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Budget analysis of FIFE 1987 Sonde Data

Alan K. Betts and J. H. Ball

Atmospheric Research, Pittsford, Vermont

Abstract. Mean thermodynamic profiles are presented for the daytime convective boundary
layer evolution for three groups of sunny days in late June and early July, August, and
October using data from the First International Satellite Land Surface Climatology Project
(ISLSCP) Field Experiment (FIFE) 1987 Kansas experiment. Budget models for the mixed
layer evolution and the boundary layer rise are used to estimate the boundary layer top

entrainment parameter.

A value of 4, = 0.4410.21 is found for the mean ratio of the

inversion level virtual heat flux to the surface virtual heat flux.

1. Introduction

Over land in the daytime, the incoming solar radiation
drives a strong diurnal cycle in the surface temperature and
the surface fluxes of sensible and latent heat. A nearly well
mixed boundary layer (BL) forms, which grows in depth
with time, as it entrains or mixes in warmer, drier air from
above. The balance between the surface fluxes and these
entrainment fluxes determines the diurnal evolution of mixed
layer properties, particularly potential temperature and
mixing ratio. These thermodynamic parameters and the BL
depth in turn determine whether BL clouds form and
whether these develop into deep convective clouds which
precipitate, releasing latent heat to the atmosphere. This BL
evolution is hard to simulate in global forecast and climate
models, because the entrainment process must be parameter-
ized, and we do not accurately know typical entrainment
rates at BL top over land. The mixed layer model for BL
growth was originally proposed by Ball [1960], and it was
developed by Lilly [1968] for stratocumulus and by Betts
[1973], Tennekes [1973], and Carson [1973] for dry convec-
tive BLs. This model, which has been widely used for
nearly two decades, predicts BL growth by parameterizing
the downward virtual flux of sensible heat at the BL-top
inversion as a fraction (Ay) of the surface virtual sensible
heat flux (see (13) below). Swmil [1976, 1988] reviews the
estimates of A, from observational studies over the years and
concludes A;=0.2 in unstable BLs, when the mechanical
generation of turbulence is small. This value is supported
by laboratory tank experiments and numerical BL simula-
tions using large eddy models. Other papers [e.g. Zeman
and Tennekes, 1977; Driedonks, 1982] have extended this
model to include mixing by the shear stress, which increases
Ag. Dubosclard [1980] estimated BL entrainment over corn
fields in France over a range of stabilities and found
distinctly larger values of entrainment than suggested by
many models. Several recent papers have estimated BL
entrainment rates. Beits et al. [1990,1992) using aircraft
data from the First International Satellite Land Surface
Climatology Project (ISLSCP) Field Experiment (FIFE)
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[Sellers et al., 1988] found values of this entrainment
parameter A, ~0.4. Culf [1992] found similar high values
from a study of BL growth over the Sahel.

BL-top entrainment is perhaps even more important in the
moisture budget of the BL over land than in the thermal
budget. Over grassland hills, as in FIFE, the surface latent
heat flux peaks around 400 W m? at midday in spring and
early summer, before the vegetation experiences moisture
stress Kim and Verma, 1990]. In a 4-hour period centered
on local noon, this evaporation would be sufficient to
moisten a 100-mbar-deep BL by 2 g kg'. However,
typically the mean mixing ratio in the BL stays nearly
constant during the daytime, because of the large entrain-
ment of dry air at BL top [Betts et al., 1992; Berts, 1992].
In this paper we shall use sonde data to make an independent
estimate of BL growth and entrainment over the FIFE area.
We again find a relatively large value for 4, = 0.4.

2. Data Used
2.1. Sonde Data

The sonde data were from radiosondes, which measured
temperature, wet bulb temperature and pressure. From
these, potential temperature, ¢, and mixing ratio, ¢, were
calculated. The sondes were tracked visually to 3000-4000
m (in clear skies) by theodolite [see Sugita and Brutsaert,
1990A, B]. The launch site was at 39°03'51"N, 96°32'-
30"W, in a valley near the north end of the FIFE site.
Sondes were launched at roughly 90-min intervals on almost
all sunny days. The data are available from the FIFE
Information System (FIS) as raw data, roughly every few
millibar and also interpolated to 5-mbar standard levels. In
this paper we used the 5-mbar data for IFC 2 and the
slightly higher resolution raw data for IFC 3 and IFC 4
(because we had already processed it). For each sonde, we
determined a BL depth from the top of the nearly well
mixed layer, p, : this could be determined to typically +5
mb. We also estimated the top, p,, of the inversion layer to
a similar accuracy and noted 8, and ¢, at this level. The
individual BL profiles were then scaled in pressure using BL
depth, by defining a scaled pressure

b = (,-plip.-p)
where p, is the sonde surface pressure. All the p-level data
were then interpolated to 0.05 intervals in p. Sets of sondes
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for selected days could then be averaged, while preserving
the vertical structure within the BL, following Berts [1976].

2.2. Selection of Data

Most sunny days had a series of sondes launched roughly
every 90 min. We selected all the days where the BL data
appeared not to be contaminated significantly by precipita-
tion for which sonde data were available. Table 1 shows the
days selected for our analysis. There were seven in IFC 2,
13 in IFC 3 and six in IFC 4 (IFC denotes intensive field
campaign: there were four in 1987). There were typically
eight sondes each day. Very few sondes were missing
because of balloon or instrument failure. The few gaps were
filled by averaging adjacent sondes in time (in p coordi-
nates). Four sondes (in comparison with 51 launched) were
interpolated in IFC 2; one in IFC 3 (compared with 104
launched) and two in IFC 4 (compared with 46 launched).
At the end of a day the last sonde was missing occasionally
(one sonde in IFC 2 and two in IFC 3), and for these the
preceding sonde was replicated to give a homogeneous
average time series, showing the end state near sunset.
However, the last sonde average (near 2300 UT) will not be
used in the budget analysis.

The surface flux data were taken from the final set
processed by the FIFE Information System, in approximately
Jannary 1993. These data come from a variety of instru-
ments and investigators (for details, see FIS archives). We
selected 17 stations to generate a site mean average for the
surface sensible and latent heat fluoxes. The 17 stations
selected were (old station numbers with new grid site values
in parentheses) 2 (1916), 4 (2731), 8 (3129), 10 (3414), 12
(2915), 14 (2516), 16(4439), 18 (4439), 22 (4609), 24
(6912), 26 (8739), 28 (6943), 30 (4268), 36 (2655), 38
(1478), 40(1246), and 44 (2043). Stations 4, 16, 22, 26, 28
and 30 were eddy correlation sites; the remainder made their
measurements by the Bowen ratio method.

3. Diurnal Structure of the Boundary Layer (BL)

We shall first show the time sequences of these averaged
sonde profiles for the three IFCs.

3.1. Averaged Sonde Profiles

The time sequence of averaged profiles for the set ¢f
seven days in IFC 2 is shown in Figures 1 and 2 for 6 and
q respectively. The sonde averages start soon after sunrise
at about 1200 UT (0700 CDT) and are roughly 90 min apart
during the day: they are shown solid, dashed, and dotted in
the time sequence shown in the legend. The averages were
generated in scaled § coordinates and then converted back

Table 1. Analysis Days

IFC Dates Total Days

2 June 26,27; July 1,6,9-11 7
3  Awugust 6,7, 9-11, 14-21 13
4  October 6-8, 11-13 6

BETTS AND BALL: BUDGET ANALYSIS OF FIFE SONDES

750

850+

Pres (mb)

1000

Figure 1. Potential temperature against pressure for time
sequence of sondes (7-day mean) during Intensive Field
Campaign 2 (IFC 2). (Mean sonde times are 1158, 1413, 1537,
1713, 1843, 2007, 2143, and 2248 UT.)

to pressure by multiplying by the average BL depth at each
time. The surface sonde data should not be considered
representative of the FIFE area. The characteristic warming
and deepening of the daytime BL is visible in Figure 1. The
cooling at BL top can also be seen as the mixed layer is
pushed deeper by entrainment from overshooting thermals.
Until local solar noon (at approximately 1820 UT), the
lowest third of the BL is unstable in § and virtual potential
temperature, §,, and stable above. There is a broad region
of nearly constant 8, between 0.2 < p < 0.8. The minimum
in 8 comes closer to the surface in p in the afternoon
soundings, as the surface superadiabatic layer weakens. In
contrast, Figure 2 for mixing ratio, g, shows the BL
deepening, but the BL mean value of g changes by less than
1 g kg! during the day. The large evaporation at the surface
is presumably nearly balanced by the downward mixing of
dry air at BL top. As a result of this downward mixing of
dry air, q falls with height in the BL, as noted by earlier
authors [e.g., Betts, 1976; Mahrt, 1976; Wyngaard and
Brost, 1984].

Figures 3 and 4 show the 8 and g profiles for the 13-day
average for IFC 3 in August. The BL warms a little more
and grows a little deeper than in IFC 2 (June/July), since the
surface sensible heat flux is higher in August, but the
general pattern is rather similar to that seen in Figures 1 and
2. Once again, despite the large surface evaporation the
mean BL mixing ratio changes rather little during the day as
the BL deepens. The surface evaporation is a little smaller,
the drop of mixing ratio at BL top is a little larger (than in
IFC 2); and the equilibrium BL g is a little lower.

Figures 5 and 6 show the 0§ and g profiles for the 6-day
average for IFC 4 in October. Conditions are much cooler
and drier. The same pattern of BL warming and deepening
is seen in Figure 5. Although it is fall and the days are
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Figure 2. As Figure 1 for mixing ratio.

shorter, the BL warms and deepens faster, because the
surface sensible heat (SH) flux is much larger (see Table 2
below). Figure 6 shows the very dry conditions in October,
which are a sharp contrast to June/July and August. Both
the surface evaporation and the entrainment of dry air are
small, and once again mean q barely changes during the
day. The sonde humidity was measured by a wet-bulb
thermistor, which freezes at lower elevations in October than
in June/July and August. Consequently, some of the
moisture profiles in Figure 6 only just reach BL top. We
use these mean BL profiles here to estimate the entrainment
rate needed in a mixed layer model to reproduce the ob-
served BL growth and budget.

Figure 7 shows a further average of the eight BL profiles
between 1400 to 1845 UT for the IFC 2 and IFC 3 averag-
es. This averaging smooths the mean BL structure even
further. For this average the convective velocity scale,

defined as w, = (ghF,/pCO )# is 1.38 ms’, and the
corresponding convective scale, 6,., defined from the surface
virtual heat flux F - pC.w, 0, is 0.085 K.

P * Y

One of the limitanons of this composite thermodynamic
analysis is that we average over other factors, such as wind
shear, which may affect entrainment. Srull [1976B, 1988]
has discussed the role of mechanical turbulence, generated
by wind shears at the surface and across the inversion. The
wind shears across the inversion are generally small in this
data set (=2 ms™), but there is a very wide range of mean
winds in the BL. In IFC 2, the mean BL wind is 8.8 ms™!
(with a range from 2 to 14 ms™!); in IFC 3, the mean is 8.0
ms” (range 3-16 ms™); and in IFC 4 the mean is 7.3 ms™
(range 3-12 ms™). We do not have a sufficient number of
days to stratify by wind speed in each IFC, so our compos-
ites for each IFC are purely thermodynamic ones, represen-
tative of a mean wind speed of about 8 ms™. We will then,
however, combine the IFC 2 and IFC 3 data and restratify
them into two wind classes, to show the possible role of
mechanically generated turbulence in driving entrainment.
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The role of BL clouds in driving entrainment is also hard
to quantify. We have an estimate of total cloud and high
cloud from a whole sky camera. The difference, which
includes BL clouds, is only one to two octas for the August
and October averages, but peaks at four octas for the
June/July average in mid-afternoon. The spread between
lifting condensation level and BL-top, which is near zero in
the June/July average, increases from June/July to October;
suggesting also a decrease in cloudiness as the surface
Bowen ratio increases.

3.2, Comparison Between Surface and Mixed Layer

Figures 1-6 show the BL profiles that are used for the
budget calculations in the next sections. The budget model
uses mixed layer averages, to calculate the time rate of
change of the mixed layer (see equation (5) below). We
now compare on a (§,g) plot the time evolution of this mixed
layer mean with the mean change near the surface as
measured by an average of 10 surface portable automated
meteorological (PAM) stations. Figure 8 shows the 7-day
average for IFC 2. The left-hand set of points show the rise
of @ and the small rise and fall of g for the mixed layer (an
average from 0.025 <p < 0.975); the right-hand set are the 7-
day average of the 10 PAM stations (at approximately 2 m)
interpolated to the same times. The UT times shown are the
mean sonde times in the BL. The difference between the
pairs of points at the same time, shown dashed, is closely
the difference in § and g across the surface superadabatic
layer. Correspondingly, the slope of the dashed line should
be closely a measure of the surface Bowen ratio [Berts et al.,
1990; Smith et al., 1991]. The difference in q between
surface and mixed layer appears to increase to about 2 g kg™
during the day, so that g at 2 m rises a little, while mixed
layer q generally falls. For the last pair of points at 2143
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Figure 3. As Figure 1 for 13-day mean in IFC 3. (Mean
sonde times are 1152, 1411, 1534, 1713, 1841, 2010, 2140,
and 2246 UT.)
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Figure 4. As Fig 3 for mixing ratio.

UT the surface has just started to cool from its maximum
temperature. The PAM time series is a homogeneous one:
an average of 10 sensors with continuous records in time,
each averaged up to 30 mins. In contrast each sonde point
comes from an average of seven measurements on different
days, at similar times but each from different sondes. The
sondes can both differ in their calibration, and any one can
be unrepresentative in the sense that they are local 3-min
averages as the sonde rises through a patch of BL air. If
one sonde locally differs significantly from, say, an hourly
or areal mean, then the corresponding average of the 7 days
can be biased. As a result, inconsistencies between the
curves for sonde and PAM data raise questions about the
sonde average. For example, the sonde average at 1537 UT
seems relatively cool and moist compared to the general
sequence. The dotted line, marked B, = 0.35, is the slope
corresponding to the surface Bowen ratio [Berrs, 1992]
calculated from the measured surface fluxes from 1413 to
1713 UT. It confirms that the sonde average at 1537 UT is
probably too cool and moist: the dotted linef, - 0.35
corresponds to the dashed slopes at 1413 and 1713 UT much
more closely than at 1537 UT. The budgets derived from
the sondes for the time intervals 1413-1537 UT and 1537-
1713 UT confirm this probable bias. However, rather than
smooth the mixed layer time change, we shall integrate the
budgets over the time period shown, which effectively
smooths the fluctuations between sonde time steps, except at
the endpoints. In fact the last sonde average at 2143 UT is
rather dry, and this appears to have impacted the average
moisture budget for the day (see section 5.3). Whether any
of the overall trend from 1413 to 2143 UT is related to
horizontal advection, we cannot tell. We will assume in the
mixed layer budget computation that after averaging over
many days, the mean horizontal advection is small compared
with the diurnal change, which is similar every day.
Figure 9 shows the comparison for the 13-day August
average for IFC 3. The sonde averages and PAM averages
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appear to track well, if some qualitative allowance is made
for the strengthening of the superadiabatic layer near local
noon (1820 UT). The moisture fluctuation at 2010 UT does
show up in the time step budgets but is smoothed in the
average from 1411 to 2140 UT.

Figure 10 shows IFC 4 in October, where conditions are
dry and the surface evaporation is small. The gradient of ¢
off the surface is very small, and the small differences in g
shown in Figure 10 should not be considered accurate, since
the measurements are by different systems. The sonde and
surface measurements agree on the general warming of the
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Figure 5. As Fig 1 for 6-day mean in IFC 4. (Mean sonde
times are 1340, 1457, 1602, 1653, 1810, 1934, 2053, and 2205
UT.)
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Figure 6. As Fig 5 for mixing ratio.
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Table 2. Estimation of Ap from mixed layer budget.

3659

Fy F, Fy F, F, F,,
IFC Wm? Wm? 8, Wm? Wm? 8, Wm2 Wm? Ag
2 920 325 0.28 -82 397 -0.21 113 -55 0.48
+9 +33 +0.04 +22 +55 +0.06 +10 +22 +0.20
3 119 285 0.42 -142 340 -0.42 138 -118 0.85
+12 +29 +0.06 125 +53 +0.10 +13 +26 +0.20
4 233 52 4.46 -84 112 -0.75 237 -76 0.32
+23 +5 +.63 132 +39 +.39 +23 +32 +0.14
Mean 0.55

BL during the day, although again we will assume that none
is due to horizontal advection in our mixed layer budget
analysis.

4. Budget Analysis

The mixed layer budget analysis used in this paper was
outlined recently by Berts [1992], based on earlier papers.
We shall extend it to estimate entrainment separately from
the rise of BL top.

4.1. Budget Equations

Consider a scalar £ for which there are no sources and
sinks in the boundary layer (¢ will stand for the two con-
served variables C,0 and Lg). This satisfies the conservation
equation

D¢IDt = 3¢fot + vVE - 0
This can be rewritten, using the continuity equation
V(pvd) - 0
where p is mean air density, as

1a)

paElae + V(pvE) - 0 (1B)
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Figure 7. Average boundary layer sonde profile between 1400
and 1845 UT during IFC 2 and IFC 3 (summer).

Equation (1B) can be expanded in terms of horizontal
averages and deviations to give, after rearrangement,

plog/at + udkjox + voEdy + wiEloz]
T 7 T @
+ AW ENax + ANy + Apw ENde - O
where u, v, and w are the three wind components in the x,
y, and z directions, oriented in the conventional meteorologi-
cal directions: to the east, north, and upward, respectively.
Equation (2) has a time rate of change term, mean advection
terms, and eddy transports by the boundary layer turbulence.
Overbars denote horizontal averaging, and primes denote
deviations from the horizontal average. The horizontal
divergence of the horizontal eddy fluxes were found to be
small on the basis of estimates made using aircraft data in
FIFE, and they were therefore neglected.

The two mean horizontal advection terms are often not
negligible on individual days in FIFE [Betts et al., 1990,
1992]: they represent the change to the mean BL from
warm (or cold), moist (or dry) advection into the FIFE area.
However, because they do not always have the same sign,
we assume here that averaged over a number of days, the
average horizontal advection becomes small compared with
the vertical eddy flux divergence which is similar on all
days. We are forced to make this assumption because
estimates of advection [e.g. Berts et al., 1992} are only
available for a limited number of days and times when
aircraft patterns were flown.

Estimates (using aircraft data from individual days)
showed that the vertical advection wd/oz is an order of

magnitude smaller than any other term: both because w
(estimated from the horizontal divergence) is small, and

because 3¢/oz is generally small within a nearly mixed BL.
The vertical advection can be incorporated into the entrain-
ment term at the top of the BL [Befts, 1992]. Our budget
method of estimating entrainment (see 5.1) includes vertical

advection, but our BL-growth method (see 5.2) neglectsw
in comparison with the daytime boundary layer growth rate.
Equation (2) then reduces to (2')

P3¢/t + wdF|dz) + Hpw' &)oz = O @)
The last term in equation (2') the vertical flux divergence,
is a crucial one, since it is driving the time dependence of
the atmospheric boundary layer (ABL). The mean surface
fluxes over the FIFE area were found by averaging the 30
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Figure 8. (6,9) plot against time for 7-day mean in IFC 2 for
mixed layer (sonde) and surface (PAM). Dotted line corre-
sponds to surface flux Bowen ratio (see text).

min mean values from 17 selected surface flux sites,
averaging over the days used for the sonde averages; and
then interpolating and averaging these time-area means for
the mean time periods between sondes. The turbulent
mixing at the inversion is typically forcing the mixing or
entrainment of warm dry air from above the capping
inversion. This downward mixing of warm dry air means
that the convective fluxes at the top of the mixed layer are
typically a downward flux of § and an upward flux of gq.
Since we know the time dependence of 6 and g from the
sonde averages (Figures 8-10), we can integrate (2') from
surface to BL top to estimate these entrainment fluxes. This
is the essence of our use of the mixed layer model.

4.2, Mixed Layer Model

Although there are weak gradients of § and g above the
surface superadiabatic layer, the main characteristic of the
dry ABL is that it is almost well mixed in § and g, and the
vertical profiles remain similar during the day (see Figures
1-6). Recognizing this, Berts [1973,1974], Tennekes [1973],
Stull [1973], and Carson [1973] defined similar integral
mixed layer model simplifications for the ABL by integrat-
ing (2") from the surface to the inversion base at a height Z.
The budgets are simplified if we use pressure coordinates.
We define a layer average as [Deardorff et al., 1974]

@ =iap)[" Edp €)
where Ap, -(p,-p,) - p)gZ, is negative. @
The mixed layer average budgets can be written as

(& -

(T~ iAp, + @b -0 )E-ErVap, O
where the subscripts s and i denote values at the surface and
inversion base, respectively, and @ ~-pgw. The last term
on the right-hand side has two components [see Deardorff et
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al., 1974; Bests, 1974]. The term 3p, /3¢ (§,-(£)%) comes

from differentiating (3), which defines (£)* up to a moving
boundary p,, which increases as the BL deepens. The
corresponding term in w, comes from the integration of the

subsidence term © 8¢/dp in (2'), with the small approxima-
tion of constant divergence between p, and p,. Together,
these terms can be written as an entrainment term

® ¢(?i - (?)w) ©)
©, = (3p,/%-w) @)

is the deepening of the layer by entrainment (negative in p
coordinates).

The choice of the level p, is important to the conceptual
analysis. Convectively mixed boundary layers have a
capping inversion, a transition or interfacial layer [Dear-
dorff, 1979; Ludlam, 1980], which separates the fully
turbulent layer below from the stably stratified and relatively
nonturbulent free atmosphere above. From the sondes, we
estimated two levels, p, and p,, at the base and top of this
capping inversion. For p, at the base of the inversion,

T, - (€¥ is typically small and «’§; is the larger term
[Betts, 1974]. Capping inversions in the atmosphere are
associated with strong divergence in the vertical turbulent
flux of heat [Betts, 1974; Deardorff, 1979]. If the "mixed"

layer were truly well mixed, with constant & = () upto p,,
then the term denoted (6) disappears below the inversion,

and the fluxes @’ are linear between the surface and the Dis
where the heat flux reaches its maximum negative value
[Deardorff et al., 1974]. When we use the mixed layer
model to estimate the inversion level fluxes by the budget
method, we get a parametric representation of the total effect
of the entrainment process on the evolution of the mean
layer below the inversion base. Formally, we rewrite (5) as

where

a(?)"/al - K(FJ[-F,'g)/Apf (5’)
310
2010
3054
3
@
3004
10 12 14 16
q(gkg-
Figure 9. As Fig 8 for 13-day mean in IFC 3.
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Figure 10. As Fig 8 for 6-day mean in IFC 4.

where

gF,=-o't, (8A)

-4 i _(",{/i + "’,(?i'<?)ﬂ) . (SB)

The fluxes represented by F, are the equivalent mixed layer

fluxes at the inversion base, and it is these that are deter-

mined by our analysis. In this way the budget of the mixed

layer formally includes the effects of the stratification within

the BL, coupled to the subsidence and boundary layer

growth, as part of the entrainment fluxes, that are typically
warming and drying the mixed layer.

The budget equation (5') includes the pressure thickness
of the mixed layer Ap, = (p;-p,). The inversion base, p,,
was determined for each sonde and used to scale the BL
depth. The appropriate surface pressure, p,, over the FIFE
area of rolling hills is less obvious. The balloon launch site
is near the north of the site at a relatively low elevation of
340 m [Sugita and Brutsaert, 1990A). For their near-
surface analysis these authors used a lower reference height
of 330 m. For our purposes we need a pressure thickness
for the mixed layer, representative of much larger space
scales. We used the near-surface pressure of the FIFE PAM
stations for p,. These stations are at an average height near
407 m; with a near surface pressure approximately 7.5 mbar
below the surface pressure of the sonde site. Although this
correction to p, may seem small in comparison with
Ap,~100 mbar, it is a potential source of bias in our budget
estimates, since it directly reduces the BL flux divergence in
(5"). It can be seen from (5') (and Table 2 below) that by
reduction of Ap, by, say, 7% reduces the magnitude of the
inversion level heat flux, and consequently our estimate of
the closure parameter A, in (13) (see below), by a larger
percentage.

4.3. Inversion Level Budget

A second estimate of the equivalent mixed layer fluxes
can be made from the budget of the inversion layer between
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p; and p,. This stable structure is maintained as the BL
deepens, because of the downward eddy heat flux at p,

[Berrs, 1974], while at inversion top p,, @', = 0. This
inversion layer is thin, except during early morning periods
when the BL sometimes deepens rapidly into a fossil BL,
left from a previous day’s convection [Nelson et al., 1989].
As with BL depth, individual radiosonde ascents do not give
a good estimate of this inversion layer thickness, but we
again assume that by averaging over many sondes and days,
we get an estimate which is adequate for budget purposes.
We find that this mean inversion thickness varies by only a
few millibars during the day (in the range 15-20 mbar),
much less than the rise of p,. So to good approximation, we
may assume a constant inversion thickness Ap = p,-p;; so
that 3p,/ot - dp,/. The inversion layer budget then
simplifies to

Apa(EFjar - '€} +ap, 10 ,-T) ©
Combining with (7) and (8b) gives (neglecting w,)

gF; = 9p,[at(E - (T )+ Apd(E ¥for 10)
The last term can be regarded as a correction, which reduces
the entrainment fluxes and which disappears for an infinitesi-
mally thin inversion. I Ap-0 and the layer below the
inversion is well mixed, the product of the inversion rise and
the jump of { across the inversion gives the entrainment
flux into the mixed layer.

In practice, we determined 8, and ¢, for each sonde and
averaged these to give ,. From the averaged sondes we
found 8p,/ot and a mean value of Ap and 8(E /3. We used
(10) to get a second estimate of F, (one which neglects
w,<<dp,/dt). Yet another form of (10) of interest is given
in the Appendix.

4.4. Inversion Level Bowen Ratio
Using the same notation as (8), the 6 and g fluxes in watts
per square meter are
Fy - -C,0'0lg (114)
F, - -Lo'q’lg (11B)
Both the right-hand terms of F;, in (8B) involve the coupling
of the 6 and ¢ gradients just below and through the inver-
sion, where the entrainment is taking place. So we can
approximately define an inversion level Bowen ratio §;
p[ - w/F,'q - (C’/L)(aalaa), (12)
This Bowen ratio, 8, was also estimated from the mean
radiosonde profiles for 1<p<1.05. It serves as a check on
our estimates of the inversion level fluxes.

4.5. Closure Equation for Inversion Level Fluxes

Dry mixed layer models [Berrs, 1973; Carson, 1973;
Tennekes, 1973] relate the inversion base virtual heat flux to
the surface virtual heat flux, using a closure parameter A,

Fo = -Az Fq 13
With constant A, this is a highly simplified formula for the
entrainment process. Turbulence in the BL drives entrain-
ment and the arguments used to derive (13) (loc. cit) focused
on the generation of turbulence by the buoyancy flux at the
surface. Mechanical production of turbulence can drive
entrainment [Stull, 1976A] and, consequently, in a sheared
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layer, A, can vary during the diurnal cycle [Smil, 1976B,
1988] as the relative amounts of buoyant and mechanical
production change. In this paper we shall use (13) to
estimate a daytime mean value of A;. The uncertainties in
our values of A, are considerable, and we shall only make
one attempt to estimate the dependence of A; on mechanical-
ly driven turbulence, by stratifying the June/July and August
days into low and high wind regimes.

The virtual heat fluxes in (13) are related to the heat and
moisture fluxes given by (11), with slight approximation
[Deardorff, 1980]

Fo -F,+ 8¢cF,

S S

Fy = Fq4+ 8¢ F,

(14A)
(14B)

where 8¢ = 0.608C,7]L ~ 0.07 and T is temperature. We
shall use the measured surface fluxes to find F,,' in (14A),
and use the estimated inversion level fluxes to find F, in
(14B). This will give us two estimates of A, for each set of
sonde averages, one from the mixed layer budget and one
from the inversion layer budget.

Substituting the Bowen ratio §; at the inversion from
(12A), and a similar equation for the surface,

B, - FF, (12)
gives the inversion level fluxes of sensible and latent heat as
F, = A F,, (1 + 8€lB)I(1L + 86f)  (15A)
F, = FulB; (15B)
The surface heat flux and §; were found from an average of
17 surface flux stations (as discussed in section 2.2), and S,
is from (12). The terms in parentheses in (15A) come from
the density effects of water vapor and hence the latent heat
flux, because (13) is expressed in terms of virtual heat flux.
These terms are =1 for large Bowen ratios. We will also
use (15) to estimate June/July and August inversion level
flux estimates, subject to a constraint on inversion level
Bowen ratio estimated using (12). This was the method
used by Betts et al. [1992].

5. Estimates of Inversion Level Fluxes
and Closure Parameter A,

We first calculated the BL-top fluxes by integrating the
budget equation (5") from the surface to the top of the mixed
layer. Then we calculated the BL-top fluxes from the
deepening of the BL and the jumps at BL top using the
inversion layer budget (10). We then explore the use of a
BL-top Bowen ratio constraint and make further estimates of
Apg for June/July and August.

It is difficult to assess errors in analyses of composite data
such as this. The variance of our six independent estimates
of Ay gives some indication of the actual overall uncertain-
ties in the method, or the variability in the physical process.
The errors given in Tables 2 and 3 show the propagation of
plausible errors through the formulae. However, it is
unknown systematic errors that are of concern. We have no
estimates of the mean horizontal advection of heat or
moisture for the days in the composite, which would affect
the budget method. We have no measurements of vertical
advection, which is neglected in the inversion rise estimate.
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Since the values of A, from this method are all smaller than
the budget method (see Tables 2 and 3 below), this suggests
that vertical advection may be a significant component in the
daytime inversion budget.

5.1. Budget Method

We determined the inversion level fluxes from (5)
between each sonde time and then averaged the results over
the day from 1400 to 2130 UT for IFCs 2 and 3 and to 2030
UT for IFC 4. Table 2 summarizes the heat and moisture
budgets for the three sonde sequences. Budgets for individ-
ual 90-min time steps between sonde averages are noisy, but
errors in average § or g at one time introduce largely
compensating errors in the average (see section 3.2). Table
2 shows the Bowen ratios at the surface and inversion for
these average budgets, the virtual heat fluxes derived from
(14), and the corresponding closure parameter derived from
(13). For Table 2 we assumed a 10% error in the surface
fluxes, a 5% error in Ap,, and errors in the time change of
6 and q over the budget period of 0.5 K and 0.5 g kg
respectively. We then combined these errors assuming them
to be random to show resultant errors in the derived terms:
Bowen ratio, inversion level fluxes, and A,.

We see the rise in surface Bowen ratio with season as the
soil moisture drops from spring to fall. The inversion level
moisture flux is comparable to the surface moisture flux,
consistent with the nearly constant mixing ratio during the
day in Figures 2, 4, and 6. The three mean values of 4,
vary considerably, suggesting that even after averaging, the
calculation of inversion level fluxes as a budget residual is
either not very accurate or that the physical process is quite
variable.

The chief uncertainty is whether horizontal advection
(which we do not measure) is significant in the mean budget.
The large value found for IFC 3 of A, = 0.85 could result
partly from warm advection in the 13-day average. If there
is an average of 1K of warm advection during the day
between 1400 and 2130 UT, the budget from the sonde
mean will give an inversion level heat flux F,, that is high by
35 Wm?, and the corresponding value of Ay is reduced in
magnitude from 0.85 to 0.60. Similarly, dry advection of
1 g kg during the same period increases the estimate of F,
by 87 Wm?, although the impact of this on A is small.

Table 3. Estimation of Ay from BL growth.

F, F, F,, Ag

IFC Wm? Wm? B, Wm? Wm?
2 -62 265 -0.23 -43 0.38
+16 +67 +0.08 +11 +.10

3 -63 343 -0.18 -39 0.28
+16 +86 +0.06 +10 +0.07

4 -83 151 -0.55 -73 0.31
121 +38 +0.19 +18 +0.08

Mean 0.32
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5.2. Inversion Rise Method

Table 3 summarizes the average inversion level fluxes
calculated by integrating (10) from 1400 to 2130 for IFCs 2
and 3 and to 2030 for IFC 4. Substituting these fluxes and
the surface fluxes from Table 1 in (13) gives values of A,
which range from 0.28 to 0.39. The error values shown are
again simple estimates, based on the 10% error in the
surface fluxes used in Table 2, and an assumed 25% error
in the inversion level fluxes, whose accuracy is hard to
assess. This method involves uncertainty in the definition of
the jumps in § and q at the inversion and the inversion level
thickness Ap, but it is less subject than the budget method to
uncertainties caused by horizontal advection. For example,
only if there were systematic advection of deeper BLs over
the FIFE site would these inversion flux estimates be biased
high. Instead, this method neglects vertical advection,

because we neglect , in (7) in comparison with dpjor. We
have no measurements of @, but in the suppressed convec-
tive conditions characteristic of summer days, it is likely to
be comparable to or greater than the radiative equilibrium
subsidence rate of the order of 40 mbar/d. The neglect of

would then lead to a 10% (or more) underestimate of Ay
from this method.

5.3. Discussion of Methods

If we compare the estimates of entrainment rate and
fluxes at BL top for these two methods, we see close
agreement for the October sonde time series, when the
surface heat flux is high. October also gives the two lowest
estimates for Ap ~ 0.3. However, Betts et al. [1992]
speculated (from comparisons of the surface flux measure-
ments with aircraft flux measurements at 70 m above
ground) that these October sensible (latent) heat fluxes might
be biased high (low) by about 30 W m?2. Such an error
would increase the October budget estimate of A, to 0.48
and the inversion rise estimate to 0.39.

For June/July, both methods give 4, ~ 0.4. The two
estimates of inversion level heat flux, F;, agree quite well,
but F,, from the budget method is high and questionable.
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The sonde average at 2143 UT (see Figure 8) may be
unrepresentatively dry. However, this has only a small
impact on Ag.

In August the budget method gives a large F,, and the
corresponding A, of 0.85 is large, whereas the inversion rise
estimates are much smaller. The only explanation we have
is that there may have been significant warm advection in
August even in the mean. This would affect both methods
in opposite directions. For example, a mean horizontal
warm advection of 0.25 K h' between the surface and p,
(quite a large value) during the analysis period from 1400 to
2130 UT would alter both estimates of F, to -74 W m?,
with a corresponding value for both methods of 4, of 0.36.

From Tables 2 and 3 we have six values from the three
budgets for the BL entrainment parameter with a mean Ay
= 0.44 +0.21. This is similar to the values of 0.43 + 0.12
and 0.38 + 0.16 found by Betts et al. [1990, 1992] for the
FIFE area using aircraft data sets. It increases our confi-
dence that the BL entrainment over the FIFE area is large.
A value of A, = 0.4 is double that which has been consid-
ered representative for free convective BLs [Srull, 1988].
There are a wide range of mean winds in our set of days, so
shear-induced mixing may be partly responsible for increas-
ing entrainment particularly in June/July and August, when
the surface sensible heat fluxes are lower. We will make an
estimate of the effect of the surface shear on 4, in the next
section. The (weak) suggestion that A, may be smaller,
when the surface heat flux is high, is consistent with the
work of Dubosclard [1980]. The main impact of high
entrainment is that the BL does not moisten over the FIFE
area during its daytime growth, because of the greater
downward mixing of dry air. Comparative studies of the BL
climate in the European Centre forecast model [Betts et al.,
1993], which has very little BL-top entrainment, show the
large impact of this entrainment on the afternoon BL
equilibrium of moisture and equivalent potential temperature.

The inversion level Bowen ratio gives a check on the
fluxes derived from the two methods; and it can also be used
as a constraint on the estimation of A,. Table 4 lists the
inversion level Bowen ratio §; calculated from the budget-
derived fluxes, from the BL-top rise derived fluxes, and

Table 4. Further Estimates of Inversion Level Bowen Ratio and Ay

Ag
8, Budget BL top
IFC Budget BL Top (1.0,1.05) (p,p) fromF, fromF, fromF, from F,
2 021 -0.23 -0.28 0.32 0.55 0.74 0.41 0.50
+0.06 +0.08
3 -0.42 -0.18 -0.29 0.31 0.78 0.54 0.34 0.54
+0.10 +0.06
4 075 -0.55 (-1.06) (-1.03) - - - -
+0.39 +0.19
IFC 2 and 3 mean 0.65 1+0.13 0.45 +£0.09
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from (12), first using the gradient for 1.0<f<1.05, and
finally the gradient across the inversion from p, to p,, We
have bracketed some October values since the vertical ¢
gradients widely vary, and these averages cannot be consid-
ered representative. The difference between columns 1 and
2 reflect the difference in the inversion-level fluxes in Tables
2 and 3. The error estimates are also from those tables.
For the estimates of 8, from the mean profiles we have not
attempted to estimate errors. The difference between
columns 2 and 4 reflect the correction term in Ap in (10).
If the inversion layer Ap -0, then by definition, 3; (BL top)
would equal 8(p,,p,). For June/July and August the profile
estimate close to the inversion base is slightly less than
B(p;,p,), but B, (BL top) is smaller still because of the term
in Ap in (10). We do not know whether to attribute this
difference to a smoothing of the profiles by the averaging,
which might bias g, high, or to errors in the BL-top budget.

Our conclusions are limited. For the June/July budget the
low value of 8, (budget) confirms that the F,, (budget) is
probably too high. For August the value of 3, for1.0 < g < 1.05

is between S, (budget) and 8, (BL top), suggesting that F,
is also between the corresponding values. We have dis-
cussed how warm temperature advection could be responsi-
ble for this. For October any comparison of profile esti-
mates of 8, is questionable, because the average contains
widely different vertical gradients of q.

There is one further method using equation (15) for
estimating values for A, (which was used by Betts et al.,
[1992]), which gives similar weights to the heat and mois-
ture fluxes at the inversion. The B, is calculated from the
surface fluxes in Table 2, and we insert §; (from Table 4)
from the profiles for the layer 1 < <1.05 and then calculate
Ap from the values of F,, F, in Tables 2 and 3. This gives
the set of eight estimates of A, in Table 4 for June/July and
August. The estimates from F,, are close to the direct
calculations using F, in Tables 2 and 3 (which do not

constrain 8)). As discussed above, the highest values of A,
of 0.74 and 0.78 may reflect horizontal advection of dry air
in June/July and warm air in August. The mean from the
budget fluxes is again higher than from the BL-top rise: this
difference is probably partly due to the neglect of @ in (7),
in the BL-top rise method, as mentioned earlier. Our
conclusions are again limited. The estimates of A, in Table
4 are consistent with those in Tables 2 and 3, although they
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are generally a little higher. They do show that the inver-
sion level moisture fluxes are consistent with 4; =~ 0.4 to
0.5.

5.4. Effect of Surface Wind Shear

As discussed above, the composite method has its limita-
tions. We do not have sufficient data to stratify over a
range of wind conditions to assess the role of the surface
wind shear in generating mechanical turbulence. (There is
little shear across the inversion on most days.) However, by
combining the June/July and August days, we can group
them into high and low wind classes. Choosing a threshold
of 7 ms” for the mean BL wind (between 1400 and 2130
UT) gives two groups of 10 days. The low wind group
(comprising June 26 and 27, July 1, and August 9, 10, 11,
16, 17, and 18) has a mean BL wind speed of 4.8 ms™ and
the high wind group (comprising July 6, 9, 10, and 11 and
August 6, 7, 15, 19, 20, and 21) has a mean BL wind speed
of 11.3 ms'. The mean wind shears across the inversion are
small (1-2 ms™ in the low wind group and 2-3 ms” in the
high wind group). We will not attempt to estimate the
friction velocity corresponding to these wind speeds, because
there is some uncertainty over the surface roughness (Z,,,)
for the FIFE area. Sugita and Brutsaert [1990] made an
indirect estimate of Z,, of 1.05 m using the rawinsonde
wind profiles. However, Betts and Beljaars [1993] derived
a smaller value of Z,,, of 0.19 m from aircraft momentum
flux measurements at roughly 100 m above the surface.

Table 5 summarizes the budget and inversion rise esti-
mates of the inversion level fluxes and entrainment parame-
ter A, for these two wind groups. There are some differenc-
es. The low wind case has a larger surface sensible heat
flux, but the BL is relatively cool and dry with a weaker
BL-top inversion. The high wind values of A, are both
larger than the low wind values, suggesting that mechanical
turbulence is driving more entrainment in the high wind
case. However, the budget estimates (which neglect
horizontal advection, which appeared to be significant in
August in Table 2) are both much larger than the corre-
sponding inversion rise estimates (which neglect subsidence
and therefore underestimate 4;). So we conclude that the
data suggest a significant role for mechanically driven
entrainment, but the uncertainties are large, and a quantita-
tive estimate cannot be made.

Table 5. IFC 2 and IFC 3 Data Partitioned by Wind Speed

Budget BL growth
Mean
Windspeed  F Fg, F, F, F, F,
ms’! Wm? Wm? Wm? Wm? 4, Wm?2 Wm? 4,
11.3 94 315 -114 274 081 66 318 -0.38
(1£0.2) (10.1)
48 124 282 -122 477 061 48 317 -0.18

(£0.2) (+0.1)
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6. Conclusions

We have analyzed the diurnal cycle of the dry convective
BL over FIFE during three seasons (June/July, August, and
October) by averaging radiosondes in pressure coordinates
scaled by BL depth. The mean profiles show a pattern of
deepening and warming during the daytime with little change
of mixing ratio. Their vertical structure is consistent with
earlier studies. We used these time sequences of mean
sondes to estimate the fluxes of heat and moisture at BL top.
From these we estimated an entrainment closure parameter
Apg, the ratio of virtual heat flux at the inversion base to the
surface virtual heat flux. We found 4, = -0.44 10.21
comparable to the values found by Betts et al. [1990, 1992]
using aircraft data for the same FIFE experiment. This
value is roughly double the value of -0.2 that has been
considered representative of free convective BLs [Smull,
1988], which has been incorporated explicitly or implicitly
in many simple model parameterizations. Dubosclard
[1980], however, found similar large values. Another study
[Culf, 1992] over the Sahel has also estimated A, to be
large. We divide the June/July and August days into two
groups of high and low wind speed. The estimates of A4,
from these suggest that mechanically driven turbulence may
be contributing significantly to entrainment, but the uncer-
tainties are large. Shallow BL cumulus may also play some
role in increasing entrainment, particularly in June/July and
perhaps also in August.

BL-top entrainment plays a critical role in the diurnal
evolution of the BL over land: particularly in determining
the afternoon moisture and equivalent potential temperature
equilibrium. This in turn determines the likelihood of
occurrence of deep convection over a region. This uncer-
tainty in the magnitude of the entrainment parameter A4, is
significant in modeling of the land surface BL and needs
further study.

Appendix

Two further manipulations of the budget equations are of
interest. The first illustrate a different method of estimating
the inversion base flux from the inversion rise. If we
assume the inversion maintains constant "jumps" in AZ as
the BL deepens,

a(gryor - OE Jo - T dp,fot (AD
where T, - E/dp above the inversion. For the § budget we
then recover [Berts, 1974]
gFy = 3p,/5t(8,-(8)*-T,Ap) (109
We shall however use (10) in this paper, since it is straight-
forward to estimate the time derivatives for the inversion
from the data.

One other derivation shows the relationship of the budgets
found by integrating to inversion base or inversion top. I
we combine (5), (8), and (10), and assume for simplicity
that the inversion warms at the same rate as the mixed layer

a(E)*ar - a(E)fax, (A2)
we get
Ap, XE)%at - -gF,, +ap,Ju(E,-(E)) (A3)
The budget for the layer from surface to inversion top is

Ap (E)%at - -gF,, +ap 13t(E,~(E)") A9
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(A3) and (A4) are equivalent, given our assumptions of (A2)
and Ap constant, because their difference can be written as
Ap,3(E)%/0e+(E)"ap,Jo¢

- Ap AT (Bap one ApaDae A
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