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Abstraet. Turbulence and heat fluxes in the marine atmospheric boundary layer (MABL) for the roll
vortex regime, observed during the Genesis of Atlantic Lows Experiment {GALE) over the western
Gulf Stream, have been studied. The spectral analysis suggests that cloud streets (roll vortices) are
vertically organized convection in the MABL having the same roll scale for both the cloud layer and
subcloud layer, and that the roll spacing is about three times the MABL depth. The roll circulations
contribute significantly to the sensible (temperature) and latent heat {moisture) fluxes with importance
increasing upward, Near the MABL top, these fluxes are primarily due to roll vortices which transfer
both sensible heat and moisture upward in the lower half of the convective MABL. Near the MABL
top, the roll circulations transfer sensible heat downward and moisture upward in the clear thermal-
street region, but roll vortices influenced by evaporative cooling can transfer sensible heat upward and
moisture downward in the cloud-street region. Near the cloud-top, the upward buoyancy flux due to
evaporative cooling is highly related to the roll circulations near the inversion.

For the lower half of the MABL, the normalized temperature flux decreases upward more rapidly
than the humidity flux, which is mainly because potential temperature (8} increases slightly upward
while humidity (g) decreases slightly upward above the unstable surface layer. The gradient production
(associated with the 8 gradient) is a source for the temperature flux in the unstable surface layer but
changes to a sink in the mixed layer, while the gradient production (associated with the ¢ gradient)
acts as a source for the humidity flux in both the unstable surface and mixed layers. The results suggest
that the entrainment at the MABL top might affect the budgets of temperature and humidity fluxes
in the lower MABL, but not in the unstable surface layer.

1. Introduction

The maximum net annual heat loss from the North Atlantic to the atmosphere
occurs in the area off the North Carolina coast of the United States over the warm
Gulf Stream (Budyko, 1963; Bunker and Worthington, 1976). The heat loss is
maximized during cold-air outbreaks (Agee and Howley, 1977), due to large sea-
air temperature and humidity differences coupled with strong offshore winds. This
area, which appears to be a preferred region for rapid cyclogenesis {¢.g., Reitan,
1974; Sanders and Gyakum, 1980), was chosen for the Genesis of Atlantic Lows
Experiment (GALE) from 15 January to 15 March 1986 (Dirks et al., 1988). The
ocean-to-air heat fluxes over the warm water of the Kuroshio Current (off the
coast of China) and the Gulf Stream are known to have profound effects on
cyclogenesis and storm intensification (Agee and Howley, 1977). These fluxes are
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also related to the prevailing synoptic and mesoscale disturbances (Warsh, 1973;
Sheu and Agee, 1977, Kung and Siegel, 1979). One of the objectives of GALE
was to investigate the heat transport mechanisms associated with airmass transfor-
mation during cold-air outbreaks.

An intense cold-air outbreak, with the sea surface temperature (SST) warmer
than the 70-m level air temperature by = 19-24°C, occurred offshore of the
Carolinas in the GALE area on 28 January 1986 (Figure 1). The GOES visible
image shows that cloud streets, with axes nearly parallel to the mean Marine
Atmospheric Boundary Layer (MABL) wind directions, prevailed over the Gulf
Stream. The purpose of this paper is to study the turbulence structure in the
MABL for this case and the significance of roll vortices to heat fluxes. Mixed-
layer scaling has generally been used to investigate the turbulence, diffusion, and
dominant eddies in a convective boundary layer (e.g., Deardorff, 1972, 1985;
Willis and Deardorff, 1974; Kaimal et al., 1976; Lenschow et al., 1980, hereafter
LWP; Chou er al., 1986). The same scaling is also adopted to analyze the data in
this study.

There have been several boundary-layer studies for this cold-air outbreak. Chou
and Zimmerman (1989, hereafter CZ), have used a bivariate conditional sampling
technique to investigate the generation of buoyancy flux in the lower half of the
MABL (subcloud layer), as measured by both the NCAR Electra and King Air
aircraft. Grossman and Betts (1990), adjusting the temperature data measured by
the NCAR Electra for the effects of diurnal variation at the shore, have studied
the Lagrangian budgets of temperature and moisture in the subcloud layer. Bane
and Osgood (1990) have discussed the oceanic response to this cold-air outbreak.

2. Data Analysis

Figure 1 shows the GOES visible image, NCAR Electra (E1, E2, E3, and E4)
and King Air (K1 and K2) aircraft crosswind stack locations, and the western and
eastern Gulf Stream fronts for the GALE 28 January 1986 case. In this study, 3
stacks (K1, E1, and E2) near the western Gulf Stream front have been chosen
for analysis. The turbulent quantities were measured by gust-probe systems (Wyn-
gaard et al., 1978, hereafter WPLL; LeMone and Pennell, 1980). The turbulence
data were recorded at 50 samples per second. All of the variables were low-pass
filtered with digital four-pole low-pass Butterworth filters with a 10-Hz cutoff
frequency and then interpolated to a sampling rate of 20 Hz.

The fast-response absolute humidity was estimated from the Lyman-Alpha hyg-
rometer, which was calibrated using linear regressions with the measurements of
a slower-response thermoelectric dewpoint hygrometer (Friehe ez al., 1986; CZ).
According to the method of Friehe et al., the regression slope (important for
estimating humidity flux and variance) and intercept may be determined from
both low-pass time series using a Lanczos (1956) filter. However, the slope and
intercept depend on the cutoff frequency of the filter. Grossman (personal com-
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Fig. 2. Vertical distributions of regression slopes of the Lyman-Alpha calibration based on Friehe et
al. (1986) for subclouds at stacks K1, K2, E2, and E3 (see Figure 1). The filter frequency is 0.05 Hz
for K1 and 0.1 Hz for others. The solid line indicates the mean slope (2.057 gm ™3 V™), and the dashed
lines +10% deviations from the mean. The height Z is npormalized by the inversion base height, Z;.

munication, 1989} has suggested that the correlation coefficient of linear regression
may be used as a guide to determine the best filter frequency.

Except for the poor calibration near inversion bases and at E1 (due to dryness)
and at E4 (due to a snow shower), the optimum frequencies for the other horizon-
tal flights in the subcloud layers were found to be near 0.05-0.1 Hz. The subcloud
regression slopes at K1 (0.05-Hz filter) and those at K2, E2, and E3 (0.1-Hz filter)
are shown in Figure 2. The average slope is 2.057 gm > V™! (solid line) and the
mean correlation coefficient is 0.98. These slopes, except for three data points of
K2 and E3, are within 10% of the average (dashed lines) and are without any
systematic variation with height, which is in good agreement with the finding of
Grossman and Betts based on E2 and E3 only. Therefore, the regression slope of
Grossman and Betts (2.066 gm™> V™) was used to calibrate the Lyman-Alpha
data.

A 1-Hz Lanczos filter was used by CZ to calibrate Lyman-Alpha data because
they found that the regression slopes were generally not sensitive to the filter
frequency near the 1-Hz cutoff frequency. The values of those slopes (1-Hz filter)
are 0.5-1, 1.4-1.8, 1.6-1.8, 1.1-1.6, and 1.6-1.9 gm > V! for the lower half of
the MABL at E1, E2, E3, K1, and K2, respectively. They are smaller than the
value 2.066 gm > V™! used in this study and generally increase with height. As
compared to this study, the use of the regression slopes with the 1-Hz filter (CZ)
will certainly underestimate fluxes and variances of humidity as well as their
vertical lapse rates. The impact of this calibration on the surface latent heat flux
is further discussed in Section 3.
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The turbulence statistics were computed for 5-min segments {about 30 km for
the Electra; 23 km for the King Air). Fluctuations of parameters were obtained
by removing the mean and the linear trend calculated over each flight segment.
The spectra and cospectra were first estimated from the Fourier transforms of the
autocovariance and crosscovariance functions, using a Tukey spectral window with
a maximum correlation lag of 10 km (Jenkins and Watts, 1968). Using mixed-layer
scaling for the normalized frequency (Kaimal et al., 1976}, these spectra and
cospectra were further averaged to produce normalized spectra and cospectra
containing 20 points per decade.

3. Mean Boundary-Layer Structure

Figure 3 shows the weekly mean SST for the period 24-29 January 1986 and the
aircraft stack locations. Except for El, the aircraft stacks were located near the
maximum net annual oceanic heat loss to the atmosphere (Bunker and Worthing-
ton, 1976). For the 28 January 1986 case, the SST at E1 was about 14 °C and was
colder than the weekly average (17.5°C) due to the cold-air outbreak over the
cold shelf water at E1. Figure 3 and aircraft data indicate that the crosswind stacks
at E1 and E2 were nearly parallel to the SST isotherms, but the stack at K1 was
nearly perpendicular to the SST isotherms.

Table I shows the boundary-layer parameters for these three stacks; those of
the other stacks were included in CZ and Grossman and Betts (1990). The par-
ameter Z, is the height of the inversion base, L the Monin-Obukhov length, uy
the friction velocity; (w'8.)o, pc,(w' & )o, and L,(w'q’), the surface fluxes of buoy-
ancy, sensible, and latent heat, respectively; and p, ¢,, and L, air density, heat
capacity at constant pressure, and latent heat of condensation, respectively. The
mixed-layer velocity, temperature, and humidity scales are defined as (e.g., LWP;
CZ)

wy = [(g/6,)(W'6))0Z;]'"
8* = (W)Q/W* R (1)

gx = (Wq)o/wx .

The stability parameter-Z;/L suggests that these three stacks were in the roll
vortex regime {L.eMone, 1973), consistent with the GOES image (Figure 1). The
mean MABL wind was generally westerly (270°~280°) and nearly parallel to the
cloud streets. The total surface fluxes of sensible and latent heat ranged from 550
(E1) to 1000 (E2) W m™>. The large difference in flux is mainly due to the change
in SST across the Gulf Stream front {SST = 14 °C at E1 and 20°C at E2) and the
downwind increase in wind speed.

Both pc,(w'#)o, and L.(w'q’) are in good agreement with those of Grossman
and Betts. However, the values of L,(w'q’), are about 190-250 W m ™2 larger
than those of CZ. This difference results from Lyman-Alpha calibration. As
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Fig. 3. Weekly mean SST for the period 24-29 January 1986, together with NCAR Electra (E1, E2,
E3, and E4) and King Air (K1 and K2) aircraft stack locations for the GALE 28 January 1986 case,

mentioned earlier, the regression slopes of CZ are smaller than that used in this
study and generally increase with height. Therefore, their extrapolated values for
L.{w'q)o are smaller. It is noted that L,(w'q' ), computed from the bulk formula
of Kondo (1975), is 353 W m™2 at Buoy 2 (2000 GMT, near E1) and 676 Wm >

at R/V Cape Hatteras {1800 GMT, near E2), which are in good agreement with
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Fig. 4. Vertical profiles of the normalized potential temperature {(# — 6)/64] and absolute humidity
deviations [(§ — §)/gx] from the averages below 0.5Z; (4, 4) for E1 and E2. Over-bars indicate leg
averages. Solid curves are least-squares fits to the data below 0.5Z;.

those of this study. These results suggest that the Lyman-Alpha data are better
calibrated in this study than in CZ.*

Typical profiles of potential temperature (8) and absolute humidity (g) may be
seen in Figure 4, which shows the composite normalized 6 and ¢ deviations from
the averages below 0.5Z; (8, §) for E1 and E2. The results are in general agreement
with previous observational studies (e.g., Pennell and LeMone, 1974; Mahrt, 1976;
WPLL; LWP). Near the MABL top (the inversion base), # increases rapidly
upward while g decreases sharply, suggesting strong entrainment effects. Within
the MABL above the unstable surface layer (stability can be inferred from Table
I), there is a slight increase in # with height, but a slight decrease in g¢; the
normalized g lapse rate [(Z;/qs) 8§/3z = —4.12] is in good agreement with that
of the AMTEX (Air-Mass Transformation Experiment) measurements of LWP
and WPLL, while the normalized 6 lapse rate [(Z,/04) 00/6Z = 10.5] is 7.5 times
larger than that of LWP and WPLL which was derived using the mixed-layer
assumption 6, == constant. The difference in lapse rates between 6 and g presum-
ably reflects the fact that the entrainment at the MABL top brings the warmer
and drier air down into the MABL (see Figure 8 of CZ). This difference can have

* Lyman-Alpha calibration does not affect the results and conclusions of CZ on buoyancy flux because
the calibrated Lyman-Alpha data were not used to compute 6,.
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Fig. 5. Vertical profiles of the normalized (a) potential temperature and (b) humidity fluxes. Solid

curves are least-squares fits to the data below 0.5Z; (K1 is excluded in w'g’ fitting).

a significant influence on the vertical profiles of the fluxes and variances of 8 and
g, as well as their budgets.

4. Fluxes and Variances

Figure 5 shows the vertical profiles of the normalized potential temperature and
humidity fluxes. Below 0.5Z;, the temperature fluxes are well fitted by the solid
curve of Figure 5a,

W wels =1 — 1.46(Z/Z)) 2

which is in good agreement with that derived from the AMTEX data (LWP). On
the other hand, the humidity fluxes are not in good agreement with those of
AMTEX(WPLL); the flux profiles show large variability in both cases. Nicholls
and LeMone (1980} saw considerable variation in w'q’ depending on cumulus
convection. The humidity fluxes at E1 and E2 are well fitted by the solid curve of
Figure 5b,

W Iwggse =1 — 0.83(ZIZ,), (3)

and are quite different from the nearly constant flux profile at K1. It was found
that the difference is mainly located in the frequency band containing roll vortices.
Near 0.3-0.5Z; the roll vortices appear to be more organized and more effective
in transporting water vapor into the cloud layer at K1 than the other two stacks
(see Section 5). This difference is likely to be related to the SST isotherms and
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NORMALIZED BUDGETS
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Fig. 6. Normalized budgets of (a) temperature and (b) humidity fluxes; GP (solid lines) indicates

gradient production, BP (dashed lines with data points) the buoyancy production, Tr (dotted lines)

the turbulent transport, and Pr (solid lines) the pressure transport. The Pr terms are the imbalances
of three estimated terms (GP, BP, and Tr) of (4) and (5). (See text for detailed discussion).

their orientations with respect to roll circulations. The axes of cloud streets were
nearly parallel to SST isotherms at K1, but were nearly normal to SST isotherms
at E1 and E2 (Figures 1 and 3). The updraft branches of the roll circulations at
K1 (associated with a stronger SST gradient) are likely to transport buoyant moist
air with larger normalized g variance upward from the sea surface. This can
enhance the humidity flux through the buoyant production (BP) term for K1, as
compared to E1 and E2 (see Figure 6). Indeed, the normalized BP of w'q’ near
the roll frequency band was found to be larger at K1.

Both solid curves in Figure 5 suggest that the subcloud layer may be warmed
and moistened by the flux divergences. However, the normalized heating rate is
larger than the normalized moistening rate due to the different slopes of the fluxes.
The maintenance of both fluxes may be learned from the normalized budgets of
temperature and humidity fluxes written as (LWP)

WZi 96 6,6 Zi 3~
L) = - T 2 A 2 ()
W*e* ot W*G* 0z 0,504 WixOx 02
Z, 0 ,——
_ [3 _ 101 s 4
T az(p ) 4)
z,- o —— ouZi z G | 6 Z; 8 —5
Sy = =T P S ()

(GP) (BP) (Tr)
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Z;

*5( r'q), (5)

(Pr)

where ¢ indicates time, o> the variance of vertical velocity  (w),

6,5 = (W8 )o/wx, p the pressure. The first terms on the right of (4) and (5)
represent gradient production (GP), which are related to gradients of 8 and g; the
second terms represent buoyant production (BP); the third terms indicate turbu-
lent transports (Tr), which are related to third moments; and the fourth terms
indicate pressure transports (Pr) which are related to the covariances with pressure.
Figure 6 shows the normalized budgets of w’6 and w'q’ for the layer 0.1-0.5Z;
(above the surface layer). The GP terms were estlmated from Figure 4 and the
ol /wk results of LWP (see Figure 9 for the comparison with this study); the Tr
terms were derived from the composite vertical profiles of normalized third mo-
ments (see appendix); and the Pr terms were estimated as the imbalances of the
other three terms (GP, BP, and Tr) under steady-state conditions. The BP data
below 0.5Z; are well fitted by

0,016,405 =1.3(Z/Z,) **(1-0.82/Z,), (6)
0.q"10,x9%x =1.2(Z1Z,)"**(1 - 0.32/Z;) . (7)

Buoyant production (BP) decreases upward slightly more slowly for w'q’ than for
w'@'. However, the difference between (6) and (7) is very small and is within ~0.3
for 0.1-0.5Z;. According to (A1) and (A2), turbulent transport (Tr) for w'é# and
w'q’ are 0.5 and 0.45, respectively. Therefore, the contributions of Tr to both
budgets are about the same and much smaller than those of the other budget
terms. Figure 6 suggests that the difference in both budgets is mainly due to
gradient production (GP) because buoyant production (BP) and turbulent trans-
port (Tr) are about the same for both budgets. Gradient production (GP) is a
sink for w'@’ because of positive 86/8Z, but is a source for w'q’ due to negative
8G/9Z (see Figure 4). The mechanism of GP for w'#’ and w'q’ may be visualized
as follows. For a positive 06/3Z(3G/dZ), updrafts tend to carry negative 6'(q’') and
downdrafts carry positive 6'(¢’). Therefore, the vertical component of turbulent
kinetic energy (o2) destroys w'6'(w'q’). The entrainment at Z; can cause a
positive 36/0Z and a negatlve aq/ dZ near Z; and in the mixed layer. In the upper
mixed layer, the w'é’ and w'q’ budgets are strongly influenced by entrainment
effects (e.g., Deardorff, 1974, LWP). The large difference in GP between the
budgets suggests that the entrainment can also affect both budgets in the lower
mixed layer.

For the lower mixed layer (with entrainment effects) buoyant production (BP)
and gradient production (GP) are sources for w'q’ to balance the sink due to
pressure transport (Pr), while BP and Pr are sources for w'@’ to balance the sink
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due to GP. On the other hand, the entrainment effects are generally negligible in
the unstable surface layer and both 96/0Z and dG/0Z are negative. Therefore, the
budgets of w68’ and w'q’ are expected to be fairly similar in the unstable surface
layer, where GP and BP (buoyant thermals are warm and moist) act as sources
for both w’6#” and w'q’ to balance the sinks due to Pr (e.g., Wyngaard et al., 1971;
LWP). The vertical profiles of w8’ and w’q’ vary among cases, especially w'q’
(e.g., Nicholls and LeMone, 1980; Nicholls, 1984; Chou et al., 1986). They can
not be determined or predicted from the budget equations. However, the compari-
son of the budgets should provide some insight about the different behavior of
the flux profiles in the same case. As mentioned earlier, the normalized w'6’
decreases upward more sharply than the normalized w'q’ (Figure 5). Figure 6
suggests that this result is mainly due to the fact that GP is a source for w'#" in
the unstable surface layer but changes to a sink in the mixed layer, while GP acts
as a source for w'q’ in both the unstable surface and mixed layers.

The budget of w'q’ is in fairly good agreement with that of LWP except that
BP decreases (Pr increases) less rapidly upward for this case. The difference in
buoyant production (BP) is related to the 8-g correlation (discussed later). On the
other hand, the budget of w8 is not in good agreement with that of LWP. As
compared to the results of LWP, gradient production (GP) is smaller by about 4
(7.5 times more negative) due to larger normalized 46/8Z, and buoyant production
(BP) is smaller by about 1-2. Thus, pressure transport (Pr) acts as a source for
w'6 above 0.2Z;, rather than a sink, as estimated in LWP.

The correlation coefficient y,, can be computed as

Y =Xy lo0,, (8)

where }7 is the covariance of variables x and y, and o, and o, the standard
deviations of x and y, respectively. The vertical profiles of v,6, Ywe, Ywq are shown
in Figure 7. It can be seen from Figure 7a that vy, is =1 near the surface, in good
agreement with previous studies (e.g., Phelps and Pond, 1971; WPLL; CZ). This
result is consistent with the finding of CZ that warm, moist rising thermals and
cool, dry sinking ambient air prevail over the warm, evaporating sea surface. The
correlation vy, decreases upward and approaches —1 near Z;, in good agreement
with previous studies (e.g., WPLL; Druilhet et al., 1983; CZ). This result is related
to entrainment of warm, dry air from the capping inversion layer and penetration
of cool, moist thermals from the lower MABL. As compared to the result of LWP
for the lower half of the MABL, y,s decreases less rapidly with height; thus
buoyant production (BP) for w’q’ decreases less sharply (Figure 6b). This differ-
ence is probably related to the differences in convective regimes and evaporation.
The vertical profile of y,e (and 7y.,) depends on two boundary conditions: the
evaporation at the sea surface, and entrainment and penetration at the MABL
top (Druilhet et al., 1983). As the roll vortices can concentrate thermals near the
roll-scale updraft regions (LeMone, 1976; Grossman, 1982), the effect of strong
evaporation will be carried farther upward by the updrafts and vy, will be enhanced
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Fig. 7. Vertical profiles of correlation coefficients: (a) humidity and potential temperature, (b) vertical
velocity and potential temperature, and {c) vertical velocity and humidity. Solid curves are least-
squares fits to the data below 0.52;.

in the roll vortex regime, as compared to the MCC (mesoscale cellular convection)
regime of the AMTEX. Below 0.5Z;, the values of vy, are also larger than those
of Druilhet et al. (over land, poor evaporation, and strong entrainment effects)
and those of the BOMEX (Phelps and Pond, 1971).

The correlation vy, is =~ 0.6 below 0.2Z; and decreases to 0.4 near 0.5Z; which
is in good agreement with that of Druilhet e al., but larger than that of Phelps
and Pond. On the other hand, the correlation v, is = 0.55 below 0.5Z; and is
~ (.2 larger than those of Phelps and Pond and Druilhet ef al., indicating the
stronger effect of evaporation for this case.

Figure 8 shows the vertical profiles of the normalized potential temperature and
humidity variances. The solid curves

0305 = 0llgh=1.8(Z1Z)*", 9)

are the local free convection form of Wyngaard et al. (1971). For the lower half
of the MABL, both variances generally follow the —2/3 power law of (9), but
o3/ 6% is smaller than o2/g%. This is probably related to the fact that positive
36/37Z asxociated with positive w'@ destroys o3 while negative dq/8Z associated
with positive w'q’ generates ;. The larger o2/q% at K1 is presumably related to
the larger normalized w'q’, as compared to E1 and E2 (Figure 5b). Near the top
of the cloud-free MABL (E1), both normalized variances are much larger than
those predicted by local free convection due to entrainment across the MABL
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top, where large positive 36/8Z associated with negative w'6’ and large negative
dq/dZ associated with positive w'q’ could generate large temperature and humidity
variances.

Figure 9 shows the vertical profiles of the normalized velocity variances. The
maxima are located near 0.3Z; for o2/wk, but near the surface and Z; for
o2/wk (crosswind). The vertical variability for o2/w% (alongwind) is very small,
being nearly equal to the mid-layer minimum of o2/w%. The vertical variation in
o2/wk appears to be highly related to the roll circulations. The solid curve (Figure
9¢)

ol iwg =1.8(Z1Z)"(1 -0.8Z/Z;)* (10

indicates the AMTEX results of LWP. The results o2/w%, o2/w and o2%/w5 are
in good agreement with those of the four AMTEX MCC cases of northerly wind
(LWP), except for larger o2/w%k near 0.9Z; due to roll circulation for this case.
The data of Chou ez al. (1986) and this case was observed in the roll vortex regime;
however, the normalized velocity variances of this case are much smaller than
those of Chou et al. (1986). Furthermore, our preliminary analysis indicates that
shear production of turbulent kinetic energy is negligibly small in the MABL
above the surface layer, which is in better agreement with that of LWP than that
of Chou et al. These results suggest that MCC and roll vortex regimes can have
the same normalized velocity variances (except near the MABL top) if the net
energy production by wind shear and buoyancy is about the same. This study
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further suggests that the difference in normalized velocity variances between Chou
et al. and LWP is due to the greater shear generation of turbulent kinetic energy
near the top and bottom of the MABL in Chou et al. and is not due to the
difference in convective regimes as was interpreted by those authors.

5. Spectral Distributions

Our next objective is to study the importance of roll circulations in transporting
sensible heat and moisture in the MABL. The GOES visible image (Figure 1)
indicates that K1, E1, and E2 were in the roll vortex or cloud street regime. Stack
E1 was in the cloud-free region, K1 near the cloud edge, and E2 in the uniformly
spaced cloud-street region. Thus, the measurements of solar radiation (sr) at E2
are used to determine cloud street (roll) spacing. Figure 10 shows spectra of solar
radiation (S,,), normalized by variances, for E2. The solid curve indicates reflected
solar radiation near the cloud top, and the other two show the downward solar
radiation in the subcloud layer. The parameter » is the frequency, V, the true air
speed, and f(=nZ;/V,) the dimensionless frequency. As can be seen from Figure
10, all three normalized spectra have higher spectral densities in the frequency
band f= 0.2-0.5 and peak at the frequencies near = 0.33. This result indicates
that the roll spacing is about three times the MABL depth, in good agreement
with previous studies (e.g., LeMone, 1973; Reinking et af., 1981).

The vertical organization of roll circulations in the MABL has also been studied
in terms of the spectra of crosswind velocity (§,), vertical velocity (§..), potential
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Fig. 10. Spectra of solar radiation (S,), normalized by variances (o%), for E2. The solid curve
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radiation in the subcloud layer. The parameter n is the frequency, V, the true air speed, and Z; the
inversion base height. The dashed lines at f= 0.2 and 0.5 indicate the roll frequency (RF) band.

temperature (S,), and humidity (S,) and cospectra of temperature (C.,) and
humidity fluxes (C,,). Variance normalized S., S.., S, and S, and covariance
normalized C,. and C,,, for the upper, middle, and lower MABL at E1, E2, and
K1 are shown in Figure 11. The spectral results including those beyond f= 10 (not
shown) indicate that the —5/3 law inertial subranges generally exist for S, (along-
wind velocity), S,, S, Se, and S, except for S, at K1 and S, near Z;, which falls
off more rapidly with frequency than the —5/3 spectral slope. The onset of the
inertial subrange is near nZ/V, =1 for surface-layer spectra and near f= 10 for
those above the surface layer, in good agreement with those of previous studies
(e.g., Kaimal et al., 1972, 1976; Chou and Yeh, 1987). In the inertial subranges,
cospectral amplitudes of fluxes of momentum, temperature, and humidity decrease
rapidly with frequency and are generally negligibly small. It is noted that the
results for the inertial subrange are not important for the discussion on roll
circulations and fluxes. Therefore, the results beyond f = 10 are not shown.
Figure 11 shows that, for the roll scale, the normalized spectra and cospectra
all peak at nearly the same normalized frequencies within f= 0.2-0.5, near the
tops of the surface layer and the MABL, indicating a coherent roll structure.
However, the roll vortices appear to be less organized at mid-layer, except for
K1. This might be due to the influence of plumes with scale =600 m. For the roll
frequency band f= 0.2-0.5, peak frequencies (especially those of the prominent
peaks in the upper and lower MABL) are generally located near f = 0.33, in good
agreement with those derived from solar radiation (Figure 10). Figures 10 and 11
suggest that cloud streets (roll vortices) are vertically organized convection in the
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Fig. 11. Spectra of crosswind velocity (S,), vertical velocity (S,,), potential temperature (Sy), and

humidity (S,) and cospectra of temperature (C,) and humidity fluxes (C.,,) for the upper, middle,

and lower MABL at E1, E2, and K1. Spectra are normalized by variances, and cospectra by covariances

{covariances are positive except w'# < 0 at 0.9Z; of E1 and w'q’ <0 at 1.1Z; of E2). Flight levels are
indicated in parentheses. Other symbols as in Figure 10.
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MABL having the same roll scale for both the cloud layer and subcloud layer,
and that the roll spacing is about three times the MABL depth.

The influence of scale on w'@ and w'q’ may be studied by dividing the covari-
ance normalized C, and C,, into four spectral regions: f< 0.2 (A>5km), f=
0.2-0.5 (A=2-5km), f=0.5-5 (A=200m-2 km), and f=5-10Z,/V, (A=
10-200 m), where A is the wavelength. The low-frequency (LF) band f<0.2
contains mesoscale waves or eddies; the roll-frequency (RF) band f=0.2-0.5
contains roll vortices; the medium-frequency (MF) band f= 0.5-5 contains the
dominant convective thermals in the surface layer and the mixed layer (e.g.,
Kaimal et al., 1972, 1976; Chou and Yeh, 1987); and the high-frequency (HF)
band f= 5-10Z;/V, contains the small-scale turbulence of the inertial subrange.
For the lower half of the MABL, the spectral contributions to the positive w'6’
and w'q’ primarily come from the RF and MF bands. The contributions from both
LF and HF bands are generally very small, except at 0.48Z; of E1 (middle-left
panel of Figure 11).

Near the top of the MABL, the turbulent kinetic energy budget is influenced
by entrainment, wind shear, radiative cooling, and evaporative cooling (e.g., Lilly,
1968; Zeman and Tennekes, 1977, Randall, 1980; Stage and Businger, 1981;
Nicholls, 1989). Therefore, these processes are highly related to the values of
w'@ and w'q’ near Z;. Because of the varying strength of roll vortices and
thermals, the vertical displacement of the aircraft from the undulating capping
inversion is expected to change considerably along the horizontal flight path near
Z,;. This further complicates the analysis of data near Z; (e.g., Jensen and Len-
schow, 1978; Mahrt and Paumier, 1982). At 0.9Z; of El, the aircraft encounters
dry air with a 38% mean relative humidity (RH, 6, = 269.6 K), which fluctuates
between the mixed-layer air (6 = 268.5 K, RH = 71%) and the inversion top air
(6y = 273K, RH = 14%). The negatively buoyant (—6,) air occupies 65% of the
time series and the positively buoyant (+6;) air occupies 35% of the time series.
At 1.1Z; of E2, the aircraft encounters very dry air with a 11% mean RH (6, =
273.4 K) which fluctuates between the inversion top air (6, = 275K, RH = 5%)
and the mixtures (6, =270.2K, RH = 52%) of cloud air (6, = 269.8K) with
entrained air from the inversion. The time series occupied by +6, and —#§, air are
60 and 40%, respectively. Because of dryness, the difference between 6 and 6,
is within 0.1 K for both legs of E1 and E2 near Z,.

For a thermal-street region, Figure 5 shows that w'6 /w0y equals —0.40
(W0, /wg 0,4 = —0.40) and w'q’/wxqx equals 0.10 at 0.9Z; of E1 (clear). This
result is mainly due to entrainment of warmer, drier air from the inversion layer
and penetration of cooler, wetter air from the MABL. The normalized C,., and
C..4 in the upper-left panel of Figure 11 indicates that entrainment and penetration
prevail in the RF and MF bands. The remarkable peaks near f= 0.33 suggest a
strong penetrative effect of cooler, wetter air near the updraft branches of roll
vortices and a strong entrainment effect of warmer drier air near the downdraft
branches. The normalized C,, and C,,, are negative for the LF band, suggesting
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that the LF wave and/or turbulence activity tend to counteract the effect of
entrainment and penetration near Z;.

For a cloud-street region, these two fluxes near Z; atop a cloudy MABL are
quite different from those of a clear MABL. Figure 5 shows that w’8"/w 4 04 equals
0.20 (W' 0,/wx0,5 = 0.19) and w'q'/wxgs equals —0.15 at 1.1Z; of E2 (cloudy).
This result is primarily because evaporative cooling, which tends to have a positive
contribution to w6’ and negative contribution to w’q’, strongly affects the fluxes
near the cloud top. The analysis based on the bivariate conditional sampling
technique (e.g., CZ) reveals that negatively buoyant downdrafts (16% of the time
series) are cooler and wetter than negatively buoyant penetrative updrafts (24%
of the time series), indicating an evaporative cooling effect of cloud droplets on
the mixtures of cloudy air and the entrained air from the capping inversion. The
normalized C,., and C,,, in the center-top pane! of Figure 11 show that evaporativc
cooling prevails in the LF and RF bands; while entrainment and penetration
dominate in the MF band. The data (sr, g1, q', 6, w', w'8,, and w'q’) shown in
Figure 12 indicate that the evaporatively cooled and moistened air parcels, which
are unsaturated mixtures (RH < 52%) located below (or above) the diffused cloud
top and near the edges of the roll-scale dry downdrafts, are primarily responsible
for the dominant peak near f= 0.33 for the normalized C,, and C,, at 1.1Z; of
E2.

Near the MABL top, w'q’ is opposite to w'8" (Figure 5); therefore C,, and
C., are negatively correlated, especially for the roll-scale. This result is related
to the upward sharp increase in 6 and rapid decrease in g near Z; (Figure 4). The
cospectra C,, normalized by ¢q’6’ (humidity-temperature covariance) for 0.9Z, of
El and 1.1Z; of E2 are shown in Figure 13. Near Z;, y,, and &’—0’ are negative
(see Figures 7 and 12). Hence, Figure 13 suggests negative correlation between g
and @ for all scales near Z,, especially for the roll-scale.

Figures 10, 11, and 13 all indicate that roll circulations are highly organized
with strong signals near the MABL top. The circulations near Z; may be visualized
as follows. Near Z; of the clear thermal-street region (E1), the updraft branches
of roll circulations transport wetter and cooler air upward, while the downdraft
branches transport the entrained drier and warmer air downward. Thus, roll
circulations, which carry g—6 highly negatively correlated air parcels (Figure 13),
transfer sensible heat downward (C,, < 0) and moisture upward (C,,, > 0). Be-
cause the air is very dry, the difference between buoyancy flux (w’6,) and tempera-
ture flux (w'@’) is within 2% of (w'@’) for the leg of E1 (and E2) near Z,. Thus,
the roll vortices in the clear thermal-street regions consume turbulent kinetic
energy, but increase potential energy through entrainment and penetration.

On the other hand, near Z; of the cloud-street region (E2), the updraft branches
of roll circulations transport wetter and cooler air upward, while the downdraft
branches not only transport the entrained drier and warmer air downward in the
dry regions, but also transport the wettest and coolest air (probably caused by the
evaporative cooling of cloud droplets diffused from the overturning cloud air near



274 SHU-HSIEN CHOU AND MICHAEL P. FERGUSON

E2(Z=1185m)  GALE 28 JAN 1986
T I : i ; '

750 ‘ I T

(Wm2)

(gm3)

(gm3)

(K)

(ms™)

(ms'K)

(gm2s™)

o 3 6 9 12 15 18

DISTANCE (km)

Fig. 12. Fluctuations of 1-Hz reflected solar radiation (sr), detrended 20-Hz liquid water content

{g1), absolute humidity (g’), virtual potential temperature (8]) and vertical velocity (w’), and turbulent

fluxes (w'8, and w'g’) from the NCAR Electra on a horizontal crosswind run near the cloud top at

E2. True air speed is ~ 100 ms™* Data (g}, q', 8., and w') are linearly detrended from S-minute
segment.



HEAT FLUXES AND ROLL CIRCULATIONS OVER THE WESTERN GULF STREAM 275

GALE 28 JAN 1986

0.8 T T T 7T LR T 17T
——E1(0.91 Z.)
[ERREEE E2(11Z;) ¢ §: i
. 06 : : B
5 it
o2 B 4
T 04| S -
= (i
o - ) : ‘a o
O AR u
< 02} YRR T Vi
0.0 1 ‘1"1'1‘1‘1‘11 i 11 inul 1 1‘“-’ .
.01 A 1 10
f:ﬂZ,/ Va

Fig. 13. Temperature-humidity cospectra (C,), normalized by covariance (g'6) for 0.9Z; of El
(solid curve) and 1.1Z; of E2 (dashed curve). Other symbols as in Figure 10.

Z;) downward in the regions between the roll-scale wet updrafts and dry down-
drafts (Figure 12). Therefore, the evaporative-cooling influenced roll circulations,
which also carry g—6 highly negatively correlated air parcels (Figures 12 and 13),
transfer sensible heat upward (C.., > 0) and moisture downward (C,., <0). It is
generally known that cloud-top entrainment instability is characterized by an
upward buoyancy flux at the cloud top, which can generate turbulent kinetic
energy and enhance entrainment near the cloud top (e.g., Randall; Deardorff,
1980; Mahrt and Paumier, 1982). However, at E2, A, (the jump of equivalent
potential temperature across Z; from above to below) is positive and w’'6, > 0 is
not consistent with the jump criterion of instability. Instead, the dominant scales
are consistent among clouds (Figure 10), roll vortices (Figure 11), and the upward
buoyancy flux due to evaporative cooling (C,, in the center top panel of Figure
11). This result suggests that the effect of the evaporative cooling on generating
buoyancy flux is highly related to the circulation patterns of the roll vortices near
Z;. The negatively buoyant downdrafts may result from the horizontal convergence
of the upper branches of roll circulations constrained by the inversion. Near Z,,
the updraft branches of roll circulations may spread out under the inversion and
pass over the cloud-top interface. Therefore, the negatively buoyant cloud air in
the upper updraft branches (which may also incorporate the radiatively cooled
air) may mix with the inversion air to generate the coolest air by evaporative
cooling. The coolest air may then be forced down in the downdraft branches of
roll circulations.

According to Nicholls (1989), cloud-top radiative cooling is an important me-
chanism for generating negatively buoyant downdrafts and positive (w’6;) near
the top of stratocumuli. It is likely that the radiative cooling near the cloud tops
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Fig. 14. Vertical profiles of fractional contributions to (a) temperature and (b) humidity fluxes from
the roll frequency (RF) band f=0.2-0.5.

(updraft regions of roll circulations) already enhances the measured (w'6]) and
Cye in the RF band near Z; of E2. However, it is not clear that the cloud-top
radiative cooling plays a very important role in the cloud-street region, as com-
pared to evaporative cooling.

Figure 14 shows the vertical profiles of fractional contributions (nC,e/w'0) and
{nC,,/w'q’y from the RF band. Here the fractional contribution (nC,/w'x’) is
defined as

3.5
nC . fwx's = f nC.,.(n) dfiw'x’", {an
0.2

and x =@ or g. It can be seen that both contributions increase with height,
especially near Z;. At 0.9Z; of El, the fractional fluxes contributed by the RF
band are greater than the total fluxes integrated over the whole spectrum (flight-
level fluxes); these fractional fluxes are about 1.1 of (w’8’) and 1.60 of (w'q’). At
1.1Z; of E2, the RF band contributes about 0.7 of the flux to both (w'#) and
(w'q’). Figure 14 suggests that the importance of roll vortices in transporting
sensible heat and moisture increases upward, and that the transport of sensible
heat and moisture near Z; is primarily carried out by roll circulations in the roll
vortex regime. This finding is consistent with previous studies (e.g., LeMone,
1973; CZ).
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6. Conclusions

Turbulence and heat fluxes in the MABL for three aircraft stacks (K1, E1, and
E2) near the western Gulf Stream front, observed during the GALE 28 January
1986 cold-air outbreak, have been studied using mixed-layer scaling (Figure 1).
The GOES image and stability parameter —Z;/L indicate that these three stacks
were in the roll vortex regime (LeMone, 1973). Stack E1 was in the thermal-street
region (cloud free), K1 near the cloud edge, and E2 in the cloud-street region.
The crosswind stacks at E1 and E2 were nearly parallel to the SST isotherms,
while that at K1 was nearly perpendicular to the SST isotherms with stronger SST
gradient. Across the Gulf Stream front, the total surface flux of sensible and latent
heat increased from 550 Wm™2 (E1, SST = 14°C) to 1000 Wm > (E2, SST =
20°C).

The normalized spectra and cospectra (solar radiation, velocity, potential tem-
perature, humidity, and heat fluxes) peak near f=0.33 (f=nZ;/V,=MABL
depth/wavelength, Figures 10 and 11). This result suggests that cloud streets (roll
vortices) are vertically organized convection in the MABL having the same roll
scale for both the cloud layer and subcloud layer, and that the roll spacing is about
three times the MABL depth. The roll circulations contribute significantly to the
sensible heat and moisture fluxes. For the lower half of the MABL, the contribu-
tions to the positive w'6#’ and w'q’ mainly come from the roll-frequency (RF, f=
0.2-0.5) and medium-frequency (MF, f = 0.5-5) bands (Figure 11). The RF band
contains roll vortices; the MF contains the dominant convective thermals in both
the unstable surface and mixed layers (e.g., Kaimal er al., 1972, 1976; Chou
and Yeh, 1987). The results also suggest that the importance of roll vortices in
transporting sensible heat and moisture increases upward, and that these transports
near Z; are primarily carried out by roll circulations in the roll vortex regime
(Figures 11 and 14). These results are in good agreement with previous studies
(e.g., LeMone, 1973, 1976, Reinking et al., 1981; CZ).

Near the MABL top, roll circulations are highly organized with strong signals
(Figures 10, 11, and 13). For the clear thermal-street region (El), the updraft
branches of roll circulations transport wetter and cooler air upward, while the
downdraft branches transport the entrained drier and warmer air downward. Thus,
roll circulations, which carry g—6 highly negatively correlated air parcels, transfer
sensible heat downward (C,., < 0) and moisture upward (C,., > 0). This negative
C..o suggests that roll vortices consume turbulent kinetic energy while increasing
potential energy through entrainment and penetration near Z; of the clear thermal-
street region.

On the other hand, near Z; of the cloud-street region (E2), the updraft branches
of roll circulations transport wetter and cooler air upward, while the downdraft
branches not only transport the entrained drier and warmer air downward in the
dry region, but also transport the wettest and coolest air (probably caused by the
evaporative cooling of cloud droplets diffused from the overturning cloud air near
Z;) downward in the regions between the roll-scale wet updrafts and dry down-
drafts (Figure 12). Therefore, the evaporative-cooling influenced roll circulations,
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which also carry ¢—# highly negatively correlated air parcels (Figures 12 and 13),
transfer sensible heat upward (C,,, > 0) and moisture downward (C,,, <0). The
dominant scales are consistent among clouds (Figure 10), roll vortices, and the
upward buoyancy flux due to evaporative cooling (Figure 11), suggesting that the
effect of evaporative cooling on generating buoyancy flux is highly related to the
circulation patterns of roll vortices near the inversion,

For the lower half of the MABL, the normalized temperature flux decreases
upward more rapidly than the humidity flux (Figure 5). This behavior is likely to
be related to the entrainment effects at Z;, which tend to influence the lapse rates
of 8 and g in the mixed layer but not in the unstable surface layer. The normalized
budgets of both fluxes are compared to gain some insight about this phenomenon
(Figure 6). Gradient production (GP) appears to be the major cause for the
discrepancy. Gradient production (GP) is a sink for w’ @’ because of positive 86/4Z,
but is a source for w'q’ due to negative 9G/3Z. For the lower mixed layer, buoyant
production (BP) and gradient production (GP) are sources for w'q’ to balance the
sink due to pressure transport (Pr), while BP and Pr are sources for w 0’ to
balance the sink due to GP. On the other hand, both budgets of w6’ and w'q’
are generally expected to be fairly similar in the unstable surface layer, where GP
and BP act as sources for both w'& and w'g’ to balance the sinks due to Pr (e.g.,
Wyngaard et al., 1971; LWP). Figure 6 suggests that w’# decreases upward more
sharply than w'q’ mainly because GP is a source for W' in the unstable surface
layer, but changes to a sink in the mixed layer, while GP acts as a source for
w'q’ in both the unstable surface and mixed layers.
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Appendix

TURBULENT TRANSPORT CALCULATIONS

Turbulent profiles of the normalized third moments are shown in Figure Al.
Following the approach of LWP, in which both third moments were assumed to
decrease linearly with height in the bulk of the MABL, the normalized third
moments may be parameterized as
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Fig. Al. Vertical profiles of the normalized third moments: (a) w’20’/wi(9* and (b) w’zq’/wiq*. Solid
curves are least-squares fits.

w20 Iwk6s = 0.5(1 — 1.0Z/Z,) , (A1)
w'2q' Iwkgs = 0.6(1 = 0.75Z1Z;) . (A2)

Parameterization (Al) fits w'?¢’ data well except for E1 and E2 near Z;; (A2) is
also a good fit for w'?q’ except for E1 near Z; and K1 near 0.4Z;. Figure 11
suggests that the RF band contributes significantly to large scatter from (A1) and
(A2) near Z; for El and E2 and near 0.4Z; for K1. Both (A1) and (A2) are used
to derive the turbulent transport (Tr) for the normalized budgets of w'6’ and
w'q’ in Figure 6. According to (A1) and (A2), turbulent transport (Tr) for we
and W are 0.5 and 0.45, respectively. Therefore, the contributions of Tr to both
budgets are about the same and much smaller than those of the other budget
terms. This result is in good agreement with that of LWP.
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