gradual increase in Fy.

At stronger winds, more shear develops in the subcloud
layer. This occurs in a few hours after the perturbation
(on a time scale much shorter than the adjustment time
of the surface fluxes), and differences in near-surface
wind speed among Us, Uy, and U;s are therefore less
than 5 m s~ ! [see also the vertical profiles of u and v and
of S =u'w'(9u/dz) + v'w'(9v/dz) taken at the end of the
simulation (Figs. 6d,h)]. Because the convective forcing in
the subcloud layer is not strong to begin with, shear gen-
eration of turbulence may begin to play a more important
role in Ujs. Shear near cloud base has been shown to
positively influence the rate of entrainment (Moeng
and Sullivan 1994; Pino et al. 2003; Conzemius and
Federovich 2006), which would imply more drying, and
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FIG. 5. Time series before and after the wind speed perturbation for case S; 5: (from top to bottom) surface sensible
heat flux, surface latent heat flux, surface buoyancy flux, boundary layer height, deepening tendency, and fraction of
cloudy columns and the mass flux at cloud base for simulations U, (blue), Us (gray), and U;s (dark blue).

require a larger surface moisture flux in equilibrium.
Because F ; in U5 shows more evidence of a relaxation
back to its value of Uy, a point to which we return in the
discussion (section 5), we believe such a shear effect is
small and does not significantly affect the behavior of the
subcloud layer.

Evidently, the wind speed perturbation, followed by
a change in the surface buoyancy flux, changes the rate
of mass exchange between the cloud layer and the free
troposphere, as measured by dh/dt —w,. The sudden
increase in F,, ; and F}, ; allows deeper clouds to develop
that are associated with a greater flux of liquid water into
the inversion. Upon mixing with the overlying dry air,
liquid water evaporates, cools, and moistens the inver-
sion, thereby slowly deepening the layer as a whole
(Betts 1973; Stevens 2007; Bretherton and Park 2008).

As clouds penetrate farther into the free troposphere,
the net amount of dry and warm free tropospheric air
that is mixed into the cloud layer increases. This addi-
tional warming and drying is felt closer to the surface,
through entrainment across the subcloud and cloud layer
interface. In equilibrium, this results in more input of
moisture at the surface and less input of heat. The latter
explains why the surface fluxes act in opposite ways and
force the surface buoyancy flux to relax backward to its
original value (most evident for Us and Uj).

Into the second day after the perturbation, the cases
therefore have a similar surface buoyancy forcing. Cloudy
updrafts are moister but also warmer, so that the liquid
water flux at each level is very similar in each case. Be-
cause the layers have different depths, and the liquid
water flux carried into the inversion scales with the depth
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FIG. 6. Profiles of (a) liquid water potential temperature, (b) specific humidity, (c) liquid
water, (d) zonal and meridional wind speed, (e) turbulent heat flux, (f) turbulent moisture flux,
(g) buoyancy flux, (h) shear production of TKE, (i) cloud core fraction, (j) cloud core vertical
velocity, (k) mass flux, and (1) cloud core excess of virtual potential temperature. Profiles are
averaged over hours 100-108 for Us (gray), Uj, (blue), and U, s (dark blue) for S7 s, as well as for

Sg.5 (orange, red, and dark red, respectively).

of the layer, their deepening tendencies remain different
(Stevens 2007).

2) CLOUD AND MASS FLUX RESPONSE

Along with the sudden change in moisture and buoy-
ancy flux right after the perturbation, the fraction of
buoyant updrafts that reach their saturation level changes.

This is evident from the sudden increase in (total) cloud
cover (cc) for Uys, and the decrease in cc for Us. The
cloud cover, defined as the number of cloudy columns
in the domain, remains altered during the simulation,
but cloud fraction at cloud base (not shown), cloud-core
fraction a.,, and the mass flux at cloud base M quickly
approach values similar to that of Uy. The change in total
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cloud cover thus reflects mainly clouds getting deeper,
and because they have irregular shapes and do not nec-
essarily fill the same column at any given height (i.e., they
do not obey the maximum overlap rule), cc can change
even if the vertical profile of cloud fraction does not
change.

Why cloud (core) fraction changes little can be under-
stood from the structure and dynamics of the subcloud
layer. The saturation level of updrafts is typically some-
what higher than the depth of the well-mixed layer and
the two are separated by a thin stable layer often called
the transition layer (Malkus 1958). The transition layer is
marked by a small negative jump in humidity and positive
jump in temperature and reflects the penetrative nature
of dry convection in the subcloud layer. When a sudden
perturbation, such as an increase in wind speed, lowers
the saturation level because the well-mixed layer moistens,
the number of cloudy updrafts (as measured by a.,) in-
creases and along with it the mass flux:

M=w_a,, (8)
where w, is the cloud-core vertical velocity. More mass
removed from the layer in turn lowers n:

dnm _

o E-M+w, 9)
where w <0 and E is the rate at which cloud layer
air is entrained into the subcloud layer (E > 0). This
mechanism ensures that 7 is kept close to the saturation
level and reestablishes the thin transition layer. This may
explain why a., does not differ much between the wind
speed cases. Note that also w,, is similar, although most
evidently for Us and Uy, (Fig. 6j). This can be understood
if we assume that it scales with the convective velocity
scale w* (Grant and Brown 1999; Stevens 2006; Neggers
et al. 2000):

W, =W = (nF, )7, (10)
where both 7 and F,; do not change much with wind
speed (as discussed earlier, because F, ; and Fy ; respond
oppositely). As a result, we observe that the mass flux is
fairly constant with wind speed.

c¢. Toward a new equilibrium

The surface fluxes are roughly constant throughout
the second day after the perturbation (Fig. 5) and the
subcloud layer in Us and Uy of S7 5, as well as in Us, Uy,
and Ujs of Sgs, are in equilibrium. Except for the two
deepest cases, where boundary layer growth is not zero,
the cloud and inversion layer are also in equilibrium.
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Substantial differences in boundary layer depth have
developed at that point and both the subcloud and cloud
layer are warmer and moister at stronger winds (Fig. 6).
Because the surface fluxes remain different among Us,
Ui, and Uys, the subcloud layer 6 and g evidently have
not increased enough to offset the wind speed change.

At stronger winds, the larger moisture fluxes and
larger (negative) heat fluxes throughout the cloud layer
(Figs. 6e,f) reflect more moist and (potentially) cold air
being mixed upward, as well as more dry and warm air
being mixed downward. The profiles of F,, we,, and
buoyancy excess in cloud cores (Fig. 6g,j,]) show that
updrafts are not more energetic at stronger winds, nor
are clouds more numerous or mass fluxes larger (Figs.
6i,k). Because the mass fluxes are so similar, there is
no evidence that E is larger at stronger winds. This can
be seen from Eq. (9) where in equilibrium the left-hand
side vanishes and E must balance M — W, Because 1 and
therefore Wn do not differ much, and neither does M, we
can assume E is also not that different. This implies that
the larger turbulent fluxes across the transition layer
(the entrainment fluxes) are just the result of larger
jumps in 6 and g across the transition layer (A,6 and
A,q). In other words, the cloud layer has warmed more
and moistened less relative to the subcloud layer.

It is important to point out that the gradients of # and
q in the cloud layer are approximately constant with
wind speed. The cloud layer consequently experiences
similar large-scale drying and warming due to subsi-
dence. In equilibrium, this constrains the divergence of
the turbulent fluxes in the cloud layer [Egs. (1) and (2)].
Differences in equilibrium surface fluxes at different
wind speeds hence reflect the difference in fluxes at the
inversion that develop (a point to which we return in the
discussion).

4. An explanation for the deepening response
from bulk theory

The simulations show that in the transient response to
an increase in winds, a stronger moisture flux and mass
flux into the inversion lead to a deepening of the cloud
layer. These differences in boundary layer depth and in
the surface moisture flux are maintained toward a new
equilibrium. These observations, however, do not tell us
if the layer needs to evolve in this way. Without the
sudden increase of mass flux and liquid water into the
inversion right after the perturbation, would the layer
still have deepened? Do surface fluxes have to change
with wind speed?

Using the bulk concepts introduced in section 2, we
here explore whether from an energetic point of view
the boundary layer 4 has to be deeper at stronger winds.
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Because bulk models presume a certain structure in the
cloud layer, this also explores the extent to which the
detailed internal structure of the cloud layer (how clouds
mix with the environment) matters in setting the new
equilibrium. Our strategy is as follows: we explore
whether a (consistent) new equilibrium can be obtained
in which 4 has not changed. This is done for two hypo-
thetical situations, one whereby equilibrium surface
fluxes are constant with wind speed and one whereby
they are not.

In developing our arguments we make use of Fig. 7,
which displays a simplified vertical structure of the trade
wind layer, similar to Fig. 1. The top panel (black dashed
lines) shows the profiles of temperature and humidity
and their corresponding fluxes before wind speed is per-
turbed. The subcloud layer is well mixed in 6,, and g,,.
The subcloud layer depth is assumed to equal the satu-
ration level. Jumps in temperature and humidity at the
top of the subcloud layer (the transition layer) are ig-
nored. The profiles are linear in the cloud layer with
a discontinuity at /& represented by A,6 and A,q.

The flux profiles are constructed by linearly relating
the heat and moisture fluxes at / to their surface values,
by using a flux difference across the layer equal to AF =
F, s F he

Fq,h = Fq’s — AFq =CpU(q, — q,,) — AFq, (11)
F,, = F,, — AF, = C,U(6, — 6,) — AF,,  (12)

where AFy, AF, > 0 and the surface fluxes Fy, and F,
follow from bulk aerodynamic formulas [Egs. (3) and (4)].
The buoyancy flux Fj, at n follows from the common
closure in which the flux at the top of the subcloud layer
is a fixed fraction « of its surface value:

Fb,n = KFb’S, (13)
with k = —0.2. The buoyancy flux is linearly extrapo-

lated into the cloud layer where it represents the dry
virtual potential temperature flux F,: (dashed lines)
(Stevens 2007).

We can replace the moisture flux at 4 on the left-hand
side of Eq. (11) by recognizing that in equilibrium it
must balance the large-scale drying flux (due to sub-
sidence). Similarly, the heat flux balances the large-scale
warming flux and the radiative flux difference Q,Ah at h.
When writing the large-scale drying and warming flux as
the product of subsidence velocity and the jump of tem-
perature and humidity across 4, this gives

w,A,q = CDU(qS - qm) — AFq, (14)
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w,A,0 = CLUW0, — 6,) — AF, + Q,Ah,  (15)
withw, < 0,4, <0,A,0>0,and Q,Ah <0 (the latter
vanishes for an infinitesimally thin inversion).

Now let us assume that U is perturbed by an amount of
86U > 0. The profiles in red (two middle rows) in Fig. 7
resemble possible new equilibria in which the boundary
layer depth has not changed. In the first situation the
layer moistens enough by 8q to offset the increased con-
tribution of wind speed to the surface flux, so that 6 F, = 0.
In the second situation moistening is not enough and
oF, # 0. Note that in both situations we have kept the
cloud layer gradients the same as in the top panel (before
the perturbation), motivated by the simulations that show
little change in cloud layer gradients with wind speed.

If F, ; does not change, and neither does AF, (because
the gradient of ¢ does not change), then F,; does not
change either [Eq. (11)]. Such a situation, however, is
inconsistent with the large-scale drying flux at 4 that has
increased by an amount of w,5q:

w,(A,qg — 8q) # E (16)

This situation, whereby neither % nor the surface fluxes
change with U > 0, thus appears invalid.

In situation (2) we expect that 6F, > 0 if 8U > 0,
where 8F, is defined as

oF, = CyoU(q, — q,,) — CpUs,. 17)

Using this in Eq. (15) gives the new moisture flux bal-
ance at h:

w,(A,q — 8q) = F,, + oF,
= Fq’h + Cp8U(q, — q,,) — CpUdq
=F,, + QUIU)F, = CUsq, (18)
which appears to be a consistent and plausible new

equilibrium. The expression can be rearranged to solve
for 6q:

5 - F,,(8UIU)

= 19
C,U - w, (19)

A similar derivation can be done for temperature, recall-
ing that 60, = O:
_ F,,(8UIU)

U, 0

If we mimic the situation in LES where Fy; = 0, this
expression shows that 80 = 0 [there is no change in the
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0 profile in Fig. 7 for situations (1) and (2)]. Remember
that this is different from what we have seen in LES
[situation (3), in green in Fig. 7], because we here assume
that /& does not change.

Equations (19) and (20) show that in general, because
their denominator is positive, a situation with positive
surface fluxes will lead to a net moistening and warming
with an increase in wind speed. As long as 6q and 86 at
the surface equal 8¢ and 86 at & (but the gradients dq/dz
and d6/dz can differ locally), the above is true.

We can note that the above expressions do not depend
on 7, but they do constrain it. Thermodynamically, 7 is
controlled by maintaining a height close to the satura-
tion level [Eq. (9) in section 3b], which in turn is con-
trolled by subcloud layer humidity and temperature.
In the case considered here, with 60 = 0 and 6q > 0,
(6n)r < 0, where we use T to denote the thermody-
namic control on 7.

This change in 7 is inconsistent with the changes that
take place in the buoyancy budget of the subcloud layer.
The divergence of F}, in the subcloud layer follows from
the divergence of the heat and moisture flux. In equilib-
rium these are dF,/dz = 0 and dFy/dz = Q, [note that
df/dz and dq/dz in the subcloud layer are zero; see also
Egs. (1) and (2)]:

eay

where O, < 0. A similar budget equation was derived
in Bretherton (1993). Using Eq. (13) this expression be-
comes

kFy = F,  + O (22)

In response to 86U, the buoyancy flux changes by an
amount of 8§ F, so that the new equilibrium is

K(Fb’s + 5Fb) = (Fb,s + 5Fb) + Qr(n + 87), (23)

where we assume 8Q, = 0. This can be rewritten to

kF, = 8F, + Q 8, (24)
which demonstrates that a situation in which the sub-
cloud layer depth does not change with wind speed
(6n = 0) can only be true if either k = 1 or if 6F), = 0.
In other words, if the subcloud layer depth does not
change, the surface buoyancy flux cannot change and
vice versa.
If 6m # 0, however, we can write
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‘1 —
—sF, X

o 25)

(877)1) =

where (6m)p refers to changes in subcloud layer depth
that are constrained dynamically by variations in Fj .
Replacing F;, with Fy + 0F, [Eq. (5)] gives

1 -«
o,

@)y = —[8F, + c66F] (26)

For the situation in LES (F, = 0) Eq. (20) predicts that
60 =0,6F, =0,and 6F, > 0. Equation (26) then predicts
that the subcloud layer depth must increase: (6m)p > 0
(recall that both « and Q, < 0). This is opposite to (61)z.

This contradiction can be resolved by deepening the
boundary layer as a whole [situation (3), in green in Fig.
7]. This increases the amount of warm and dry air from
the overlying free troposphere that is mixed into the
layer. The extra warming and drying causes the surface
heat and moisture flux to respond oppositely, leading to
0F;,, ~ 0, and allows for 67 ~ 0.

How do our findings depend on the assumption that
the surface heat flux is zero when the perturbation takes
place? If the analysis is performed for cases where Fy ;> 0
or < 0, similar contradictions arise. For instance, if Fy; <0,
Eq. (20) predicts a cooling of the layer that tends to lower 0
just as moistening does, so that (1) < 0. Equation (26),
however, requires (6m)p = 0 because of the opposite re-
sponse of 6F, and 6F,. In that situation an increase in &
can also resolve the contradiction. Only when Fp ; < 0 as
well as Fj, ; < 0 initially, Egs. (19), (20), and (25) predict
that 87 < 0. However, an initial buoyancy flux that is
negative is rather unrealistic.

5. Discussion

Bulk concepts have shown that when the boundary
layer does not deepen with an increase in wind speed,
the subcloud layer depth experiences contradicting
tendencies. Deepening the boundary layer as a whole
may resolve this contradiction by increasing the amount
of warm and dry air that is mixed toward the surface.
Because this follows from a simple bulk model, it is sug-
gested that the detailed internal structure of the cloud
layer (how clouds mix with the environment) is only
secondary to the deepening response.

The LES results in turn support the idea that how
clouds mix with the environment does not change much
with wind speed, because the temperature and humidity
gradients in the cloud layer remain approximately the
same. However, we may ask ourselves this question: if
clouds had mixed the layer differently, could this have
changed the deepening response to a nondeepening
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FIG. 8. Idealized sketch of the moisture balance at the inversion for different wind speeds, denoted by U — 86U, U, and U + 8U. (top)
Simplified humidity profiles from Fig. 6. (bottom) Profiles of the turbulent moisture flux F,, ;, (black) and the large-scale drying flux F, ;s

(red). (bottom left) An idealized subsidence profile.

response? We could allow the gradients in Fig. 7 to change
with wind speed, for instance by assuming that mixing at
the bottom of the cloud layer is less efficient than at the top
(not shown). We find, however, that the contradiction in
the response of the subcloud layer depth remains.

The idea that how clouds mix with the environment
does not change with a change in forcing (such as wind
speed) is also used in the equilibrium model of Betts and
Ridgway (1989), where bulk mixing line parameters are
kept constant. This is done by fixing the partitioning be-
tween clear and cloudy air a priori, a parameter to which
the surface fluxes and subcloud layer depth are found to
be sensitive (Stevens 2006). Because we find that cloud
fraction in LES does not vary much with wind speed, this
may not be a bad assumption. BS12 show indeed that in
equilibrium the bulk mixing line parameters (estimated
from LES runs) are relatively insensitive to SST and free
tropospheric temperature changes. The extent to which
this is also true for wind speed and other large-scale
forcings is an area of current research.

The simulations show that under stronger winds,
stronger surface moisture fluxes are maintained toward

a new equilibrium. The U;s simulation of case S; 5, how-
ever, shows a somewhat different behavior, whereby
the flux appears to relax back to its value ata 10 m s~ !
wind speed (Fig. 5). We may explain this behavior using
the same bulk concepts as earlier. In equilibrium, the
turbulent moisture flux divergence must balance the
large-scale drying [Eq. (2)], where we can write the latter
(wdgqldz) as a flux divergence as well, dF, | s/dz. Simpli-
fied profiles of F, (black) and F,,; s (red) are shown in the
bottom panels of Fig. 8, which can be considered as
generalizations of Us, Uy, and U,s (Fig. 6f). This illus-
trates that in equilibrium the fluxes at the surface are
related to F, and F, | s at 4 and we here explore how the
latter change with wind speed.

Because turbulent fluxes vanish in the free troposphere
and the change in F, | s across i equals the product of the
subsidence rate and the jump in g, the following balance is
true at h:

F

o 27)

=w,A,q.

As the boundary layer from Us to U5 deepens, Agy, de-
creases (top panels of Fig. 8) because the humidity
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gradient in the free troposphere is zero. A simplified
profile of w, , adapted from Fig. 2a, is sketched in red in
the bottom-left panel of Fig. 8. Subsidence increases
up to a certain height (which we call 2, ) and is constant
above. The right-hand side of Eq. (27) can thus increase
with wind speed, stay constant, or even decrease, de-
pending on how 4 changes.

In Uy, for instance, w, A, q is larger than in Us. This
implies larger turbulent moisture fluxes at all heights
in the boundary layer, including at the surface, so that
Fqs (Us) < Fy, (Uyg). Once h exceeds h,, , as is true
for Us, w,A,q can also decrease because of a de-
creasing Ag,,. In other words, at stronger winds less surface
moisture flux is needed to satisfy the balance at 4, which
might explain why F, ; in U;s decreases throughout day 2
after the perturbation. This effect is not seen in the heat
flux response because the free tropospheric temperature
gradient is nonzero. The decrease in F, is also absent in
the strongest wind speed case of the RICO simulations
(not shown), likely because dq/dz is nonzero in that setup.

This analysis suggests that if a wind speed (or any)
perturbation leads to a deepening of the boundary layer
to a height where the large-scale drying flux is larger, the
surface moisture fluxes in a new equilibrium may also
be larger. If the large-scale drying flux decreases or re-
mains constant with height, surface moisture fluxes may
relax back to their original values. On longer time scales,
the profile of the subsidence rate and the free tropo-
spheric gradients of 6 and g therefore become important
constraints for the surface flux behavior.

The simulations we carried out are rather simplified
in that they prescribe constant radiation, SST, and sub-
sidence. Although the changes in these parameters along
trade wind trajectories are important for the absolute
response, even more relevant is how these forcings would
covary with wind speed. For instance, we may hypothe-
size that a stronger large-scale circulation implies stron-
ger trade winds as well as stronger subsidence, which
would significantly reduce the deepening of the layer at
strong winds compared to weak winds. We may also
expect that stronger north—south SST gradients, pres-
ent at times of stronger (zonal) surface wind speeds,
relate to more wind shear (from the thermal wind
equation) and therefore there is little difference in the
depth of the layer over which easterly winds prevail.

It is also useful to consider the time period it takes to
travel a certain distance X at weak U and strong U + 6U
winds. The amount of deepening depends on the amount
of moisture transported into the inversion, which is a
function of the surface moisture flux and the time period
traveled T = X/U. Using Us and U;s we may estimate
this deepening as the tendency to deepen the layer
(dh/dt —w,) times T:
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(dhldt =W,y oy U _10 4 _
(dhidi—w,),, 8

. (28)

A\ W

U+sU 6

which shows that differences in 4 between a near-
equilibrium weak wind case and a near-equilibrium
strong wind case, when observed at a single point down-
stream, are likely small (unless of course they are ac-
companied by changes in other parameters such as
subsidence).

A last point of consideration is the neglect of rainfall in
the simulations, which is known to reduce the deepening
rate of the layer (Stevens 2007; Stevens and Seifert
2008; Van Zanten et al. 2011). Including rain likely re-
duces the differences in boundary layer depth between
the different wind speed cases. Evaporation of rainfall
within the subcloud layer in turn can lower the surface
moisture flux and increase the surface heat flux. This
effect on the surface fluxes may be further amplified by
less deepening of the boundary layer when it rains more,
which implies less warming and drying due to downward
mixing of overlying free tropospheric air. Rainfall dur-
ing RICO was on average 30 W m ™2 roughly half of the
change in F, for 8U = 3-5m s, so that rain effects
may not be insignificant. Note that rainfall would bring
the simulations closer to the observations, which show
little change in the surface fluxes and less evident dif-
ferences in boundary layer depth (Nuijens et al. 2009).

6. Conclusions

The influence of wind speed on shallow cumulus con-
vection and the trade wind layer is explored using LES
and bulk (equilibrium) concepts. Beginning with a basic
state that is characteristic of the trades, and simplifying
the issue by using constant SST, subsidence, and radia-
tion, we find the following:

(i) The deepening of the cloud layer with a strength-
ening of the winds is a necessary part of the
adjustment of the trade wind layer to a new equi-
librium. The deepening resolves a contradiction
in the response of the subcloud layer depth (cloud-
base height) to a change in wind speed. Thermo-
dynamically, an increase in wind speed tends to
decrease subcloud layer depth if it is associated
with the height at which parcels saturate. Dynam-
ically, an increase in wind speed tends to increase
subcloud layer depth if it is associated with the
height at which the buoyancy flux falls to a fixed
fraction of its surface value [Eq. (25)].

(i) The adjustment toward a deeper cloud layer is ac-
complished by the transient response of the mass
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flux, which initially increases with wind speed as
the surface moisture flux increases. The deepening
brings drier and warmer air to the surface, which
maintains a larger input of moisture at the surface
but reduces the surface sensible heat fluxes. The
surface buoyancy fluxes are hence reduced and the
initial increase in cloud-base mass fluxes is damped.

(iii) At stronger winds clouds are deeper but not more
numerous or more energetic. This is because the
equilibrium surface buoyancy flux varies little with
wind speed, as the equilibrium surface heat and
moisture flux respond in opposite ways to increasing
winds.

(vi) The equilibrium response of the surface fluxes
weakly depends on the thermodynamic structure of
the free troposphere and the profile of subsidence.

(v) The temperature and humidity gradients in the
cloud layer are approximately the same at different
wind speeds, suggesting that how clouds are mixing
the layer does not change with wind speed.

(vi) The need for deepening the cloud layer follows
from simple bulk concepts, which suggests that the
detailed internal structure of the layer (how clouds
mix with the environment) is secondary to the deep-
ening response.

A key finding of our work is that the equilibrium trade
wind layer is deeper at stronger winds. Differences in
the depth of the boundary layer however may be less
apparent when observed at a single point downstream
(assuming an equilibrium is reached). Larger wind speeds
imply less travel time, hence less time to develop a deeper
layer. Deeper clouds may also rain more along their way,
limiting boundary layer growth. Moreover, as wind speed
increases, shear becomes increasingly difficult to neglect
and may mediate the further response of the layer. An-
other point worth investigating is whether wind speed
generally covaries with subsidence or the thermody-
namic structure of the free troposphere (i.e., whether
other forcings associated with the large-scale circulation
may either amplify or reduce the wind speed effect). Such
interactions will determine whether the effect is felt not
just locally, on cloud and boundary layer dynamics, but
also deeper into the tropics, where it may feed back to the
large-scale circulation.

When moving on to more realistic (and hence more
complex) studies that focus on interactions among
clouds, meteorology, and precipitation, the influence of
wind speed on the aerosol and the microphysical de-
velopment of clouds needs to be considered. Of rele-
vance is the positive correlation between strong winds
and concentrations of sea-salt aerosol that is attributed
to sea spray from breaking waves (Clarke et al. 2003;
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Woodcock 1953). In addition, the apparent result that
stronger winds correspond to stronger cloud-base up-
drafts during most of the RICO flights (Colén-Robles
et al. 2006), a result for which we do not find evidence
in our simulations, requires attention. Such an effect
would influence peak supersaturation in moist updrafts
and hence cloud droplet concentrations and rain for-
mation.

The trades are a sensitive regime, in which small
variations in the structure of the boundary layer as well
as in the forces that act upon it may have significant
effects. This may come as no surprise to the careful
observer within the tropics, where small changes in the
mean state of the atmosphere can be accompanied by
substantial changes in the structure and organization of
clouds and precipitation.
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