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Abstract. Unusually large wind shears across the inversionl Introduction

in the stratocumulus-topped marine boundary layer (MBL)

were frequently observed during VOCALS-REX. To investi-

gate the impact of wind shear on the MBL turbulence struc-VOCALS-REx  (Variability of the American Mon-
ture, a large-eddy simulation (LES) model is used to sim-S00ns OceanCloud-Atmospherd-and  Study-Regional
ulate the strongly sheared MBL observed from Twin-Otter Experiment) took place off the west coast of Chile/Peru in
RF 18 on 13 November 2008. The LES simulated turbulencéhe Southeast Pacific during October and November 2008.
statistics agree in general with those derived from the meaJWo primary focuses of the field campaign are: (1) the
surements, with the MBL exhibiting a decoupled structure aerosol-cloud-precipitation interaction in stratocumulus
characterized by an enhanced entrainment and a turbulenc@ouds; and (2) the coupled ocean-atmosphere-land system
intensity minimum just below the clouds. Sensitivity simula- In the Southeast Pacific. Comprehensive measurements
tions show that the shear forcing tends to reduce the dynamiwere made on many platforms including aircrafts, ships,
stability of the inversion, characterized by the bulk (or gradi- Puoys, and land-based instruments. Wood et al. (2011) gave
ent) Richardson number. This decrease enhances the entrai-comprehensive review regarding the objectives, scope, and
ment mixing, leading to reduced cloud water. ConsequentlySPecific operations of VOCALS-REx.

the turbulence intensity in the MBL is significantly weakened =~ One of the most persistent features of the stratocumulus-
by the intense wind shear. The inversion thickens considerfoPped MBL observed during VOCALS-REx is the un-
ably and the MBL top separates from the cloud top, creatingusua”y intense wind shear across the inversion. Averaged
a finite cloud-free sublayer of 10-50 m thickness within the Soundings along 20° S using aircraft measurements as well
inversion, depending on the Richardson number. The weak@S rawindsondes launched from tRe H. BrownResearch
ened inversion tends to enhance the turbulence buoyant corYessel clearly exhibit an approximate4 to —7m st and
sumption and simultaneously lead to a reduced buoyant prgd MS* to 6ms* jump across the inversion in the merid-
duction in the cloud layer due to less radiative cooling. Thesdonal and zonal wind component, respectively (Bretherton
effects may result in a decoupling process that creates the dit al-, 2010; Wang et al., 2011; Zheng et al., 2011). The
ferent heating/moistening rates between the cloud and suishear was frequently accompanied with a wind speed max-

cloud layer, leading to a two-layered structure in the stronglyimum just below the inversion. Unlike many other bound-
sheared stratocumulus-topped MBL. ary layers where the shear is mainly a result of surface fric-

tion, the shear documented during VOCALS-REX is primar-
ily caused by baroclinicity within the inversion, which is
linked to the large-scale horizontal gradient of the inversion
height (Bretherton et al., 2010; Wang et al., 2011). Perhaps
for this reason, the wind shear tends to be unusually intense
and persistent.

Published by Copernicus Publications on behalf of the European Geosciences Union.



5224 S. Wang et al.: Strongly sheared stratocumulus convection

An example of the sheared MBL is exhibited in Fig. 1, 2000
which shows two similar soundings taken during the Twin- RF18, 11/13/2008
Otter research flight 18 (RF18) near 72°W and 20°S on ¢ °®
13 November 2008. A sharp temperature inversion caps
the cloud layer with~10K jump in liquid water potential |
temperatured, and —2.6gkg ! jump in total water mix- e
ing ratio g¢. The liquid water mixing ratio {c) reaches its 85 200 205 300 305 310
maximum value £0.3gkg1) near the cloud top. An in- 8, G 9, (0/ka)
tense wind shear is present across the inversion; the merid-  zo00 20005
ional wind componenty) changes sharply from 0n1$ to
—9ms1, whereas the zonal componem (changes only
about 4 ms?. The wind variations within the boundary layer
are significantly smaller than those across the inversion. 500 I s00

Wind shear across the inversion is well known for its
significant role in generating turbulent mixing and enhanc- % 0 5 o 5 % 0 5 o s
ing the entrainment rate in cloud-free convective boundary ums™ vms™

Iay-ers. For example, the shear_ IS foun(_j to enhance the er]fig. 1. Soundings taken near 72°W and 20°S during Twin-Otter
trainment heat flux by producing Kelvin-Helmholtz wave pr1g 13 November 2008a) Liquid water potential temperature
like billows within the entrainment zone (Kim et al., 2003). (g): (b) total water mixing ratiod;) and cloud water mixing ratio
The thickness of the layer is controlled by a balance amonggc); (c) ; and(d) v. Following definitions are applied for the ther-
the shear generation, buoyancy consumption, and dissipanodynamic variablesi= 6 — L6/(T cp)-gc andgt=gy-+qc, where
tion of turbulence kinetic energy (TKE) (Conzemius and Fe-6 is potential temperature amg} water vapor mixing ratio.
dorovich, 2006). This balance is manifested by an equilib-
rium Richardson number of the layer that is close to the crit-
ical value 0.25 (Turner, 1973; Conzemius and Fedorovichment, and the large-scale meteorological conditions (e.g.,
2006). Lilly, 1968; Nicholls et al., 1984; Bretherton et al., 1997;
When the wind shear occurs at the stratocumulus cloudand Stevens, 2000). For example, one specific issue that
top, its effects are considerably more complex due to thehas drawn much attention is about decoupling in the cloud-
interplay among the turbulent mixing, radiation and cloud topped MBL, a process that tends to create different heat-
water evaporation. The turbulent mixing driven by the wind ing/moistening rates between the cloud and subcloud layer,
shear may lead to local dissipation of clouds, as suggested bigading to a two-layered structure (e.g., Nicholls et al., 1984).
de Roode and Wang (2007) based on analysis of turbulenchn these studies, roles of the shear have been rarely examined.
data. A few model simulations, including large-eddy simula- Although the importance of the shear has been recognized in
tion (LES) studies, examine the overall turbulence and inver-a few studies including those highlighted above, many ques-
sion characteristics in presence of wind shear. The reductiotions remain unanswered. How does the shear affect the en-
of cloud water due to the shear enhanced mixing may sigtrainment zone structure? Does it affect the entrainment rate?
nificantly decrease the longwave cooling rate near cloud topWhat impact does it have on the decoupling?
leading to considerable weakening of the turbulence inten- This study focuses on the observed case of the sheared
sity (Chen and Cotton, 1987; Wang et al., 2008). Becausestratocumulus convection presented in Fig. 1. LES model
of shear-enhanced mixing, a turbulent and unsaturated sutsimulations and observations are used to address questions
layer of several tens of meters may form just above cloudshighlighted above. We will first provide descriptions of the
within the inversion (Moeng et al., 2005; Wang et al., 2008). LES model and simulation setups in Sect. 2 and discuss
The thickness of this sublayer can be further linked to thethe overall turbulence structure, including evaluation of the
mean shear strength (Wang et al., 2008). These broad feanodel results using observations in Sect. 3. Further examina-
tures of the simulated shear mixing were confirmed by a fewtion of the turbulent mixing in the entrainment zone and on
observational studies (e.g., Brost et al., 1982; Katzwinkelthe impact of the shear on the entrainment and decoupling
et al.,, 2011). After analyzing the high-resolution turbu- will be presented in Sects. 4 and 5, respectively. Section 6
lence measurements within the inversion layer, Katzwinkelsummarizes the work.
et al. (2011) suggests that presence of the turbulent and
cloud-free layer may reduce the evaporation since moister
and cooler air, relative to the non-turbulent air above the in-2 LES model description and simulation setup
version, is entrained into clouds.
The research on turbulence dynamics of stratocumulude use Naval Research LaboratoryCoupled
clouds has been generally focused on the interaction amon@ceanAtmosphere M esoscalePrediction Systemi arge-
the turbulence buoyant production, the cloud-top entrain-Eddy Simulation (COAMPS-LES) model in this study
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(Golaz et al, 2005). Readers are referred to the paper for Geostrophic Wind (COAMPS) Geostrophic Wind (LES forcing)
detailed description. Briefly, the anelastic approximation is ok Vo Ug b g asn Ug (solc)
assumed for efficient numerical computation; Deardorff's 15 i |
prognostic turbulence kinetic technique is used for the _
subgrid-scale model (Deardorff, 1980); Bott positive definite ™
advection scheme is applied to scalar advection (Bott, o5
1989); the four stream Fu-Liou radiation parameterization 0
is used for both longwave and shortwave computation (Fu  -'® -1°
and Liou, 1992); a saturation adjustment scheme is used
for the condensation and evaporation; and the precipitatiorrig. 2. Specification of geostrophic wind for LES simulations.
processes are deactivated. At the top of the domain, ga) Daily averaged geostrophic winds on 13 November 2008, de-
constant gradient condition is applied to all variables.rived from the COAMPS regional forecast (Wang et al., 2010); and
The lateral boundary conditions are periodic. The model(b) specified geostrophic winds for simulations. Dashed lines de-
uses 28Xk 281 grid points in horizontal with a uniform note meridional components, solid zonal components.
spacingAx = Ay =25m. A vertically stretched gridAz)
is designed to provide minimum grid spacing of 5m within
the inversion and gradually increased spacing to 25 m belovghear forcing (WS) is designed to reduce the SS by one half;
and above the inversion. The grid system spans a volume dfi0 shear forcing (NS) sets mean wind speed to zero.
7 x 7 x 2km. The time step is 0.5 to 0.75s. The choice of The initial conditions fo®, andg; are specified according
the resolution is, in part, based on our previous experiencd0 the soundings at 12:08 UTC. Preliminary simulations in-
described in Wang et al. (2008) where a grid mesh ofdicate that an initially large wind shear leads to rapid cloud
10x 10x5m (Ax x Ay x Az) produced a very similar dissipation because the shear results in a peakin the turbulent
turbulence structure to that of 3030x 5-to-20m for a  Mixing at the cloud top before a quasi-equilibrium between
strongly sheared stratocumulus case. It is also consisterihe turbulence and large-scale forcing is established. There-
with the resolutions used for a number of LES case studiedore, we initialize the wind with constant profiles using val-
(e.g., Stevens et al., 2005; Golaz et al., 2005). ues of Uy, Vy) above the MBL. Then the wind is nudged to-
The surface turbulent fluxes in the simulations are specward the geostrophic wind with a time scale of one hour. The
ified using values calculated from the turbulence measurenudging term is deactivated after the first hour of the simula-
ments made at the lowest levet30 m) during RF18; they tion; the wind is then slowly adjusted toward the geostrophy
are listed in Table 1. Large-scale vertical motion changes lin-while the turbulence gradually reaches equilibrium with the
early with the specified divergence below the boundary layerspecified large-scale and surface conditions.
height and then remains at its value for all levels above. To evaluate the simulations against the observations and
To keep the free atmospheric structure from departing signifanalyze the sensitivity to the shear forcing, we perform three
icantly from the observation due to the subsidence and radisimulations with solar radiation processes included. These
ation, we applied a nudging term to all the variables abovesimulations apply three different large-scale shear forcings as
the inversion top with a time scale of 4 h. Simulation experi- Shown in Fig. 2b. To isolate the shear impact, we also conduct
ments showed that our results are not sensitive to the choicanother set of three simulations in which the solar radiation
of this time scale. is deactivated. The large-scale divergence and surface fluxes
Large-scale shear forcing, i.e., the thermal wind profile, isare specified according to Table 1. All simulations start at
an essential aspect of the large-scale environment as it dé2:00LT and end at 10:00LT and are listed in Table 1 for
fines magnitude of the wind shear for the simulations. Wereference.
calculated daily averaged mean geostrophic winds for 13
November 2012 from COAMPS real-time forecast (Wang
et al., 2011), which are plotted using a normalized MBL 3 Synopsis of turbulence structure
height in Fig. 2a. The meridional componei¥y) changes
from 1ms! below the inversion to-10m s just above  This section focuses on effects of the shear on the MBL
it, which is consistent with the jump in the observed wind. by comparing three simulations (i.e., SS, WS and NS) and
The zonal componentjfy) changes significantly less across evaluating the results using aircraft measurements. Because
the inversion. These mesoscale model results clearly demomost of the measurements were made between 07:00 LT and
strate that the observed wind shear is directly linked to thel0:00 LT, all the LES profiles presented here are averaged
large-scale horizontal temperature gradient. Based on bothetween these two times with a sampling rate of 30s. The
the observations and the regional model results, we specifi ES time series are formed by taking averages every minute
the geostrophic forcing as shown in Fig. 2b. Three large-scalavith this sampling rate. It should be noted that among all
shear forcings are applied in the study. The strong shear forcthe LES runs, the large-scale conditions used in SS should
ing (SS) corresponds to the observed strong shear case; wedlest represent the observed MBL environment. Therefore,
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Table 1. Simulation conditions and results based on last 3 h averages.

Runs  Shear Surface Solar Azj Rjp we —AFy/AFR A
Condition conditions radiation  (m) (mnd)
SS Strong (obs)/Baroclinic Specified below Yes 92 0.34 54 na 0.38
WS Weak/Baroclinic below Yes 35 0.61 25 na 0.14
NS No mean wind below Yes 30 na 1.8 na 0.066
SSN Same as SS below No 920 037 7.6 1.2 0.39
WSN Same as WS below No 37 0.71 55 0.9 0.060
NSN  Same as NS below No 30 na 3.9 0.6 0.014
FSN  Weaklg=8ms1, Ug=0.0 below except stres.07 NnT2  No 35 116 46 0.8 0.034

Surface conditions and simulation hours

Surface stress  Latent heat flux ~ Sensible heat flux ~ Divergence  Surface pressure  Simulation
(Nm™2) (Wm2) (Wm2) s (hPa) hours (LT)

0.014 30.4 7.2 46108 10136 02:00-10:00

the evaluation with observations is mainly focused on the SSorofile as well as magnitude as shown in Zheng et al. (2011).
simulation. The decrease in positivCpw’6;, with the increasing shear

As shown in Fig. 3, the simulated mean liquid water po- fycing is the main reason why the overall magnitudes6t
tential temperaturefi) and total water mixing ratiog) are  gecreases from the case NS to SS. The shear enhanced mix-
very similar for all three simulations and comparable with theing reducesjc in SS and WS (Fig. 3b), resulting in a con-
observations from both the aircraft leg-averages and soundsijeraple decrease in the radiative cooling compared with
ings. Liquid water mixing ratiodc) from SS is the small-  yn4t in NS (Fig. 3f). This is a primary reason why the posi-

est among three cases. Its maximum value is 0.264kg e poC w8} in cloud layer decreases with increasing wind
which is smaller than thg; maximum of 0.32 gkg* from shear forcing.

the sounding shown in Fig. 1b, but larger than the flight hor- e tyrbulence intensity minimum just below clouds tends
izontal Ieg—averlqged value °f0-291<’9 The SSsimulated 5 result in different gradients of turbulent fluxes of con-
has a-9.0ms™ jump across the inversion and reaches val-geryed variables (e.gq) between the cloud and subcloud.
ues close 'to zero near the surfape, WhIChlIS consistent W'“@:onsequently, the cloud layer evolves differently from the
the sounding. Its in-cloud valule i80.5ms ™ compared 0 gypcloud layer, leading toward a layered or decoupled MBL
the ﬂ'glh_t leg averagee2.0ms . The simulated: is about  gyrycture. This decoupling process plays an important role
5ms = in the mixed layer from SS and then reduces 10 thejj the diurnal variation (Turton and Nicholls, 1987) and the

ic Wi i i i ~1 ) "
geostrophic wind above the inversion, leading team s stratocumulus-shallow cumulus regime transition (Brether-
jump across the inversion compared to the observed sheggp, et a1. 1997).

with a similar amount but in the different direction. The in- ) 5, 5
consistency in the shear directioninis caused by an ini- The total momentum flux, defined by w'u’ 4 w'v",

tial large geostrophic imbalance i which contributes to a from the simulation SS agrees well with the observations
substantial acceleration 6f Thei shear, however, is signif- With a maximum near the cloud top and a local minimum just
icantly less than thé shear. below the cloud (Fig. 3g). Although the WS simulation has
the correct shape of the momentum flux profile, its maximum
a local minimum just below the cloud base at 850 m, which value is significantly less than the observation. The Iarge_mo-
in general is consistent with that derived from the observa-Mentum flux near the MBL 1op reflects the effect of the wind

. o 2 shear, because the flux is directly linked to the shear. The
tions as shown in Fig. 3d. The S8, however, compares

. X minimum_\éalues below clouds are also related to the mini-
better with the observed because its values match closely threnum inw’” at those levels. Since the mean wind speed is

observation in terms of the minimum below clouds and maX-ciose to zero in NS, the simulated momentum flux does not
imum near the cloud _top. All the simu_lated buoyar_wy fluxes resemble any of the features exhibited in the observation.
compare favorably with the observations. In particular, the Both the SS and WS simulated total water fluxes
di_minished buoyancy flux.bglow the cloud base a_tgrees ‘,’Ve”(poLw/q{) have the local minimum values near the cloud
with the corresponding minimum in trfzobservatmn, which hase and maximum near the cloud top, features consistent
explains the local minimum values af”" just below the  with the observation, although their magnitudes are signif-
clouds. It is noteworthy that the observed is also consis- icantly larger (Fig. 3h). Once again, both the observed and
tent with those derived from other flights in terms of vertical two shear-case simulateghLw’g{ clearly demonstrate a

All three simulatedy’ profiles have a similar shape with
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Mean 0, (K) Mean g, q_ (9 kg™ Meanu,v(ms™)
200 4 2000 a0, Fig. 4. Plan view ofw’ at the maximum buoyancy level at 09:00
¢ LT for each simulation. Left panel is for SS, center WS, and right
§‘5°° E‘S"“ E‘S"“ NS. To estimate the quantitative changes in the characteristics of
= 1000 = 1000 = 1000 -—% updrafts (v’>0) and downdraftsy’ <0), the fractional area and av-
§’ § § eraged vertical velocities are calculated and shown on the upper-left
500 500 500 corner. The first number is for downdraft fraction area, the second
0 0 0 the averaged downdraft velocity, and the third the averaged updraft.
0 01 02 0.3 -20 0 20 6 -4 2 0 2
w variance (m2 s'z) Buoyancy flux (Wm'z) Rad. heating (Kh'1)
2000 ] 2000 h 2000 i
1500 1500 1500 . . T A . .
£ 3 £ The difference inw® among simulations can also be
%, 1000 . E to00p ‘g %, 1000 viewed in Fig. 4, which compares the horizontal distri-
@ @ () . .
T o T 0 T o bution among the cases at the levels of maximum buoyancy
flux. For all threew fields, the downdrafts are more intense
%" ooz oo04 %0 20 40 e0 %005 0 005 and narrower than the updrafts, consistent with the negatively
Total momenturn flx (m° 8% flx (W ) 3" moment of w (m* &°) skewedw in cloud layers for all cases. To demonstrate this

feature quantitatively, characteristics of updrafts and down-

Fig. 3. LES simulated and observationally derived mean and tur'drafts are calculated and included in the upper-left corner in
bulence variables. Solid or dashed lines denote the simulated r Siq. 4. The narrower (broader) and stronger (weaker) down-
sults; the circles are the leg averaged values derived from measure: 9. 4. 9

ments.(a) : (b) Gt o gc: () @ (solid) and (dashed), the solid drafts (updrgfts) are clearly indicated. The cpntrast in th.e
. _ _ =2 characteristics between up- and downdrafts increases with
and open circles are for observédand v, respectively;(d) w’"; . . .

Copow'80: (f) radiative heating rate(g) total momentum flux: decreasing shear forcing. It is also seen that the turbulence
©) %p 0_ V’3 ' is better organized by strong downdrafts in NS relative to the
(h) q'c: (i) w'. two shear cases, which is consistent with large negative val-

ues ofw’3 in NS. The strong shear forcing case SS appears
. . o ., to have the least organized cellular structure.
str.ong.decoupllng S|gn_ature of drying in the upper and moist- To provide a more quantitative comparison, the LES re-
ening in t'he lower portion O_f/ghe MBL'. ) ___ sults and observations are averaged using values at the flight
The third-moments ofu(w"") of all simulations (Fig. 3i)  |evels of horizontal legs within the cloud layer; they are pre-
are negative in the cloud layer, consistent with the ob-gented in Table 2. As shown in Fig. 3 and Table 2, the SS
servations. The observationally derived_ values are in 9€Nsimulated MBL compares better than others in terms of the
eral bet\nﬂéegg those of NS and SS; its largest value ispean thermal profiles and the 2nd-moment turbulence vari-
—0.035n s—° compared with the corresponding simulated ables such a@z, pon_w/e(, and the total momentum flux.

—3 -3
value _0'0?3”?3 of NS, _9'031_@§ of WS_ and This is expected as the shear forcing for SS resembles obser-
—0.016n?s™° of SS. The variablew’ is closely linked 51ions more closely than that for either WS or NS. The main
to the turbulence structure and organization. That is, th&jeficiencies are the significantly larger in-cloud moisture flux
negative values imply that narrow and strong downdraftsyng opposite meridional shear compared to observations.
dominate, and vice 3versa for the positive values. Golaz et 0 main features emerge from both the observations and
al. (2005) analyzev’™ budget using LES simulations; they the LES results. First, there is a well-defined decoupled tur-
conclude that negatively skewed field in stratocumulus  pulence structure in terms of local minimum values below
clouds is caused by the negatively buoyant downdrafts thatloud base in all the second-moment turbulence statistics.
are driven by the radiative as well as evaporative coolingSecond, strong shear mixing near cloud top is indicated by a
(Nicholls, 1989; and Yamaguchi and Randall, 2012). For NS,large momentum flux. Several key points can be drawn from
the large liquid water results in strong radiative cooling, lead-the sensitivity simulations as follows: (1) the intense mixing
ing to larger negative values &3_ in SS weakens the in-cloud turbulence intensity by reducing

the cloud water, (2) the negative buoyancy flux at the cloud
top is significantly augmented by the shear enhanced mixing,

www.atmos-chem-phys.net/12/5223/2012/ Atmos. Chem. Phys., 12, 558285 2012
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Table 2. Comparison between LES and observation results averaged in the cloud layer.

Cloud 9 Gt 7c i v W w6y, W Stress w'ql
Layer Avg. K gkal gkg?! ms!l msl m?s2 wm?2 mds3 Nm?2 wm?
OBS 290.5 7.86 0.09 04 -20 0.1 3 -0.017 0.02 8.0
SS 290.2 7.87 0.15 51 -05 0.09 4.2 —-0.005 0.03 21.8
WS 290.0 7.98 0.23 2.5 0.9 0.11 8.8—0.013 0.015 21.3
NS 289.9 7.98 0.27 0 0.0 0.14 11.2—-0.020 0.004 17.3
and (3) the cloud cellular structure is suppressed by the en- S ) I—— S
hanced mixing in SS. 12007 1200 —e 1200
E E €
— 1150} = 1150 = 1150
4 Inversion IayEr % 1100 ? 1100 g 1100 <

Because the wind shear directly affects the dynamic stability

of the inversion, its effect can have important implications
on the turbulence in this layer and the overall stratocumulus

1050 1050 1050

0
0, variance (K2)

2 4 0 0.02 0.04

q, variance (gzkg’z)

0 05

Ri

1 15

topped MBL structure. This section focuses on the entrain-Fig. 5. Profiles of scalar variances and the gradient Richardson num-
ment zone by comparing flow characteristics among differenter within the inversion(a) 9/|2; (b) q(’;Z; and(c) Ri (its values from
simulations. To represent the stability, we use three differ-NS are ill-defined, and therefore not presented here). The horizontal
ent types of Richardson number. For discussions of verticabars in(a) denote the levels dfiop andzipasefor each simulation.
turbulence profiles, the gradient Richardson number is usedee text for the definition of these levels.

which is defined by

90y 9z

02+ @] Y

Ri=2%.
i

where6,) = 6 + 0.6087¢;. To characterize the overall dy-

namic stability of the whole flow within the inversion, we

also use the bulk Richardson number defined by Turne

(1973); that is

Rip = 5 A0-Aa @)
0 [(A)? + (AD)?]

shear forcing, ranging from 30 m for NS to 80 m for SS. Sec-
ond, the cloud-top height, which can be easily diagnosed by

the diminishing;2, does not reach to the top of the inversion
layer as shown in Fig. 5a and b. There clearly exists a finite
cloud-free sublayer in the upper part of the inversion for each
gun. The sublayer thickness is the largest for SS and dimin-
ishes for NS. ThirdRi from SS is significantly smaller than
that from WS. The former tends to approach 0.25 between

1120m and 1170 m where a larg# is present. This leads
to a quasi-constaRi layer 50 m thick in the SS case. It ap-
pears that a critical and equilibriuRi (~0.25) is reached at

where A () denotes a difference across the inversion layerthese levels for the SS case.

thicknessAz;. Itis commonly accepted that the critical value
of Riis 0.25, below which the flow becomes turbulent, al-

We next examine the bulk characteristics of the inversion
layer. For this purpose, we compute the bulk Richardson

though the suggestions in the literature range from 0.2 to 1.@umber(Riy) across the thickness of the inversion layer fol-

(Galperin et al., 2007). For the boundary layer flow with

lowing Eq. (2). That is,Azj = Zitop — Zibase Wherezigp is

between 0.25 and 1, intermittency turbulence may dominatéhe level of the inversion layer top angasethe level of the

at a moderate level (Sun et al., 2011).

If the mean variables in Eq. (1) are replaced by the grid
values without any averaging, the resultiRgis designated
as the instantaneous local Richardson nunfierThis lo-

inversion layer base. All other vertical differences are also

defined at these two levels. Because the vertical gradient of
6y increases significantly at the inversion base and decreases
at the topzitop can be defined as the level at which the sec-

cal Richardson number can also be used to describe the flo@nd derivative oby, is a local minimum, whereasyaseis the

stability (i.e., Moeng et al., 2005). It will be used here in dis-
cussions of probability density function (PDF) of turbulent
perturbations within the inversion layer.

We first compare the variances®f qc, andRi within the
inversion in Fig. 5, which exhibit three important features.

level at which it is a local maximum. We also calculate the
cloud top height {ctop), Which is defined as the level above
which the cloud fraction falls below 0.5 %.

Figure 6 shows the temporal evolutions Gp, Zibase

Zctop, the overall wind shear (defined Ry(Ai)? + (Av)?),

First, the inversion layer thickness increases with increasingandRi,. The stair-stepped appearance of the curves is due to

Atmos. Chem. Phys., 12, 522%235 2012
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£ 1200 : ‘ , : : = argue that the equilibrium value & (0.25) reached in their
g . ; —‘ﬁ—{?_& study points to a balance between shear production and buoy-
b 1050.2 ; : : ss ; - ioese 7 J ancy consumption of TKE fqr a clear shgared convec.tion
regime. In other LES simulations, the Kelvin-Helmholtz in-
gﬁgg ' ' ' ' ' ‘ stability is developed within the thin inversion layer with a
g»mo, ----------------------------- 5 slightly largerRi-value of 0.5 (Kim et al., 2003). For stratocu-
= 10500 : s p = 5 s s 10 mulus clouds, a similar equilibriuiRi (~0.3) is also found in
0 aLES study' usiqg a strong wind shear case along the central
£ ] coast of California by Wang et al. (2008).

S 1100 R These results suggest that there exists a feedback mecha-
* 1050, 4 5 6 7 8 ° 10 nism between the large-scale conditions and turbulence mix-
z PP ' ‘ ' ' ‘ ' ] ing through the inversion stability. The large-scale subsi-
5 sl ss ws | dence and radiative cooling near the cloud top tends to cre-
% 0 4 5 6 7 8 s 10 ate a sharp inversion with a strong dynamic stability, whereas

s - - W . wind shear acts to destabilize the inversion. When the shear is
£ 0072\&% sufficiently intense such th&i, (or Ri) approaches the criti-
025, ” : : ; 5 : - cal value (e.g., 0.25), the turbulence is significantly enhanced
Local Time (hours) with an increasedz;, leading to a slightly largeRiy, (or Ri).

Eventually, an equilibriunRiy (or Ri) is reached. Through
Fig. 6. Temporal evolutions of the inversion layer characteristics. this process, the MBL height increases with a thicker inver-
(a~c)Evolution of the inversion topitop (solid black curve), inver- - gjon |ayer. It is notable that the equilibrium value R is
sion baseipase (dashed black) and cloud-top heighttiop (blue itarent from that foRi from SS. The difference is probably
lines); (d) the overall wind shea(,/(Aﬁ)z—f— (M)2> with black due to the different definitions and the nonlinear effect of the

curve for SS and blue for WS; arfd) the bulk Richardson number She"’_lr f,rom Eq_s. (1) and (2).
Rip, with the black for SS and blue for WS. The wind shear from SN It iS interesting to note that the mean shear of WS across

is zero andRiy, is ill-defined; they are not presented here. the inversion (SH=/(Ai)2+ (A1)2/Azi ~0.012s1) is
slightly greater than that of SS (SH0.01 s 1) for last 1.5 h,
even though the overall shear of SS is significantly stronger
as shown in Fig. 6d. It occurs because the shear of WS is con-
the fact that these heights are defined at the grid levels and ngentrated within a considerably small&e; under the weak
interpolation is performed. For the SS case, the enhanced tushear forcing such that the mean thermal stabilkgi(/Az;)
bulent mixing within the inversion results in the higheg&dy  dominates the shear termR,, whose value is larger for WS
and lowestzipase Consequently, the thickness of the inver- than that for SS. Therefore, it is the bulk or gradient Richard-
sion layer (Azj = zitop — Zibase reaches approximate 110m son number that has a more fundamental control of the tur-
at the end of the SS simulation compared to only 40 m forpy|ent mixing within the inversion layer.
the WS and 30 m for the NS cases. A cloud-free sublayer is  Because of the importance of the dynamic stability to the
present in the upper inversion for all the simulations. But thetyrbulent mixing, flow characteristics in the inversion can be
sublayer from SS has the greatest thickness of approximatgxplored using the instantaneous local Richardson number
60 m at the end of simulation; it is significantly larger than Rj. Since a cloud-free sublayer is present within the inver-
those from WS and NS, which are 20m and 10m, respecsijon layer we specifically chose a level within this sublayer
tively. for each case for a comparison analysis. These levels are
The inversion layer thickness is determined by the tur-determined by examining th& and cloud fraction profiles
bulent mixing, regulated strongly by the dynamic stability. (Fig. 7b and c); they are marked in Fig. 7b. Even though the
SmallerRip tends to promote stronger turbulence mixing, RjPDF may strongly depend on the level chosen as indicated
prOdUCing athiCkeﬁZi . This relationShip can be Clearly seen by theRi prof”es in F|g 5c, its Comparison among the simu-
by comparingAz; andRip, from different cases. For example, |ations provides an example of how the turbulence being con-
Azj is 110 m with a value oRi, close to 0.33 for the SS case  trolled by the dynamic stability in the cloud-free sublayer.
at the end of the simulation, whil&z; is 40 m with theRiy The calculatedRii PDFs are shown in Fig. 7a. Because the
close to 0.5 for WS. It is notable thRi, of SS decreases, but mean wind Speed is zero in NBj is very |arge with a mean
tends to stay slightly above 0.3 for last 3 h despite an increasgf ~200, and a broad distribution. Therefore, the PDF from
in the overall wind sheay (Au)? + (Av)? (Fig. 6d) andAzi. NS is not displayed in Fig. 7a. For SS, the PDF peaks near
The phenomenon that an equilibrium bulk Richardson num-the Rjj value of 0.25 with a narrow distribution, whereas for
ber can be reached with increasing wind shear have beews it peaks near thRi of 0.85 with a broader distribution. If
studied by a number of authors as highlighted in the introducthe flow withRij, less than 0.25 is considered locally unstable
tion section. For example, Conzemius and Fedorovich (2006)
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Fig. 7. Characteristics of the inversion layéa) PDF of the instan- ° ! 2
taneous local Richardson numtRy; (b) 6, profile; and(c) cloud
fraction profile. The levels at which the PDF are derived are denoted
by horizontal bars on the correspondtigrofiles. These levels are
within the cloud-free sublayers as seen froméhand cloud frac-
tion profiles. The NSRj PDF is not shown due to its large mean
value (~200) and very broad distribution.
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Fig. 8. Joint PDF ofRj; with other variables¢y, 6 andw) in the
cloud-free sublayer. The first column is for SS; the second WS and
(Moeng et al., 2005), we can estimate the fractional coveragene third NS. The first row presen&s| — ¢’y joint PDF; the second
of the turbulent flows based on tRy PDF. This fraction for  Ri, —6’; and the thirdRij — w’.
SS, WS and NS is 0.3, 0.002, and 0, respectively. If we relax
the critical Richardson number to one (Galperin et al., 2007),
the fraction is 0.96, 0.63 and 0:51073. This means that version layer is turbulent witRi ranging between 0.2 to 0.7
96 % of the flow is potentially turbulent for SS. This ratio is and the depth of the cloud-free sublayer between 37 m and
approximate 63 % for WS and nearly zero for NS. 85m.
We further examine how the local flow variability depends
on the inversion stability using the joint PDF Bf with w’,
0" andgy, in the cloud-free sublayer in Fig. 8. Large varia-
tions for these three variables occur near 0.2Ripfor SS,
0.85 for WS because thej PDF is maximized at these val-
ues (Fig. 7a). The variability from SS is significantly larger
than that from WS due to a local environment that is dynam-
ically less stable for the former than for the latter. It is note- o1t
worthy that negativey, and positives’ are more associated causes the decoupling? It is well known that the cloud solar

with largerRij, suggesting that these fluctuations are strongly?bsortf]t'on tsnlds LOIStab'l'IZ\Ie. tEeMI\ABl_gasr;,d dAecotuhpIe the c!glud
influenced by the entrained drier and warmer air. Their vari- rom the subcloud layer (Nicholis, )- Another possible

ability is also considerably suppressed by the stronger dy_contrlbutmg process is the wind shear, because it tends to en-

namic stability in theRi| range of 0.5 to 1.5 from SS and WS hance the entrainment mixing. Therefore, it is natural to ask:
The local Richardson numb@i from NS starts at approx- what is the effect of the wind shear on the decoupling, and

imate 0.8 at the lower end. Its joint PDF values at sriRjll can the shear alone depouple the MBL (e.g., d“r"?g night_s)?
are approximately one to two order of magnitude lower thanTO answer these questions, we perform three additional sim-

those from SS or WS as shown in Fig. 8. The vertical motionu!at!ons’ SSN, WSN, and NSN, Whlc.h. exclude the s_:olar ra-
is week (<0.12ms 1), indicating extremely week or no tur- diation and use the same shear conditions as those in the first
bulence at all at this level for NS. These joint PDFs demon-Set Of three cases_(SS, WS and NS), . :
strate that local flow characteristics within the inversion layer Beforg proceeding to analyze .the decoupling, we provide
strongly depend on the instantaneous local Richardson nunm'0re evidence from the smulapons that stro_ng shear forc-
ber. ing |ndeed enhanges the entrainment. For this purpose, the
The wind shear reduces the dynamical stability of the in_entramment velocitywe, is calculated from
version in an otherwise thermodynamically very stable en-
vironment. This reduction may enhance turbulent mixing We =
within the inversion layer, leading to an increase in its thick-
ness and creating a finite turbulent and cloud-free sublayewhereD is the large-scale divergence listed in Table 1. The
separating the MBL top and the cloud top. These LES re-computedwe together withRi, and the inversion thickness
sults in general agree with the detailed observation analysi¢Azi) are summarized in Table 1.
by Katzwinkel et al. (2011). Their analysis shows that the in-

5 Entrainment rate and decoupling

An important common feature of the above simulations is the
decoupled turbulence structure as shown in Fig. 3; that is, a
minimum is present just below clouds in each of the three

turbulent flux profiles (i.ewz, poLw’q{, poCpw’6)). What

dz itop
dr

+ D - Zitop 3
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The inversion layer thicknesf\¢;) increases with shear 20005 2000 2000
forcing, and the no-shear cases (i.e., NS and NSN) have the
minimum values among the simulations. The minimRip 2 %% . L L
is reached in the SS simulation where there is a strong shea £ 100~~~ 5> | £ 1000 - R
as well as a weakened temperature gradient due to the so 2 sool \l f E= o0 ‘\ 1)) £ 00 \',“VSS"L :‘4‘/
lar absorption warming in the cloud layer. There is a general ‘\‘ 4/ e e }/’
trend of higherAz; being correlated with lower values of 0 0 o 20 e os %
Rip, although the relationship is not monotonic. Especially Buoyant flux (W m?) w variance( m”s?) Total Water Flux (W m?)
noteworthy is the result (columme andRiy in Table 1) that
the entraizment rateve ifwreases with decreasir@ib) for s e o f“,
both the solar simulations (SS, WS and NS) and the no-solar - '*| 2150 P |
(SSN, WSN, NSN), suggesting that. is inversely propor- £ 1000, C’??* £ 1000 < | £ 1000 %);,
tional toRi, or Ri. This is expected as a similar relationship 2 ( 2 \ 2 N
- . . 500+ \lj 500 500 VN
is used forwe and the buoyancy-determined bulk Richardson \\‘ l’ \\ L
number (e.g., Turton and Nicholls, 1987). Since there is only O s % = oo 0, T
limited variety of the shear and thermal stability in these sim- Wi, (W m?) Radiative FLux (W m™?) Skewness of w
ulations, no attempt is made in this study to seek a functional
relationship ofwe or Azj in terms ofRip. Fig. 9. Profiles of turbulence variables for four no-solar simulations.

The shear-enhanced entrainment considerably affects th&) Cppow’6y; (b) w'2; (c) Lpow'q/; (d) Cppow’6/; (€) Longwave
turbulence structure as shown in Fig. 9. The maximum buoy-adiative flux; andf) skewness ofv, defined byﬁ/af’/ 2 where
ancy flux (coCpw’6)) is consistently weakened with increas- oy, is the standard deviation of.
ing shear forcing. The buoyancy flux minimum just below
clouds decreases in this weakening process and approaches
zero in the SSN compared to 17 Whfrom the NSN case.  yainment warming is greater than the radiative cooling, sug-
This difference in the minimum value between SSN and NSNyeing that the decoupling is likely to occur. The maximum
is significantly larger than that between SS and NS (Fig. 3€)a1ig for SSN (1.2) is close to, but below the critical value
suggesting th_at the solar warming h_as in par_t concealed th&.35) for decoupling proposed by Stevens et al. (2005). For
shear effect in the_(z:loud layer. Being consistent with thengy  the radiative cooling is clearly the dominant driving
poCpw’'6;, profiles,w’” is reduced considerably with inten- force since the ratio is only 0.6. The other two weak shear
sifying shear forcing. It obtains a local minimum just below cases (WSN and FSN) have significant entrainment warm-
the cloud base for the strongest shear case (SSN). The mining, although the ratio does not go above one.
mum inw’> leads to a non-linear total water flupoL w'q]) The decoupling process in the strong shear case (SSN)
profile, resulting in a larger drying tendency for the cloud should also be reflected in the mean temperature and mois-
layer than for the subcloud layer. Although Mw/_q{ pro-  ture profiles. As shownin Fig. 10, the MBL becomes warmer
file from either WSN or NSN is clearly linear, the former has and drier with increasing entrainment. More importantly, the
a larger drying tendency than the latter, as shown in Fig. 9cgradients of bottt) and ¢ at the cloud base for SSN de-
indicative of enhanced entrainment for WSN. velop and become distinctively different from other cases.

The shear enhanced mixing also affects the MBL heat bud-This further confirms that the cloud layer becomes partially
get represented by the he@bCpM) and radiative fluxes decoupled from the su'bcloud layer for this case, even tho.ugh
shown in Fig. 9d and e. The magnitude of the entrainmenth® degree of decoupling appears to be relatively weak since
heat flux substantially increases due to the enhanced mixinghere is no significant decrease in the cloudiness.

whereas the in-cloud heat flux decreases due to the reduced The skewness oiv gives a dimensionless measure of
radiative cooling — this reduction is also seen in Fig. 3e. In@Symmetry of the PDF. Figure 9f shows that there is no sig-
general, the entrainment warming increases and eventuall ificant difference in the skewness in the cloud layer between

dominates the radiative cooling with increasing shear forc-iN€ shear and shear-free cases even though the magnitude of
ing. To quantify this change in the heat budget, we calculatew’” decreases with increasing shear forcing (not shown here
the ratio of the entrainment warming to the total radiative but can be inferred from Fig. 3i). Consequently, the reduced
cooling in the MBL, i.e.,AFy/AFr, whereA denotes the 7" for the shear cases is mainly due to a weaker turbulence

difference between the most negative buoyancy level and th?ntensity, i.e.,Wz, instead of the asymmetry of the distribu-
surface. This ratio was used by Stevens et al. (2005) to evalﬂon

uate the decoupling process and the values calculated from O.ne important feature of the strong shear effect is a si-

our simulations are listed in Table 1. It is seen that the ratiomultaneous increase in the TKE buoyant consumption near
obtains the maximum value (1.2) for SSN and the smallesi,e jnyersion, and decrease in the buoyant production in

for NSN (0.6). A value larger than one implies that the en- e ¢|yq layer. This feature significantly contributes to the
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version layer stability. To confirm this hypothesis, we fur-

1100 a - : 1100__'0—?_}\?_% ther perform another simulation with a wind shear driven
( \ ‘\ \ by the surface friction. Since the observed surface stress is
E 1000 "| 'E 1000} \ 0 small due to weak surface winds, we intentionally increase
E \ E the observed stress by a factor of 5 to produce a noticeable
2 900 ‘ 2 900- wind shear across the inversion. This simulation is desig-
T I wsN | T nated as FCN and listed in Table 1. The final overall wind
800 ‘ ——S8SN 800+ shear across the inversion for this casais~ —2ms™* and
l FSN \ Av ~35ms1, aslightly weaker than that in WS. The tur-
700 a0 201 700 5 bulence profiles of FSN stay between those of SSN and NSN,
0, (K) a. (g kg™) exhibiting Weake_r turbulenC(_e intensity and buoyancy forcing,
t and a larger moisture flux in the cloud layer than those of
) NSN (Fig. 9).
Fig. 10.Mean profiles for no-solar simulatior@) 6; and(b) gt. The shear-enhanced entrainment mixing inevitably im-

pacts the buoyantly driven convective circulation within stra-

d ling or b both the inten ntrainm t(f'cumulus clouds, since it reduces the turbulence buoyant
ecoupling process, because bo € Intense entrainMeRt 4, ction. To examine the effect, we conditionally sam-

warming and weak in-cloud turbulence tend to accumulat ble the LES data from the no-solar simulations using one

heat in the cloud layer, leading to different heating rates be'standard deviation ofy (o) to select convective updraft

tween the cloud and the subcloud layer. A useful parameter

iy . ) . . or downdraft grid points. That is, a grid point is defined as
for quantifying this feature is the ratio of the integrated buoy- . —
ant consumption to the production, defined as part of updrafts (or downdrafts) i = o, (Or w = —o,).

We then calculate averaged perturbations for variables of up-

Zitop drafts and downdrafts; they are defined as the averaged up-
— [ w6 (<0)dz downdraft variables minus the ensemble means ( i
v 1 9
A=_20 ] (4) 6vu — 6y , Where the subscript denotes a updraft-averaged
Giop____ variable).
[ o> 0z The buoyancy and vertical motion perturbations along

0 . ) L ;
with the corresponding standard deviations are shown in

This ratio is used in mixed-layer models for parameterizationFig. 11 to assess the change in the circulation due to wind
of stratocumulus clouds (e.g., Randall, 1984). The larger theshear. The buoyancy perturbations in updraft§,)( and
ratio A becomes, the more dominant the entrainment warm-downdrafts §,,) in clouds are consistently reduced with in-

ing is and the more likely decouplir!g occurs. As shown in creasing wind shear. For SSN, batfy, and 9\’/d are nearly
Table 1, the ratiol is 0.39 for SSN which is much larger than  ze(q just below clouds, compared with the larger magnitudes
0.014 for.NSN. This suggests that the tgrbulence IS notstrong..0 04K and 0.02K) for NSN and WSN. Near cloud tops,
enough (|.e'., the we:_:lk buoyant pr_oducpon) to redistribute theyiven by radiative coolingg), andé,, of SSN obtain their
overwhelming entrainment warming (i.e., the large buoyant|ga1 maximum 0.04K) that is smaller than that of NSN

consumption) in the SSN case. The weak shear cases prgg 07 k) and WSN (0.05K). A weakened convective circu-
duce theA-values that are between 0.034 and 0.14, markedlyIation is clearly indicated by the slowed updraﬁ;;o and

smaller than that from the strong shear cases. It implies th
the strong turbulence can efficiently redistribute the entraine

warm a'r?ltjﬁh th?(t)f \;vell-rmxed Ia;);]erl;s mamttamed. Anct).therdeviations. The largest difference ép, among the simula-
version oline rafiad, focusing on the buoyant consumplion ;4,4 oceyrs just below the cloud base where its values for

in the subcloud layer, is developed with mixed-layer modelsSSN and WSN are smaller than those of NSN. Fhena
) . g-
by Turton and Nicholls (1987) and Bretherton et al. (1997)nitude decreases with increasing wind shear among these

(algo see Stevens, 2000). They argue t.hat the ratio needs Bhses. The difference is more notable in the subcloud layer.
be in the range of 0.15-0.4 for decoupling to occur. The re-

o X The impacts on the convective circulation are mainly driven
sult presented here is different from theirs as the SSN resultgy the different radiative cooling rates since it is the main

do not clearly show negative buoyancy flux in the SUbCIOUOIdriving force for the convection as discussed by Nicholls

layer. . . o  (1989).
So far, all the shears included in the simulations are driven It can be concluded that the intense wind shear indeed

by the large-scale baroclinicity associated with the slopingCauses the cloud layer being decoupled from the subcloud

MBL. Another common mechanism of wind shears is sur- layer in the SSN simulation. Even though the shear does not

face friction under a_barotropic boundary Iayer condition_. lead to decoupling for the WSN (or FSN) case, it neverthe-
These two types of wind shear shou_ld_have similar dynam'%ss enhances the entrainment. The entrainment mixing is
effects on the MBL as they exert a similar control on the in-

owndraft (u('j) motions. Magnitudes of these perturbations
re consistent with the variability measured by the standard
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enhanced by the weakened inversion stability represented by
Ridue to wind shear. The enhanced entrainmentincreasesth  '1f3 e
negative buoyancy flux which dominates the radiative cool- {7
ing in SSN. In the two shear forcing cases (WSN and SSN), ¢
positive buoyancy flux within and just below the clouds de- =
crease markedly compared to that of the shear-free cast §, 09
(NSN). This occurs mainly because the enhanced mixing £ %
near the cloud top reduces the cloud water, leading to a re- 0.8} pown '
duction in the radiative cooling. The enhanced entrainment dashed y | |
also introduces more buoyant air to clouds so that the buoy- 0.7 i
ancy flux is further reduced below clouds. Combination of

the enhanced entrainment warming and reduction in the ra- v
diative cooling leads to decoupling.

It should be emphasized that the impact of the shear on the
entrainment may depend on many characteristics of the MBL
other than the dynamic stability. For example, a weaker in-
version with a strong wind shear may result in a decrease in
the entrainment rate as result of significantly weakened posi-
tive buoyancy flux as shown in Wang et al. (2008). Recently,
Katzwinkel et al. (2011) showed that decreases with an in-
crease in the sublayer thickness caused by the enhanced she
with observations, which appears different from our results. . 07
Although the current study is not comprehensive enough to 0 01 02 0 0.5 1
address these issues, more detailed numerical modeling an G (K0 s, (ms™)
observational studies are clearly needed to provide new in-
sights in the entrainment mixing process under strong windrig. 11. Updraft-downdraft variables of convective circulation for
shear conditions. no-solar simulations(a) Averaged perturbations of buoyand)

averaged updraft and downdraft velocitg) ogy; and(d) oy, .

0.8

0.7

1.1 d

0.9

Height (km)

0.8

6 Summar
Y SSN, WSN, and NSN in Table 1). An additional simulation

Wind shear exists across the inversion most of the time in thdFSN) is also performed to assess the wind shear forced by
stratocumulus-topped MBL, either due to surface friction or the surface friction under barotropic conditions.
baroclinicity associated with the sloping MBL. Despite the ~ The comparison analysis shows a reasonable agreement
difference in their causes, both types of wind shear Strongbbetween the observations and the SS simulation with solar
influence the dynamic stability of the inversion layer, which radiation. Decoupling is clearly seen in both the observed
can be measured by the gradient Richardson number. Ther@nd modeled turbulence structures characterlzed by a local
fore, the wind shear may significantly affect the cloud-top en-minimum below clouds for the fluxes such zaS poLw'q] e
trainment, as well as the turbulence structure of stratocumuand poCpw’6), for all the cases. The shear-enhanced mixing
lus convection. While the importance of wind shear is well is also indicated by similarly large momentum fluxes near the
recognized, there have been only a few focused studies onloud top from both the SS simulation and observations.
sheared stratocumulus convection. In this study, we examine Increased wind shear forcing may reduce the bulk
the impact of the wind shear on the turbulence structure usindrichardson numberRjy) or gradient Richardson number
LES simulations and sensitivity experiments based on obserfRi) of the inversion layer, enhance the mixing, and there-
vations from the Twin-Otter RF18 during VOCALS-REX. fore thicken the inversion layer. The bulk Richardson number
Two sets of simulations have been performed. The first ex{Riy) appears to have a lower bound at an equilibrium value
periment set uses different wind shear forcing [i.e., strong~0.3. A quasi-constarRi (~0.25) layer of 50 m thickness
shear (SS), weak shear (WS) and no shear (NS)] and includesithin the inversion is also simulated in the SS case. This
solar radiation calculation for comparison with the observa-suggests that there exists a feedback mechanism between the
tions. The wind shear forcing strength is specified using thdarge-scale conditions and turbulence mixing through the in-
vertical gradient of the geostrophic wind across the inversionversion dynamic stability. The role of the shear is to generate
that represents part of the large-scale forcing. To isolate theurbulence by destabilizing the inversion layer, whereas the
shear effect from that of cloud solar absorption, a second seturbulent mixing feeds back to ensure that a dynamically sta-
of simulations is performed; they exclude the solar radiationble inversion is maintained. This is consistent with a number
calculation, but have the same shear forcing conditions (i.eof previous observations and numerical simulations, which
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found an equilibrium bulk Richardson number is reached af-ularly important for the MBL in the Southeast Pacific where
ter large wind shear is applied (e.g., Turner, 1973; Conzemiushe wind shear is persistent and relatively intense.

and Fedorovich, 2006; Wang et al., 2008; and Katzwinkel et

al., 2011).
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