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ABSTRACT

Persistent layers of enhanced equivalent radar reflectivity factor and reduced spectral width were com-

monly observed within cloud-free regions of the tropical marine boundary layer (TMBL) with the National

Center for Atmospheric Research S-Pol radar during the Rain in Cumulus over the Ocean (RICO) field

campaign. Bragg scattering is shown to be the primary source of these layers. Two mechanisms are proposed

to explain the Bragg scattering layers (BSLs), the first involving turbulent mixing and the second involving

detrainment and evaporation of cloudy air. Thesemechanisms imply that BSLs should exist in layers with tops

(bases) defined by local relative humidity (RH) minima (maxima). The relationship between BSLs and RH

is explored.

An equation for the vertical gradient of radio refractivity N is derived, and a scale analysis is used to

demonstrate the close relationship between vertical RHandN gradients. This is tested using the derived radar

BSL boundary altitudes, 131 surface-based soundings, and 34 sets of about six near-coincident, aircraft-

released dropsondes. First, dropsonde data are used to quantify the finescale variability of the RH field. Then,

within limits imposed by this variability, altitudes of tops (bases) of radar BSLs are shown to agree with

altitudes of RH minima (maxima). These findings imply that S-band radars can be used to track the vertical

profile of RH variations as a function of time and height, that the vertical RH profile of the TMBL is highly

variable over horizontal scales as small as 60 km, and that BSLs are a persistent, coherent feature that de-

lineate aspects of TMBL mesoscale structure.

1. Introduction

The trade wind environment is characterized by a high

degree of moisture variability (e.g., Davison et al. 2013a,

hereafter Part I). The vertical distribution ofmoisture has

traditionally been measured with rawinsondes. Other

instruments used to extract information about the mois-

ture distribution include satellite imaging and sounding

radiometers and interferometers, ground-based micro-

wave radiometers and infrared interferometers, Raman

and differential absorption lidars, and aircraft flight-

level data. Radar refractivity has also been used to

make measurements of near-surface moisture fields

(e.g., Fabry et al. 1997; Roberts et al. 2008), and dual-

wavelength radar observations have been used to pro-

duce water vapor density profile estimates (e.g., Ellis

and Vivekanandan 2010).

During the Rain in Cumulus over the Ocean (RICO)

experiment (Rauber et al. 2007), high-resolution S-band

scanning radar observations, collected over the ocean

from the remote Caribbean island of Barbuda, revealed

persistent rings of enhanced equivalent radar reflectivity

factor (hereafter reflectivity) and reduced spectral width

(i.e., spectral width values well below values character-

istic of noise) in cloud-free regions of the tropical marine

boundary layer (TMBL) (Figs. 1a,b). The rings, a com-

mon feature throughout the 2-month-long RICO obser-

vational period, were often long lived, occurred in distinct

layers, and were generally associated with cloud-free air

(see radar geometry in Fig. 1c). This paper, the second in

this series, explores the nature of these layers and their

relationship to the vertical distribution of relative hu-

midity (RH).

In this paper, we present evidence that the layers

observed during RICOwere caused by Bragg scattering.

We then present an algorithm to derive the altitudes of

the base and top of each Bragg scattering layer (BSL).

Using these derived data, we demonstrate that the BSLs

are persistent, coherent features of the TMBL that
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delineate aspects of its mesoscale structure. Because RH

has historically been a key variable used to characterize

the TMBL (see Part I for key papers summarizing trade

wind research), we recast the equation for the vertical

gradient of radio refractivity N in terms of RH and ex-

amine the sensitivity of the terms for the trade wind en-

vironment. We demonstrate that above the mixed layer,

the vertical RH gradient term dominates and therefore is

a significant contributor to the observed BSLs. Finally,

we establish a relationship between BSL boundaries

and vertical RH profiles using the derived radar BSL

boundary altitudes and the large dataset of surface-based

soundings and aircraft-released dropsondes fromRICO.

In Davison et al. (2013b, hereafter Part III), we pro-

vide statistical analyses of BSL characteristics and ex-

amine their behavioral trends as a function of rain rate

and other surface meteorological variables. Based on

these statistics, the analyses herein, and the results of

Part I, we provide a revised conceptual model of the

TMBL that incorporates the observed layering.

2. Data sources

Data from theNational Center forAtmosphericResearch

(NCAR) S-band 10-cm-wavelength, dual-polarization

Doppler radar (S-Pol), deployed on Barbuda during

RICO between 24 November 2004 and 24 January 2005,

were used in this study (Fig. 2). Table 1 summarizes the

characteristics of the radar during its RICOdeployment.

The radar used two different scan types: 1) the plan po-

sition indicator (PPI) scan, which swept a sector less than

3608 (typically about 1808) at elevation angles ranging

FIG. 1. Sector scan at 7.58 elevation angle showing (a) spectral width (m s21) and (b) the

equivalent radar reflectivity factor (dBZ) measured by the S-Pol radar at 0005 UTC 23 Jan

2005. The range is given in kilometers. (c) The radar volume geometry illustrates how rings are

indicative of layered structure when the radar is operating in PPI mode.
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from 0.58 to 16.98 (e.g., Figs. 1a,b), and 2) the surveil-

lance (SUR) scan, which swept a 3608 sector at 0.58.
Vaisala RS92 rawinsondes were launched from Bar-

buda at either Spanish Point or the S-Pol site (Fig. 2; see

Part I for details). Also, 34 sets of NCAR GPS drop-

sondes were released over the Atlantic from the NCAR

C-130 aircraft along 60-km-diameter circles centered

about 65 km northeast of the radar site (Fig. 2). Typi-

cally, six dropsondes were launched for each set, all

within 25min, from an altitude of approximately 4.6 km

in an evenly spaced pattern along the circle. The drop-

sondes used the Vaisala RS90 pressure–temperature–

humidity sensormodule [RSS903; seeVerver et al. (2006)

and Luers (1997) for error characteristics] and the GPS

receiver module (GPS111). The final RICO quality-

controlled sounding dataset used in this analysis consisted

of 131 rawinsondes and 196 dropsondes. Loehrer et al.

(1996, 1998) describe quality control procedures used for

the RICO dropsonde data.

3. Scattering mechanism associated with layered
radar echoes

Radar echoes arise from both Bragg scattering asso-

ciated with the turbulent mixing of air with different indices

of refraction and Rayleigh scattering from hydrome-

teors, birds, insects, and other particulates including

FIG. 2. Map of Antigua and Barbuda showing the locations of 1) the most common rawin-

sonde launch site, Spanish Point (green rectangle); 2) the radar site (red dot), where S-Pol was

deployed and rawinsondes were occasionally launched; and 3) the approximate release pattern

and location of the C-130 dropsonde circle. Range rings are in kilometers.

TABLE 1. S-Pol radar characteristics during RICO.

Deployment dates 24 Nov 2004–24 Jan 2005

Latitude 17.55118
Longitude 261.73728
Altitude 12m MSL

Maximum range 147 km

Beamwidth 0.928
Range gate spacing 149.89m

Minimum detectable Z at 1 km

(50 km) at a signal-to-noise

ratio (SNR) of 26 dB

252 (215) dBZ
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haze drops (e.g., Knight and Miller 1993, 1998). Bragg

scattering occurs when air parcels with different mois-

ture and/or temperature characteristics are turbulently

mixed, producing index of refraction gradients at half

the wavelength of the radar (e.g., Doviak andZrni�c 1984).

According to theory, fine gradients with dimensions

within the inertial subrange arise because the turbulent

energy cascade happens muchmore quickly—by several

orders of magnitude—than thermal and moisture diffu-

sion (e.g., Tatarski 1961).

During RICO, radar measurements were made over

open ocean from a small island. Insect echoes were

virtually nonexistent. This was easily confirmed using

differential reflectivity. Bird echoes were present but

appeared in single random range gates or along fine

lines, and typically exhibited high reflectivity. They were

never organized in layers such as those appearing in

Figs. 1a and 1b. Layers such as those in Figs. 1a and 1b

were common on all days during RICO, independent of

cloud cover, so long as the radar domain was not com-

pletely cloud filled and swamped with Rayleigh echoes

from cloud particles. Therefore the source of the echoes

producing the layers is either Bragg scattering or Rayleigh

scattering from haze.

To determine the primary scattering mechanism(s)

producing the layers, we calculated the Rayleigh radar

reflectivity from aerosol particle size distributions as a

function of altitude and distance from cloud. The details

concerning the measurements of the particle size dis-

tributions are given in Rauber et al. (2013). The distri-

butions were determined by averaging aerosol spectra

obtained in clear air adjacent to every cloud sampled

during 14 RICO C-130 flights. The particle size distri-

butions were calculated from the forward-scattering

spectrometer probe (FSSP) and the passive cavity aerosol

spectrometer probe (PCASP) data. The FSSP size dis-

tributions were measured at ambient RH. The PCASP

measures particle sizes at about 40% RH (e.g., Strapp

et al. 1992; Snider and Petters 2008). The PCASP par-

ticle size distribution of each 10-Hz sample was adjusted

using the K€ohler equation from an assumed value of RH

of 40%at the probe optics to the ambient RH at the time

and location where each individual spectrum was mea-

sured. The details concerning the calculations using

the K€ohler equation are given in Rauber et al. (2013).

Figure 3 shows the results.

The maximum radar reflectivity values were found to

occur near clouds where RH is highest and the haze

particles are largest (Rauber et al. 2013). The maximum

calculated value of reflectivity contributed by the haze

particles was about255 dBZ. At all other distances from

cloud at the altitudes sampled, the values were255 dBZ

or less. This is below the minimum detectable reflectivity

of S-Pol at 1 km (see Table 1). In addition, Snodgrass

et al. (2009, their Fig. 11) overlaid data from S-Pol with

data from the Multiangle Imaging Spectroradiometer

(MISR) aboard the Terra satellite platform for all avail-

able scenes during RICO, and determined the statistical

distribution of radar reflectivity for the clear-air RICO

environment using a clear conservative cloud mask that

minimizes cloud contamination. Their data showed that

the clear-air echo distribution was Gaussian with a mean

of211 dBZ and a minimum in the tail of the distribution

at 223 dBZ. The values reported by Snodgrass et al.

(2009) are much higher than, and completely distinct

from, the values calculated from the particle size distri-

butions. We therefore conclude that Rayleigh scattering

from haze particles is not responsible for the layered

radar echoes. By process of elimination, we conclude

that the clear-air echoes result from Bragg scattering.

There is historical evidence supporting this claim. The

use of S-band radar to investigate clear-air structure

using Bragg scattering was first explored in the mid-1900s

(Ottersten 1969 and references therein). These studies

showed that scattering layers were common in clear air

using 10-cm or longer wavelength radars. Layers were

noted at thicknesses from tens to a few hundred meters,

with as many as 10 layers appearing in a single radar scan

below 6-km altitude. Ottersten (1969) labeled the layers

as ‘‘turbulent structures in the stable regime,’’ and linked

them to regions of increased static stability.He noted that

when significant water vapor gradients were present, only

a minimal amount of turbulence was necessary to produce

radar echoes.Manyof these earlymeasurementsweremade

at either Wallops Island, Virginia, or Aberystwyth, Wales,

and thus were characteristic of marine environments.

FIG. 3. Radar reflectivity factor derived from particle size dis-

tributions measured as a function of altitude and distance from

cloud. The particle size distributions were derived from FSSP

measurements at ambient RH and PCASP measurements cor-

rected to ambient RH. The data were from all cloud penetrations

made during 14C-130 flights in RICO.
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A series of papers by Gossard et al. (1982, 1984a,b,

1985) examined turbulent structures detected by S-band

radar in thermally stable regions. Gossard et al. (1984b,

1985) examined tower data from Boulder Atmospheric

Observatory in conjunction with frequency modulated–

continuous wave (FM-CW; 10 cm) radar and acoustic

sounder data. Their findings clearly showed BSLs co-

inciding with temperature inversions. The inversions in

their study showed a high negative correlation to water

vapor mixing ratio. In a review article, Chadwick and

Gossard (1986) noted that 10-cm and longer wavelength

radars have the capability of identifying the mixed-layer

top in a turbulent boundary layer. Heinselman et al.

(2009) exploited this idea to identify the elevation of the

mixed-layer top in Oklahoma.

4. Detection of BSLs

Rayleigh scattering in the atmosphere ranges from the

lowest detectable signal to around 70 dBZ, and Bragg

scattering extends from the lowest detectable signal to

around 10 dBZ at S band, as so far documented (e.g.,

Knight & Miller 1993, 1998; Snodgrass et al. 2009). Be-

cause Bragg scattering returns were the phenomena of

interest, range gates with equivalent reflectivity greater

than 10 dBZ were excluded to eliminate precipitation

contamination (Knight andMiller 1993). The value 10 dBZ

was used rather than a lower cutoff because, during

RICO, trade wind cumuli radar echoes were often ob-

served to preferentially detrain into and enhance pre-

existing BSLs and were most likely due to both Bragg

andRayleigh scattering. The relationship between cloud

detrainment and BSLs is discussed in more detail in

section 6. The vast majority of clouds in the RICO trade

wind environment were confined beneath the top of the

transition layer, nominally within the lowest kilometer

above sea level (Zhao and Di Girolamo 2007), and thus

had no direct influence on BSLs above the transition

layer.However, as wewill show in Part III, shallow clouds

within the transition layer most likely lead to a mix of

Bragg and Rayleigh scattering in this layer. Above the

transition layer, most equivalent radar reflectivity values

less than 10 dBZ generally coincided with the BSLs.

To estimate the altitudes of BSL bases and tops, an

algorithm based on the Haar wavelet was employed

(e.g., Kumar and Foufoula-Georgiou 1997). The Haar

wavelet is especially advantageous for analyzing signal

transitions, such as the boundaries of BSLs observed in

the RICO data. The Haar wavelet analysis was carried

out on each beam of data in every PPI scan at elevation

angles 58 and greater for the entire RICO project. De-

tails of the analysis procedure are provided in the ap-

pendix. During RICO, the BSLs appeared in both the

equivalent radar reflectivity and spectral width fields but

were more sharply defined by spectral width (Figs. 1a,b).

Spectral width values within the BSLs were typically less

than 6m s21, while layers with no coherent power return

to the radar had spectral width values of about 10m s21.

Thus, spectral width was chosen as the variable on which

the calculations were performed.

5. Temporal layer structure

A spatially and temporally independent estimate of

each BSL upper and lower boundary was generated for

each elevation angle scanned. Once the BSL bases and

tops were found, their elevations were plotted as a

function of time (see Figs. 4–6). The results from all el-

evation angles 58 and greater were superimposed on the

figures to provide multiple independent estimates of

the temporal structure of the BSLs. The general close

agreement between edge elevations found from scans

with different elevation angles indicates that relatively

distinct boundaries between atmospheric layers were

present within the radar domain. One significant revela-

tion from such plots is the long-lived nature of theBSLs in

the RICO environment.

The number of wavelet iterations determines the de-

gree of smoothing and, thus, the degree to which weak

transitions will be retained in the analysis (cf. Figs. 4a and

4b). The time–height plot shown in Fig. 4c has combined

results from four (Fig. 4a) and five (Fig. 4b) wavelet it-

erations. Experiments showed that four iterations could

detect many thinner BSLs not seen in the results using

five iterations, although the five-iteration results were

significantly less noisy. For this reason, we chose to use

both the four- and five-iteration estimates to achieve the

best possible depiction of where the BSLs were located.

Many diagnostic characteristics of the TMBL can

be observed using such plots. In Fig. 4c, as many as five

BSLs can be observed above the transition layer at a

given time, and the lifetime of most exceeds 10 h. The

top of the transition layer (denoted by red dots capping

the blue shaded region) is seen to increase in altitude

throughout the 24-h period. The BSL labeled A at the

onset is seen to subside and/or slope downward begin-

ning just prior to 0400 UTC. Around 0500 UTC, it is

replaced as the top layer when two new BSLs, B and

C, either developed within or moved into the radar do-

main. BSL D, sandwiched between A and E, appears to

become compressed, to the point where it is no longer

detectable at 0800 UTC. BSL E begins to thin shortly

afterward. BSL D becomes detectable again at 0900 UTC

and appears to expand, perhaps caused by an influx of

moisture into it from cloud detrainment somewhere

upwind. The two BSLs, A and D, appear to merge just
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FIG. 4. Time–height diagram of BSL edge locations from 23 Dec 2004. (a) The results from

the fourth wavelet iteration, (b) the results from the fifth wavelet iteration, and (c) the com-

bined results of both fourth and fifth wavelet iterations. Coherent lines of red (blue) dots in-

dicate the upper (lower) edges of BSLs. In (c) green shading indicates BSLs, white shading

indicates regions where radar echoes are below the noise threshold, and the light blue shading

denotes themixed layer (below blue dots) and transition layer (above blue dots). Noise appears

as random red and blue speckles. Local time is UTC 2 4 h. Sunrise and sunset occur near

1000 and 2200 UTC, respectively.
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after 2100 UTC. At 2200 UTC, a new BSL, F, either

develops or moves into the radar domain just below the

merged one and appears to displace the merged BSL

upward as it emerges.

As with any averaging procedure, inhomogeneities

in the environment can lead to obscure results that re-

quire examination of the original or supplementary data

for correct interpretation. For example, in Fig. 5 after

1900 UTC and near 3000m, two BSLs, labeled A and B,

appear to overlap. Looking back at the original radar

scans, we can see that this is due to asymmetry in the ring

patterns of the two outermost BSLs (Fig. 7). Conversely,

the partial ring seen nearer the center of the radar

cone in Fig. 7 is clearly detected in Fig. 5 just below

1500m. Unlike Fig. 4, the day portrayed in Fig. 5 is

more characterized by the ascent of the uppermost BSL

rather than descent. The uppermost BSL has its mini-

mum altitude near 2600m around 0100 UTC and grows

to roughly 4000m near sunrise (1000 UTC). This day is

distinguished by many rapid transitions in altitude of

thin, sharply defined BSLs. Interspersed are times when

significant cloud cover was present, and the BSL struc-

ture could not be determined.

In contrast to Figs. 4 and 5, Fig. 6 shows a day with

many BSLs, extending up to 4.5 km. Both the uppermost

BSL and the individual BSLs below it maintain their

altitudes and do not vary much over the course of this

day. Additionally, the BSL edges on parts of this day

FIG. 5. Time–height diagram of BSL edge locations from 1 Jan 2005. The shading is as in Fig. 4c.

FIG. 6. Time–height diagram of BSL edge location from 17 Jan 2005. The shading is as in Fig. 4c.
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appeared less crisp. There were two causes. The first is

that the sector scans changed either in location or in

number of total angles scanned. Such transitions can be

seen on Fig. 6, for example, just before 2200 UTC. The

second is due to clouds that were not completely filtered.

Examination of individual PPIs show that when clouds

are present but do not have sufficient coverage to disrupt

the BSLs, the range of BSL edge estimates widen, gen-

erating a more ragged appearance.

6. Relationship of the BSLs to vertical gradients
of RH

a. Turbulence and the development of vertical RH
gradients

We can understand how large negative vertical gra-

dients ofN andRH come about by considering the effects

of turbulent mixing on a layer with initially constant

lapse rates of specific humidity q and potential temper-

ature u. Consider a vertical atmospheric profile within

the TMBL characterized by constant lapse rates of both

potential temperature, du/dz5C1, and specific humid-

ity, dq/dz5C2 (see Figs. 8a,c). If a layer of continually

forced turbulent mixing is imposed within this profile

with no influx of heat ormoisture, thenwithin the core of

the turbulent layer, the gradients du/dz and dq/dz/0

(see Figs. 8b,d). Near the upper and lower boundaries of

the turbulently mixed region, strong vertical gradients

of both u and q would develop. As a consequence, two

regions of increased static stability (and possibly tem-

perature inversions) would form (between u1 and u2 and

between u3 and u4 in Fig. 8b). These regions of increased

static stability would also be characterized by more

negative dq/dz, radio refractivity dN/dz, and especially

d(RH)/dz than the initial gradients since the tempera-

ture at the top (u3 elevation) and bottom (u2 elevation)

of the turbulent layer core would be colder and warmer,

respectively, after mixing. We can therefore infer that in

many cases a layer of increased turbulence (e.g., due to

vertical shear) can modify the RH profile such that the

two layers of increased static stability bounding the

turbulent layer will each be characterized by an RH

maximum near its base and an RH minimum near its

top. Based on analyses presented below in section 6c,

these layers of increased static stability would favor the

production of BSLs.

In contrast, within the core of the turbulently mixed

layer, as du/dz and dq/dz/0, the tendency toward ho-

mogenization of u and q will lead to an increase in RH

with altitude and a positive tendency in dN/dz. These

tendencies would lead to a reduction in the potential for

Bragg scattering with time in the core of the turbulent

layer. Thus, the turbulent-layer core, which is charac-

terized by an RHminimum at the base and maximum at

the top, would be less likely to produce a BSL. The BSLs

forming through the turbulence mechanism described

above will be layers of enhanced static stability. Indeed,

BSLs have been linked to statically stable layers in past

studies (e.g., Ottersten 1969).

b. Cloud detrainment and the development of vertical
RH gradients

Temperature inversions and other layers of increased

static stability are known to inhibit cloud development

and cause detrainment of cloudy air and water vapor

near the bases of the layers (e.g., Perry andHobbs 1996).

When trade wind clouds are present, water vapor should

be preferentially detrained near the bases of stable layers,

thereby helping to create or sustain the BSL structure

(Fig. 9). With one cloud, this would be a transient effect,

but with fields of clouds such as those common in the

trades, the water vapor input might be sufficient to ex-

plain the steady state nature of the BSLs.

The radar image in Fig. 10 shows an example of how

cloud detrainment might enhance a BSL through in-

jection of water vapor into a layer. The cloud in Fig. 10

appears as a region of enhanced reflectivity with a 20-dBZ

core near 508 and 22-km range. There may be a cloudy

‘‘anvil’’ region around the cumulus core. Note the two

BSLs that intersect the points at 3158 and 18- and 28-km

FIG. 7. PPI scan of spectral width (m s21) for the 6.88 elevation
angle at 2102UTC1 Jan 2005. The range is given in kilometers. The

two outermost rings are asymmetric and give rise to the over-

lapping layers in Fig. 5. A partial ring is also apparent just inside the

15-km range ring.
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ranges. These two points are 30 and 38 km away from the

cloud, respectively, and are unlikely to be part of the

anvil cloud at these distances. Detrained water vapor

from this cloud and other clouds that may have been

present upstream and at earlier times may have con-

tributed to the maintenance of these layers. In Part III,

we will investigate the potential role of clouds in main-

taining BSLs further using satellite data.

c. Relationship between vertical gradients of radio
refractivity and RH

Radio refractivity is normally expressed as a function

of temperatureT, pressure p, and vapor pressure e and is

related to the index of refraction n by

N5 (n2 1)3 1065 77:6
p

T
2 5:6

e

T
1 3:753 105

e

T2
,

(1)

where p and e are in millibars and T is in kelvins (e.g.,

Bean &Dutton 1968). To interpret the BSLs in terms of

the meteorology of the trade wind layer in Part III, we

investigate here the relationship between Bragg scat-

tering, BSL structure, and RH.

Contours of constant N as a function of T and e are

shown at various pressure levels in Fig. 11. Overlaid are

curves of constant RH. These plots demonstrate the

good agreement of N and RH slopes at low T and e. At

higher T and e, there is poorer slope agreement, but N

and RH slopes remain positive. All Barbuda-launched

rawinsonde values at the given pressure levels are

provided for reference. Note that N is a stronger

function of e than T (Fig. 11 and Knight and Miller

1993). Based on the arguments presented in sections

6a,b, we test below whether large vertical gradients of

N will generally correspond to large vertical gradients

of RH. We investigate this by first deriving a relation-

ship for dN/dz in terms of RH and then performing

a scale analysis of the resulting equation to determine

the relative importance of the vertical RH gradient term

to vertical gradients of N.

FIG. 8. Cartoon detailing how a turbulent mixed layer imposed on an environment with constant lapse rates of (a) u

and (c) q can generate a layered RH profile and subsequent BSLs with no influx of (b) heat or (d) moisture.
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Multiplying and dividing the last two terms of (1) by

the saturation vapor pressure es, we obtain

N5 77:6
p

T
2 5:6S

es
T
1 3:753 105S

es
T2

, (2)

where S is the saturation ratio (S 5 RH/100) and es is

only a function of T. Taking the vertical derivative of (2)

and rearranging terms yields

dN

dz
5 77:6

1

T

›p

›z|fflfflfflfflfflffl{zfflfflfflfflfflffl}
A

2

�
77:6p2 5:6Ses 1 7:53 105

Ses
T

�
1

T2

›T

›z
1

�
25:61 3:753 105

1

T

�
S

T

›es
›z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

B

1

�
25:61 3:753 105

1

T

�
es
T

›S

›z|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}
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(3)

In (3), term A is the pressure contribution to dN/dz,

term B is the contribution due to vertical temperature

gradients, and term C is the contribution due to vertical

gradients of RH. Figure 12 shows a frequency by altitude

diagram (FAD; see Part I) for DN/Dz, where Dz5 50m.

Both positive and negative N gradients greater than 10

(50m)21 exist in the TMBL, but negative gradients are

more common and generally larger in magnitude than

positive gradients. This is expected since the near-

surface air is adjacent to the ocean, while the higher

atmosphere is quite dry, so that the average vertical

gradient of e is negative through the whole atmosphere.

The terms A, B, and C in (3), along with DN/Dz, are
plotted at 1000-, 2000-, 3000-, and 4000-m altitudes in

Figs. 13 and 14 for soundings in the smallest and largest

quartiles in Fig. 12, respectively. The smallest and larg-

est quartiles of DN/Dz values are used because these

represent the more extreme vertical gradients of N and

thus are more likely to coincide with BSLs. In Fig. 13,

the pressure term, A, is largely invariant, small, and

negative at each altitude. The temperature term, B, ex-

hibits more variability but is generally smaller in magni-

tude than the pressure term. The RH term, C, is negative,

its magnitude is relatively large, and it closely aligns with

DN/Dz.
In Fig. 14, termA again is largely invariant, small, and

negative. Term B is again smaller than A, but with more

variability. The RH term, C, is nearly always positive

FIG. 9. Cartoon illustrating how detrainment of moisture from

trade wind clouds might alter the (a) background distribution to

create (b) stronger water vapor gradients near the base of a stable

layer.

FIG. 10. Radar reflectivity scan (dBZ) showing a cloud, a region

of detrainment near the cloud, and BSLs near the detrainment

altitude. TheBSLs in this case were present prior to the appearance

of the cloud based on examination of earlier radar scans.
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and is generally the largest term. In those soundings

where DN/Dz is positive and relatively large, DN/Dz is

closely aligned with the RH term, C. However, fewer

cases of large positive N gradients exist, since the pres-

sure term always imposes a negative component to the

vertical N gradient. For this reason, the values from the

largest quartile of DN/Dz are generally smaller in mag-

nitude than those in Fig. 13.

Summarizing Figs. 11–14, there are two key points that

can be drawn: the large vertical gradients of N required

for Bragg scattering 1) will closely coincide with large

vertical gradients of RH of the same sign and 2) will

more often be negative because the pressure term re-

inforces the RH term.

7. Relationship between BSL boundaries and RH
extrema

Based on the arguments and analyses presented in

section 6, we expect that a BSLwill exist in the turbulent

interface layer between air with lower RH overlying air

with higher RH, and furthermore that the base and top

of the BSL will be located close to an RHmaximum and

an RH minimum, respectively. Additionally, we expect

that layers that do not satisfy these conditions will be less

likely to support detectable Bragg scattering, particu-

larly over long periods. This section is devoted to testing

this idea.

In this section, sounding RH profiles will be compared

to the radar layers to quantitatively assess the relation-

ship between the RH profile and Bragg layers. Two

questions need to be answered to reasonably attempt

the comparison: 1) what constitutes significant RH ex-

trema in the soundings that might provide the bounds

for a BSL detectable by the radar, and 2) how well do

RH measurements from a single sounding represent the

moisture field in the ambient environment near the radar?

a. Determining RH extrema in soundings

To compare RH profiles from soundings with radar-

observed BSLs, we first need to define the vertical

boundaries of proxy BSLs in soundings based on extrema

in their RH profiles. To determine extrema, RH profiles

from all soundings were first linearly interpolated from

their original approximately 5–7-m vertical resolution to

1-m resolution. The same wavelet technique applied to

individual radar beamswas then applied to each sounding

for seven iterations, yielding a Haar mother wavelet Wm

for each sounding. Seven levels of iteration effectively

filtered variations in the RH field at scales below 64m.

This value is slightly larger than the vertical projection of

a radar pulse volume (43m) when the beam elevation

angle is 16.98—the maximum used in RICO. Figure 15

shows an example of an interpolated sounding, the

corresponding filtered sounding, and cWm, where

c5 ð ffiffiffi
2

p
/2Þ7—a constant determined by the wavelet

technique. Extrema in RH were selected based on an

analysis of the cWm curve. Extrema occur where the

cWm curve crosses zero, with RH maxima occurring

below regions with positive area (e.g., blue lines on Fig.

15) andRHminima occurring above regionswith positive

area (e.g., red lines on Fig. 15). The vertical extent and

magnitude of the positive area is related to the vertical

gradient of RH across a layer. The vertical gradient of

RH, in turn, is indicative of index of refraction gradients

capable of producing Bragg scatter. As seen in Fig. 15,

both small and large fluctuations in RH occur in the

vertical. We are interested in those fluctuations that oc-

cur on scales comparable to the depth of the Bragg layers

detected by the radar. To eliminate small-scale fluctua-

tions in the following analysis, tests were performed using

the value of the positive area (region between the positive

portion of the cWm curve and the cWm 5 0 line) as

a threshold to define a proxy BSL. Based on these tests,

a threshold area of 175%RHm was chosen as the mini-

mum area required to define a single proxy BSL. This

method retained extrema associated with large moisture

FIG. 11. Color contours of constant radio refractivity for fixed

pressure levels of (a) 550, (b) 775, and (c) 1000mb. Overlaid in red

are lines of constant RH. RICO rawinsonde vapor pressure and

temperature measurements for the given pressure altitudes are

shown for reference (white squares).

OCTOBER 2013 DAV I SON ET AL . 3035



gradients across shallow vertical layers and smaller

moisture gradients over deeper layers, while effectively

removing small-scale variations over shallow layers. If the

minimum vertical separation between two consecutive

proxy BSLs was less than 150m, theywere combined into

a single layer if the absolute value of the negative area

between them was less than 50%RHm. The reasoning

for this choice was that unless the layers were extremely

distinct (as implied by large negative area between them),

they wouldmost likely be irresolvable by the radar at this

fine a vertical separation. Layers not satisfying all the

above criteria were assumed to be clear (i.e., layers

without coherent radar echo).

b. Moisture variability on the scale of the radar
domain

The examples of evolving BSLs presented in section 5

suggest that BSLs in general are not necessarily homo-

geneous in space and time. Layers can ascend or descend

with time, move into or out of the radar domain, com-

bine with other layers, and form or dissipate. Within

a single radar scan or volume, layers might be tilted, vary

in thickness, or fill only part of the domain. A sounding

provides a single profile through the radar domain that

may or may not be representative of the moisture field

within the radar volume containing the BSLs. To test the

relationship between BSL edges and RH extrema using

soundings, we must first determine the probability that

a BSL identified by the radar will coincide vertically with

a proxy BSL identified from analysis of a single sound-

ing. Even if the relationship between BSL edges and RH

extrema exists, the soundings and radar might not agree

depending on the amount of variability in the RH field

over the scale of the radar domain.

The RICO dropsonde dataset provided a unique op-

portunity to investigate the representativeness of in-

dividual soundings by quantifying the variability of the

moisture field in an environment on the scale of the

radar analysis domain. To quantify this variability, we

conducted statistical comparisons of the near-coincident

dropsondes launched around the 60-km-diameter circles

(Fig. 2). Specifically, we determined the probability that

a proxy BSL identified in the mean profile of a drop-

sonde circle set will coincide vertically with a proxy BSL

identified from analysis of a single dropsonde within the

set. The statistics derived from this analysis provide a

quantitative guide as to what should be considered

reasonable agreement between the radar and single-

sounding-derived BSLs.

To analyze the dropsondes, RH extrema were found

for each dropsonde using themethod presented above in

section 7a. The extrema determined from each drop-

sonde were compared to extrema determined from an

analysis of Wm* 5�x
n51Wm(n), where x is the number of

dropsondes in a particular set launched around a single

circle (see appendix for mathematical definition ofWm).

The sum was used rather than the average to reduce the

likelihood that nonhomogeneous layers would be elim-

inated through vertical phase cancelation when the

175%RHm area threshold was applied. The 60-km-

diameter circle encompassed by each dropsonde set is

close to the average horizontal region encompassed by

the radar analysis. The large, positive regions of Wm* ,

which represent mean conditions over the area of the

FIG. 12. FAD of DN/Dz for Dz5 50m for all the Barbuda-launched soundings during RICO.

Overlaid are the median (black), 25th and 75th percentiles (dark gray), and 10th and 90th

percentiles (white).
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circle, each serve as a mean proxy BSL for the BSLs

observed by radar.

Our first step in quantifying the variability was to com-

pare themean proxyBSLs to proxyBSLs determined from

single dropsondes in the set. If one Wm* profile contained

6 proxy BSLs and there were 6 dropsondes in that partic-

ular set, then the set contained a total of 36 possible layer

matches. For a mean proxy BSL to be matched with a

FIG. 13. Contributions of the vertical pressure (term A, green),

temperature (term B, blue), and RH (term C, red) gradient terms

to DN/Dz (black) in (3), plotted at 1000-, 2000-, 3000-, and 4000-m

altitude for soundings in the smallest quartile in Fig. 9.

FIG. 14. Contributions of the vertical pressure (term A, green),

temperature (term B, blue), and RH (term C, red) gradient terms

to DN/Dz (black) in (3), plotted at 1000-, 2000-, 3000-, and 4000-m

altitude for soundings in the largest quartile in Fig. 9.
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proxy BSL from a single dropsonde, we made the require-

ment that at least 50% of the depth of one BSL be co-

incident in altitudewith that of the other (e.g., Figs. 16a–e).

Otherwise, the layers were classified as unmatched (e.g.,

Figs. 16f–j). Table 2 summarizes the results. For the 34 sets

of dropsondes, there were a total of 1157 possible layer

matches. Of these, 770 or 66.6% matched. The remaining

387 or 33.4%were unmatched, despite the close proximity

in space and time of the dropsonde launches. This high

level of variability is evident in the RH profiles shown for

four sets of dropsondes in Fig. 17. The largest RH differ-

ences in each set for measurements at the same altitude

correspond to differences inmixing ratio ranging from 7 to

8gkg21. Although Fig. 17 shows some of the more ex-

treme examples, these profiles illustratewell the variability

found in the dropsonde sets collected during RICO.

An additional method to characterize the variability

was to compare the altitudes of RHmaxima andminima

bounding the mean proxy BSLs with those from in-

dividual dropsondes. This is different from the layer

comparison above because, evenwith amatched layer, it

is possible that an RHminimum bounding a mean proxy

BSL may be closer in altitude to an RH maximum from

an individual dropsonde, or vice versa (Fig. 16). In Fig. 16b,

the RH minimum at the top of a mean proxy BSL is

closest in altitude to anRHmaximum in a single sounding.

In Fig. 16c, the reverse is true; the RH maximum at the

base of the mean proxy BSL is closest to an RHminimum

in the sounding. In Fig. 16d, both the maximum and the

minimum in the mean proxy BSL are closest to their op-

posite extrema. In all three cases, themean proxyBSL and

a sounding proxy BSL met the criteria for a layer match.

Analogous situations can occur for unmatched but over-

lapping layers (Figs. 16g–i). There were 1157 RHmaxima

and 1112 RH minima matches possible for the proxy

BSLs. The difference was due to insufficient data avail-

able to determine the altitudes of the topmostRHminima

in a few soundings (e.g., Fig. 15).1

When single or multiple proxy BSLs from a single

sounding were entirely within one mean proxy BSL, or

vice versa (Fig. 16e), both tops and bases were consid-

ered matched. Amaximum (minimum) in RH bounding

a proxy BSL was also considered matched if the nearest

extremum in altitude on a particular dropsonde was also

a maximum (minimum) and the mean proxy BSL over-

lapped the dropsonde’s proxy BSL (Fig. 16). If the BSLs

overlapped, but the nearest extremum on the dropsonde

vertical profile was opposite, it was classified as mis-

matched. If the mean proxy BSL was not overlapped by

any proxy BSL in a particular dropsonde, both extrema

from the mean proxy BSL were classified as unmatched

(Fig. 16j). Table 2 summarizes the statistics for the ex-

trema. Approximately 60% of both extrema matched,

28% were unmatched, and 11% were mismatched, again

despite the close proximity in space and time of the drop-

sonde launches. This again illustrates the variability of RH

commonly found in the TMBL within a 60-km-diameter

FIG. 15. (a) Interpolated RH profile (magenta) and wavelet-smoothed RH profile (black) for RICO research flight

06, circle 1, dropsonde 5 (1452:57 UTC 16 Dec 2004). The magenta and black lines nearly overlap. (b) cWm profile

(black) for dropsonde shown in (a). Green shading indicates proxy BSLs, bounded below by local RHmaxima (blue

lines) and above by local RHminima (red lines). The locations of these BSLs are determined by the zero crossings of

the cWm curve bounding positive regions with areas of at least 175%RHm. In this instance, the topmost layer would

not have been included in the statistics since the topmost BSL has no zero crossing in the cWm curve.

1 This generally occurred when the TMBL top exceeded

4174 m—an altitude determined by the wavelet technique and

the limited peak altitude of the dropsondes.
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FIG. 16. Examples of how BSLs (mean dropsonde or mean radar) compare in altitude with

proxy BSLs (single dropsonde or single rawinsonde). In each panel the left BSL represents the

mean and the right represents the individual sounding. (a)–(e) BSLs that match (layer5M) and

(f)–(j) BSLs that are unmatched (layer 5 U). Red (blue) lines denote BSL tops (bases). BSLs are

shaded gray and their midpoints are demarcated by dashed lines. For BSL edge comparisons, min5
(m, x, u) denotes that the mean layer top is (matched, mismatched, unmatched). Max 5 (m, x, u)

denotes that the mean layer base is (matched, mismatched, unmatched).
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circle and provides a baseline for the comparison of

radar and rawinsonde proxy BSLs.

For the matched extrema, the differences between the

extrema altitudes from the mean proxy BSLs and the

individual dropsondes were combined to find the total

sample deviations (smax and smin) for the maxima and

minima using

s5

"
1

r2 1
�
34

d51
�
y

m51
�
x

n51

(zd,m 2 zd,m,n)
2

#1/2
, (4)

where r is the total number of matched maxima or

minima, zd,m is the altitude of a maximum or minimum

from themth mean proxy BSL from dropsonde set d, and

zd,m,n is the altitude of the maximum or minimum from

dropsonde n that matches the mth proxy BSL in drop-

sonde set d. In cases where a mean proxy BSL encom-

passedmore thanoneproxyBSL from the samedropsonde,

only the nearest extremum were used in these calcula-

tions. The smax was 159m for the RH maxima altitudes

and smin was 147m for the RH minima (Table 2). The

statistics presented in Table 2 provide a quantitative

baseline for evaluation of the relationship between the

boundaries of radar BSLs and RH extrema.

c. Comparison of sounding RH extrema with radar
BSLs

A 3-h window of radar data centered at the sounding

start time was used to compare each sounding-determined

proxy BSL with a radar BSL. The 3-h time window

corresponds to the time an air parcel traveling hori-

zontally at 5.5–8.0m s21 (typical trade wind speeds

during RICO; see Part I) would traverse across the radar

analysis domain used in this study (60–90 km). Themean

altitudes of the radar BSL boundaries within the time

windows were determined by grouping points denoting

BSL tops (or bases) and then calculating the average

altitude of each top or base from each group of points.

These mean altitudes were compared with the altitudes

of the proxy BSLs from the rawinsondes. By using a 3-h

window, we ensured that the sounding passed through

the same region of space that was used to determine the

radar BSLs. BSLs were determined from partial radar

data if radar data were only available in part of the time

window. If a BSLwas detectable for only a portion of the

3-h time window, it was still used for this comparison.

The impact of these choices on the comparison is dis-

cussed below in the context of Fig. 18.

The sounding analysis used for the BSL–proxy BSL

comparison is identical to that used for the dropsonde

intercomparison. For a proxy BSL to be matched with

a mean radar BSL, we again required that at least 50%

of the depth of one BSL be coincident in altitude with

that of the other. Figure 18 summarizes the results. The

results of the comparison depended on the number of

estimates of a radar BSL boundary available in a 3-h

window. If 100 or more estimates for both edges of a

radar BSL were available, 64.3% of the radar BSLs

matched proxy rawinsonde BSLs (Fig. 18a). If 50 or

more estimates for both edges of a radar BSL were

available, 60.1%matched (Fig. 18b). For all radar BSLs,

regardless of the number of points available, 56.4%

matched (Fig. 18c). The 64.3% match rate for the well-

defined, 1001 point radar BSLs and rawinsonde proxy

BSLs is remarkably close to the dropsonde proxy BSL

‘‘self-agreement’’ of 66.6%, providing strong evidence

that the relationship is valid and that radar BSL

boundaries can be used to track the evolution of the RH

field, specifically RH maxima and minima.

We next determined to what degree the coincidence

statistics were affected by variability in the radar BSL-top

and-base estimates. Thus coincidence statistics were further

brokendown into subcategoriesbys5 (1/2)(stop1sbottom),

where stop and sbottom are the sample deviations of the

radar BSL-top (e.g., coherent lines of red dots in Figs.

4–6) and -bottom (coherent lines of blue dots) edge es-

timates, binned in 50-m increments. In all three radar

BSL categorizations (1001, 501, and all estimates), no

clear relationship was evident between s and the num-

ber of BSL–proxy BSL matches. This suggests that the

percentage of matches is not sensitive to the vertical

spread of the points defining a BSL within a 3-h window,

and thus noisier radar datasets that still have coherent

BSLs are just as reliable as less-noisy radar datasets with

sharply defined BSLs.

We also compared the altitudes of RH maxima and

minima bounding the rawinsonde proxy BSLs with the

radar-mean BSL boundaries. We applied the same cri-

teria for matched, unmatched, and mismatched levels

that was used in the dropsonde analysis (i.e., Fig. 16),

with one exception. The dropsonde and rawinsonde

proxy BSLs occurred at specific altitudes. The radar

TABLE 2. Proxy BSL–dropsonde comparison.

Layer comparison

Total layers 1157

Matched layers (M) 770 (66.6%)

Unmatched layers (U) 387 (33.4%)

Extrema comparison

RH max RH min

Total possible matches 1157 1112

Matched (m) 713 (61.6%) 662 (59.5%)

Unmatched (u) 322 (27.8%) 320 (28.8%)

Mismatched (x) 122 (10.6%) 130 (11.7%)

Sample deviation (s) 159m 147m
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BSL boundaries are spatially averaged estimates that

occur over a range of altitudes during a 3-h time period

(e.g., the spread of dots on a single BSL edge in Figs. 4–6).

For the radar BSLs, we asked 1) if a mean BSL boundary

matched an appropriate rawinsonde RH extremum and

2) whether the appropriate rawinsonde extremum fell

within the range of altitudes defining the radar BSL edge.

Table 3 summarizes the statistics for the BSL boundaries.

For the mean radar BSLs, approximately 48% (44%) of

the bases (tops) matched. If we consider the range of

radar BSL altitudes within the 3-h windows, 58% (55%)

of the boundaries matched. The expected percentage of

matches based on the dropsonde self-agreement analysis

was about 60%. The statistics for the unmatched and

mismatchedBSLboundaries were also comparable to the

statistics from the dropsonde analysis.

d. Summary

The data analysis presented above was used to test the

idea that a radar BSL will exist in the interface layer

between low-RH air overlying high-RH air, and that

a layer not satisfying these conditions would be unlikely

to support detectableBragg scattering. The base of a BSL

was assumed to coincide with an RH maximum and the

top with an RH minimum. Given 1) the high level of

spatial and temporal variability in the RH profile dem-

onstrated by the dropsonde BSL self-agreement tests, 2)

the difficulty in comparing point-measurement profiles

from rawinsondes to large areal- and temporal-averaged

profiles from radar, 3) the stringency of the criteria used

for categorization of amatch between the data from these

instruments, and 4) the similar statistics generated in the

dropsonde self-comparisons and the radar–rawinsonde

comparisons, we conclude that the analyses presented

support the relationship between BSL boundaries and

RH maxima and minima. Despite the local variability in

the moisture field illustrated by the dropsondes, the

analyses above demonstrate that moisture layers in the

TMBL can be tracked using Bragg scattering from an

S-band radar, and that the layers can be used to inves-

tigate and understand the mesoscale structure and evo-

lution of the TMBL, which is the subject of Part III.

FIG. 17. RH profiles for 4 of the 34 sets of dropsondes used to establish the variability of the moisture field. Each dropsonde set was

released along a 60-km-diameter circle within 25min (Fig. 2). The sets shown are from (a) research flight (RF) 1, circle 1 (7 Dec 2004);

(b) RF 10, circle 2 (5 Jan 2005); (c) RF 13, circle 2 (12 Jan 2005); and (d) RF 19, circle 1 (24 Jan 2005).
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8. Conclusions

During the Rain in Cumulus over the Ocean (RICO)

field campaign, persistent layers of enhanced equivalent

radar reflectivity and reduced spectral width were ob-

served in cloud-free regions of the tropical marine

boundary layer with the S-Pol 10-cm-wavelength radar.

We introduced a technique based on the Haar wavelet

to identify layer edges using data collected while scan-

ning in PPI mode. Advantages of this technique include

near ‘‘real time’’ processing capability, high temporal

resolution, and an independent estimate for each ele-

vation angle scanned in a PPI volume. We used this

technique to determine the mean layer boundary loca-

tions for individual radar scans, and constructed time–

height diagrams of the layer boundaries. With these

diagrams, we demonstrated that the layers are persis-

tent, coherent features of the tropical marine boundary

layer that delineate aspects of its mesoscale structure.

We presented analyses and conceptual arguments ex-

ploring the nature of these layers—specifically, the pri-

mary scatteringmechanism responsible for their existence,

potentialmechanisms for how they formand are sustained,

and the relationship between the boundaries of the layers

and the RH field. The following conclusions can be drawn

about the nature of these layers:

1) The primary scattering mechanism producing the

layers is Bragg scattering. Rayleigh reflectivity values

calculated from haze particle size distributions from

14 RICO flights were much lower and statistically

distinct from the radar reflectivities observed by

S-Pol in clear-air regions of the tropical marine

boundary layer. Since insect and bird echoes were

not responsible for the layers, Bragg scattering

appears to be the only viable mechanism to explain

the layers’ existence.

2) Two mechanisms were described that could create

the large vertical gradients of radio refractivity N

required for sustained Bragg scattering. The first

involved turbulent mixing within a layer. It was

argued that strong vertical gradients of N would

develop at the top and bottom of a well-mixed

turbulent layer and that the large vertical gradients

of N would coincide with large vertical gradients of

RH. The second mechanism was associated with

FIG. 18. Fraction of radar BSLs that have a matching proxy BSL in the corresponding sounding, binned by 50-m

increments of s. The s labels correspond to the bins’ centers. The number of radar BSLs that fall into each bin

category is shown at the top of each column in the histograms. The three different histograms show the statistics for

(a) radar BSLs that have at least 100 estimates per edge, (b) radar BSLs that have at least 50 estimates per edge, and

(c) all radar BSLs, regardless of the number of estimates available. The total number of radar BSLs in each category

as well as the total percentage coincident rate are shown at the top of each histogram.
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detrainment and evaporation of cloudy air near the

bases of stable layers. As with the turbulence mech-

anism, large vertical gradients of N would coincide

with large vertical gradients of RH.

3) The upper and lower boundaries of Bragg scattering

layers (BSLs) were shown to occur near local minima

and maxima, respectively, in the vertical RH profile.

This conclusion was arrived at by first deriving an

equation for the vertical gradient of N in terms of

pressure, temperature, andRHandperforming a scale

analysis of the equation using the Barbuda-launched

rawinsondes. The analysis showed that the RH ver-

tical gradient term was the dominant factor con-

tributing to large vertical gradients of N. We next

compared the BSL boundaries to the RH profiles

fromBarbuda-launchedsoundings.Toperformamean-

ingful comparison, we first established what consti-

tutes significant RH extrema in the soundings that

might provide the bounds for a BSL detectable by the

radar, and how well RH measurements from a single

sounding represent the moisture field in the ambient

environment near the radar. A modified version of

the Haar wavelet edge-finding technique was applied

to the soundings to determine ‘‘proxy BSLs.’’ Drop-

sonde self-agreement tests, used to quantify the

ambient environmental variability in RH, suggested

that we should expect radar BSLs to agree with proxy

rawinsonde BSLs 67% of the time. The actual agree-

ment between radar and proxy rawinsonde BSLs

was 64% when there were at least 100 estimates for

radar BSL edges within a 3-h window centered on

the rawinsonde launch time. The agreement between

these statistics and the scale analysis of (3) together

provide strong evidence that the relationship between

BSL boundaries and RH maxima and minima exists

and that radar BSL boundaries can be used to track

the evolution of the RH field, specifically RHmaxima

and minima.

The results of this study illustrate two additional

points: 1) The spatial and temporal variability of the RH

profile in the tropical marine boundary layer is suffi-

ciently large that a single rawinsonde profile is unlikely

to represent the mean state of the moisture field within

a 60-km-diameter circle centered on the rawinsonde site.

This finding raises an issue of the representativeness of

soundings launched at the typical low temporal and spa-

tial resolution in many tropical studies (see also Part I).

2) The larger-scale RH field (tens of kilometers, charac-

terized by the radar domain) can exhibit temporal co-

herence over time scales of hours to a day or more. These

two points together imply that the BSLs reflect the me-

soscale average of the small-scale moisture variability.

The radar analyses presented herein provide a new

tool to refine and improve our understanding of the

tropical marine boundary layer and to validate large-

eddy simulation models. In Part III, we will use the BSL

data to provide a statistical characterization and a re-

vised conceptual model of the tropical marine boundary

layer during RICO.
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APPENDIX

Wavelet Analysis

For this analysis, the Haar father and mother wave-

lets, Wf and Wm, respectively, are

Wf (a,b)5 a21/2
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where a is the dilation or scale parameter, b is the

translation, and n is the number of points in the dataset

f(r), where f(r) is the data vector and r is an index

specifying the position in the data vector. For example,

for the first iteration of Wf, f(r) is a set of spectral width

values along one beam of radar data, and r is the range

gate number. Unlike other wavelets, the first iteration of

the Haar father (mother) wavelet is proportional to the

averages (first derivatives or slopes) of adjacent paired

points in f(r) when using a 5 2 data points. When using

a5 2, r1 and rn are consecutive data points. Referring to

Fig. A1a, four successive iterations ofWf were performed

starting with the original data. A single iteration of Wm

was performed on both the third and fourth Wf, yielding

Wm4 and Wm5, the fourth and fifth mother wavelets, re-

spectively (the reason for calculation of both Wm4 and

Wm5 is discussed in section 5). The calculation of Wm4

(Wm5) was repeated 16 (32) times starting from the

original data (e.g., Figs. A2a,b), except that the jth cal-

culation started with index j along f(r) (Fig. A1b). The

union of the 16Wm4 results produced g4(r), a new scaled,

smoothed, and shortened version of the first derivatives

of the original data (e.g., Figs. A1b and A2c). Likewise,

the union of the 32Wm5 results produced g5(r). The g4(r)

and g5(r) data were then truncated at 528 and 512 data

points, respectively. These correspond to radar ranges of

80.3 and 79.1 km. At an elevation angle of 58, these
ranges correspond to beam altitudes of 7.4 and 7.3 km.

The final g4(r) for all beams in a PPI scan were aver-

aged together to produce g4(r) (Fig. A2d). Similarly, the

final g5(r) were averaged together to produce g5(r).

Extrema in each g(r) are located at the inflection points

in f(r), which correspond to the tops and bases of BSLs

sampled by a single radar beam. Therefore, extrema in

g(r) represent the average locations of the BSL bases

and tops for a given radar scan. Extrema were identified

as any maximum or minimum in g(r) that exceeded

a threshold of 0.075 (0.50) m s21 for Wm4 (Wm5) (e.g.,

blue and red lines in Fig. A2). These thresholds were

determined by experimentation to visually match the

ring pattern in the original data. Note in Fig. A2d that

the blue line at range gate 155 appears to be at a mini-

mum. It is, in fact, a maximum, with adjacent minima

on either side that did not exceed the thresholds. The 4/3

effective Earth’s radius model using the spherical Earth

FIG. A1. Data analysis schematic detailing (a) successive wavelet

iterations performed using a single starting point and (b) the union

of these wavelet results from analysis carried out at successive

starting points (each represented by a different color).
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parabolic approximation was used for beam height cal-

culations (e.g., Bean and Dutton 1968; Murrow 1990).
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