










the impact of ambient wind shear in terms of a tilt in the

toroidal circulation: shear causes the normal to the ring

vortex to tilt from a vertical to a downshear direction,

resulting in an upshear updraft and a downshear down-

draft near cloud top. We now examine the effect of shear

on Cu vertical structure, with a focus on the typical ver-

tical velocity structure in a subset of Cu clouds that ex-

perience significant shear.

That Cu clouds tend to tilt in a downshear direction is

obvious. For the cloud shown in Figs. 3e,f, the estimated

along-track shear vector is a modest 0.6 m s21 km21

from left to right. Near the cloud top the updraft

(downdraft) clearly is on the upshear (downshear) side.

The reflectivity is quite low notwithstanding the cloud

depth. The average and maximum WCR reflectivity of

all 183 CuPIDO clouds decreases with the magnitude of

the wind shear, suggesting that shear inhibits droplet

growth (Fig. 15).Wind shear is computed for the CuPIDO

clouds from the nearest-in-time M-GAUS sounding,

over the depth of the Cu (cloud base to top). In Fig. 15,

reflectivity is divided by cloud depth, since to a first

order reflectivity increases with cloud depth, and the

FIG. 14. Variation of UWKA flight-level buoyancy in normalized space as in Fig. 9 for subsets of (a) deep Cu and

(b) shallow Cu. Cloud halves are shown, from cloud center to edge. The total population is divided in two subsets

based on the modus Cu depth (2400 m). It is smaller than in Fig. 13 because some flight levels were above the cloud

top. (c),(d) As in (a),(b), but for liquid water content, normalized by its adiabatic value (LWC*). The flight-level data

frequency for the two subsets is shown in (e),(f).
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purpose of Fig. 15 is to isolate the effect of wind shear.

The wind shear in Fig. 15 refers to the total shear vector

(as in Fig. 8d), not just the along-track component.

For theWCRcomposite analysis, 75 of the 183CuPIDO

samples are excluded because the wind shear compo-

nent along the flight track either changes sign between

the cloud base and top, or is very weak. All HiCu clouds

are excluded as well, because the soundings are too far

removed to estimate wind shear near the target clouds.

That leaves a total of 108 Cu clouds.

The composite vertical velocity structure of these 108

clouds is shown in Fig. 16. Note that clouds tilted down-

shear are rendered upright for these Cu by allowing the

cloud center axis (x*5 0) to tilt with height (section 2f). It

can be observed that the upshear side has a broad up-

draft, flanked by a narrow downdraft along the cloud

edge. On the downshear side subsidence occupies a

broader region, especially at low and midlevels in the

cloud. This composite is broadly consistent with mod-

eling studies.

4. Discussion

This study analyzes vertical velocity transects for

313 Cu, in order to study the typical flow field in Cu

clouds. The Doppler vertical velocity field of indi-

vidual Cu clouds (e.g., Figs. 1 and 2) shows that flow

field is complex, with multiple vortices of different

sizes and strengths. Multiple buoyant cores and ver-

tical drafts at different life stages may be present in a

single cloud, but usually cumulus tops are character-

ized by a single updraft core and a single vortex ring.

While this is well known (e.g., Blyth et al. 2005; Damiani

et al. 2006), we are not aware of any analysis of the

composite cumulus flow structure based on so many

cloud penetrations.

FIG. 15. Scatterplot of WCR reflectivity, ‘‘normalized’’ by cloud depth [dBZ (km)21], against total wind shear of

the depth of the cloud, for the CuPIDO Cu. The reflectivity value used is (a) the maximum value and (b) the 2D

average.

FIG. 16. Composite structure of WCRDoppler vertical velocity in normalized space as in Fig. 9 for the 108 CuPIDO

clouds with significant along-track shear: (a) upshear cloud side and (b) downshear cloud side.
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Two compositing approaches are possible to charac-

terize the typical flow field in Cu clouds. One approach,

used in this study, is cloud based: the clouds’ horizontal

and vertical dimensions are defined from radar and

ancillary data, these dimensions are normalized, and

average reflectivity and vertical velocity patterns are

examined. If the sample was larger, meaningful pro-

bability distributions around these averages could be

examined.

The second approach is flow based: circulation fea-

tures are identified, spatially normalized, and compos-

ited. This approach is the topic of a follow-up study

(Y. Wang and B. Geerts 2013, unpublished manuscript).

It requires dual-Doppler wind fields, and is inherently

more subjective than a cloud-edge-based compositing,

especially because the boundary between coherent (ther-

mally driven) and turbulent circulations is ill-defined.

One drawback of our dataset is that dual-Doppler (u,w)

synthesis is only possible below the flight level, and thus,

to capture the full vortex-ring circulation, flight tracks

above the cloud top must be used, yielding no cloud in

situ information.

The averaging process over numerous clouds in the

cloud-based approach filters out the finescale vortex

structure, and the result is a single-ring vortex pattern

(Figs. 9a and 10a). The vortex-ring diameter roughly

scales with the radius of the cloud (Figs. 13c,d): the

vorticity maximum (2›w/›x*) occurs near x*5 0.5. The

vortex ring appears to be confined to the upper half of

the cloud, centered near h* 5 0.75. Horizontal diver-

gence just below cloud top (Fig. 10) and convergence

below the core updraft (inferred from air mass conti-

nuity) add evidence to this interpretation.

The ubiquity of a cloud-scale vortex-ring structure

suggests that this circulation is an inherent component

of the dynamics of Cu clouds and a lead entrainment

mechanism, especially in the Cu development stage, as

suggested by Blyth (1993). A cloud-scale vortex-ring

circulation may reduce the core buoyancy more effec-

tively than laterally mixing small-scale eddies, because

the typical lateral mixing length is only 10%–15% of the

cloud diameter (Wang et al. 2009; Wang and Geerts

2010). The height of coherent, entraining flow is not

clear from the present study. While the vortex ring ap-

pears to be confined to the upper half of the cloud, the

subsidence in the cloud margin decelerates most rapidly

in the lower half (near h* 5 0.3; Fig. 9a). To document

the depth and intensity of coherent lateral inflow, a flow-

based compositing approach is needed, using dual-Doppler

wind data, or flight-level kinematic data uniformly dis-

tributed at all cloud levels.

Cumulus clouds are traditionally divided into three

life cycle stages: young Cu with strong vertical growth

and upward mass flux, mature Cu in which the entrain-

ment of ambient air is in balance with detrainment from

cloud to environment, and decaying Cu in which down-

ward mass flux dominates and Cu mix into the environ-

ment (Stull 1985; Zhao and Austin 2005a; Heus et al.

2009). The vortex-ring circulation is found to be more

common and more intense in young, positively buoyant,

rising Cu than in decaying Cu (Fig. 12). No reverse vortex

ring is observed in the Cu in their decaying stage, sug-

gesting that this phase is too short lived for the flow field

to adjust to the buoyancy reversal (Fig. 12).

5. Conclusions

This observational study is the first one to examine

typical circulation patterns of cumulus clouds by compos-

iting the Doppler vertical velocity data from an airborne

profiling radar. The cloud-based composite consists of 313

nonprecipitating Cu clouds captured in various stages of

their life cycle. The main conclusions are as follows:

1) A horizontal vortex ring entirely or largely contained

within the upper half of the cloud is generally

present. This single-ring vortex emerges notwith-

standing the complex multivortex structure com-

monly evident in individual transects of Cu clouds.

2) Evidence for a vortex circulation comes from a clear

updraft-downdraft dipole, and from cloud-top hori-

zontal divergence. The Doppler radar transects re-

veal convergent flow below the vortex-ring center.

The cloud-top circulation does not cause any signif-

icant hydrometeor sorting: the radar reflectivity is

rather homogenous in the upper cloud half.

3) The vortex-ring circulation pattern tends to be more

pronounced in positively buoyant Cu with rising

motion than in negatively buoyant and/or sinking

Cu near the end of their life cycle. In this cloud-scale

composite, this vortex circulation is also more in-

tense in relatively shallow and narrow Cu, possibly

because they are younger.

4) Cumuli and their cloud-top vortex are tilted by shear,

such that the upshear side of Cu is dominated by

rising motion, whereas a broad region of subsidence

motion characterizes the downshear side. The radar

reflectivity of Cu of a given depth tends to decrease

with the magnitude of shear, implying that wind

shear tends to inhibit droplet growth.

These composite observational findings can serve as

useful validation material for LES representations of

nonprecipitating Cu clouds.
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