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Intercomparison of BOREAS northern and southern study area 
surface fluxes in 1994 

Alan G. Barr, • Alan K. Betts, 2 T. A. Black, 3 J. H. McCaughey, 4 and C. D. Smith • 

Abstract. Sensible and latent heat fluxes from the Boreal Ecosystem and Atmosphere 
Study (BOREAS) tower flux sites in 1994 are analyzed over both diurnal and seasonal 
cycles. We compare and contrast the southern and northern study areas and the behavior of 
five different land covers. For each land cover the evaporative fractions and surface 
conductances to water vapor are higher in the south than in the north, with the ranking from 
largest to smallest: aspen, fen, black spruce and jack pine. The conifer and, particularly, the 
jack pine sites show the greatest stomatal control of transpiration, as the vapor pressure 
deficit increases from morning to afternoon and as the soil dries during periods with low 
precipitation. The relation between surface conductance and the Priestley-Taylor 
coefficient (x is consistent between sc)uthern and northern study areas but varies among land 
covers. The aspen and ten sites have higher c• values than the landscape mean, and the 
mature conifer sites have lower c• values than the landscape mean. We attribute the 
diflbrences to the impact of spatial heterogeneity at the landscape scale. 

1. Introduction 

The processes that govern the exchanges of heat and water 
vapor between natural ecosystems ,and the atmosphere play a 
key role in the global climate system. These processes are 
partially under the control of surface vegetation via canopy 
composition and structure, leaf area index and plant 
ecophysiology, specifically, the interactions between stomata 
(i.e., leaf or canopy conductance) and the controlling 
environmental variables, including light, temperature, 
humidity, and soil moisture. From a climatic perspective the 
surface exchange is mainly controlled by surface available 
energy (net radiation minus storage) and its partition into 
sensible and latent heat Ilux over both diurnal and seasonal 

cycles. 
Few field experiments have attempted to characterize these 

exchanges at the landscape scale. The Boreal Ecosystem- 
Atmosphere Study (BOREAS) was one such experiment, 
designed to evaluate the role of boreal forests in the global 
climate system and in global change [Sellers et al., 1995, 
1997]. In this paper, we summarize the water and heat flux 
data from the BOREAS 1994 field campaigns over both 
diurnal and seasonal cycles. We also compare and contrast the 
BOREAS northern and southern study areas and the five land 
covers represented by the BOREAS tower flux sites. 
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2. Data Sets and Processing 
This study analyzes tower flux data from the 1994 field 

phase of BOREAS, collected at nine sites (Table 1) between 
May 24 and September 19. The BOREAS southern and 
northern study areas (SSA and NSA, respectively) had paired 
sites for /'our land covers: •nature (old) black spruce (wet 
conifer) (SOBS and NOBS), mature jack pine (dry conifer) 
(SOJP and NOJP), young jack pine (SYJP and NYJP) and fen 
(Sfen and Nfen). In addition, the southern study area had a 
mature aspen (deciduous) site (SOA). 

Sensible and latent heat flux densities (H and AE) were 
measured every half hour by the eddy covariance method at 
all sites, with subtle site-to-site differences in instrumentation 

and signal processing [Newcomer et al., 2000]. Supporting 
meteorological measurements included solar and net radiation 
(Rs and Rn, respectively), air temperature (T,), relative 
humidity (RH), vapor pressure deficit (D, defined as the 
difference between saturation vapor pressure at air 
temperature and ambient vapor pressure), and wind speed (u), 
again with some site-to-site differences in instrumentation 
[Newcomer et al., 2000]. 

2.1. Evaporative Fraction and Priestley-Taylor Alpha 

We will use two derived variables to describe the partition 
of available energy into the sensible and latent heat fluxes, the 
evaporative fraction (EF) and the Priestley-Taylor coefficient 
a [Priestley a•ut Taylor, 1972]. The values for EF and a were 
estimated for each half hour as 

EF=• (1) 
(H +XE) 

and 

(s+7)9.E 
or = , (2) 

s(H + 2E) 

where 2' is the psychrometric constant and s is the derivative 
of saturation vapor pressure with respect to temperature. Our 
formulation and use of a dif/Ers from that of Priestley and 
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Table 1. BOREAS Tower Flux Sites Used In This Study 

Site 
Latitude, Longitude, BOREAS Principal 
øN øW Investigator a Reference 

Southern mature aspen (SOA) 

Southern mature black spruce (SOBS) 
Southern mature jack pine (SOJP) 
Southern young jack pine (SYJP) 
Southern fen (Sfen) 

Northern mature black spruce (NOBS) 
Northern mature jack pine (NOJP) 
Northern young jack pine ½NYIP) 
Northern fen (Nfen) 

53.63 -106.20 T.A. Black (TF-1); 
G. den Hartog (TF-2) 

53.98 -105.12 P.J. Jarvis (TF-9) 
53.92 - 104.69 D D. Baldocchi (TF-5) 
53.88 -104.65 D E. Anderson (TF-4) 

53.80 -104.62 S B. Vem•a (TF-11) 

55.88 -98.48 S C. Wofsy (TF-3) 
55.93 -98.62 DR. Fitzjarrald (TF-8) 
55.90 -98.29 J.H. McCaughey (TF-10) 
55.91 -98.42 D.E. Jdinski (TF- 10) 

Black etal. [1996] 

Jarvis et at [1997] 
Baldocchi etal. ['1997] 
Anderson etal. [1995] 
Suyker et aL [1997] 
Goulden et al. [ 1997] 
Fit•jarrald etal. [ 1995 
McCaughey et at [ 1997] 
Lafleur et aL [1997] 

a 'IF denotes the BOREAS Tower Flux group. 

Tco'lor [1972] in two respects. First, to avoid the issue of 
energy balance nonclosure we have substituted (H + AE) for 
(R,•- Q,), where Q, is the sum of the minor energy balance 
terms (section 2.2). If we assume that the measured Bowen 
ratio (H/XE) is correct, this substitution in both (1) and (2) has 
the same effect as adjusting H and AE to force energy balance 
closure (section 2.2). Second, unlike Priestley and Taylor's 
original energy-limited concept and definition, our use of a, 
which is diagnostic rather than predictive, encompasses both 
energy-limited and soil water-limited conditions. 

2.2. Energy Balance Closure 

The surface energy balance may be written as 

Rn-Qs=H +AE 

and 

Qs =Qs +QI, +Qa +Qv +Qc, 

(3) 

(4) 

where Q.• is the ground heat flux, Qt, is the rate of 
aboveground biomass heat storage, Qa and Q•. are the rates of 
sensible and latent heat storage, respectively, in the air layer 
below the eddy flux measurement level, and Q½ is the 
photosynthetic energy flux. Four of the nine tower flux sites 
had complete measurements of the terms in (4): SOA, SOJP, 
NYJP and Nfen. At sites where Qs was not measured, Qs was 
estimated as f(R,), using a fourth-order polynomial with 
coefficients fit to data from the most similar site where Qs 
was measured (e.g., Nfen for Sfen, NYJP for SYJP, SOJP for 
NOJP, SOJP for SOBS, and SOJP for NOBS). These 
estimates are only approximate but are the best available. 
However, even with the measured or estimated Q,, the surface 
energy balance (equation 3) does not close. Energy 
imbalances are common in eddy covariance studies [see, e.g., 
Bart etal., 1994; Twine etal., 2000], but their cause is 
uncertain and may vary among sites. Possible causes include 
eddy covariance measurement errors or limitations, violation 
of eddy covariance assumptions [Mahrt, 1998] and errors in 
the measurement of R,•- Qs. 

Therefore, before calculating the surface conductance to 
water vapor (equation 5), we resolved the energy imbalance 
in (3) by adjusting H and AE to force energy balance closure, 
assuming, as in the calculation of EF and a above, that the 
measured Bowen ratio was correct [Barr etal., 1994; Blanken 
etal., 1997; Twine etal., 2000]. We will denote the closure- 
adjusted values of H and AE as H* and AE*, respectively. The 
mean adjustment to half-hourly H and XE varied among sites, 

from near zero at SOBS to 44% at NOBS, +7% at S YJP, 
+9% at SOJP, +15% at SOA, +19% at NYJP, +27% at Sfen, 
+31% at Nfen, and +38% at NOJP. The closure adjustments 
were applied only when the Bowen ratio was well defined 
[Ohmura, 1982]. The adjustments were applied consistently 
at all sites and, in the absence of additional information, 
provide the most reasonable solution to the closure problem 
[Twine et al., 2(}00]. Still, the large, unexplained dift•rences 
in closure among sites are a cause tbr concern. The large 
energy imbalances at some sites (the fens, in particular) •nay 
be due in part to the underestimation of Q•. 

2.3. Surface Conductance 

The surface conductance to water vapor g• was calculated 
from the closure-adjusted value for AE (gE') using the 
inverted form of the Penman-Monteith combination equation 
[Monteith, 1981]' 

gs = ' , (5) 
[s(R• -Qs - AE*)- rAE*]/ ga + pcpD 

where g• is the aerodynamic conductance to heat and water 
vapor, p is the density of air, cv is the specific heat of air, and 
D is the vapor pressure deficit. The value for s in (5) was 
estimated at the mean of surface temperature and air 
temperature, where surface temperature (T,) was computed as 

H* 
T s = T a +•. (6) 

t9C p g a 

The value for g,• was calculated, following Thom [1972] and 
Verma [ 1989], as 

2 

ga = " , (7) 
It + B-1lt, 

where u, is the friction velocity and B 4, the dimensionless 
sublayer Stanton number, was set to 2 (forest) or 4 (fen) 
[Thom, 1972; Wu etal., 2000]. The value for u. was estimated 
on the basis of the stabili:y corrected logarithmic wind profile 
[see, e.g., Brutsaert, 1984], with the zero-plane displacement 
and the roughness length for momentum set to 64% and 13% 
of the canopy height, respectively. At the six sites where 
measurements of u. were available, there was general 
agreement between the measured and derived values for u., 
with a mean difference of 0.11 m s 4 and a root-mean-square 
difference of 0.21 m s 4. We used the derived values for u, in 
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(7) to be consistent among sites, but the effect of using 
derived or measured u, was small. 

It is difficult to estimate error limits for EF (equation 1), or 
(equation 2) and gs (equation 5), because we lack independent 
estimates of the separate errors in H and AE. It is possible that 
the errors in EF, or, and gs are smallest tbr sites with small 
energy imbalances (in sequence from smallest to largest: 
SOBS, NOBS, SYJP, SOJP, SOA, and NYJP) and largest for 
sites with large energy imbalances (the fens and NOJP), but 
this is only tentative because the actual cause of the energy 
imbalance is not known. It is equally possible that by using 
(la) and (2) to skirt the closure issue, we have effectively 
minimized the errors in EF and a related to energy balance 
nonclosure. 

2.4. Filling Gaps in Data 

Appendix A gives •nore details on how we filled gaps in 
the flux and conductance data. Briefly, gaps in H* and AE* 
were filled using equations (3) and (A3), with missing values 
for gs in (A3) estimated using an empirical function (equation 
A 1) of Rs, D, and T•,. Gaps in meteorological data were filled 
using linear regression •nodels and data from nearby 
BOREAS mesonet or tower flux sites. Gaps in Qs were filled 
with modeled values, estimated as f(R,,) using a fourth-order 
polynomial with site-specific coefficients fit to the entire 
period. 

3. Comparison of SSA and NSA Sites in the 
1994 Growing Season 

3.1. Seasonal Cycle of Evaporative Fraction 

Figure 1 shows the seasonal cycles of (1) air temperature 
and relative humidity (10-day averages), (2) evaporative 
traction (10-day averages), and (3) precipitation (10-day 
totals) for the SSA and NSA flux sites. Values of Ta and RH 
are averaged over all sites. For precipitation we show a single 
average in the NSA and two values in the south; one for the 
SSA aspen site and the other for an average representative of 
the other SSA sites, which are in a cluster ~100 km to the 

east-north-east of the aspen site. Note the difference in early 
surmner precipitation between the two. There is a cool wet 
period, with high RH in early summer (with more 
precipitation in the SSA than in the NSA), followed by a 
warmer, drier period, with little rainfall, toward the end of 
July. Among the conifer sites, EF at the jack pine sites, which 
have permeable sandy soils, is more sensitive to precipitation, 
while EF at the black spruce sites, where the water table is 
high and the organic soil has high water retention, varies 
much less with precipitation and has a slight upward trend 
over the season. EF is much higher at the deciduous aspen 
site, increa•sing rapidly with leaf out in late May, and at the 
fen sites, where the vegetation is •so mostly deciduous. The 
aspen and I•n sites show a tnidsmnmer EF peak, /bllowing 
the early summer rains. Figure 1 also shows that mean 
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Figure 1. Seasonal variation in (top) air temperature T• (solid lines) and relative humidity RH (dashed lines), 
(middle) evaporative fraction EF, and (botto•n) rainfall 1¾om BOREAS tower flux sites in the southern study 
area SSA and northern study area NSA during the 1994 growing season. The data are 1 O-day averages tbr T•, 
RH, and EF and 10-day totals tbr rainfall. Before calculating EF, we first averaged the l{)-day fluxes. The EF 
line style denoted tbr each land cover type is the same for sites in the SSA and NSA. Abbreviations are as 
follows: OA, mature aspen; OBS, mature black spruce; OJP, mature jack pine; and YJP, young jack pine. 
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Figure 2. Diurnal variation in (a) air temperature T, (solid lines) and relative humidity RH (dashed lines), (b) 
evaporative fraction EF, (c) solar radiation Rs (solid lines) and net radiation R, (dashed lines), and (d) surface 
conductance to water vapor gs t¾om BOREAS tower flux sites in the SSA and NSA, averaged between May 
24 and September 19, 1994. We first averaged the fluxes by time of day betbre calculating EF. The mean 
surface conductance was calculated from measured data only (i.e., with no gap filling) after excluding values 
below the tenth and above the ninetieth percentiles. The line style denoted for each land cover type is the same 
for Figures 2b and 2d. Local time in the SSA and NSA is 6 hours less than UTC. 

summer EF is higher in the SSA than the NSA for all four 
paired sites, fen, old black spruce, old jack pine and young 
jack pine, although the difference is a little less clear than in 
Figure 2 (see section 3.2). 

3.2. Diurnal Cycle of Evaporative Fraction and Surface 
Conductance 

Figure 2 compares the diumal cycles (an average from 
May 24 to September 19, 1994, corresponding essentially to 
the growing season) Of (1) air temperature and relative 
humidity, (2) evaporative fraction, (3) solar and net radiation, 
and (4) surface conductance for the BOREAS flux sites in the 
SSA and NSA. As in Figure 1, the meteorological variables 

are averaged over all sites. Figure 2a shows an afternoon 
maximum of temperature and a _minimum of RH. Figure 2b 
shows a daytime minimum of EF at all sites, with EF at the 
SSA exceeding EF at the NSA for each paired land cover. In 
addition, Figure 2b shows characteristically different diurnal 
patterns of EF for each land cover type, independent of 
geographic location. At the fen sites, EF increases as RH falls 
from an early morning maximum to a midafternoon 
minimum. At the aspen and old black spruce sites, EF is 
relatively constant during the midday hours. At the jack pine 
sites, EF falls the most and reaches the lowest afternoon 
minimum. These differences reflect the decreasing 
availability of water for evaporation and transpiration and the 
strongest stomatal control on transpiration at the jack pine 
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Figure 3, Halt:hourly values of the Priestley-Taylor coefficient (x as a function of the surface conductance to 

water vapor g.• for the BOREAS tower flux sites on May 24 to September 19, 1994. The [}lots show measured 
data only (i.e., with no gap filling). l)ata are excluded tbr solar irradianccs < 500 Wm". The solid line is a 
landscape mcan from equation (8), fit to the data from all sites. 

sites. Mean RH is a little lower for the NSA than the SSA, 

consistent with the unitbrmly lower EF. 
The SSA-NSA difference in EF is consistent with the 

earlier results of Barr and Betts [1997], who analyzed the 
boundm'y layer budgets of the BOREAS radiosondcs. They 
reported mean lindday Bowen ratios tBr the BOREAS NSA 
and SSA during the 1994 intensive field ca•npaigns that 
correspond to evaporative tYactions of I).53 trod 0.45, 
respectively. These values are intermediate between the lower 
conifer values and the higher aspen and fen values in Figure 2 
and are ~30% higher than the mean midday values tbr mature 
black spruce (0.43 in the SSA and 0.34 in the NSA). These 
differences illustrate that although the boreal it)rest landscape 
is dominated by conifers, particularly black spruce [Betts et 
al., this issue I, its energy balerace at the landscape scale is also 

significantly influenced by othcr land covers with higher 
cval:x)rativc IYactions. 

Figure 2c shows the •ncan diurnal cycles of solar ea•d ncl 
radiation, and Figure 2d shows the derived surface 
conductance to water vapor. The SSA aspen site has the 
highest surface conductance, and the jack pine sites have the 
lowest. Unlike the fen sites, where conductance is nearly 
symmetric with radiation (more st) in the north than in the 
south), the diurnal pattern of conductance is markedly 
asymmetric at the tbrest sites. The high forest conductances in 
the early morning to midmorning reflect the maximum 
daytime stomatal opening •[s a result of low-m-magnitude leaf 
water potentials, high RH, and low D [Mac•olis and Ryan, 
19971. At some sites and ti•ncs they may also reflect the 
presence of early morning dew on the canopy. The fall of 
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conductance between midmorning and late afternoon at the 
forest sites reflects stomatal control as D increases [Margolis 
and Ryan, 1997]. 

As was observed with EF, the paired sites (fen, old black 
spruce, old jack pine, and young jack pine) each have higher 
mean conductance in the SSA than in the NSA. There is little 

difference in incoming short-wave radiation or in temperature 
between the NSA and SSA, and the 5% lower midday RH in 
the NSA is not sufficient to account for the significantly 
lower gs. The higher rainfall in 1994 in the SSA may explain 
part of the higher conductance, particularly at the jack pine 
sites. However, Betts et al. [this issue] showed a similar 
difference between the black spruce sites in 1996, when 
rainfall was similar in both SSA and NSA, so we doubt that 

the seasonal atmospheric and soil water constraints between 
south and noah are entirely responsible tbr the lower surface 
conductance in the north. Other possibilities include 
differences in nitrogen availability and leaf area index. 

3.3. Coupling of Alpha to Surface Conductance 

Figure 3 shows half-h,.mrly values of the Priestley-Taylor 
coefficient a (equation 2) as a function of gs (equation 5) for 
each of the nine sites. The scale for gs is logarithmic. The 
solid line in each plot shows the mean relationship between • 
and gs for all sites, fit to a function suggested by Monteith 
[19951: 

a = a m (1- exp[-g s / gc 1), (8) 

where am is the asymptotic limit for a and gc is a scaling 
conductance. Note the tight coupling of a to gs. For the data 
acceptance threshold ot Rs > 500 W m in Figure 3 the mean 
(all site) estimates for am and gc (equation 8) are 1.05 and 6.0 
mm s '•, respectively, in reasonable agreement with Monteith's 
[1995] estimates of 1.1 to 1.4 for am and 5.0 mm s '• for go. 
The estimate for g, (but not an) is sensitive to the Rs threshold 
used to screen the data and drops to 4.6 mm s '• for Rs > 250 
W m '2. Our estimate for am may be lower than Monteith's 
simply because his analysis included data from productive 
agricultural sites with higher values for a and gs than the 
boreal sites in this study. 

The general applicability of the mean (landscape) 
relationship t¾om (8) at all sites shows the broad utility of 
relationships like (8). The paired sites (old black spruce, old 
jack pine, young jack pine, and fen) have very similar a-gs 
relationships, independent of their geographic location. 
However, the individual land covers show subtle but 
consistent departures from the mean a-gs relation. The 
average departures of a from the landscape mean (equation 
(8), shown as the solid lines in Figure 3) are +18% for fen, 
+4% for mature aspen, -1% for young jack pine, -9% for old 
black spruce, and -11% for old jack pine. If the 
relationship is indeed universal as, for example, de Bruin 
[ 1983], McNaughton and Spriggs [1989] and Monteith [ 1995] 
argue, then these departtires may show the impact of spatial 
heterogeneity on evapotranspiration from contrasting 
elements in a patchwork landscape. For patches like fen that 
are relatively wet and have above-average values for gs and 
weak feedback from D to gs, the surrounding drier patches act 
as sensible heat sources via horizontal advection 

[McNaughton, 1976]. This causes disequilibrium between 
AE and D. The above-equilibrium D enhances XE from the 
fen patches and causes cx to be higher than that of an 

extensive fen. For patches like conifer with lower than 
average values for gs, the horizontal advection of cooler, 
moister air t¾om the surrounding wetter patches causes D to 
be lower than the equilibrium value. This diminishes gE and 
causes a to be lower than that of an extensive coniferous 

landscape. However, the resultant AE and a are also affected 
by the presence of a strong feedback from D to gs in 
coniferous species. This t•edback increases gs above its 
equilibrium value and dampens the reductions in/1E and a. 
The net effect of surface heterogeneity at the landscape scale 
is to heighten the differences in EF and a among contrasting 
land covers. 

3.4. Impact of Energy Balance Closure 

The analysis of section 3.3 has one caveat, which is related 
to the energy balance closure adjustments in section 2.2. With 
the exception of NOJP the sites with the largest energy 
closure adjustments to gE and gs (the fens) also have the 
largest positive deviations of a from (8), whereas the sites 
with the smallest energy closure adjustments to AE and gs (the 
mature conifers) have the largest negative deviations from (8). 
If we repeat the analysis in Figure 3 but substitute the 
unadjusted values tbr a and g•, the contrasts between land 
covers diminish but do not disappear. The average departures 
of a t¾om the landscape mean become +7% for fen, +2% for 
mature aspen, +1% for young jack pine, 0% for old black 
spruce, and-14% for old jack pine. Note that the paired sites 
continue to show consistent departures from the landscape 
mean and that the old black spruce sites now typify the boreal 
landscape. The revised values for an and g½ (equation 8) are 
0.94 and 5.8 mm s '•, respectively. This caveat tempers our 
conclusion about the significance of horizontal advection in a 
patchwork landscape, but it does not invalidate it. It also 
highlights the importance of careful measurement of Qs and 
the need for a more fundamental understanding of the energy 
imbalance in eddy covariance studies. 

4. Summary and Conclusions 

This paper summarizes the sensible and latent heat flux 
data from the 1994 BOREAS tower flux sites and contrasts 

the southern and northern study areas and the behavior of five 
dift•rent land covers. The data show consistently higher 
evaporative fractions and stirface conductances in the south 
than the north, with no obvious relation to climatic 

dift•rences. The ranking of the evaporative fractions by land 
cover is, in order of largest to smallest, aspen, fen, black 
spruce, and jack pine. Land cover differences in EF are 
attributed in part to differences in surface conductance and 
stomatal control and in part to the impact of spatial 
heterogeneity on evapotranspiration from contrasting 
elements in a patchwork landscape. The coniferous and, 
especially, the jack pine ecosystems show the strongest 
stomatal control of transpiration. Both southern and northern 
study areas have a similar relationship between the Priestley 
Taylor coefficient a and surface conductance, but the 
relationship varies subtly among land covers. The variation 
may show how spatial heterogeneity in land cover and surface 
conductance at the landscape scale influences a among 
contrasting landscape elements. Spatial heterogeneity 
increases a from patches like fen and aspen with higher 
conductance and decreases a from coniferous patches with 
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lower conductance. We conclude that although conifers 
dominate the boreal forest landscape, other land covers with 
higher evaporative fractions also influence its energy balance 
at the landscape scale. In evaluating the role of boreal forest 
in the global climate system, it will be important to consider 
the patchy, mosaic character of the boreal landscape. 

Appendix A' Filling Gaps in H*, J.E, and 
Data 

To fill gaps in the time series of H*, AE*, and $s, we 
modeled gs as ,•R, Ta, D) at each site, roughly following 
Jarvis [ 1976]: 

gs = mgx,f (Rs)f (Ta)f (D) , (A1) 

with 

,f (R s) = Rs (A2a) 
R+ns 

(A2b) 

and using f(D) t¾om Lohammer et al. [1980] (cited by 
Massnmn and Kaufmann [ 1991 ]): 

1 
.f(D) =• (A2c) 

I +bDD 

We added the parameter nt in (A1) to account tbr seasonal 
variations in g•.. The values tbr T,, and T• in (A2b) were fixed 
at 0 ø and 40 øC, respectively. The value.f(/)•) in (A2b) was set 
to zero when Ta < T• or 7; > T•. 

Thc parmneters in (A2a)-(A2c) were fit for each site using 
measured R, D, T•,, and g, where g.• was derived from (5) 
based on AE*, the energy closure adjusted value tbr A/z • 
(section 2.2). The parameter fitting was done (using MatLab,) 
in two steps. First, g, b•, bD, and bT in (A2a)-(A2c) were 
estimated for each site based on all data from May to 
September 1994, with m set to 1.0. The regression excluded 
g• data below the 1st and above the 99th percentlies. Second, 
the seasonal variation in m was estimated daily using a 
•noving window of 10 days in length by linear regression of g• 
versus g•f(ROf(T,•)./rD) The regression line was tbrced 
through the origin. Using f(Ta) in the regression gave only 
•ninimal benefit, as also reported by Wu et al. [20001 and 
Massman and Kaufmann [1991)], but f(Ta) was retained. 

Estimates for missing values of H* and AE* were then 
calculated using (3) and the Penman-Monteith combination 
equation lMonteith, 19811: 

AE* = .s(Rn ,.Qs) + gaPCp D (A3) . 

s +2'(1+ ga/gs) 

Note that the estimates of g•, (equation A l) that were used to 
estimate missing values of AE* in (A3) were energy closure 
adjusted values, because the parameters in (A1) and (A2a)- 
(A2c) had been fit using values of g• that were calculated 
from closure-adjusted •neasure•nents (2E*, sections 2.2 and 
2.3). 
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