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An aircraft grid pattern was flown by the Canadian Twin Otter to map the low-level fluxes and
structure over the First International Satellite Land Surface Climatology Project (ISLSCP) Field
Experiment (FIFE) research area in 1987. The time dependence and horizontal advection of heat and
moisture were extracted from these flights, combined with surface flux measurements and boundary
layer top measurements from radiosondes, to analyze the boundary layer budget using a mixed layer
model. The results confirm the suggestion of an earlier study that the boundary layer top entrainment
(when parameterized using the buoyancy flux) is nearly double the value used by many modeling
studies. Both surface and aircraft data have been revised, and it now appears that the direct
measurements of the sensible and latent heat fluxes by the aircraft underestimated these fluxes by
about 20%, because of filtering and undersampling of long wavelength contributions.

i. INTRODUCTION

The First International Satellite Land Surface Climatology
Project (ISLSCP) Field Experiment (FIFE) included an
extensive program of surface and atmospheric boundary
layer (ABL) measurements. Boundary layer aircraft flights
were designed to study the heat and moisture fluxes and
budgets over the FIFE site for comparison with surface
measurements of sensible and latent heat flux. Betts [this
issue] discusses the budget methods used to analyze the
FIFE ABL flights. Betts et al. [1990] used pairs of aircraft
stacks, flown upwind and downwind of the FIFE surface
network under nearly clear skies, to evaluate a volumetric
budget using a mixed layer model. They found that budget
estimates of the surface sensible and latent heat flux agreed
well with the surface flux measurements but that the direct
aircraft measurements underestimated the low-level fluxes.
Their analysis also suggested that using data from a single
aircraft, the time derivative and the horizontal spatial deriv-
atives could be separated sufficiently to perform useful
budget analyses for the ABL. In addition, they found higher
than expected ABL top entrainment.

This paper continues the budget analysis using a second
aircraft flight pattern, in which a ‘‘grid”’ (Figure 1) of
cast-west legs was flown at low levels (75-100 m) to map the
near-surface fluxes over the FIFE area. We compare the
aircraft measurements with the surface flux data, the surface
meteorological data from the portable automated meteoro-
logical (PAM) stations, and the radiosonde data; we also
assess the usefulness of this grid pattern for the budget
analysis of the ABL. These FIFE grid flights again indicatc
the importance of both the fluxes at the ABL top inversion
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and the horizontal advection in the ABL thermodynamic
budget. They also confirm the conclusion of Betts et al.
[1990] that the direct aircraft measurements of the sensible
and latent heat fluxes underestimated the surface fluxes.
However, the underestimate has been reduced since Betts et
al. [1990]. The flux data for the surface ‘‘Bowen ratio’’ sites
have been revised downward, following recalibration of their
surface radiometers. Three sources for the residual under-
estimation by the aircraft have subsequently been identified.
The first, now corrected for the October 1987 flights, lay in
the choice of the processing algorithm for the vertical eddy
wind components. Reprocessing the aircraft flux data using
the vertical wind from the Litton inertial navigation system,
rather than the aircraft Doppler winds for low-frequency
filtering [MacPherson, 1990], gave on average 13% higher
fluxes and a higher covariance. The Litton inertial navigation
method of processing has been chosen for the subsequent
1989 FIFE flights. The high-pass filtering of the data (see
section 2) accounts for about 17% of the flux underestimate,
and the limited length of the 15-km runs is responsible for the
residual flux underestimate of 4%, because longer wave-
lengths are not sampled. These new budget analyses also
confirm that the entrainment at the top of the ABL in FIFE
is nearly double that suggested by the simplest dry mixed
layer models.

2. INSTRUMENTATION

The Canadian National Aeronautical Establishment
(NAE) Twin Otter atmospheric research aircraft was instru-
mznted to measure three orthogonal components of atmo-
spheric motion: air temperature, CO,, and water vapor
fluctuations [MacPherson et al., 1985]. It was also instru-
mented with a slow response Cambridge dew point system
for humidity measurements. All signals are sampled at 16
Hz, low-pass filtered at 5 Hz, and high-pass filtered at 0.012

18,533



18,534

I JULY 1987

39°5'N g__; —

39°0'N| —

96°35'W 96°30'W 96°25'W

Fig. 1. Grid pattern flown by Canadian National Aeronautical

Establishment (NAE) Twin Otter on July 11, 1987.

Hz. This sampling corresponds to spatial scales ranging from
about 11 m to 4.6 km at the usual aircraft speed of SSms™'.
The data recording and processing followed the procedures
discussed by Desjardins et al., [1986, 1989]. The 0.012-Hz
high-pass filter was used to minimize the variability from run
to run. It produces an underestimate of the turbulent fluxes
[Desjardins et al., this issue], which for these flights is about
17%, but it is useful when searching for other physical

sources of variability.

3. METHODOLOGY

3.1. Flight Plan

A typical flight plan (for July 11, 1987) is shown in Figure
1. The Twin Otter flew sixteen 15-km runs (over the FIFE
site) in an east-west direction, following the grid pattern
shown. The north-south spacing between runs is 1.85 km.
The pattern was flown from north to south (eight runs) and
then repeated from south to north in the reverse direction.
This gives the same average time for each pair of runs on the
same track, with reverse headings for each pair. The actual
altitude above the rolling terrain varied slightly but averaged
about 100 m. The runs shown in Figure 1 were made between
1555 and 1728 UTC, during reasonably clear conditions with
strong winds from the south-southwest. The use of a single
aircraft with one set of sensors simplifies the measurement of
horizontal gradients, provided the sensors do not drift with
time. It is difficult, however, to accurately separate spatial
derivatives from time derivatives in the rapidly time-
dependent situation characteristic of the daytime ABL over
land. The budget analyses presented here depend on one
crucial assumption: we assume a linear trend with time and
constant advection for roughly 90 min. There are a few cases
where this is clearly not satisfied, and these are discussed
later.
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TABLE 1. Summary Data for Grid Flights

Date, Time, Mean Wind, Inversion

Flight 1987 UTC deg/m s ! Height, m
July 11 11 1555-1728 192/13.3 830 + 100
Aug. 15 23 1603-1741 192/8.6 740 + 160
Aug. 15 24 2007-2146 188/11.6 800 + 50
Oct. 7 34 16461826 344/6.7 780 = 40
Oct. 7 35 2008-2147 350/4.5 1575 = 50
Oct. 11 37 1714-1905 243/1.4 1000 = 100
Oct. 12 39 1714-1900 291/1.5 540 *+ 100
Oct. 13 40 1355-1556 195/10.1 230 + 80

3.2. Summary of Flights

Table 1 summarizes the flights analyzed in this paper,
together with the mean wind and inversion height. Time is
given as coordinated universal time (UTC); central daylight
time is UTC minus 5 hours. Wind conditions range from light
winds of 1-2 m s ~! (October 11 and 12) to strong winds of 13
m s~ ! on July 11. There is a considerable range of mixed
layer depths (estimated from radiosondes). Most are late
morning or afternoon flights. However, the last flight on
October 13 started near sunrise, when the mixed layer was
very shallow (=100 m), comparable to the level of the
aircraft measurements. During this flight the ABL depth
grew to =350 m, and the aircraft and surface measurements
also showed the effect of a sudden change in the ABL top
entrainment; therefore only part of this flight was used for
the budget analysis. Three flights were conducted in July and
August, when the surface vegetation was actively growing
and the surface Bowen ratio for these flights is low; five were
in October after the vegetation had mostly died, and the
surface Bowen ratio for these flights is high.

3.3. Budget Method

The derivation of the budget equations and the use of the
mixed layer model are discussed in detail by Betts [this
issue]. In this paper we used mixed layer budgets for mean
potential temperature (6) and mean mixing ratio (g):

060/t + ud6/3x + vabldy = (Fyg — Fip)lpCpZ, (1a)

dq/ot + udq/ax + vaql/dy = (Fy, — Fig)/pLZ; (1b)

where F g and F, are the fluxes of sensible and latent heat (in
watts per square meter), and the subscripts s and i indicate
the surface and the inversion base, respectively. Leg aver-
ages at the aircraft flight level were taken as representative
of the mixed layer means. The analysis of Betts et al. [1990]
supports this assumption. The mean advection along the
flight legs, ud6/dx, udqg/ox, was found by separately aver-
aging u for all the legs, and also 06/3x and 8q/dx, using the
mean trend line for each leg for the gradients. Because the
legs are flown in pairs in both directions, the time derivative
approximately cancels in the pattern average. We then
separated the time and north-south (y) derivatives by using
linear regression on the means for the 16 legs. This assumes
constant gradients in time and space during the pattern, a
restrictive assumption that may not always be satisfied. One
particular example is the late-afternoon flights, when 826/
at? is typically negative. When linear regression is applied to
a pattern flown from north to south and then back, it
converts a quadratic 8 dependence into its linear component
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Fig. 2. Radiosonde soundings on July 11, 1987, showing top of
mixed layer.

in time and gives a spurious spatial gradient ¢6/9y. Unfor-
tunately, with a single aircraft there is no other simple way of
separating time and space derivatives. We use the surface
and sounding data to identify cases where the linearity
assumption appears not to be satisfied (see later discussion).

3.4, Estimation of Budget Terms

Each of the terms in (1a) and (1b) was estimated sepa-
rately, together with an estimate of the error. The terms
were then summed to give a residual and the errors com-
bined (as random errors) to give an error estimate for the
residual (see Tables 4 and 5).

The vertical flux gradient involves three separate compo-
nents: the surface fluxes, the inversion fluxes, and the ABL
depth. The 1987 FIFE had a network of 18-20 surface
stations measuring surface parameters and the surface heat
and moisture fluxes. A subset of 14 surface flux sites were
selected as representative of the FIFE area. To estimate the
overall mean surface fluxes over the FIFE area, we averaged
the 30-min mean values from these 14 surface flux sites, then
interpolated and averaged these area means for the time
period of each aircraft flight. We estimated the accuracy of
the mean surface flux values by dividing the variance be-
tween sites by (N — 1) 2 where N is the number of sites.

The ABL depth was chosen as the base height of the
inversion (Z,), determined from the radiosonde ascents.
There were typically two to three ascents at about hourly
intervals near the time of each flight, so we averaged these
values and estimated an error from the variability. Figure 2
shows the two soundings close to the pattern time on July 11.
The inversion bases marked as 680 and 980 m in Figure 2 are
the approximate heights where 8 sharply increases and ¢
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Fig. 3. The (8,q) plot of July 11 soundings showing the mixing

lines which give the inversion level Bowen ratio. The surface Bowen
ratio of 0.32 is based on surface flux measurements.

sharply decreases. For the 1658 UTC sounding there is a
weakly stable layer from 630 to 980 m above a nearly
constant potential temperature layer (see also Figure 3), so
there is some ambiguity in the definition of the ‘‘mixed”’
layer. Thus this method of finding Z; is not accurate, and it
is an appreciable source of error in our analysis. Single
vertical profiles through the ABL take only 5-10 min, and
they do not average over the considerable spatial variability.
Typically, the ABL is growing with time, but it would not be
correct to assume linearity between the two profiles in
Figure 2. Fluctuations of ABL depth can occur which are
associated with mesoscale eddy structure or with the advec-
tion of different air masses over the network. Estimates of
inversion base height are also available for two analysis days
(July 11 and August 15) from a single vertically pointing
sodar. For July 11 these give an average inversion base
height of 800 m during the aircraft pattern, in agreement with
the two soundings. Maps of the inversion base by lidar will
also give a better mean, if these become available for any of
our analysis days.

The inversion level fluxes were not measured during these
grid flights in FIFE 1987. The mixed layer model discussed
by Beitts [this issue] was therefore used to estimate equiva-
lent mixed layer top fluxes, using a specified entrainment
parameter, A ; (see section 3.5), and the Bowen ratio at the
inversion B;. These equivalent mixed layer top fluxes in-
clude both the effects of boundary layer growth and subsid-
ence on the evolution of the mean ABL properties. 3; was
also estimated from the radiosonde ascents by plotting (6,g)
mixing diagrams [Berts, 1985; Betts et al., 1990], which show
the coupling of the 6 and g gradients through the inversion
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TABLE 2. Fluxes of Sensible and Latent Heat at the Surface and Calculated at the Inversion

Surface Measurements

Inversion Level

Fso, Fsqs Bowen Fiq, Fiq, Bowen Ratio,
Date, 1987 Flight W m? W m? Ratio, B, W m 2 W m~2 Bi
July 11 11 120 = 14 372 £ 14 0.32 = 0.04 =71 = 31 213 + 94 —0.34 = 0.02
Aug. 15 23 118 = 12 346 = 17 0.34 = 0.04 —64 = 28 13779 —-0.47 = 0.18
Aug. 15 24 79 = 10 351 £ 16 0.23 = 0.03 —-59 + 26 270 = 121 —0.22 + 0.02
Oct. 7 34 307 = 19 68 =5 4,51 £ 0.43 -127 = 54 115 £ 72 —1.10 = 0.50
Oct. 7 35 205 = 14 60 = 6 3.42 + 0.41 —93 + 40 186 + 80 —0.50 = 0.01
Oct. 11 37 318 = 19 56 =7 5.68 = 0.79 —-122 = 52 1x1 —100.00 £ 10
Oct. 12 39 282 = 18 59+6 4.78 + 0.57 —126 = 54 238 + 105 —0.53 = 0.06
Oct. 13 40 139 £ 10 41 =5 3.39 = 0.48 —56 = 24 23+ 14 —2.40 = 1.00

Here F g indicates sensible heat and F, indicates latent heat; subscripts s and i refer to surface and inversion levels, respectively. Fluxes
at the inversion were calculated using the entrainment parameter, Ap = 0.38.

where the entrainment is taking place. Figure 3 shows an
example for the two soundings on July 11. We found a value

(2)

through the ABL top inversion for each ascent, averaged
these values to give a mean for each flight, and roughly
estimated the error from the variability between soundings.
In Figure 3 we only have two values for July 11: 8; = —0.32
and —0.36. Aircraft legs in the inversion would give a better
mean estimate of B8;, but these were not available. In some
cases there were sudden changes between soundings asso-
ciated with the disappearance, for example, of a dry layer, as
it was completely entrained into the ABL. In discussing the
individual days, we note cases where this change could be
seen in the surface and aircraft data. Figure 3 also shows the
slope corresponding to the mean surface Bowen ratio, 8,
0.32, computed from the surface flux measurements during
the aircraft pattern. It shows that the gradient off the surface
determined by the radiosonde is roughly consistent with this
B, although the sonde data are neither sufficiently accurate
nor representative enough to adequately determine the sur-
face Bowen ratio from single soundings. Sugita and Brut-
saert [1990], in a larger study of the FIFE data, found similar
agreement between the mean surface Bowen ratio and the
low-level (C,/L)d 6/dq gradient from soundings.

B;=(C,/L)(80/3q);

3.5. Model for Inversion Level Fluxes

Since we had no inversion level data and had aircraft data
at only one level, we made the mixed layer assumption for
the ABL and used a mixed layer model closure to estimate
inversion level fluxes. The analysis is given by Berts [this
issue], based on the earlier work of several authors, who
determined an inversion level buoyancy flux from a surface
buoyancy flux using a closure parameter A g

Fig, = —AgFgg, (3)

From (3) we can extract the inversion level fluxes of sensible
heat 6 and latent heat g [Betts, this issue]:

Fig= —AgF,o(1 + 8¢/B)/(1+ 8¢/B)  (4a)

Fi, = FiglB; (4b)

The subscripts s and [ denote surface and inversion level
fluxes, respectively. B, and B; are the surface and inversion
level Bowen ratios; B, is found from the average of the 14

surface flux stations, and B; from applying (2) to the sound-
ings through the inversion. We took the thermodynamic
parameter 8¢ = 0.608C,T/L = 0.07 as constant, since the
uncertainties in 8, and 8; are much larger than variability of
Se.

The parameter Az was introduced as a simple closure for
the buoyant energy available for entrainment of inversion
level air [Betts, 1973; Carson, 1973; Tennekes, 1973; Stull,
1976]. Since both inversion level fluxes are proportional to
Ap, it is a crucial parameter in our analysis. The authors,
cited previously, suggested A g = 0.2, and this has generally
been regarded as a satisfactory value for dry convective
layers, in the absence of shear. However, Betts et al. [1990]
found, from a set of six FIFE 1987 flights in high-wind
regimes, a significantly larger estimate of Az = 0.43
(£0.12). Here we are analyzing a different set of eight flights
for FIFE 1987 (only half with strong winds), but again we
find (see section 4) that a large value of A = 0.38 (+0.16)
gives sensible and latent heat fluxes at the inversion that best
satisfy the budget equations. It is possible that turbulence
generated by shear is contributing significantly to the en-
trainment; however, even the low-wind cases had values of
Ar = 0.4 (see below).

Table 2 gives the inversion level fluxes calculated from (4)
for Ag = 0.38 £ 0.16, together with the measured surface
fluxes and the corresponding Bowen ratios. We use watts
per square meter throughout as units for the fluxes. Esti-
mates of the errors in each term are also given. From these
fluxes we computed the vertical flux gradients in (1), to-
gether with an error estimate found by combining the errors
of the separate inputs, assuming all errors to be random.
Note that these vertical flux gradients depend significantly
on Apg.

3.6. Error Analysis

The error analysis is not sophisticated, as can be seen
from our methods of assessing the errors of individual
measurements. Some important terms such as ABL depth,
Z;, and B; are not well known, because we have only two or
three point values of unknown areal representativity. Oth-
ers, such as the time and y derivatives, have been found by
linear regression. This gives an error estimate, but the
method assumes constant gradients during a flight, which in
some cases is questionable (see section 4). There is quite a
wide spread in the surface flux measurements, each of which
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TABLE 3. Estimates of Entrainment Parameter Using Advection Term and With Advection Terms Set to Zero
Normalized Normalized -

Date, Residual Residual Va, Vs, ww’ cm?

1987 Flight Ag (adv) (adv) Ag (zero) (zero) ms! ms~! s72 Aru*
Jul. 11 11 0.53 1.40 (0.30) 0.22 13.6 9.6 0.71 = 0.10 0.60 = 0.05
Aug. 15 23 0.49 —-0.58 (0.15) 1.46 8.6 5.9 0.34 = 0.07 0.36 + 0.04
Aug. 15 24 0.07) —-1.30 0.06 -0.24 11.6 7.5 0.48 + 0.11 0.51 = 0.07
Oct. 7 34 (0.65) —0.10 0.29 —0.39 6.7 4.0 0.31 £ 0.10 0.27 = 0.03
Oct. 7 35 (0.57) 1.28 0.27 —0.04 4.5 3.5 0.21 = 0.14 0.23 = 0.03
Oct. 11 37 0.51 -0.14 0.41) 0.36 1.4 1.4 0.00 0.20 = 0.0
Oct. 12 39 0.42 —0.04 0.35) —0.53 1.5 1.2 0.00 0.20 = 0.0
Oct. 13 40 0.49 1.25 (0.30) 0.16 10.1 7.0 0.52 £ 0.13 0.92 = 0.16
Mean 0.47 = 0.17 0.27 = 0.11

Apg is entrainment parameter estimated from budgets. Ag,* is calculated using the shear stress «’w’. Values in parentheses were rejected.

perhaps represents different individual sites. A more refined
analysis may give better estimates of the surface areal mean
flux, but it will not affect our analysis much. Despite its
weaknesses this simple error analysis is very useful in
assessing which terms are poorly known in a given budget.
We combined the error estimates in individual terms to give
an overall error estimate and then used this to normalize the
residuals in each budget.

4. BUDGET RESULTS

As is usually the case with meteorological data, every day
and every flight had unique characteristics. Our analysis
involves an interplay between an idealized model and data
for individual days; data which do not always satisfy the
assumptions of the model. As a result, for some days,
choices had to be made based on supporting evidence. We
first present an overview of our budget results and then
discuss the individual days in detail, together with the basis
of any subjective decisions that were made in analysis.

4.1.

Since we have no measurements of inversion level fluxes
(only the inversion level Bowen ratio), these have been
determined using (2) and (4). Thus our budget results depend
on knowing the closure parameter Ar. We varied Agz and
examined the residuals (normalized by the error estimate)
for the heat and water budgets for each flight. Because the
inversion level Bowen ratios are negative, increasing Ag
reduces the 6 budget residual but increases the g budget
residual. For each flight we found the value of A ; for which
the normalized 8 and g budget residuals were equal. This
represents an optimum fit to the heat and moisture budgets,
because it is, to close approximation, an average of the two
values of A  that would give zero residuals for the separate
heat and moisture budgets. Table 3 shows these values of A 5
and the normalized residual calculated from the full budget.
These normalized residuals are marked (adv), indicating that
advection terms are included. The time derivatives and
surface fluxes are known quite accurately in the budgets.
The advection terms not only have generally larger errors,
however, but their estimation also depends critically on the
assumption of linear trends in time and space (north-south).
There are several budgets where this linearity assumption
appears invalid on the basis of supporting measurements
(see section 5), so we also reduced the advection terms to
zero and computed a second optimum value of A; and a

Determination of Closure Parameter Ag

corresponding normalized residual for each budget. Table 3
shows these in the columns marked (zero).

A normalized residual =1 in Table 3 means a residual
comparable to the error estimate. We see quite a range of
values of Ag; we also note that the budgets are sensitive to
the horizontal advection terms. Removing the advection
terms in all cases reduces the ‘‘best fit”” value of Ag,
although in some cases the fit is worse. Including the
advection terms gives a mean Ap = 0.47 = 0.17 and
dropping them gives 0.27 = 0.11, so it is clear that they play
a crucial role in the budget and in our determination of the
entrainment closure parameter Ap.

Many budgets have sigrificant cold or moist advection
(see Tables 4 and 5 later), so that dropping the advection
terms reduces the entrainment of warm dry air needed to
balance the budget. We reviewed the advection terms
closely, and for flights 24, 34, and 35 we found convincing
evidence (see section 5) that the critical assumption of linear
trends in time was not satisfied. This introduced a significant
error in the north-south advection derived from linear re-
gression. For these three flights we chose the solutions with
both advection terms reduced to zero, rather than introduce
clearly spurious terms into the budget. Since we do not in
fact know that there was no horizontal advection, we re-
tained the error estimates on the horizontal advection. Of the
remaining five flights the first (flight 11) is clearly improved if
we were to reject the advection, but we have no evidence to
justify this. On the other hand, the second (flight 23) is much
improved by the advection terms. For the two low-wind
days (flights 37 and 39) the advection terms look good and
improve the budget a little, although they are small. For the
last flight (flight 40) the advection estimate looks good (a
repeated pattern was flown; see section 5.5). The budget
errors are probably from other causes, as this was a flight
just after sunrise when the ABL was growing rapidly.
Selecting the eight Az values not in parentheses (three with
the advection terms zeroed) gives a value for the entrain-
ment closure parameter of Ap = 0.38 + 0.16. We used this
mean value for the subsequent analysis and the variance as
an error estimate on Agz. As discussed previously, many
authors have suggested A, = 0.2 for buoyantly driven
entrainment into dry mixed layers. Despite considerable
scatter our mean value of 0.38 + 0.16 is nearly double the
value widely used in mixed layer modeling. Betts et al.
[1990], from another set of six FIFE flights, found a similar
value of 0.43 = 0.12. (The subsequent corrections to the
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TABLE 4. Sensible Heat Budgets

Date, a6/ar, uaolaxj vd0ldy, dF glaz, Residual, Normalized Residual

1987 Flight Wm3 Wm™ Wm™? Wm™ Wm3 (adv) (zero)
July 11 11 0.224 = 0.004 —0.010 = 0.013 0.131 £ 0.019  0.231 = 0.050 0.114 + 0.055 2.07 (-0.11)
Aug. 15 23 0.286 = 0.005 —0.020 = 0.018 —0.038 = 0.018 0.247 = 0.067 —0.019 = 0.072 -0.27 (0.54)
Aug. 15 24 0.100 = 0.004 0.004 = 0.003 —0.044 = 0.018 0.173 = 0.037 —0.113 = 0.041 (-2.73) -1.76
Oct. 7 34 0.484 = 0.006 —0.041 = 0.019 0.219 = 0.014 0.556 = 0.079 0.106 = 0.086 (1.23) -0.83
Oct. 7 35 0.171 = 0.007 —0.014 = 0.006 0.103 = 0.13 0.189 *= 0.027 0.072 = 0.032 (2.25) -0.56
Oct. 11 37 0.478 = 0.010 0.011 = 0.012 —0.018 = 0.003  0.440 = 0.071 0.031 = 0.073 0.42 0.52)
Oct. 12 39 0.641 = 0.021 0.101 = 0.036 0.030 = 0.005 0.756 = 0.175 0.017 = 0.180 0.09 (—0.64)
Oct. 13 40 0.843 = 0.014  —0.062 = 0.078 0.574 = 0.051 0.846 = 0.315 0.508 = 0.329 1.55 (-0.01)

Columns 3-7 are all converted to units of watts per cubic meter (W m73).

surface flux data do not significantly affect this number.)
Table 3 also lists the mean wind speed at the aircraft flight
level (V 4) and at the surface mesonet stations (V) for each
individual flight. Shear-generated or wave-generated turbu-
lence could be driving additional entrainment, but the widely
scattered values of Ag are not well correlated with wind
speed. Stull [1988, p. 483] gives formulae for estimating
entrainment parameters, when both the surface stress and
the heat flux are important in driving entrainment. His
formulae (in our notation) give Ag as the root of the
equation:

Af = 2(1 + ARC, + C10,ulgF6,Z]=0  (5)

where C; = 0.0167, C, = 0.5, and u, is the surface friction
velocity. This formula gives Ag = 0.2 for u, = 0. Brutsaert
and Sugita [1990] give values of u, = 1 m s~! for the
high-wind days of July 11, August 15, and October 13 in our
data set. If we substitute this estimate of u,, together with
values for F4,, and Z; in (5) the shear generation term
completely dominates and (5) gives A = 1; this value is
even higher than the value we have found. Although it secems
likely that shear production of turbulence is important, this
estimate of A ; is much too large. Thus either the estimates
of u, given by Brutsaert and Sugita [1990] are too high (by
perhaps 30%) or the coefficient C in (5) is much smaller than
0.5. The aircraft measurements of u2 = u'w’ for each flight
are given in Table 3 along with the corresponding solution
for A g from (5), shown as Ag,, . The error estimate is based
solely on the error estimate in u.2; we do not know the errors
in the coefficients C; and C, in (5). The aircraft stress
measurements are at 70-100 m above the surface and are
smaller than those of Brutsaert and Sugita [1990]. As a result
they give values of Ag,. that are more consistent with our
budget analysis. (However, the aircraft stress measurements

may also be underestimates like the heat and moisture
fluxes.) The two largest values of Ag, are for July 11, when
winds were strong, and October 13, when winds were strong
and the boundary layer was shallow. However, for the two
light-wind days the stress term in (5) is insignificant and (5)
gives Ag, = 0.2, whereas our budget analyses (which look
good for these flights) give significantly higher values of
Ag = 0.4. Clearly, more studies and a deeper understanding
of ABL top entrainment are needed to predict daytime ABL
evolution. We present budget tables and the subsequent
analysis using a single mean value of Ay in section 4.2.

4.2. Heat and Moisture Budgets

Tables 4 and 5 summarize the budgets for the eight flights
using our mean value of A = 0.38 = 0.16. The last two
columns on the right-hand side of these tables show the
residuals normalized by the error estimate: one uses the
advection terms, the second has zero horizontal advection.
These differ from those in Table 3, because we have used
one single value of Ay, rather than a best fit value for each
flight. As a whole these budgets are encouraging. The values
not in parentheses are the ones we have accepted, but we
include the rejected ones (in parentheses) to show the
importance of the horizontal advection. The normalized
moisture residuals are satisfactorily all <1. Three heat
budget residuals are =1. We have no explanation for the
large residual on July 11, but we note it is comparable to the
large north-south advection. For flight 24 on August 15 this
late-afternoon flight spans the surface temperature maximum
(see Figure 6 later), and we have rejected the advection
terms. For flight 40 on October 13 the ABL is growing very
rapidly after sunrise and the linearized budget is question-
able (see section 5.5).

TABLE 5. Latent Heat Budgets

Date, aqlot, udqlox, vdqlay, oF gloz, Residual, Normalized Residual

1987 Flight Wm™? Wm3 Wm? Wm™ Wm3 (adv) (zero)
July 11 11 0.286 + 0.015 0.179 = 0.098 —0.129 + 0.076 0.192 = 0.117 0.144 = 0.171 0.84 (0.55)
Aug. 15 23 0.692 + 0.004 0.100 = 0.024 —0.686 = 0.161 0.282 = 0.126 —0.176 = 0.206 —0.85 (1.99)
Aug. 15 24 0.327 + 0.044 -0.16 £ 0.029 —0.261 = 0.203 0.101 = 0.153 —0.050 = 0.260 (-0.19) 0.87
Oct. 7 34 —0.061 = 0.005 0.001 = 0.25 —0.118 = 0.012 —0.061 = 0.093 —0.117 = 0.098 (-1.20) -0.00
Oct. 7 35 —0.050 = 0.007 0.012 = 0.024 —0.027 = 0.013  —0.080 = 0.051 0.015 + 0.058 (0.26) 0.52
Oct. 11 37 0.061 = 0.008 —0.009 = 0.014 —0.000 = 0.002 0.055 = 0.009 —0.003 = 0.018 -0.17 (0.35)
Oct. 12 39 —0.405 = 0.029 —0.015 = 0.033 0.033 = 0.007 —0.332 + 0.204 —0.055 + 0.209 —0.26 (—0.35)
Oct. 13 40 0.114 = 0.006 0.066 = 0.052 —0.014 = 0.021 0.077 = 0.069 0.088 = 0.89 0.98 0.41)

Column 3-7 are all converted to units of watts per cubic meter (W m™3).
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These budgets indicate the observational challenge pre-
sented by the daytime evolution of the ABL. The entrain-
ment of warm dry air into the ABL appears to be larger than
expected; it increases the rise of ABL temperature and
reduces the rise of moisture associated with the surface
fluxes, but the uncertainties are large. Betts [this issue] and
this paper (briefly in section 6) discuss the consequences of
large ABL top entrainment for different seasons.

4.3. Comparison of Aircraft Fluxes With Extrapolated
Surface Fluxes

The aircraft measured the sensible heat and latent heat
fluxes at altitudes ranging from 70 to 100 m. On the basis of
measured surface fluxes and the flux gradients with height
computed from Table 2, we can estimate (independently) the
fluxes, Fgg, Fp,, at the aircraft altitude.

Fpg=F, g+ Z43F4/3Z (6a)

Fpg=Fy+ Zs3F /0Z (6b)

where Z 4 is the flight altitude and 0F/0Z is the flux gradient
with height from the budget. Betts et al. [1990] found that the
measured aircraft fluxes were underestimated. As mentioned
in section 1, some of the surface flux data have been
corrected following recalibration of the net radiometers used
by the Bowen ratio sites. Three sources for the residual
aircraft underestimate have subsequently been identified.
The first, which we correct for in this paper, involved the
wind gust processing. MacPherson [1990] found that using
vertical gust velocities derived solely from the Litton inertial
navigation system, rather than an algorithm which used the
aircraft Doppler radar to provide the low-frequency compo-
nent, increased the heat and moisture fluxes by a factor of
1.13 *= 0.02, improved the correlation coefficient, and also
gave better agreement in an intercomparison with the Uni-
versity of Wyoming King Air aircraft. For the October flights
in 1987, sufficient data were recorded to reprocess the fluxes
using these so-called ‘‘Litton winds,”” so we used those
aircraft fluxes here. Since flights in FIFE 1989 showed very
similar differences between the two methods of flux process-
ing, we felt justified in multiplying the aircraft fluxes for the
July and August flights by this same factor of 1.13, to give a
consistent set of aircraft flux data. Correspondingly, we have
also revised the figures from Betts et al. [1990] by substitut-
ing recomputed fluxes where available or by multiplying by
the same factor of 1.13.

Table 6 gives the ratio of the filtered aircraft fluxes, F 44,
F,4, to those “*budget values’ calculated using (6) at the
flight level of the aircraft (70-100 m). The last four lines in
Table 6 are the comparable revised figures from Beits et al.
[1990], based on extrapolating the aircraft flux gradients to
the surface. It can be seen that these earlier values are
consistent with the grid flights, so we included them in
getting a best estimate of the residual flux underestimate by
the aircraft. We have divided the data in Table 6 into two
groups: summer and fall. For the five summer flights in July
and August the mean ratios are

FpglFge=0.75£0.08  Fu,/Fp, =0.84+0.06 (7a)

corresponding to mean values of Fgze = 83 W m™2 and
Fg,=337TW m "2, The mean ratios for the seven fall flights
in October are
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TABLE 6. Ratio of Aircraft Fluxes to Surface Fluxes
Extrapolated to the Same Level

Date,

1987 Flight F49/Fpg Faq/Fpq Z,,m Bs
July 11 11 0.73 0.74 104 0.32
Aug. 15 23 0.75 0.82 100 0.34
Aug. 15 24 0.89 0.86 86 0.23
Oct. 7 34 0.80 1.21 81 4.51
Oct. 7 35 0.68 1.05 75 3.42
Oct. 11 37 0.70 1.40 72 5.68
Oct. 12 39 0.66 1.22 70 4.78
Oct. 13 40 0.64 1.45 74 3.39

Revised Fluxes From Betts et al. [1990]
Aug. 20 29 0.69 0.86 0.32
Aug. 20 30 0.69 0.91 0.14
Oct. 8 36 0.74 1.03 3.7
Oct. 13 41 0.75 1.26 3.6

Fug/Fpg=0.71%0.06 Fu/Fp,=12320.16 (7b)

corresponding to mean values of Fgy = 221 W m™2 and
Fp, =63 W m 2. The ratios for sensible heat are less than
for latent heat, and the gap widens from the summer to the
fall, when the evaporation is very small. In October the
aircraft latent heat flux is higher than the surface-based
estimate. We have no reason to suspect that the aircraft will
have different biases with season, so we suspect the surface
flux data have some biases. The Bowen ratio stations (which
are the majority of the surfaces flux stations) are less
accurate in October, when the surface evaporation is small
(E. Smith, personal communication, 1991). If we suppose
that the aircraft fluxes are a fixed underestimate (R, R, for
heat and moisture, respectively), while the surface latent
(sensible) heat fluxes are biased low (high) by A;, A, W
m ™2, in summer and fall, respectively, then we can refor-
mulate (7a) and (75) using the mean fluxes for each season,
as

62/A,=83—A, 282/4,=337+4, (8a)

158/44 =221 — A, T7/A, =63+ A, (8b)

For A; = A, = 0, we retrieve the mean ratios in (7). The four
equations in (8a) and (8b) give

Ry=0.83 R, =0.82

Ay=9Wm™  A,=31Wm™2

for summer and fall, respectively. This simple analysis
shows that we can interpret (7a) and (75) as being consistent
with a fixed aircraft flux underestimate of about 18% (the
same for heat and moisture), provided there is a bias in the
measured surface Bowen ratio, which increases from sum-
mer to fall. The sense of this bias is that the mean surface
latent heat flux is too low and that the sensible heat flux too
high by 9 W m 2 in the summer and by 30 W m ~% in the fall.
The aircraft CO, fluxes also generally exceeded the surface
measurements in October 1987 (R. L. Desjardins, personal
communication, 1990), which lends support to the conclu-
sion that the surface latent heat fluxes were underestimated
in the fall.

Our conclusion, which is tentative because of the uncer-
tainties in the surface flux measurements, is that the residual



18,540
[l JULY 987
1 T T T 1 1 Ll 1 LI T I T T 1 T 7T | LU
307
306 -
g -
[~ -]
305
V SURFACE
304 R RADIOSONDE
® NAE AIRCRAFT
O N-S GRADIENT REMOVED
||||R||1||||||||||l||‘|||
1500 1600 1700 1800 1900
TIME (UTC)

Fig. 4. Potential temperature, 6, against time for July 11, 1987,
for surface, aircraft, and radiosondes. The arrow marks local solar
noon.

underestimate in the aircraft flux measurements is 18 +8%.
This is entirely consistent with the loss of flux caused by
filtering and undersampling of long wavelengths. The high-
pass filtering of the data at 0.012 Hz (corresponding to a
wavelength of 4.6 km at the usual aircraft flight speed)
consistently reduced the mean flux by 17% [Desjardins et
al., this issue] at low altitudes. Large 75 km ‘‘regional’’ runs
suggest that the 15-km legs flown in FIFE inadequately
sample long wavelength contributions to the fluxes and that
this leads to a further flux underestimate of about 4%
[Desjardins et al., this issue].

5. DiscussioN of INDIVIDUAL DAys

We now present a more detailed discussion of the individ-
ual flight days and any analysis problems unique to them.

5.1. July 11, 1987

On this day of strong southerly wind (Table 1) the surface
Bowen ratio was small (0.26), and B, was small and negative
at the inversion (—0.34). The mean inversion depth is not
well defined by the two available soundings (Figure 2). The
first sounding, at 1545 UTC, has a sharp inversion with a
base near 680 m, but the second sounding has a mixed layer
to 640 m capped by a deep moderately stable layer from 640
to 980 m, suggestive of a transitional structure only partly
coupled to the mixed layer (Figure 3). As mentioned earlier,
our inability to define mixed layer depth accurately from
soundings is a weakness of our analysis. The heat budget
shows a residual heating (Table 4), much larger than the
error estimate, although the moisture budget is quite good.

Figure 4 shows the tirhe trend of potential temperature 6,
for an average of the surface stations (inverted triangles), a
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vertical average of the two radiosondes within the ABL
(plotted as a symbol R at the sonde launch time), and the
mean for the 16 aircraft legs (solid circles). These aircraft leg
averages are the input to the linear (y, t) regression to find
the north-south and time derivatives. The open circles are
the leg averages with this north-south (y) gradient removed,
and the thin solid curve is the linear regression fit in time to
the open circles. Several things are apparent. The trend of 6
at the surface appears roughly linear, but the superadiabatic
layer is strengthening with time during the aircraft flight. The
two radiosondes, being approximately 3-min vertical aver-
ages with different sensors, cannot be used to compute a
reliable time gradient. The aircraft legs near 1645 UTC are in
the south and are colder than the linear fit in time; with a
south wind this corresponds to the cold advection in Table 4.
Figure 5 shows the corresponding graph for the trend of
mixing ratio g with time. The two radiosonde averages do
not fit the trend at all. The north-south advection is smaller
and the gradient somewhat less well defined. Figures 4 and 5
(and the subsequent figures) give a visual assessment of the
goodness of fit of the linear regression in y and ¢. Tables 4
and 5 give the root-mean-square errors of the terms calcu-
lated from the gradients found by the linear regression.
Where the advection is so small that the solid and open
circles would overlap even in the south, we omit the open
circles from the figures. An arrow indicates the time of local
solar noon in Figure 4 and all subsequent figures.

The moisture budget residual is comparable to the error
estimate, because the errors are quite large in both moisture
advection terms and in the vertical flux divergence. Moisture
budget errors are generally larger than those in the heat
budget, both because the gradients are less well defined and
because the errors in the inversion level moisture flux are
larger than for the corresponding heat flux (see Table 2).

With A, = 0.38, however, the heat budget shows a
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residual much larger than the error estimate, roughly equal
in magnitude to the contribution of the apparent cold advec-
tion from the south visible in Figure 4. Of all the residuals
from the eight flights this one is the most puzzling. Balancing
the heat budget requires either more surface heat flux, more
entrainment, or less cold advection, and we have no strong
evidence to suggest any of these.

5.2. August 15, 1987

On this day of strong southerly winds there were two grid
flights: one in the late morning and one in the afternoon.
Again, the Bowen ratio at the surface is small, and at the
inversion it is small and negative. There are five soundings
and the inversion level Bowen ratio is generally falling
during the day. The inversion height (not shown) increases
between the soundings at 1526 and 1705 UTC, drops discon-
tinuously between this time and the next sounding at 1834
UTC, and then increases again. Figure 6 shows much of the
diurnal cycle of @ at the surface and for the ABL. The
radiosonde averages track the aircraft data well on this day.
During the first flight the superadiabatic layer is strengthen-
ing, but during the second it is rapidly weakening as the
surface starts to cool. The aircraft data for the north-south 8
advection are omitted for clarity because this gradient is so
small. The morning heat and moisture budgets are satisfac-
tory, but the afternoon heat budget has a large residual. We
show the budget with and without the advection terms. The
gradients in y and ¢ appear well defined, and no reasonable
change in the inversion height or inversion level fluxes will
account for this large residual. The critical assumption of
linear gradients in @ used by our analysis technique is
suspect. The curvature of the 8(¢) profile at the surface is
large, since the flight is centered on the surface temperature
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maximum. Perhaps without advection the 0(¢) sequence for
the second flight would have a different curvature. Our linear
regression analysis can convert a curvature in time to a
linear gradient in y and hence to warm advection from the
south. Using the north-south gradient found by linear regres-
sion, our budget in Table 4 shows a small warm advection (a
negative term) and a larger negative residual. Without this
advection the 6 budget is improved. It is quite possible
therefore that with sufficient curvature in 6(z) there could
even be some cold advection from the south, sufficient to
balance the budget. However, with one aircraft we cannot
determine the N-S gradient other than by making the linear
assumption. The afternoon flight on August 15 suggests that
this assumption may fail as the surface starts to cool (see
also the discussion of October 7 in section 5.3).

Figure 7 shows the corresponding g plot. Four of the five
soundings follow the aircraft trends well. The surface to 100
m (aircraft) gradient in g is largest in the morning and starts
to fall further during the second flight as the surface rise of g
stops. There is moist advection from the south during the
day that plays an important role in the ¢ budget, although the
errors in this g gradient and the moisture budget are larger
than in the sensible heat budget. The inversion level mois-
ture flux increases during the day (Table 2) as the inversion
level Bowen ratio becomes less negative, so dg/dt falls as the
moistening of the layer, both by vertical flux divergence and
moist advection, drops. Note that for the second flight, near
2100 UTC, two legs are significantly drier, coincident in time
with a small drop in the surface g mean (a 30-min average),
suggesting a brief period of advection of drier air over the
FIFE site during this time. The time sequence of g at the
surface also shows a maximum near the surface temperature
maximum; the g budget with zero advection has a larger
residual for Az = 0.38, but both normalized residuals are =1.
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5.3. October 7, 1987

There were again two grid flights on October 7, which had
weaker winds from the north. In October the surface vege-
tation has largely died, the surface Bowen ratio is large, and
q values are small. The soundings show important changes
at the inversion, which are seen down to the surface,
especially in dg/dt (see Figure 9). For the morning flight the
inversion height is around 780 m, with an inversion Bowen
ratio initially around —0.8. However, the sounding at 1747
UTC (not shown) toward the end of the aircraft pattern
shows that a dry g layer above has disappeared, and there is
no drop of g at the weak inversion. Simultaneously, the
surface data shows a change from drying to moistening,
presumably related to the cessation in the entrainment of
drier air at the inversion. Shortly afterward (1830-1900 UTC)
the ABL breaks through into a deep, nearly adiabatic layer
above, with 8 ~ 288.5 K, and rapidly deepens to a depth
Z; = 1575 m. Its top remains at that depth, where there is a
stable stratification, for the rest of the day. The inversion
Bowen ratio returns to approximately —0.5, and the drying
of the ABL resumes because the inversion level g flux
exceeds the small evaporation at the surface (Table 2). These
changes have a large impact on our budget analysis. Figure
8 shows the time trend of 6. At first sight there appears to be
cold advection for both flights (winds are from the north; see
Table 1). Both the morning and the afternoon 6 budgets
(Table 4) have positive residuals, larger than the error
estimate, which are comparable to the northerly ‘‘cold
advection.”” In the afternoon the surface 36/d¢ shows
marked curvature as the superadiabatic layer cools and the
surface heat flux falls (while the inversion height and Bowen
ratio change little), so it is again possible (as on August 15)
that some of the curvature in the aircraft profile is a real-time
dependence and is not caused by the y gradient. For flight
34, in the morning, there is a distinct change of slope in 96/9¢
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Fig. 9. As Figure 5 for October 7, 1987.

in the aircraft data and at the surface around 1730 UTC, as
the mixed layer breaks through a weak inversion and rapidly
deepens. This change is very clear in Figure 9 which shows
the g trends with time. For the morning flight the negative
residual in the g budget is comparable to the y advection
derived from the linear regression. However, when we
inspect Figure 9, we see similar time changes at the surface
and aircraft level (80 m), which strongly suggests that our
linear assumption is here also in error. The aircraft trend
faithfully reflects the g minimum seen at the surface and is
almost certainly associated with the change in g flux at the
inversion, which we discussed earlier. Thus the aircraft leg
means most likely reflect a real-time trend. Since the g
minimum occurs close to the time of the southern legs of the
grid pattern, however, the linear regression incorrectly in-
terprets it as a y gradient of g. The limitation of our linear
regression analysis using single aircraft data is again appar-
ent. Fortunately, there is sufficient coincident surface and
sounding data to give a qualitative interpretation of the
residual error, as well as some physical appreciation of how
inversion level processes are coupled right down to the
surface.

5.4. October 11, 1987

The grid flight on October 11 (with a very light southwest-
erly wind) also spanned a major change in inversion level g
and in the corresponding inversion level g flux. During the
aircraft pattern the ABL depth was in the range of 900-1100
m, but the soundings give very different inversion level
Bowen ratios. Prior to the grid flight, two soundings have a
thin dry layer in the range 900-1000 m, just above the ABL,
and a corresponding inversion Bowen ratio of approximately
—0.7. Early in the aircraft pattern the ABL top reached this
level, and the dry layer disappeared. Subsequently, there
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was no drop of g at the ABL top, and so no ¢ flux associated
with entrainment. Figure 11 suggests this change occurred
quite suddenly near 1725 UTC, shortly after the start of the
aircraft flight. We therefore excluded the first two aircraft
legs from the budget analysis. The advection terms are small
on this day, because the winds are very light. Figure 10
shows the time change of 6. The budget residual is within the
error and represents a close balance of heating and vertical
flux divergence. Figure 11 shows the time change of g. The
surface g shows a minimum at 1745 UTC (a 30-min average
from 1730 to 1800), while the aircraft data shows a sharp fall
between the first and subsequent legs. The linear regression
used only the data from legs 3 to 18 (legs 11-16 are also
missing because of bad data). We believe that this increase
of g with time corresponds to the very large Bowen ratio
(small ¢ flux) at the inversion seen in the 1826 UTC and
subsequent soundings. The g budget is satisfactory.

5.5. October 12, 1987

October 12 had very light winds from the WNW, and the

ABL was uniformly warming and drying throughout the
aircraft grid flight. The ABL was shallow and growing
slowly, with a depth near 500 m; the surface Bowen ratio
was large, and at the inversion 8; = —0.5 and fairly steady.
The inversion level g flux is thus larger than at the surface
(Table 2), so that the ABL dries.

The aircraft flew a double coarse grid pattern this day,
consisting of four legs from north to south at double the y
spacing shown in Figure 1, repeated a total of 4 times. We
assume linearity of the y and ¢ gradients to perform the
regression analysis, but now we can see a repeated pattern.
Figure 12 shows the (8,?) plot. It is warmer to the south on
both patterns, so with a weak northerly wind component
there is clearly weak cold advection. The advection terms
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are small (Table 4) compared to the errors in the vertical flux
gradient. These errors are large because the ABL is shallow
and there is uncertainty both as to its depth and as to the
value of Az, the entrainment parameter. The residual is
smaller than our error estimate. Figure 13 shows the ¢
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Fig. 12. As Figure 4 for October 12, 1987.
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change with time, again showing a repeated y gradient
pattern. Again, however, the advection terms are small
compared with dq/3¢ and aF ,/dZ. The q budget balances
well within the errors. The primary reason for the strong
drying of the layer is entrainment of dry air at the inversion.
Uncomplicated budgets such as these give us confidence in
our mean value of Ap.

5.6. October 13, 1987

This day required the most subjective analysis because of
its complexity. We would have excluded it, except that it
shows fascinating structure and was the only grid flight
documenting the initial growth of the mixed layer in the early
morning. In addition, another flight later in the day was
analyzed by Betts et al. [1990]. The ABL depth grew from
about 100 m to about 350 m during this early morning aircraft
flight. The wind was strong, from the SSW. The first three
legs were in the entrainment layer of negative heat flux, and
these were excluded from the analysis. The aircraft again
flew a repeated coarse grid pattern, as on October 12. The
inversion level Bowen ratio dropped sharply between the
soundings at 1437 and 1535 UTC, and the ¢ data suggest the
change happened sharply at 1530. The last three aircraft legs
show a sharp fall of g, mirroring that seen in the surface
data. Therefore we also excluded these three legs also from
the regression analysis.

Figure 14 shows the 8 trends for the day. The pattern was
again a double minigrid, showing large cold advection with a
strong southerly wind. The first flight started in the early
morning when the mixed layer was barely 100 m deep, so
both 6 and ABL depth are changing very rapidly. The &
budget shows a normalized residual of =1, and it is possible
that the cold advection, derived from only 10 legs, has been
overestimated. The four solid squares (labeled NAE stack)
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represent four stack averages for the afternoon flight, one of
those analyzed by Betts et al. [1990]. There was still cold
advection for this flight, although the magnitude was smaller.

Figure 15 shows the corresponding g trends. The remark-
able feature, mentioned earlier, is the change from moisten-
ing to drying that occurs near 1530 UTC, apparently associ-
ated with a sharp fall in the inversion level Bowen ratio from
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Fig. 15. As Figure 5 for October 13, 1987.
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about —2 to values as small as approximately —0.3 later in
the day. Our linear fit to the g data (solid curve), which
excludes both the first three legs (which are in the entraining
layer) and the last three legs (after g falls abruptly), shows no
significant g advection. We see once again in Figure 15 the
dramatic coupling between changes in inversion level en-
trainment and the time changes in the ABL all the way down
to the surface.

6. DiscussioN AND CONCLUSIONS

This paper extends the budget analysis begun by Betts et
al. [1990] to the FIFE 1987 grid pattern flights by the
Canadian NAE Twin Otter research aircraft. Several prelim-
inary conclusions by Betts et al. are confirmed by this
different data set. The aircraft consistently underestimate
the sensible and latent heat fluxes compared with the surface
data, corrected using vertical gradients to the same level.
However, by making two corrections to the data, it has been
possible to reduce these underestimates considerably from
those shown by Beits et al. [1990]. The mean surface flux
measurements have been reduced following a recalibration
of the net radiometers used by the Bowen ratio surface flux
sites. In addition, the aircraft fluxes have been increased by
13% as a result of using vertical eddy winds based solely on
the Litton inertial navigation system. There remains a resid-
ual flux underestimate by the aircraft relative to a mean of
the surface flux sites, which we estimate to be about 18 =
8%. This is of the order expected [MacPherson, 1990] from
the high-pass filtering at 0.012 Hz and the undersampling of
long wavelength contributions (the FIFE runs were only 15
km long). We suspect that there may also be biases in the
heat and moisture fluxes from the surface sites, because the
ratio of aircraft to surface fluxes is lower for sensible than for
latent heat. The gap is small in July and August but much
larger in October. In October, when the surface latent heat
fluxes are very low (=60 W m ~2) after most of the grassland
vegetation has died, the aircraft fluxes are in fact larger than
the surface mean by 23 = 16%, roughly 15 W m ~2. Since we
have no reason to expect the aircraft system to behave
differently with season, this would suggest that the surface
sites may be undersampling the area mean evapotranspira-
tion by as much as 30 W m 2 in October. This value seems
large. It is possible that the vegetation in the gullies is still
transpiring in October and that this contributes to the flux
seen by the aircraft but is not well sampled by the surface
stations. A more likely reason is a larger systematic bias in
the Bowen ratio stations in October, when the surface

larga morananal camminicatin

Bowen ratio is large \1_4 Suuth, Pblauual communication,
1991). We show that the October aircraft to surface flux
ratios are consistent with an 18% aircraft flux underestimate
and a surface flux bias of 31 W m ™2, with the surface latent
(sensible) heat flux being low (high) by this amount.

A second, somewhat surprising result of great importance
to FIFE and ABL research in general is that the inversion
level fluxes caused by ABL top entrainment appear to be
about double those used in many simple mixed layer closure
models. Betts et al. [1990] estimated a mixed layer closure
parameter A, = 0.43 * 0.12, and here we found 0.38 =+
0.16. The long-accepted value for free convective boundary
layers has been Az = 0.2. Although some flight days had
strong winds, when turbulence generated by surface shear
might be expected to drive additional entrainment, others
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with high entrainment had light winds. The impact of this
greater entrainment is threefold: the ABL grows more rap-
idly, warms more rapidly, and entrains dry air more rapidly.
This has a big impact on the ABL moisture budget. When the
surface moisture flux is large as in the summer, it reduces the
moistening of the ABL; when the surface moisture flux is
low, as in the fall, it produces a drying of the ABL during the
day. These solutions for idealized mixed layers are discussed
by Beits [this issue]. This possibility of high-entrainment
rates is so important that it needs further study. The lidar
studies of mean ABL growth might be used to estimate mean
entrainment rates. Future experiments should include con-
tinuous profiling of boundary layer depth and inversion
strength by surface-based systems.

The budget analyses using a mixed layer model were
generally encouraging, although the errors, particularly in
measuring horizontal advection, are significant. Both Betts
et al. [1990] and this study found that a single aircraft could
estimate the horizontal advection on the 15-km scale of the
FIFE network, provided the gradients in time and space
remained approximately constant during a flight. The error
in measuring the north-south advection in high winds is,
however, quite large, with north-south pattern sizes of only
10-15 km. In two afternoon flights, which spanned the
surface temperature maximum, the nonlinearity of 46/3¢
introduced significant but unknown errors into the estimate
of the north-south advection. We recommend that flights be
made nearer local noon when the rise of temperature is more
linear. The repeated minigrid pattern has a clear advantage
in separating the time and space derivatives using a single
aircraft, because the pattern associated with advection is
repeated.

This analysis has shown the importance of the FIFE
network of integrated observations. The sonde data give the
crucial inversion depth and the estimate of the inversion
level Bowen ratio. Sudden changes in entrainment at the
inversion can be seen reflected in both the aircraft and the
surface data. The comparison of the aircraft and surface time
trends showed us cases where the aircraft pattern included
sudden transitions, and the gradients did not satisfy the
linearity conditions in time. We can now use simple mixed
layer models for the growth of the cloud-free ABL over the
FIFE network with some confidence and some awareness of
the variability associated with horizontal advection and
changes in the thermodynamic properties of the air entrained
at the inversion.
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