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ABSTRACT

The northeastern United States is subject to relatively frequent passages of frontal systems during the growing
season. After a frontal passage, the newly arrived air mass is gradually modified by the underlying, mostly
vegetated landscape. For the 1995–98 growing seasons, 25 frontal sequences with at least 4 days between frontal
passages were identified; 16 had sufficient data continuity for rigorous analysis. A composite of sequences
featuring the daily appearance of boundary layer cumulus clouds (BLcu) indicates a diminished role for en-
trainment and other external forcings because of the daily occurrence of a rapid growth phase in the mixed-
layer (ML) diurnal evolution subsequent to day 1. Between frontal passages, net heat and moisture flux con-
vergence in the ML is near zero, but during the warming and moistening phase, the surface flux terms, through
a net radiation–BLcu feedback, are the principal controls on the tendencies of the ML temperature u and specific
humidity q. The combination of the u and q tendencies leads to a nearly constant lifting condensation level,
relative humidity, and BLcu cloud fraction during the latter part of the sequences. The presence of BLcu enhances
water use efficiency and net afternoon carbon uptake throughout the sequence, with day 4 featuring optimal
conditions. A multiday box model was used to perform sensitivity studies on subsidence, the lapse rate guy

above the ML, cloud mass flux, and the regional surface Bowen ratio breg. The effects of subsidence and guy

on ML processes are most conspicuous on day 1; during subsequent days, the rapid growth phase dominates
the ML growth equation and reduces the impact of these external terms. Increasing breg to 3.5 reduces BLcu
fraction to less than 20% and produces little net moistening of the ML, whereas reducing breg by 30% increases
sequence BLcu coverage by 30%–80%. In sum, the presence of a net radiation–BLcu feedback allows for the
establishment of an equilibrium in the ML heat and moisture tendencies and ensures the appearance of BLcu
on each day of the sequence, thus sustaining favorable conditions for forest–atmosphere exchange (i.e., carbon
uptake).

1. Introduction

During the spring–summer growing season, a pro-
cession of frontal systems moves across the northeastern
U.S. region, ushering in drier and usually cooler air
masses. The relatively frequent (usually one to two per
week) passage of cold (or ‘‘dry’’) fronts has a cumu-
lative impact on forest–atmosphere exchange, in that
the periodic replacement of overlying air masses min-
imizes the potential for environmental stresses such as
high surface temperatures and excessive vapor pressure
deficits (VPDs). Forests locally modify these air masses
through evapotranspiration (ET), injecting moisture into
the atmosphere and facilitating the formation of bound-
ary layer cumulus clouds (Freedman et al. 2001). Recent
studies suggest that boundary layer cumulus clouds
(BLcu), by modifying the light environment and tem-
pering the buildup of heat, provide favorable conditions
for carbon uptake (Freedman et al. 2001).
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Sequences of undisturbed weather allow the mixed
layer (ML) to accumulate heat, moisture, and atmo-
spheric pollutants over a period of time, affecting local
and regional surface–atmosphere exchange through
feedbacks associated with environmental parameters
such as VPD, insolation (through cloud shading), and
air quality. The presence of a preexisting residual layer
following the first day after a frontal passage allows for
the rapid growth of the morning convective boundary
layer and remixing of scalars from the previous day’s
diurnal cycle, facilitating the formation of BLcu. The
existence of a nearly adiabatic residual layer beneath
the capping inversion also diminishes the role of en-
trainment of air from the ‘‘free’’ atmosphere (FA) above
in mixed layer growth and ML heat and moisture ten-
dencies.

Airmass modification has been analyzed quantita-
tively by Burke (1945), and its theoretical underpinnings
were set forth by Businger (1954). Both these studies
focused on the case of cold air advection over warmer
ocean waters, a frequent occurrence during the autumn
and winter seasons off the east coast of the United
States. Over land, airmass modification has usually been
associated with the development of internal boundary
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layers as air from one distinct region moves over a
substantially different surface [e.g., lake → land; irri-
gated crops → nonirrigated grassland; see Oke (1987)].
Air pollution studies examine the modification of chem-
ical constituents over several days, especially in the con-
text of air stagnation (e.g., Su 1998; Zhang 1998). Here,
the focus is on the transformation of an air mass through
local (surface flux convergence into the boundary layer)
and synoptic (advective) influences as it settles over the
predominantly forested northeastern United States. Such
sequences, to the authors’ knowledge, have not been
analyzed in the context of forest–atmosphere ex-
change—the cumulative effect of surface flux conver-
gence and the modulation of the mixed-layer heat and
moisture budgets by the presence or absence of BLcu.

Previous studies involving surface–atmosphere ex-
change characteristically examine a single diurnal cycle
or a suite of unrelated days (Betts et al. 1996; Betts and
Ball 1995) without considering the impact of airmass
modification and accompanying thermodynamic feed-
backs associated with accumulating heat and moisture
in the ML. Thus, composites of ‘‘golden’’ days, chosen
to accommodate remote sensing needs, are biased to-
ward the ‘‘best’’ weather days, which usually occur after
a frontal passage when a fresh air mass moves into a
region (see Sellers et al. 1992, but cf. Sellers et al. 1995).
During a typical growing season, more than 80% of ET
and daytime net carbon uptake occurs on such days
(Freedman et al. 2001). By analyzing a sequence of
days, the effects of airmass modification and potential
feedbacks within and above the mixed layer can be ex-
amined and a truer picture of mixed-layer dynamics over
the course of several days is possible.

Here, a composited sequence featuring the daily ap-
pearance of BLcu is analyzed in terms of the ML heat
and moisture budgets, including the surface sensible and
latent heat fluxes (H and LE), carbon uptake, and trans-
port terms, including advection, cloud mass flux, and
subsidence. A multiday model sensitivity analysis is
presented to examine the feedbacks among BLcu, the
surface, ML, cloud layer, and the FA above.

2. Data

Since 1991, groups from the Atmospheric Sciences
Research Center (ASRC) and Harvard University have
made nearly continuous atmospheric turbulence and
trace gas measurements at the Environmental Monitor-
ing Site, a 30-m instrumented tower at Harvard Forest
(HF), located in north-central Massachusetts (42.548N,
72.188W). The site topography features gently rolling
terrain, varying between 300 and 350 m above sea level.
The forest is 50–70 years old and contains a mixture
of red oak, red maple, and hemlock. A variety of in-
struments record turbulent fluxes, solar and terrestrial
radiation, temperature, humidity, wind profiles, and
trace gas concentrations [see Sakai et al. (1997) and
Moore et al. (1996) for further details]. An Automated

Surface Observing System (ASOS) station operated by
the Federal Aviation Administration is 10 km west-
northwest of HF, at the Orange Municipal Airport
(ORE). ORE is located in a bowl-shaped valley, open
to the south, at an elevation of 155 m. The ASOS in-
strumentation (NWS 1998) is in a sandy area surrounded
by grass and shrubs. Two runways and a taxiway are
about 100 m away, with mixed woods surrounding the
airport on three sides. The ORE ASOS data used in this
study consist of hourly and special observations ar-
chived at the Department of Earth and Atmospheric Sci-
ences of the University at Albany, State University of
New York (UASUNY). Another ASOS station, located
at the Worcester, Massachusetts, Regional Airport, is 39
km to the southeast of HF at an elevation of 308 m.
These data consist of 5-min observations from the Na-
tional Climatic Data Center. Sounding data are from
upper-air observations made 2 times daily (2300 and
1100 UTC, or 1900 and 0700 LT) at Albany, New York
(ALB), about 120 km to the west (the closest available
upper-air station), and obtained from the National Cli-
matic Data Center’s Internet site (www.noaa.ncdc.com)
or the National Weather Service Forecast Office in Al-
bany (see Fig. 1). Surface and upper-air analyses were
supplemented by the National Centers for Environmen-
tal Prediction (NCEP) Eta and Rapid Update Cycle mod-
el-initialized data, archived at UASUNY–National Cen-
ter for Atmospheric Research and the NCEP reanalysis
project (wesley.wwb.noaa.gov/reanalysis).

3. Methodology

a. Frontal case identification

Frontal cases were identified by examining time series
of surface meteorological parameters and daily synoptic
charts, using the traditional definition of a surface front
(as depicted on daily weather maps): a transition zone
between two air masses of different densities (Huschke
1959). A postfrontal sequence was defined as at least a
4-day period after the initial frontal passage and before
the passage of the next significant synoptic system (usu-
ally another front). This minimum in sequence length
was chosen to ensure synoptic influences could be sep-
arated from local contributions in the budget analysis.
The first full day following a frontal passage was iden-
tified as ‘‘day 1,’’ with all cases having a frontal passage
up to several hours before 2300 LT of the first day.
Twenty-five cases were identified using this method.
[This number, about six per season, is consistent with
the anticyclone climatological statistics given in Har-
man (1987)]. Because of data problems (i.e., missing
data from parts of a sequence for a dataset), 16 cases
are used in this study, 5 each from 1995 and 1997 and
6 from 1998 (see Table 1). All cases had a sequence
length of between 4 and 6 days. A composite length of
5 days was chosen, with day 6 of six cases averaged
into day 5.



AUGUST 2001 421F R E E D M A N A N D F I T Z J A R R A L D

FIG. 1. Frontal sequence for days 205–209, 1998: (a) Orange, MA (ORE), sea level pressure (dotted line) and 10-m wind speed and
direction (a single barb is 1 m s21), (b) ORE 2-m (solid line) and Harvard Forest (HF) 27-m (dotted line) temperature, (c) ORE 2-m (solid
line) and HF 27-m (dotted line) specific humidity, and (d) ORE cloud ceiling (x: BLcu; h: high clouds; F: fog) and ORE (solid line) and
HF (dotted line) LCL.

TABLE 1. Frontal cases, types, and source regions.

Date Type Source region of air mass

15–19 Jun 1995
2–6 Jul 1995
9–14 Jul 1995
30 Jul–2 Aug 1995
7–11 Aug 1995
8–12 Jun 1997

Few clouds
BLcu
BLcu
Few clouds
Few clouds
Few clouds

Central Ontario
Great Plains
Midwest
Southern Ontario
Quebec
Northern Great Plains

27 Jun–2 Jul 1997
10–15 Jul 1997
29 Jul–3 Aug 1997
6–10 Aug 1997
2–5 Jul 1998

BLcu
BLcu
BLcu
BLcu
BLcu

Midwest
Midwest
Saskatchewan–Manitoba
Midwest
Central Great Plains

11–16 Jul 1998
24–28 Jul 1998
31 Jul–5 Aug 1998
12–15 Aug 1998
19–23 Aug 1998

BLcu
BLcu
BLcu
BLcu
BLcu

Upper Midwest
Northern Great Plains
Saskatchewan–Manitoba
Ontario
Ontario

Source regions for air masses advecting into the
Northeast were identified by back-trajectory analysis
(going back 5 days from the beginning of the third day
of a sequence) using the Hybrid Single-Particle La-
grangian Integrated Trajectory model, obtained at the
National Oceanographic and Atmospheric Administration
Internet site (www.arl.noaa.gov/ss/models/hysplit.html).
They varied from the central and northern plains of the
United States and Canada to Quebec (Table 1). These
source regions are also consistent with the mean month-
ly anticyclone description of Harman (1987).

For a typical case, after frontal passage, drier and
usually cooler air is advected into the region on north-
westerly winds during day 1 (see Figs. 1a and 2a). Sub-
sequent to passage, as a surface anticyclone moves into
the northeastern United States, winds become light, and
temperatures and humidity gradually increase (Figs. 1a,
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FIG. 2. Synoptic surface map with sea level pressure (hPa) for 24–28 Jul 1998 BLcu sequence.

2b, and 2c). As the high moves east, warmer and more
humid air flows into the region on increasingly strong
southwesterly winds ahead of the next frontal system (Figs.
1a, 1b, 2c, and 2d). Note that areas within several hundred
kilometers southwest of HF and ORE are mostly forested.

From the remaining 16 cases, two case types were
distinguished (see Table 1): those featuring the daily
formation (at least two consecutive hours) of BLcu
clouds (12 cases), as in Fig. 1 and those that were pre-
dominantly cloud free (‘‘few clouds’’) (4 cases).

b. HF–ORE site differences

Because many numerical weather prediction and cli-
mate models incorporate meteorological data from
ASOS stations, the representativeness of these surface
observations has implications for the efficacy of short-
term forecasting of weather and air pollution events and
longer-term climate prediction. For example, during typ-
ical afternoon convective conditions the surface-based
lifting condensation level (LCL) is several hundred me-
ters higher at ORE than that observed at HF (see Fig.
1d). Cloud ceilings, however, follow the ORE LCL,

indicating that the most vigorous thermals (that tend to
produce clouds) are generated over warmer, cleared ar-
eas (cf. MacPherson and Betts 1997). Both the LCL and
BLcu cloud base are usually less than 20% above the
height of the convective boundary layer (Stommel 1947;
Stull and Eloranta 1985; Fitzjarrald and Moore 1994;
Freedman et al. 2001); using the methods of Holtslag
and van Ulden (1983, see section 5) to estimate the
buoyancy flux and ML height zi at ORE, the estimated
ML height is much closer to the observed BLcu cloud
base at ORE than at HF [details are given in the Freed-
man (2000) appendixes]. Given that the area surround-
ing and including HF and ORE is 85% forested (Foster
1992), ‘‘hot spots’’ such as developed lands (e.g., air-
ports) are probably important sources of thermals able
to reach their LCLs. Thus, one must be careful in choos-
ing particular sites for making estimates of ML height,
particularly in air pollution studies (e.g., Zhang 1998).

Differences in surface temperature between Harvard
Forest and the Orange ASOS station (Fig. 1b) reflect
dissimilar site characteristics and instrument heights.
The ASOS temperature and humidity sensors at ORE
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FIG. 3. Typical ML growth sequence during days 2–5 of frontal
sequence. See text for details.

are 2 m above the surface. At HF, the top-level tem-
perature and humidity measurements are 27 m above
the surface and 5 m above the canopy top, or about 14
m above the displacement height. From surface simi-
larity relationships for convective conditions (Paulson
1970; Deardorff 1972), the instrument height difference
results in temperatures 0.5–1.0 K warmer at ORE, de-
pending on sky and wind state. Given an assumption of
an adiabatic lapse rate during convective conditions, the
elevation difference between the two sites (about 150
m) accounts for an additional 1.5 K. The remaining
daytime discrepancy, about 0.5–2 K, is probably related
to the contrasting site attributes (i.e., the sensible heat
flux at ORE is estimated to be 2 times that measured
at HF; see discussion below). The specific humidity
differences, however, are slight.

c. Mixed-layer budgets

The budget equations integrated across a mixed layer
of thickness h are given by

]u F 2 Fm us uirC 5p ]t h

]u ]Qm1 rC 2v · =u 2 w 2 (1)p m h1 2 1 2[ ]]z ]z

F 2 F]q ]qqs qim mrL 5 1 rhL 2v · =q 2 w , (2)m h1 2[ ]]t h ]z

where Fu 5 rCp and Fq 5 rL are the heat andw9u9 w9q9
moisture fluxes, r is air density, Cp is specific heat ca-
pacity, u is potential temperature, v is the horizontal
wind, L is the latent heat of vaporization, m refers to
mixed layer values, and s and i refer to the surface and
mixed layer top. The first term in brackets is horizontal
advection, h is the large-scale subsidence, (]Q/]z) rep-w
resents radiative flux divergence, and overbars denote
mixed layer averages. After the approach of Garstang
and Fitzjarrald (1999, p. 278), the large-scale subsidence
in the mixed layer can be given as h 5 (1 2 sc)wenvw
1 scwca, where wenv is the environmental between-cloud
subsidence, sc is the active cloud updraft area, and wca

is the cloud updraft velocity.
Estimates of the radiative cooling rates were taken

from Liou (1992, 393–396) using the equation

ov clrQ 5 hQ | 1 (1 2 h)Q | ,s,ir s,ir s,ir (3)

where Q is the net radiative cooling, h is the cloud
fraction, the subscripts s and ir refer to solar and infrared
heating or cooling rates, and the superscripts ov and clr
refer to overcast and clear values.

During the first day of a frontal sequence, following
a rapid cooloff and drydown, temperature and moisture
advection diminish as the boundary layer grows into the
new overlying air mass by entrainment (e.g., Garratt
1992; see Figs. 3 and 4a). During subsequent days, how-

ever, the diurnal boundary layer evolution proceeds in
three phases. After sunset, a nocturnal boundary layer
is established through creation of a surface inversion
due to radiative cooling (SL in Fig. 3). Above this layer
lies the residual mixed layer from the previous day (RL),
and, if active clouds form, a cloud layer (CL) may be
present, the thickness of which slowly decreases because
of subsidence. Overnight, the net radiative flux diver-
gence and subsidence terms usually balance (although
the presence of clouds or residual moisture near the
inversion overnight would favor cooling), leaving ad-
vection as the only potentially significant term (see Ta-
bles 2 and 3).

After sunrise, the nocturnal inversion breaks down,
and the mixed layer grows rapidly into the previous
day’s residual layer (RG in Fig. 3). This growth takes
place over a very short time, usually 1–2 h (see Dear-
dorff 1974). During this growth phase, ]h/dt ø 0.15w*
(Deardorff 1974; Garratt 1992), where w* 5 (ghFus/

y )1/3, and this rapid energizing of the RL allows foru
the remixing of air from the previous day’s fossil mixed-
layer reservoir into the new ML.

During the afternoon phase dh/dt is negligible, and
the entrainment fluxes are estimated by the relationships

F 5 cF ; 2Du(2w ) and (4)u i u s hy y

F 5 2Dq(2w ), (5)qi h

as recognized by Ball (1960) and later by Tennekes
(1973), Carson (1973), and Betts (1973). Here, Du and
Dq represent the change in u and q across the inversion,
and c is a constant frequently given the value of 0.2
(e.g., Stull 1988, but cf. Betts and Barr 1996). Subsi-
dence rates calculated from (4) and (5) above are gen-
erally within 20%–30% of those given by estimates from
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FIG. 4. BOREAS soundings from Thompson, MB, Canada, for (a) 6 Jun 1994, first day after a
frontal passage, and (b) 8 Aug 1994, second day after a frontal passage.

TABLE 2. Mixed-layer heat budget for BLcu composite: day
(0700–1900 LT) and night (1900–0700 LT) (K).

Day ]u/]t Fus Fui 2v·¹um wh(u ) wca(u ) ]Q/]z

1 (day)
(night)

2 (day)
(night)

3 (day)
(night)

4 (day)
(night)

5 (day)

21.70
20.45

2.32
20.08

2.05
20.43

2.69
20.33

2.72

1.72
0.00
1.66
0.00
1.17
0.00
1.70
0.00
1.70

0.33
0.00
0.33
0.00
0.23
0.00
0.34
0.00
0.34

23.74
21.77

0.48
20.44

0.88
20.18

0.94
0.83
1.36

0.00
2.15
0.0
0.97
0.00
0.58
0.00
0.34
0.00

0.0
—
0.0
—

20.1
—

20.14
—

20.26

20.08
20.83
20.15
20.83
20.13
20.83
20.15
20.83
20.42

the sounding sequence [from the technique of Carson
and Stull (1986)], and the NCEP 850-hPa reanalysis (see
Table 4).

At some point during the sequence, some clouds are
able to reach the level of free convection (LFC). These
clouds become ‘‘active’’ (Albrecht 1979; Stull 1985)
and vent ML air into the lower FA, drying and warming
the ML but cooling and moistening the cloud layer.
Albrecht (1979) cites a maximum of 3% for the per-
centage of active cloud updrafts over the subtropical
ocean. Here, the percentage of active clouds is assumed
to be inversely proportional to the height of the LFC
above the LCL, with a maximum of 3% (Albrecht 1979).
A cloud updraft velocity wca of 1 m s21 is also assumed.

The fractional cloud cover depends in part on the time
required for inactive clouds to evaporate and mix with
the environment (Albrecht 1981). For the purposes of
this study, a steady state between active and decaying
clouds is assumed.

Dividing (1) by (2) and implicitly including the terms
in brackets gives a daily tendency Bowen ratio (Fitzjar-
rald et al. 2001) of

]u
h

rC ]tp
b9 [ . (6)

rL ]q
h

]t

During sequences b9 ; b [ Fu/Fq, implying that the
bracketed terms in (1) and (2) are either negligible or
proportional to the surface flux (see below).

4. Observations
Results from a composite of frontal sequences that

feature the near-daily appearance of BLcu follow.

a. BLcu cases

1) ML TRENDS

Although two distinct case types have been identified
(sequences with BLcu and those with virtually no
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TABLE 3. Mixed-layer moisture budget for BLcu composite: day
(0700–1900 LT) and night (1900–0700 LT) (g kg21).

Day ]q/]t Fqs Fqi 2v·¹qm wh(q) wca(q)

1 (day)*
(night)

2 (day)
(night)

3 (day)
(night)

4 (day)
(night)

5 (day)

25.35
0.01

20.01
0.71
1.09
0.47
1.48
0.08
1.58

1.15
0.00
1.10
0.00
1.07
0.00
1.28
0.00
1.30

20.72
0.00

20.24
0.00

20.21
0.00

20.27
0.00

20.23

24.92
0.47

20.86
0.95
0.23
0.03
0.69
0.23
1.08

0.00
20.46

0.00
20.24

0.00
20.28

0.00
20.28

0.00

0.00
0.00
0.00
0.00

20.11
0.00

20.22
0.00

20.54

* For day 1, includes period from frontal passage on previous day
through 0700 LT.

TABLE 4. Subsidence estimates (m s21).

Day Soundings NCEP Budget Used

1
2
3
4
5

20.007
20.003
20.006
20.005

—

20.011
20.005
20.004
20.002
20.002

20.011
20.010
20.007
20.006
20.004

20.010
20.0054
20.0047
20.0039
20.0030

clouds), the number of few-clouds cases (four) precludes
us from developing a composite. For the four years
analyzed (1995–98), only one other such case was iden-
tified during the summer growing season (June–Au-
gust), indicating the rarity of these events. However,
analysis of the BLcu cases (N 5 12) through the meth-
odology of Brown and Hall (1999) (who use a modified
t test to ascertain the robustness of means given a small
sample) indicates that the means given in Tables 2 and
3 are significant at the 5% level (i.e., the composite
means are not significantly different from the population
parameters they are chosen from), thus taking a com-
posite of these data seems reasonable. A qualitative
comparison with the few-clouds cases is presented in
Freedman (2000).

Several hours prior to 0000 LT of day 1 of the BLcu
composite (the average time of frontal passage was 1630
LT the previous day, varying from 14 h prior to 3 h
after 0000 LT of day 1) and into the afternoon of the
first day, significant dry-air advection (;25 g kg21)
occurs at the surface and aloft (Figs. 5c and 6b). This
rapid drydown is typical of all the sequences analyzed.
BLcu form readily as moderate winds (;3–6 m s21)
out of the northwest combine with regional topography
(see Freedman et al. 2001) and surface forcing to pro-
duce clouds (Fig. 5d). By the late afternoon of day 2,
the surface pressure peaks, and the wind shifts into the
southwest or south for the remainder of the sequence.

Throughout the sequence, superimposed on the di-
urnal cycle, the temperature moves steadily upward
(Fig. 5b). For the humidity time series, the initial rapid
drying during day 1 is followed by a gradual moistening
of the overlying air mass. From day 2 onward, after
sunrise but before the rapid growth phase, LE flux con-
vergence produces a brief rise in the surface specific
humidity (AJs in Fig. 5c). As the morning inversion
dissipates, q falls rapidly during the late morning in
response to vigorous remixing of drier residual-layer air
downward, after which it remains constant or rises
steadily during the afternoon. This q cycle has been
observed by Martin et al. (1988), Mahrt (1991), and
Betts (1992). During the early-evening transition, there
is a jump in q (PJs in Fig. 5c) as residual positive LE

flux (driven by plant transpiration) converges into the
newly forming shallow nocturnal surface layer (Fitzjar-
rald and Lala 1989; Acevedo and Fitzjarrald 1999).
Overnight, surface q falls, a likely result of dew de-
position.

In response to both large-scale subsidence and in-
creasing ML humidity, both zi and the LCL fall from
day 2 onward (Fig. 5d). BLcu onset time varies from
0900 to 1100 LT, within the rapid growth phase. There
is a minimum in BLcu sky fraction on day 2, with a
gradual increase during days 3 and 4 as both zi and the
LCL fall.

The heating and moistening of the mixed layer and
the atmosphere above are evident in a composite time
series of the 1100 and 2300 UTC (0700 and 1900 LT)
soundings from ALB (Fig. 6). [Note that the evening
soundings fail to capture the afternoon superadiabatic
layer (Fig. 6a), and they also show some evidence of
dew deposition (Fig. 6b).] Within the mixed layer, the
heating and moistening rate is consistent with the sur-
face values observed at ORE. Above the ML, changes
in u and q are about 1/3 and 1/2 of their ML values, or
about the same as ML advection (Tables 2 and 3). From
the u and q profiles, there is a peak in ML height during
day 2 (;2000 m) followed by a steady decline during
the rest of the composite, a result of large-scale sub-
sidence, an increasing cloud mass flux, and a decrease
in the surface buoyancy flux after day 2.

Wyngaard and Brost (1984) showed that the ML sca-
lar profile is related to the magnitude of the ratio of
inversion level fluxes to the surface fluxes, given by R
5 (w9c9) i/(w9c9)s9, where c is either u or q. For the
moisture fluxes (not shown), R is initially greater than
0.5 but falls to about 0.3 by day 3. This may explain
the differences in q profiles when comparing different
field projects (see, e.g., Mahrt 1976, their Figs. 1 and
2; Garstang and Fitzjarrald 1999, their Figs. 5.14 and
5.16). Compositing only a select group of golden or
‘‘clear’’ days ignores the aggregate effects of airmass
modification on the mixed layer and gives a biased pic-
ture of the thermodynamic structure of the boundary
layer.

Recall the surface and inversion level fluxes from (1)
and (2), Fui 5 rCp( ) i and Fqi 5 rL( ) i. Bothw9u9 w9q9
these terms involve the coupling of the u and q gradients
just below and through the inversion, where entrainment
is taking place. Following the method of Betts (1992),
we can estimate the inversion-level Bowen ratio through
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FIG. 5. Frontal composite for BLcu cases: (a) sea level pressure (hPa) and wind speed and direction (one barb equals 1 m s 21), (b) HF
H flux (W m22) and ORE 2-m temperature (8C), (c) HF LE flux (W m22) and ORE specific humidity [g kg21; AJ represents the morning
jump and PJ is the evening jump in q (see text for explanation)], and (d) LCL and cloud ceiling at ORE [ML height is from ALB 2300
UTC (1900 LT) sounding].

b 5 F /F 5 (C /L)(]u /]q). (7)i ui qi p

The results for the sequence, along with estimated
(ORE) and measured (HF) surface fluxes, are given in
Table 5. In general, entrainment drying (Fqi) is about
1/3 of the surface LE flux at HF, in good agreement
with the profile analysis presented above.

2) ML BUDGET COMPONENTS

An important aspect of the tendency equations (1)
and (2) is the contributions of each of the budget com-
ponents to the overall trend in the surface-based LCL
and ML RH and humidity. Ek and Mahrt (1994) derived
an RH tendency equation to examine the relative con-
tributions of diurnal boundary layer processes to the
ML RH evolution. A modified form of this equation is
given by

](RH)
5 a [(w9q9) 2 c (w9q9) ]1 s q s]t

]qm2 a v · =q 1 w1 h m h1 2[ ]]z

1 a [(w9u9) ](1 1 c )2 s u

]u ]Qm2 a v · =u 1 w 1 , (8)3 h m h1 2[ ]]z ]z

where cu [ c 5 2(w9u9)i/(w9u9)s, cq [ (w9q9) i/(w9q9)s,
a1 5 1/hqs, a2 5 c0RH(dqs/dT)(p/ps)R/Cp, a3 5
RH(dqs/dT)(p/ps)R/Cp, qs is the saturation specific hu-
midity, p is the pressure, and ps is the surface pressure.

Equation (8) represents day-to-day changes of the af-
ternoon minimum RH. Thus, the ML growth term in-
cluded in Ek and Mahrt’s Eq. (9) is negligible and is
not included here. In general, net surface moisture flux
convergence will tend to drive the RH higher (and the
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FIG. 6. Albany composite soundings for BLcu cases. (a), (b) 1100 UTC u (K) and q (g kg21). (c), (d) As in (a) and
(b) but for 2300 UTC.

TABLE 5. Estimated inversion strength, Bowen ratio, and surface and inversion fluxes (0700–1900 LT).

Day
Du
(K)

Dq
(g kg21)

bi

(7)
bi

(budget)
Fui

(W m22)
Fqi

(W m22)
Fus (ORE)

(W m22)
Fqs (HF)

(W m22)

1
2
3
4
5

2.06
2.02
1.57
1.11
1.43

21.74
21.29
21.57
21.12
21.04

20.47
20.64
20.41
20.41
20.57

20.46
20.63
20.75
20.44
20.70

233
234
228
231
231

70
54
37
70
54

163
172
139
154
154

175
171
147
158
176
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FIG. 7. Thermodynamic diagram of hourly daytime (0700–1800 LT) CpT vs Lq (kJ kg21) or
temperature (right axis; K) vs specific humidity (top axis; g kg21). Thin solid curves sloping
upward represent a surface-based lifting condensation level (based on average surface pressure
at ORE of 1000 hPa); thin dotted curves sloping upward to the right are relative humidity. Arrows
in right corner are slope-based Bowen ratios.

LCL lower), whereas entrainment and subsidence will
lower RH. Advection and cloud venting can either de-
crease or increase ML RH. Enhanced surface fluxes, a
result of an increase in net radiation caused by the ab-
sence of clouds, would tend to drive RH lower and the
LCL higher, because D(Cpu) effects are more significant
than D(Lq) during the summer season. From Table 5,
the moisture flux ratio throughout the BLcu sequence
is always less than one (;0.25–0.45), which results in
a positive contribution to the moisture tendency equa-
tion [(2)] from the Fqs,i terms. A key question is how
the other terms in (8) combine to determine whether
clouds form.

Diurnal changes in u and q can be illustrated on a
conservative variable diagram, first introduced by Stom-
mel (1947) and later used by Paluch (1979) and Betts
(1984, 1985) to study entrainment into clouds and BL
processes. For the BLcu composite (Fig. 7) with the
exception of day 1 (when dry-air advection was dom-
inant), there is an early to midafternoon increase in q
(consistent with the above analysis of the inversion level
fluxes) when the ML is convective and entrainment and
any cloud mass flux represent a moisture sink. It may
be that the afternoon drydown observed in previous

work (e.g., Betts and Ball 1995) is an example of the
first day following a frontal passage, when entrainment
(and advection) drying effects are most vigorous, or is
peculiar to sites particularly sensitive to rapid drying of
soil moisture, such as prairie grasslands (Betts et al.
1999), or to canopy stress [i.e., the boreal forests; Moore
et al. (2001)].

The magnitude and direction of the daily heat and
moisture budget components are presented in vector
form (Fig. 8). Here, the bracketed terms in (1) and (2)
are bundled together into a ‘‘transport’’ term. Dry air
advection initially dominates, but from day 2 onward,
surface flux convergence is the principal control on the
direction of the Ml u and q tendencies. Furthermore, the
overall tendency is toward a nearly constant RH and
LCL. The ML moisture flux convergence accounts for
53% of the observed increase. For u, the contribution
from surface sources is 48%. If LE were reduced by 2/
3, reflecting pre-leafout conditions, there would be little
net gain in q for the entire sequence (see below). Be-
cause the majority of the growing season occurs during
fair-weather recovery periods, this supports the results
of Fitzjarrald et al. (2001), who found a nearly constant
‘‘equilibrium’’-tendency Bowen ratio [ 5 1/«RH,b9eq
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FIG. 8. Thermodynamic diagram for BLcu frontal composite. Thick solid line is for ORE;
thick dotted line is for HF. Arrows represent contributions from surface fluxes (solid), transport
terms (dotted), and entrainment (dashed).

where « 5 (L/Cp)(]qsat/]T)] during the summer growing
season at Worcester. Budget analysis of (8) and model
sensitivity studies (see below) show that the partition
of the surface fluxes (Bowen ratio) and the areal cov-
erage of active clouds determines what b9 is maintained
during a particular sequence.

b. Impact on forest–atmosphere exchange

Given the relative contributions of the surface flux
and transport terms to the temperature and moisture ten-
dencies, it is apparent that the net radiation–BLcu feed-
back plays a crucial role in the maintenance of nearly
constant RH, LCL, and afternoon BLcu cloud fraction
during the bulk of the sequence. Thus, an important
question is whether the presence of BLcu is beneficial
to forest–atmosphere exchange.

The cumulative impact of the divergent environmen-
tal conditions for the two case types is demonstrated in
Fig. 9. Initially, net carbon (C) uptake was slightly high-
er on day 1 for the few-clouds sequences. Subsequently,
the more extreme conditions exhibited during the few-
clouds cases (in terms of VPD and surface temperatures)
result in progressively smaller net C uptake until day
5, when conditions abate somewhat as the VPD, in re-
sponse to strong surface moisture advection, decreases.

Conversely, during the BLcu sequence, the presence of
clouds and the static environmental conditions allow for
a steady increase in afternoon net C uptake, with a max-
imum on day 4. As ET was about 20% greater during
the few-clouds composite (there was no evidence of
water stress, probably because of the buffering effect of
deep soil moisture), water use efficiency (WUE), de-
fined here in terms of the carbon dioxide (CO2)–water
vapor flux ratio FCO2/ET (Rosenberg 1983), was much
higher during the BLcu composite, especially during
days 2–4. On day 4, net uptake is 50% higher, WUE is
doubled, and the VPD is 8 hPa less for the BLcu se-
quence. The key result of the above observations is the
opposing trends in afternoon uptake and WUE. The
effect of persistently higher VPDs and surface temper-
atures is a reduction in net afternoon C uptake and a
decrease in WUE. In contrast, the daily presence of
clouds retards the heating of the ML, thereby reducing
the VPD, and allows for the deeper penetration of light
into the forest canopy, increasing WUE.

Baldocchi (1997) observed that the lack of clouds
allows leaves at the top of the canopy to become warmer
and more light saturated than leaves in the lower canopy.
Consequently, these leaves experience enhanced respi-
ration, which lowers rates of net photosynthesis (Bal-
docchi and Harley 1995). Moreover, high VPDs lead to



430 VOLUME 2J O U R N A L O F H Y D R O M E T E O R O L O G Y

FIG. 9. (a) Comparison of midday (1000–1600 LT) FCO2 (mg m22

s21) for BLcu and few-clouds sequences; (b) as in (a), but for WUE
[mg CO2 (g H2O)21]; (c) as in (a), but for VPD (hPa).

TABLE 6. Model input (control).

Day
qFA

(g kg21)
guy

(K m21)
wh

(m s21) sc

1
2
3
4
5

4.23
4.37
5.79
6.64
7.74

0.005 47
0.006 01
0.005 09
0.006 22
0.005 58

20.010
20.0054
20.0047
20.0039
20.0015

0.0
0.0
0.005
0.015
0.03

stomatal closure, further limiting C uptake (Rosenberg
et al. 1983). Cardon et al. (1994) and Barradas and Jones
(1996) have shown that some plants have higher WUEs
in fluctuating light environments, a consequence of fa-
vorable states of stomatal closure and carbon fixation.

The accumulated stress of high temperatures, high
VPDs, and light saturation undoubtedly contributed to
the steady reduction in afternoon FCO2 through day 4 of
the few-clouds sequence. That such a relatively short
sequence of cloudless days featuring increasingly hot,
dry conditions can significantly reduce net C uptake and
WUE means any prolonged drought would likely have
a deleterious impact on forest–atmosphere exchange.

5. Modeling study

The purpose of performing the following model sen-
sitivity study is to examine the role of surface and ex-
ternal forcings in modifying u and q and hence RH and
the LCL. Because only standard meteorological data are
available at ORE, an estimate of the buoyancy flux is

needed to predict the height of the ML. The method-
ology of Holtslag and van Ulden (1983) and De Bruin
and Holtslag (1982) is used to estimate H. A simple
jump model (Driedonks 1982; Garratt 1992) is then used
to estimate the ML height, and it includes predictive
equations for u and q. The ML growth equations include
subsidence, horizontal advection, and cloud mass flux
terms and incorporate a rapid morning ML growth pa-
rameterization for days 2–5 (Deardorff 1974; Garratt
1992). Surface similarity relationships are then used to
estimate surface temperature and humidity (see section
3b). A radiation feedback relating BLcu cloud cover to
the fraction zi/LCL (Freedman 2000) is used as a control
on the magnitude of the surface fluxes. Last, the active
cloud fraction is assumed to vary inversely with the
depth of the layer between cloud base and the level of
free convection (LFC 2 LCL), with a maximum of 0.03
(Albrecht 1979).

a. Control case

Initial conditions for external parameters are taken
from the BLcu composite analysis and used as input to
the model for the control case and are given in Table
6. The daytime trend and magnitude of cloud fraction
compare reasonably well with the observations, al-
though model sky cover is slightly higher (1/10–2/10)
during midday (not shown). This is likely due to the
weakness of the parameterization relationship during the
rapid growth phase, when zi is growing more quickly
than the surface-based LCL. Also, valley-induced cir-
culations may result in a minimum in sky fraction at
ORE, which would occur during the time of strongest
buoyancy fluxes.

For the q sequence, the differences between the con-
trol case and observations at HF and ORE are less than
0.5 g kg21 (Fig. 10). The morning rise and midday fall
in q seen in the observations (notable at ORE) are cap-
tured by the model, although the afternoon decrease is
overestimated (;0.5 g kg21) on days 4 and 5. The even-
ing q jump compares well with HF but is underestimated
at ORE.

The heat and moisture tendencies observed in Fig. 8
are simulated well by the model-generated fluxes (see
Figs. 11–13). There is a slight warm bias in the model,
which, combined with the underestimates of q on days
4 and 5, produces afternoon maximum LCLs that are
about 100–200 m higher than are observed at ORE.
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FIG. 10. Model (solid line), HF (dotted), and ORE (dashed) specific humidity (g kg21) for
control case.

FIG. 11. Thermodynamic diagram (CpT, Lq) for no-subsidence case (circles and solid line),
control case (triangles and dotted line), and doubled-subsidence case (pluses and dashed line).
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FIG. 12. Thermodynamic diagram for 50% FA lapse rate and enhanced active cloud area case
(circles and solid lines), control case (triangles and dotted lines), and 150% control FA lapse
rate and no active clouds case (pluses and dashed lines).

b. Subsidence

According to (8), changes in large-scale subsidence
can either increase or decrease ML RH, depending on
the magnitude and location of the CpDu and LDq terms
on the thermodynamic diagram. Temperature and hu-
midity tendencies for all three model runs combine to
produce an almost constant RH, LCL, and b9 from day
2 onward (Fig. 11). Furthermore, the results show de-
creasing variation in zi for either the doubling or no-
subsidence case (Table 7), in response to the decreasing
rates of subsidence and smaller variability in sky cover.
Day 1 has the greatest variability in sky cover, with the
no-subsidence case allowing for higher zi and lower
LCL than the control case (;250 m). For days 2–4,
small changes in sky cover [0.1 higher (lower) for the
no (doubled)-subsidence case] with increased subsi-
dence are evident, a response to the competing effects
of warming (cooling) and drying (moistening) associ-
ated with deeper (shallower) MLs. However, by day 5
this pattern reverses, a result of the increased influence
of active clouds venting moisture out of the ML, thereby
increasing the LCL.

c. The guy (free-atmosphere lapse rate) and cloud
mass flux

Most boundary layer growth models are very sensi-
tive to changes in guy , because the term appears in the
denominator of most growth equations and its magni-
tude is very small (on the order of 0.005 K m21). Time
variations in guy occur primarily through changes in
large-scale subsidence, radiative flux divergence, and
advection.

Unlike over the subtropical oceans, the cloud layer
associated with daytime active cumulus clouds over land
is likely transitory in nature. For the BLcu composite,
guy never varies by more than 5% from day to day, and
cloud layer heating and moistening never exceed 0.3 K
and 0.5 g kg21. During the few-clouds sequences, guy

was consistently 30% greater than what was observed
during the BLcu cases; thus, initial conditions, such as
the magnitude of large-scale divergence associated with
a particular air mass, likely determine the evolution of
guy during a frontal sequence.

Because the ability of cloud updrafts to reach their
LFCs is partially dependent upon guy , the magnitude of
the active cloud fraction term is linked with the guy

sensitivity. Thus, for the enhanced guy case, the active
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FIG. 13. Thermodynamic diagram for regional Bowen ratio sensitivity: solid line (breg 5
0.38), dashed line (breg 5 0.6), and dotted line (breg 5 3.58).

TABLE 7. Model results [afternoon zi (m) and cloud cover].

Case Sensitivity

Day 1

zi BLcu

Day 2

zi BLcu

Day 3

zi BLcu

Day 4

zi BLcu

Day 5

zi BLcu

Observed
Control
Subsidence

g-mass flux

Bowen ratio

(0)
(2 x)
(0.5 x)
(1.5 x)
3.58
0.38

1660
1522
1658
1392
1711
1286
1496
1257

0.45
0.41
0.59
0.28
0.49
0.18
0.33
0.35

1870
1713
1846
1583
1916
1594
1804
1513

0.27
0.37
0.44
0.31
0.52
0.33
0.23
0.5

1770
1697
1842
1576
1912
1597
1863
1465

0.37
0.42
0.47
0.35
0.54
0.39
0.22
0.67

1590
1598
1735
1534
1796
1576
1809
1321

0.31
0.39
0.38
0.33
0.46
0.47
0.19
0.56

1510
1564
1675
1510
1768
1608
1834
1263

0.41
0.38
0.37
0.35
0.44
0.59
0.19
0.52

cloud fraction is set to zero throughout the sequence.
Alternatively, for the reduced guy case, active clouds
appear during all 5 days of the sequence, with the up-
draft area doubling during days 3–5.

With a 50% increase in guy (Table 7), day-1 BLcu
cloud cover remains below 20%. Suppressed ML
heights result in an increase in surface temperatures, but
dry-air advection reduces the effect of ML q conver-
gence, resulting in an LCL nearly 500 m higher (Fig.
12). Subsequently, zi varies less with time from the con-
trol case, a function of the rapid-growth parameteriza-
tion and the absence of cloud venting (by day 5, zi is
actually a few meters higher than in the control case).
This results in progressively higher q for the remainder

of the sequence and higher values of BLcu sky fraction
with time. By day 5, BLcu cloud fraction is 50% greater
than the control case.

Fitzjarrald (1982, 1997), using a variation of a simple
airmass modification model originally developed by
Businger (1954, chapter 3), showed that strong stability
aloft depresses ML growth and accelerates the saturation
of the ML by limiting its depth and entrainment of warm
air from the FA. Here, once the countereffects of dry-
air advection cease (and with the absence of a cloud
mass flux), similar results are seen, with decreased ML
heating because of the increase in cloud cover, which
contributes to a lowering of the LCL.

For a 50% reduction in guy , consistently higher ML
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heights are produced throughout the sequence. BLcu
cloud cover is much higher during days 1–3, a response
to cooler ML temperatures (and lower LCLs) as dry-
air advection reduces the impact of diminished moisture
flux convergence. By days 4 and 5, however, an en-
hanced cloud mass flux combined with deeper MLs rais-
es the LCL 200 m above the control case, but afternoon
ML growth and moisture flux convergence result in
higher cloud cover than in the control case.

d. Regional Bowen ratio (breg)

Different atmospheric and surface conditions
(drought, excessive precipitation) may result in varying
fluxes at both HF and ORE. Over the forested regions
surrounding ORE and HF, extended periods of drought
can reduce ET by more than 30% (e.g., Freedman et al.
2001). Furthermore, land use patterns have changed
considerably in the preceding years around HF [forest
cover has increased from 25% to 85% since the 1830s;
Foster (1992)], and changes in land cover type will af-
fect the regional energy partition. Just before the start
of the growing season, the highest midday Bowen ratios
(;3), sensible heat fluxes (;250 W m22), and mixed-
layer heights (;1400 m) occur at HF and ALB (Moore
et al. 1996; Sakai et al. 1997; Freedman et al. 2001).
Frontal sequences during this time feature little net
moistening and few BLcu. During the growing season,
however, b is about 0.6, H is about 100 W m22, and zi

is about 1200 m. By varying HORE and LEHF, the regional
Bowen ratio (i.e., breg 5 m1HORE/m2LEHF 1 m2HORE/
m1LEORE, where m1 5 0.1 and m2 5 0.85 represent land
use fractions for cleared and forested areas) can be per-
turbed to assess the net radiation–BLcu feedback and
consequent changes in the u and q tendencies.

Higher breg produces increased ML heights and min-
imal sky cover (Table 7). Warmer temperatures and no
net moistening in the ML (Fig. 13) produce much higher
LCLs (nearly 1 km higher by the end of the sequence
as compared with the control case). The combination of
a higher zi and much higher LCL results in a virtual
absence of clouds (and hence a much reduced cloud
mass flux) throughout the sequence. Despite nearly clear
skies and high values of net radiation, low values of LE
result in a decrease in ML RH. Thus, the lack of clouds
and transpiring vegetation eliminates a mechanism
whereby heat and moisture flux convergence combine
to maintain a nearly constant LCL.

Decreasing the regional Bowen ratio to 0.3 (or in-
creasing the LEHF flux by 10%–30%) results in a 50%
increase in BLcu sky fraction for days 2–5 of the se-
quence. The reduced heat flux, increased moisture, and
cloud mass flux produce lower MLs (up to 250 m), lower
temperatures, and higher q, giving LCLs about 500 m
lower than in the the control case by day 5. Between
days 2 and 4, there is a significant decrease in the LCL
(400 m) and corresponding increase in ML RH, as mois-

ture flux convergence dominates and temperatures rise
very little in response to the reduced sensible heat flux.

e. Surface–ML equilibrium

Eliminating the large-scale transport terms (advection
and cloud mass flux) and extending the model run out
to 8 days indicates that the surface–ML equilibrium is
reached by day 3 of the sequence, after the establishment
of the residual layer and diminishment of entrainment
effects. Furthermore, exclusion of clouds in the model
shows that this surface—ML equilibrium is still main-
tained; b does not change, but the magnitude of the
fluxes increases (this was observed during the few-
clouds sequences); however, if a vegetation stress feed-
back is included [by the canopy resistance relationship
in the Penman–Monteith formulation (Monteith and
Unsworth 1990)], an equilibrium is still achieved but at
a significantly higher LCL (b9 ; 1.3) as the CpDu term
becomes dominant. The key point, therefore, is that the
presence of a net radiation–BLcu feedback allows for
the establishment of a smaller b9 and thus ensures the
appearance of BLcu on each day of the sequence, thus
sustaining favorable conditions for forest–atmosphere
exchange (i.e., carbon uptake).

6. Summary and conclusions

Fair-weather days that constitute the bulk of the time
during frontal sequences account for more than 80% of
ET and net C uptake during the growing season. Mod-
ification of the heat and moisture characteristics of air
masses during sequences is crucial to tempering poten-
tial stresses to vegetation such as surface temperature
and VPD. The net radiation–BLcu feedback mechanism
is the key control in modulating the buildup of heat and
moisture during sequences.

The heterogeneity of the land surface in the north-
eastern United States, with small areas of cleared lands
intermixed with larger areas of forest tracts, facilitates
the formation of BLcu as more energetic thermals that
develop over cleared, warmer surfaces are amply sup-
plied with moisture from the surrounding forested re-
gions. Thus, at least in the northeastern United States,
BLcu onset and coverage is not based on a simple choice
of cleared versus forested lands dependent upon initial
thermodynamic ML profiles (e.g., Rabin et al. 1990);
rather, sufficient source regions of energetic thermals
combined with topography (see Freedman et al. 2001)
and freely transpiring vegetation acting in concert with
the net radiation–BLcu mechanism ensure that on most
days during a frontal sequence cumulus clouds will ap-
pear. The occurrence of consecutive clear days during
the growing season is a rare event, confined to periods
of extreme drought, an influx of unusually dry air mas-
ses, and reduced ET (see Freedman 2000).

Because most observational and modeling studies fo-
cusing on surface–atmosphere exchange examine indi-
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vidual diurnal events or a suite of unrelated days, the
role of entrainment and its effect on surface–atmosphere
exchange (i.e., the saturation deficit) is often exagger-
ated (see e.g., Raupach 1991; Raupach and Finnigan
1988; McNaughton and Spriggs 1985). This is due to
the assumption that the ML is always growing by en-
trainment, thus ignoring the remixing of scalars during
the rapid-growth phase of ML height evolution. Every
day is treated as day 1 of a sequence. Furthermore, most
large-scale field projects that examined the linkage be-
tween surface processes and ML dynamics have oc-
curred in areas that feature significant constraints on ET
[such as the First International Satellite Land Surface
Climatology Project Field Experiment (FIFE) and the
Boreal Ecosystem–Atmosphere Study (BOREAS)]:
deeper MLs and limited moisture result in afternoon
drydowns during fair-weather days or during a sequence
of days (Betts et al. 1999). In the eastern United States,
however, where forested areas supply ample moisture
to the ML, surface moisture flux convergence accounts
for 50% of the gross gain in the ML moisture budget
during a typical sequence. Entrainment drying accounts
for less than 20% of the total ML moisture tendency,
in stark contrast to findings of other field studies (e.g.,
FIFE and BOREAS).

The finding that the heat and moisture budget com-
ponents combine to achieve a nearly constant LCL, RH,
and BLcu cloud fraction during the sequences indicates
that the net radiation–BLcu cloud cover feedback op-
erates to sustain an equilibrium b9 that maintains fairly
constant afternoon BLcu cloud fraction. This feedback
regulates ML growth and thermodynamic tendencies,
tempers the buildup of ML temperatures (and hence the
VPD), and, through the daily appearance of BLcu, pro-
vides a daily dosage of enhanced diffuse radiation to
the forest interior, producing a more favorable environ-
ment for C uptake.

The BLcu enhancement is not included in most global
primary production models, which estimate rates of C
uptake as a product of radiation use efficiency and a
satellite-derived estimate of solar radiation absorbed by
canopies (see Baldocchi 1997; Ruimy et al. 1994). Be-
cause the effects of BLcu cloud cover are not included
in these models, net ecosystem exchange can be over-
or underestimated, depending upon local sky conditions.

The model sensitivity analysis presented above high-
lights the importance of including a rapid growth pa-
rameterization in multiday ML growth models. The
modeling study has shown, however, at least for the
summer growing season, that compensating effects of
heating and moistening or cooling and drying produce
little change in sky cover and hence in the surface fluxes
that control the LCL and RH tendencies. A similar result
was found when varying the temperature stratification
above the ML. Although large day-to-day variations in
guy are rare in the real atmosphere, it is noteworthy that
significant differences in external forcings produce com-
pensatory changes in ML u and q; surface fluxes are

thus insensitive to such perturbations because of the zi/
LCL relationship.

In contrast, changes in the regional surface Bowen
ratio are directly linked to the net radiation–BLcu feed-
back, and hence ML dynamics are very sensitive to
altering breg. On a seasonal level, an increase in BLcu
frequency occurs after the decrease in b at HF (Freed-
man et al. 2001; Sakai et al. 1997; Moore et al. 1996)
associated with the commencement of transpiration. The
relevance of this observation to the airmass modification
question is borne out in the modeling analysis using
preleafout b values that show a reduction in BLcu cloud
cover to below 20% for the entire sequence. A slight
decrease (from 0.6 to 0.4) in breg from typical growing
season values produces an acceleration in ML moist-
ening and much higher BLcu cloud cover (50%–75%).
Thus, changes in the partitioning of the surface fluxes
can lead to large perturbations in the mixed-layer ther-
modynamic state and the probability of BLcu formation.
This fact has important implications for modeling stud-
ies that consider the effects of land use changes on
surface–atmosphere processes (see, e.g., Pielke 2000).

Northeastern forests are acclimated to frequent pas-
sage of cold or dry fronts during the growing season.
These passages provide a regular series of cooler and
drier air masses to the region; local and regional airmass
modification then allows for the formation of BLcu. Any
change in local land use patterns (or changes in the
airmass source regions) that produces a decrease in the
frequency of BLcu (which tend to mitigate extreme con-
ditions and enhance net carbon uptake) may adversely
affect the health of the forest ecosystem and perma-
nently alter the regional climate.
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