Original article

A

comparison of daily representations of canopy

conductance based on two conditional timeaveraging methods and the dependence of daily
conductance on environmental factors

Nathan

Phillips

Nicholas School of the Environment, Duke

Ram Oren

University, Durham,

NC 27708-0328, USA

(Received 15 January 1997; accepted 23 September 1997)

Abstract - In hydrological models which incorporate vegetated surfaces, non-steady state
responses in stem sap flow to diurnal evaporative demand can lead to unreasonable values of computed canopy conductance, which corrupt diurnal courses and daily averages. Conductance
computations based on daily averaged constituent variables are a potential method for circumventing this problem. However, comparisons between these two averaging methods are lacking.
In this study, both methods for computing daily canopy conductance were compared in a pine forest. A simplification of the Penman-Monteith equation under conditions of high aerodynamic coupling was used to calculate instantaneous canopy conductance. Large variation between the two
methods was observed due to biases introduced under conditions of low sap flow or vapor pressure deficit. Two conditional averaging schemes were developed to exclude data which were
strongly affected by such conditions, and as a result of the conditional averaging, a tighter relationship between these two averaging schemes was found. We calculated daily representations
of canopy conductance for an entire growing season in a 15-year-old Pinus taeda stand. Despite
clear declines in conductance between rain events in direct response to soil water depletion, and
large seasonal dynamics in canopy leaf area, canopy conductance remained generally uniform until
low late season temperatures. (&copy; Inra/Elsevier, Paris.)
Pinus taeda / canopy conductance / sap flux / soil water balance

Résumé - Comparaison des estimations de conductance de couvert journalière basées sur
deux méthodes de moyennes temporelles conditionnelles, et effet des facteurs de l’environnement. Dans les modèles hydrologiques qui prennent en compte les surfaces végétales, les
estimations de la conductance du couvert pour la vapeur d’eau faites à partir des mesures de
flux de sève et de la demande climatique peuvent conduire à des valeurs instantanées et des
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moyennes journalières erronées, à cause d’un régime de flux hydrique non conservatif. Un calcul de la conductance basé sur les moyennes journalières de certaines variables est une méthode
pour résoudre ce problème. Toutefois, la comparaison entre les deux méthodes n’avait pas encore
été effectuée. Ce travail compare ces deux méthodes de calcul de la conductance de couvert
pour une forêt de pins. L’équation de Penman-Monteith a été simplifiée, en supposant un fort couplage entre le couvert et l’atmosphère, et utilisée ici pour calculer les valeurs instantanées de
conductance de couvert. Un écart important entre les deux méthodes a été mis en évidence, à cause
des biais apparaissant en conditions de flux de sève ou de déficit de saturation de l’air faibles. Deux
procédures de moyennage conditionnel ont été développées pour exclure ce type de données,
et une relation étroite entre les deux méthodes a été trouvée. La conductance de couvert journalière a été ainsi calculée sur une saison de végétation complète dans un peuplement de Pinus
taeda âgé de 15 ans. En dépit de la diminution de conductance entre les épisodes de pluie, conduisant à des déficits hydriques dans le sol, et de variations importantes d’indice foliaire au cours de
la saison, la conductance du couvert est restée uniforme jusqu’aux basses températures de la fin
de la saison. (&copy; Inra/Elsevier, Paris.)

Pinus taeda / conductance de couvert / flux de sève / bilan

1. INTRODUCTION

hydrique

[ 15, 46]. Other modeling approaches have
used

The development of proper methods
for averaging canopy stomatal conductance, both spatially and temporally,
remains a subject of active research. In
temporal representations of canopy conductance, the daily time scale is particularly important. Many climate or hydrological models that involve canopy
conductance use or predict information
on this time scale (e.g. [3, 6, 39, 45, 47]);
moreover, many climatological data are
available only at the daily scale [47]. However, an appropriate daily representation of
canopy conductance lacks consensus (e.g
compare the approaches in Tattori et al.
[41]; Couralt et al. [6]; Fennessey and
Vogel [7]; Kustas et al. [23]), in spite of
improvements in the ability to obtain conductance information diurnally [13, 30].
Extrapolation from maximum diurnal values of leaf or canopy conductance to averaged daily conductance estimates based
on environmental relationships [16] has
yielded reasonable results (e.g. [34, 35]),
but this approach depends on steady state
relationships between conductance and
environmental variables, which may not
be applicable within diurnal time scales

midday conductance information
(e.g. [39]) or fixed values (see Shuttleworth [37]) as representative of daily conductance. However, it is necessary to
examine how well such values generalize
diurnal patterns of conductance. In this
study we evaluate differences in conductance values calculated based on mean
daily conditions versus those based on
averages of diurnal values.
The use of stem sapflow measurements
conjunction with meteorological measurements of evaporative demand has pro-

in

vided a method in which continuous estimates of canopy conductance may be
made [12, 13]. The advent of this technology has alleviated the constraint of
extrapolating conductances over time
based on steady state environmental relationships, or using single points within a
day as representative of daily conductance.

However, the ability to continuously

mea-

flux and environmental driving
forces for use in conductance calculations
has presented a new challenge: resolving
diurnal non-steady state canopy and stem
characteristics and their effects on calculations of instantaneous and daily average
conductance.
sure stem

Leaf and canopy conductances have
been demonstrated to exhibit time lags
with respect to changes in environmental
influences [46]. Furthermore, due to
effects of hydraulic capacitance and resistance, sap fluxes measured in stems of
trees lag behind canopy transpiration [13,
32, 36]. Unless the time constants for these
processes can be determined precisely and
generally over a range of environmental
conditions (e.g. water stress) the combined
presence of both of these effects may lead
to errors in instantaneous computations of
canopy conductance. Such instantaneous
errors may then be propagated to daily
estimates.
An alternative method for estimating
conductance which potentially
avoids the problems presented by averaging instantaneous diurnal values is a calculation based on daily averages of the
constituent variables. In principle, the total
daily transpiration could be related to the
total daily driving force, without the complications arising from improper diurnal
matching of the two. The objective of this
study was to investigate how such a
method for calculation of average daily
canopy conductance (hereafter referred to
differed
as ’daily’ conductance, or
from one which used daily averages of
diurnal values of conductance (hereafter
referred to as ’mean diurnal’ conductance,

daily

C,day
G
)

or

C,diu
G
).

The specific questions addressed by
this study were: if an inverse form of the
Penman-Monteith equation is used to calculate conductance, how will averaged
daily thermodynamic variables, based on
average daily temperature, differ from
those obtained as the average of diurnal,
temperature-dependent measurements?
How will nighttime uptake of water (either
from normal recharge or rain recharge)
differentially affect results of the two averaging techniques? Will the difference
between a daily and diurnal conductance
be a function of tree size or absolute daily

flux rates? Having addressed these questions, the proposed study suggests a general, robust computational and conditional
averaging scheme for generating daily
canopy conductances in experiments
where diurnal conductance values are
available. Further, the dependence of such
a daily canopy conductance on environmental factors such as rain and soil moisture depletion is investigated.

2. MATERIALS AND METHODS
The study was conducted in Duke Forest,
North Carolina, USA, in a managed, 15-yearold Loblolly pine stand. More details on the
site are given in Phillips et al. [31]. Leaf area
index (L), derived from allometric relationships between leaf area and sapwood area, coupled with a foliage dynamics model [18],
ranged from 2.01to 3.27 during this period.
Measurements needed to compute canopy conductance for 20 individuals were initiated on 4
April 1995, and continued until 28 December
1995. All measurements were made at 30-s
intervals and averaged and recorded every 30
min with a data logger (Delta-T Devices, UK).
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was estimated
Sap flow
with constant-heat probes as described in
Granier [11, 12]. Sap flux densities of individual trees were scaled to the plot level by
multiplying average sap flux densities by the
amount of xylem area per unit ground area in
the stand, corrected for a reduced flux rate
found in inner xylem [29].

Air temperature and relative humidity were
measured at the bottom of the upper third of
the forest canopy with a Vaisala HMP 35C
temperature and humidity probe (Vaisala,
Helsinki, Finland). Air vapor pressure deficit
(D) was calculated from air temperature and
relative humidity according to Goff and Gratch
[10]. Photosynthetically active radiation (PAR)
was measured above the canopy with a spherical quantum sensor (LI-193SA, Licor, Inc.,
Lincoln, Nebraska, USA). Rainfall was measured to the nearest 0.1 mm in a forest clearing
ca 100 m away from the site with a Texas Electronics Tipping Bucket Rain Gage (Texas Electronics, Dallas, Texas, USA). However, midway through the season, this instrument failed.
Therefore, subsequent rain data were obtained

from a National Weather Service station
located ca 5 km from the site.

2.1. Diurnal versus daily
conductance calculations
All conductances were calculated according
and Unsworth [26] as

to Monteith

where yis the psychrometric constant, &lambda; is the
latent heat of vaporization of water,
is the
specific heat of air, p is the
water, T is temperature, E
C is evaporation rate,
and D is vapor pressure deficit of the canopy
air. This simplification of the Penman-Monteith equation is based on the assumption that
the pine forest was well coupled aerodynamically [17]; thus D approximated the total driving force for transpiration. We checked the
assumption of strong coupling in this forest by
selecting a six-d period from 23-28 May 1995
for diurnal comparisons of aerodynamic conductance (G
) with total canopy conductance
A
). Aerodynamic conductance was comC
(G
puted according to Thom and Oliver [43] as

density C
of liquid

where U is windspeed (m )
-1at height z (11.5
s
m), z
0 is roughness length (set as 1/10 of
canopy height, or 1 m), d is zero plane displacement (taken as 2/3 of canopy height, or 6.7
m). Over the 6-d period, G
C computed accord-1 (SE
ing to equation (1) averaged 4.5 mm s
0.2 mm ),
-1 only 2.4 % of G
s
A
, which aver-1(SE =1 mm ).
-1At one point
s
aged 187 mm s
within the 6-d period, G
C reached, at maximum, 10.9 % A
of G Thus, the assumption that
.
C» G
G
A made in equation (1) appeared to
be satisfied.
=

The different averaging procedures for
equation (1) compared in this study are summarized in table I and are discussed in further
detail in the following sections.

2.2. Diurnal calculation of canopy

conductance, G
C,diu
Equation (1) was solved at every 30-m step,
using E
, D and temperature at that time to
C
calculate the appropriate thermodynamic constants. Data were averaged over the period each

day

2.3.

-2s
-1 (hereafter
0 &mu;mol m
daylight hours).

when PAR

referred to

as

>

Daily calculation of canopy
conductance, G
C,day

may be

subject to large relative errors.

errors are

absolute

2.4.

These
introduced under conditions of low

daily transpiration (figure 1).

Comparison of daily versus
diurnal conductance values

Equation (1) was solved using averages of
quantities over the day. Values of the thermodynamic variables were based on the average temperature over daylight hours. Daily

A direct comparison between diurnal and
daily averaged conductance was made to indicate the most general differences between the
two methods over all conditions C
of E and D.

vapor pressure deficit

In order to assess the influence of extremely
low D values and their possible cause of
extremely high apparent conductance values, a
conditional averaging scheme (hereafter
referred to as the diurnal conditional average)
was applied to the diurnal values so as to
exclude all D values < 0.1 kPa. The 0.1-kPa
cutoff was selected after observing unreasonably high and low conductance values obtained
forD < 0.1 kPa. (the reasons for which will be
stated in the results section). This conditional
average (denoted by brackets) can be expressed
in symbols as

all

) was also obtained
D
(D

by averaging D over daylight hours, under the
assumption that this is the time period in which
D has an effect on transpiration and, therefore,
uptake. Transpiration (E
), however, was
C
summed over 24 h but divided by daylight
hours only, because: 1), this accounted for all
water uptake driven by D over the day; and 2)
it provided a consistent averaging period with
that used for D
. Starting and ending points
for days were taken as from 0500 to 0500 hours
(steady state conditions), after concluding that
using a 0000 to 0000 hours integration period

(= 0.85) between

0- and a 60-min lag
could not justify
applying a constant time lag to the entire
data set to correct for non-steady state
behavior. Conductance calculations were
therefore based on D and E
C with zero

for D

x

.
C
E

Thus

a

we

lag.
3.2.

Comparison of daily versus
thermodynamic constants

diurnal

and N is the number of diurnal observations.
The number of points, n, for each daytime
period in which Ii 1 was recorded to assess
the effect of sample size on the calculation of
daily conductance values. A secondary condition was applied to exclude days for which n
was too small to provide reasonable statistical
representation of the daytime conductance
(hereafter referred to as the daily conditional
average). The choice of this n will be discussed
in the results section.
=

3. RESULTS

3.1. The

potential of cross-correlation
analysis to rectify non-steady

state behavior

Cross-correlation analysis over the
whole data set showed no difference in r

The approximation of temperaturedependent thermodynamic variables as
constants (e.g. as defined at standard temperature) in calculations of conductance
can lead to significant errors if significant

temperature variation

occurs. We calculated a 12 % relative difference in a combined conductance coefficient (table II)
between 0 and 35 °C due to temperature
dependence of the conductance coefficient. Thus, including temperature dependence into the thermodynamic variables
involved in the conductance calculation
is necessary under conditions of significant temperature variability. For the purpose of calculating daily average canopy

conductance, this temperature dependence
leads to

question as to whether the thermodynamic constants can be averaged
a

from diurnal values, or calculated from
average daily temperature, before being

used in

equation (1). The answer to this
question depends upon whether the temperature dependence of the thermodynamic variables can be approximated as
linear over the appropriate temperature
range. Relationships between &gamma;,&lambda; and p

averaged conductance, both when this conductance was obtained by averaging diurnal values (over light hours) or when using
the averaged constituent variables in a
daily scale calculation (figure 2a). In addition, the difference between daily con-

with temperature (C
p has very weak temperature dependence [28]) are highly linear over the temperature range of physio-

ductance based on diurnal values and that
based on daily averages showed a large
divergence at low D (figure 2b).

logical importance (defined for this study
the range -5 to 35 °C; table II). Thus,
conclude that a combined conductance
coefficient can be used as a function of
mean daytime temperature, for the purpose of calculating average daily conducas

we

tance

3.3.

according to equation (1).

Pre-conditionally averaged
comparison between diurnal
and daily conductance

Very large errors in computed diurnal
conductance can result from conditions in
which transpiration and/or vapor pressure
deficit have very low values [2]. In addition to lags between sap flux and vapor
pressure deficit leading to magnified errors
at low absolute values of vapor pressure
deficit, slight biases in measurements of
either vapor pressure deficit or sap flow
may lead to diverging conductance values when approaching a zero/zero ratio
(specified error = ± 3 % in relative humidity at > 90 % for the HMP35C transducer
we used; also, sap flux measurements may
exhibit a small bias at low absolute values as a result of violation of assumptions
of zero flux at night [12]). Indeed, such
potential sources of error add to the motivation for using daily averaged constituent
variables in a daily conductance calculation.
We found that such unreasonably high
low apparent instantaneous conductances, obtained under conditions where
D < 0.1kPa, were influential enough to
lead to unreasonably high or low daily
or

3.4. Effect of diurnal conditional
averaging of conductance values
on the comparison between
diurnal and daily conductance
After examination of portions of our
data set in which low diurnal vapor pressure deficit values occurred, both on momings and evenings of clear days and
throughout overcast diurnals (e.g., figure 3)
a combination conditional average based
on light level and a minimum D was
defined. Conductance values in which I
i
0 were excluded from averaging over
the diurnal time series. The included and
excluded data as a result of this condi3
tional averaging are illustrated in figure
for two typical diurnal time series. The
result of this averaging scheme on the relationship between computed daily and average diurnal conductances is demonstrated
in figure 2c, d. The conditional averaging
led to a much reduced range of conductance values both on a daily and average
diurnal basis (figure 2c). Similarly, the
difference between conductance values
obtained using the two methods at low D
decreased appreciably as compared with
unconditionally averaged data (figure 2d
compared with figure 2b). Still, the range
of values of conductance includes values
too large to be considered reasonable. In
addition to very large values of conductance, values approaching zero at low D
may also be a result of small biases in
measurement where estimated E
C is relatively smaller than D.
=

3.5. Effect of daily conditional
averaging of conductances
based on sample size

Figure 3 illustrates that during days in
which D stays low, a very small sampling
size may result for use in .
C,diu Figure4
G
demonstrates that when n < 12, the differ-

between daily and averaged diurnal
conductance calculations displays large variation. Thus we defined a secondary condition which operated on whole days, using
the criteria of a minimum sample size of n
12(or 6 h at our sampling rate) for inclusion. The result of this second condition for
acceptance is shown in figure 2e, f. The
ence

=

agreement between daily conductance and
diurnally averaged conductance has been
further increased compared to figure 2c, d.
This range in values is comparable with

typical diurnal values of conductance in
pine forests from other studies (e.g. [9, 25]).
Still, several points (designated with triangle symbols) appear to lie outside of the
general cluster of points. The specific conditions of those days were investigated in
detail and

were

found to result from rain

night. The effects of nighttime
recharge in general and recharge due to rain

events at

events

were

evaluated next.

3.6. Effects of daytime versus
nighttime flux on the difference
between G
C,diu
C,day and G
The two conditional averaging schemes
resulted in reasonable values of daily con-

ductance. Although the slope of daily calculated conductance (G
) to diurnal
C,day
conductance
averaged
) was less
C,diu
(G
than one (slope = 0.96, P 0.001, inter0.02), due to the intercept = 5.2e-4, P
was generally greater than
cept term
at low values. We interC,diu
G
,
pret this to be caused by the inclusion of
water taken up in recharge at night in a
calculation of G
C,day which is not represented in ,
C,diu thus leading to a relatively
G
lower .
C,diu We also expected this to be a
G
function of the absolute magnitude of daily
transpiration, as the ’proportion’ of
recharge decreases (in the absence of rain)
as daytime flux increases. Figure 5 shows
that as night uptake becomes a significant
fraction of total daily water uptake, G
C,day
increasingly exceeds .
C,diu When night
G
uptake exceeded ca 50 % of total uptake,
C,diu decreased to ca 30 % of .
G
C,day At
G
very low values of night uptake/total
=

=

C,day
G
especially

most ratios of
C,diu clusG
C,day
:G
tered around unity, but several points were
observed to reach higher values. Inspection of the original diurnal courses showed
that these data came from days in which
daytime values of D occurred which were
only slightly greater than the threshold
0.1kPa, but nevertheless led to relatively
high calculated conductance values due to
moderate flux rates. For instance, on 19
April 1995, three morning measurements
of D (within light hours) that averaged only
0.35 kPa led to diurnal values of conductance that averaged 15.9 mm ,
-1while the
s
rest of the daytime values (n
19) avermm
2.40
s
.
1
The
effect
of the
aged only
three large values was to inflate G
C,diu to
4.25 mm s
-1while
was calculated as
2.85 mm ,
-1 of
-1close to the 2.40 mm s
s
the other 19 points. This illustrates that
diurnal averages of conductance may be
highly sensitive to the choice of a threshold
level of D used for diurnal conditional
averaging. Thus, rather than finding a distinct threshold at which D creates biases
in diurnal conductance averaging, a continuous bias may be introduced into diurnal
conductance averages in which, as the conditional threshold is raised, a bias toward
lower averaged diurnal conductance may
be introduced. Additionally, changes in
the conditional threshold would lead to
changes in the average number of diurnal
values accepted for averaging, potentially
affecting the statistical representation of
diurnal averages. Therefore a choice of a
threshold D condition must balance 1) the
effects of low point values of D and associated biases introduced as a result of both
sensor error at low absolute rates, as well as
2) the effects of non-steady state behavior
of stem sap flux in relation to canopy D,
against 3) the legitimate inclusion of high
conductance values occurring at low values
of D and E
C and 4) the need for enough
data points within a daytime period to adequately characterize the daytime hours.

uptake,

=

C,day
G

In addition to

nighttime recharge due
lag between transpiration and stem
sap flow, fast re-hydration of xylem capacitance, which has been depleted by longerterm drying periods, occurs owing to rain
to the

Such rain events may introduce
into G
C, day or G
C,diu calculations if
mistaken
is
for evaporativerecharge
demand driven sap flow. During daytime
rain events, it is very difficult to separate
sap flow driven by the environment from
sap flow due to recharge. However, rain
events which occur at night can lead to
well-defined pulses of rain-induced
recharge, permitting a quantification of
their effects on calculations of G
C,day versus G
because
is
not
C,diu
,
C,diu
G
by nighttime rain recharge. Figure 6 presents data taken from 9-d selected from
the long-term data set in which nighttime
rain, and associated nighttime stem
recharge, occurred. Although it cannot in
general be excluded that nighttime raininduced recharge may contribute to water
events.
errors

affected

uptake during subsequent daylight hours,
the data shown in figure 6 were taken from
diurnal courses in which stable zero-flux
baselines were observed after night rain
recharges, yet before transpiration started.
It is apparent that at lower integrated daytime stand transpiration, recharge of storage depleted over the long term can
approach and even surpass the daytime
value. While nighttime rains will introduce large errors into
estimates,
daytime rain, especially during days of
low D and E
, will introduce such errors
C
into both estimates of conductance.

C,day
G

3.7. Effect of tree size
on

nighttime-daytime flux

If time taken for nighttime recharge
function of tree volume, it would
not be possible to use in a
calculation an average,
stand transpiration based on sap flow data from a
range of tree sizes. Rather, each tree would
were a

C,day
G

ground-based

have to have its own conductance calculation, and the conductance computed
from all measured trees would then be
averaged. However, we did not find significant dependence of nighttime recharge
on tree volume (P >
0.1; data not shown).
Thus, we conclude that in the forest studied over the range of tree sizes monitored
(dbh range 110-201 mm), conductance
calculations may appropriately be performed on the average flux of a sample of
trees exhibiting a range of volumes. Further studies on a larger range of tree sizes
would be necessary in order to generalize
this finding.
=

on

the seasonal

Resulting seasonal course
of daily conductance

The result of the two-stage conditional
averaging process employed in this study

of leaf-area

shown are relevant environmental variables. In the 266 d record, 8 d were lost
as a result of missing or bad data associated with sensor malfunction. Of the
remaining 258 d, the defined threshold
conditions led to the exclusion from conductance calculations of an additional 23 d.

4. DISCUSSION
Use of stem sap flow measuring techoffers a tool for investigating the
issue of temporally varying fluxes and surface resistance, but this technique is complicated by time variation both at the
canopy level and throughout the xylem.
Although the non-steady state behavior of
water fluxes through the soil-plant-atmo-

niques

3.8.

course

weighted conductance, based on mean
daily conditions, is shown in figure 7. Also

continuum has long been recognized [20, 21], its effect on computations
of canopy conductance when utilizing
stem sap flux measurements has only
recently begun to be investigated.

sphere

We have found that the simplest possible correction for non-steady state behavior of stem flow with respect to canopy
flux - made from a lag analysis - was
unable to satisfactorily identify a consistent
time constant, thus, leading us to investigate further the utility and robustness of
a daily conductance based on mean daily
conditions. Our inability in this study to
determine a consistent time lag which
could be used to rectify the non-steady
state relationship between stem flux and
canopy transpiration is in contrast with
earlier findings [32] in which a consistent
time constant of about 45 min was estimated for stem flow responses to canopy

flux. The discrepancy between results here
and in the previous study may involve the
length and timing of the present study
(266 d through an entire growing season)
versus that in the previous study (50 d in
the early part of a growing season).
Although detailed soil moisture information was not available in the previous
study, based on precipitation input and
early growing season conditions, soil
moisture was probably not limiting in that
study. However, it has been shown that
the time constant for nighttime recharge
is an increasing function of soil moisture
depletion in cases in which soil moisture is

already relatively limiting [24, 31].Thus,
it is probable that in the present study,
long-term variations of soil moisture,
which included periods of significant
moisture limitation, affected our ability to
find a consistent time constant for stem
response to canopy evaporative demand.

The earlier finding that nighttime
recharge increases as soil moisture
becomes more depleted [31]presents
another reason for concern in attempts to
use averaged diurnal values of conductance in a daily conductance representation. If nighttime recharge increases as a
function of soil drying, then larger proportions of flux at night relative to flux
during the day (similar to that seen in figure 6), which would not be accounted for
in the diurnal-averaging approach, would
lead to an increasing underestimation of
conductance (figure 5). This problem
would be rectified when conductance calculations use mean daily conditions.
In this study, we have determined conditions in which a daily conductance based
on mean daily meteorological conditions
approaches that computed as the arithmetic mean of diurnal conductance values (figure 2). We found two primary
conditions to be sufficiently high instantaneous values of D (figure 3), and a long
enough period during the day in which
such values occur (figure 4). Arithmetic
means of diurnal surface conductance are
often used as representations of daily conductance (e.g. [3]). However, it should be
noted that the arithmetic mean of diurnal
values may not be the best daily representation of conductance for use in predictions of total daily transpiration. The
mean of diurnal values may be greatly
affected by a few unreasonable values
originating under conditions of low E
C
and D (figure 3; [2]). Furthermore, Monteith et al. [27] argued that diurnal conductance values should be weighted by
some measure of available energy for
evaporation, resulting in a daily weighted
mean conductance. Variations of such
weighting procedures have also been used
by others [8, 38, 40].

Thus, in order

to provide more utility
study for hydrological models,
we compared both arithmetic mean con-

from

our

ductance,

C,diu
G
,

and conductance based

daily means, G
C,day to a mean conducweighted by above-canopy PAR
(representing available energy). Figure 8
demonstrates a good relationship between
both G
C,diu and G
C,day versus weighted
conductance
daily
according to Monteith
et al. [27], designated .
C,Monteith RegresG
on

tance

sions for both G
C,diu and G
C,day versus
CG
,Monteith had slopes less than one (0.90
for ,
C,diu P < 0.0001; 0.88 for ,
G
C,day
G

0.0001), with slightly positive intermm s
-1for ,
C,diu P < 0.0001;
G
0.89 mm s
-1for ,
C,day
G
P < 0.0001), indiP

<

cepts (0.43

cating that both G
C,diu and G
C,day were
progressively lower than G
C,Monteith as
daily conductance increases. A positive
intercept and positive slope less than unity
arises because of the effects of diurnal
covariance of G with PAR. When G and
PAR covary strongly, G
C,Monteith is
weighed proportionally more relative to
when G and PAR have little or negative
covariance. This pivots the slope downwards and result in a positive intercept.
Scatter in the relationship between G
C,diu
and G
C,Monteith was found in cases where
1) extremely high diurnal values of apparent conductance accompanying daytime
recharge of long-term storage depletion
from rain were not adequately discounted
by the weighted average procedure, while
such points were eliminated from the diurnal average because D < 0.1kPa, resulting
in a relatively greater calculated G
C,Monteith
than ,
C,diu and 2) late afternoon rain
G
events associated with very low D but substantial stem recharge led to high apparent
conductance values which were discounted
by the weighted averaging procedure since
light was decreasing in the late afternoon,
resulting in a relatively greater calculated
C,diu than .
G
C,Monteith
G
For most applications involving daily
surface conductance, it would be more
desirable to have access to diurnal courses
of conductance than daily means. However, when using stem sap flow techniques, such diurnal courses are affected

by non-steady state conditions, causing a
systematic underestimation in most conditions. Therefore, there is utility in using
daily means. Daily means of conductance
cannot be directly adjusted to include the
effects of weighted averaging such as was
carried out by Monteith et al. [27]. In
applications for which a weighted daily

mean

suffices, a correction factor to G
C,day

may be

approximated. For each day, the
ratio of G
C,Monteith to G
C,diu can be calculated and multiplied by .
C,day This incorG
of
the
effect
diurnal
porates
weighting of
conductance by available energy and more
closely reflects the weighted averaging of
Monteith et al. [27], but suffers less from

the underestimation inherent in .
C,diu We
G
found that the correction factor ranging
from null to two times
was not
or D, and was not
dependent on
significantly different from unity for the
entire data set (1.006; S.E. 0.009).

C,day
G
,

C,day
G

=

sites occupied with shallowly rooting
species, soil moisture reserves are amply
available only if they are replenished frequently by precipitation. In addition, for a
given species, higher L results in higher
E [ 14], exhausting soil moisture in a given
layer faster. Thus, on a deep soil, a P.
or

pinaster Ait. stand with low L showed a
4.1. Seasonal course of G
C,day
in relation to leaf area dynamics
and soil moisture conditions
Seasonal patterns in G
C,day are strongly
affected by phenological and physical factors. In

temperate forests,

a

general pat-

of increased canopy conductance
accompanies the increase in leaf area. This
is very pronounced in deciduous forests,
but is also clearly apparent in forests composed of non-deterministic evergreen
species with highly dynamic leaf production and senescence. In P. taeda stands,
L in September may be twice that in April
[18]. We standardized G
C,day by L so as
to evaluate the general seasonal pattern in
without the confounding dynamics in L. This does not account for seasonal patterns in root growth which may
have a profound effect on the ability of
plants to follow the water table [1, 4, 33],
decouple E
C from current precipitation,
and maintain high .
C,day Thus, species
G
with deep rooting habits can take proportionally more water from deep horizons
when growing season precipitation is low
[33], and there may not be a relationship
between short-term soil moisture depletion in the upper horizons and
C,day but
G
,
such trends may be found over the season
tern

C,day
G

[5].
Under conditions in which soil moisavailable to plants, transpiration appears to follow potential evaporation [33]. In sites with deep soils
occupied by deeply rooted species, soil
moisture reserves become available
through the process of forming new roots
in deeper layers. In sites with shallow soils,
ture reserves are

gradual decrease in canopy conductance to
50 % in late summer of values in early
spring, as the soil dried slowly [24]. Transpiration, however, was maintained high
until mid-summer owing to increasing
potential evaporation. Only in late summer did a combination of lower potential
evaporation and canopy conductance
finally reduce transpiration to 25 % of the
high, spring values, a reduction similar to
that reported for a P. radiata D. Don stand
ca

[42]. This seasonal pattern contrasts with
responses of a P. pinaster stand on shallower soil and higher L, in which transpiration declined rapidly between rain
events, down to ca 15 % over 8 d without

precipitation [13].
Our stand shows intermediate sensi-

tivity. Transpiration responded quickly to
decreases in soil moisture availability by
evapotranspiration, and increased with
precipitation. Over 9 d without precipitation, transpiration decreased to 60 % [27],
a greater response than reported in Loustau et al. [24] but less than in Granier and
Loustau [13]. Here, more frequent growing season precipitation than in the former study, and a deeper root system than
in the latter study, could explain the lack of
a clear seasonal pattern in
C,day within
G
the growing season (April-October; figure 7). After October, low temperatures
probably reduced ,
C,day as water uptake
G
by P. taeda was shown to be very sensitive
to soil temperature [22]. On a shorter timescale, G
C,day of P. taeda stand in this study
showed faster response to rainless periods in August and September, when L was
very high, than in May and June when L
was much lower (figure 7). Soil moisture

depletion proceeds at a high rate between
July to September, often
limiting G
C,day [44]. Using data presented
in Oren et al. [29], we calculated G
C,day

rain events from

9-d drying period and related it to
soil moisture depletion (figure 9). A 23mm decrease in soil moisture of the rooting zone (upper 0.35 m) nearly halved
over a

C,day
G
.
It is clear from viewing the difference
between G
C,diu (figure 7) that
C,day and G
this difference may be positive or negative, and is accentuated under rainy conditions. A positive difference indicates the
influence of nighttime short- or long-term
unacrecharge accounted for in G
C,day butdifferA
counted for in .
C,diu negative
G
ence indicates inflated daytime values of
conductance due to low D (frequently

daytime rain) that was
than the 0.1-kPa threshold. Whether the difference in G
C,day and
under
conis
or
C,diu positive negative
G
ditions where rain occurs is largely dependent on the timing of the rain event diurnally, as daytime rain may lead to a
relatively larger apparent G
C,diu while
nighttime rain may lead to a relatively
vallarger .
C,day In general, the
G
ues (figure 7) are similar to those reported
for other conifers [13, 14, 19, 24]. However, occasionally, mostly associated with
rain events that recharge stem storage after
a rainless period (e.g. mid-June, figure 7),
or with marginal conditions of low average
D and E
C (e.g. late December), unreasonable values of
may result. Just as
for calculating conductance using any
associated with

slightly greater

C,day
G

C,day
G

approach, it is necessary to evaluate the
data for unusual conditions that may corIn comrupt the calculations of
to
the
calculated
from
the
parison
C,diu
G
arithmetic mean of the diurnal pattern,
is affected less by short periods during
day in which E
C and D are low,
when errors in measurements are high.
does not suffer from
Furthermore,
a systematic underestimation inherent in
C,diu which may be substantial in days of
G
,
low E
C and a high proportion of nighttime water uptake.
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