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ABSTRACT: Aerodynamic measurements of latent (λE) and sensible heat (H) exchange were made in
an intensively managed peat pasture during 2 consecutive years; the fetch was approximately 1.5 km.
The surface conductance (gs) was calculated from the Penman-Monteith equation. The analysis
focused on 2 successive aspects of gs: gs as a function of environment (primarily vapour pressure deficit
[D]) and the energy balance as a function of gs. The effect of D on gs consisted of 2 components: the
range of D over which gs was reduced (beyond inflection point Di) and the reducing effect per unit D.
As average D increased, so did inflection point Di and the range of D over which gs was reduced; the
reducing effect per unit D decreased. gs was a strong mediator in the energy balance. λE increased
with D upto the inflection point Di, beyond which gs increasingly offset the positive effect of D. As gs
impaired λE, the surface to air temperature difference (∆T ) and consequently H increased. With
increasing gs, λE and H added up to progressively lower values, suggesting an increasing soil heat flux.
Hysteresis in the diurnal patterns of the energy balance showed that the positive effect of D on λE
remained stronger than the consequent negative effect of gs. λE was higher after than before noon,
whereas ∆T and H were lower.
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1. INTRODUCTION
Surface conductance (gs) is important in atmosphericbiospheric mass and energy exchange. It is a key factor in canopy CO2 assimilation and directly determines
the latent heat flux (λE), more so than the sensible heat
flux (H) and the soil heat flux (G). In the energy balance, gs is the only biological mediator, whereas the
other factors are merely imposed upon the surface.
The effect of gs and environment on λE varies widely
among vegetation types and environmental conditions
(Baldocchi 1994). Hiyama et al. (1995) found a substantial divergence in net irradiance (Rn), λE, H and G for
different surface types. Jarvis & McNaughton (1986)
showed that the impact of gs on λE depends on the
ratio between gs and aerodynamic conductance (ga) as
a result of the feedback of the canopy’s microclimate
on λE.
*E-mail: bjorn.dirks@altavista.com
© Inter-Research 1999

Changes in gs and λE are reflected in the Bowen
ratio (β = H/λE). Reduced λE as a result of changes in
gs leads to higher surface temperatures. The temperature difference between the surface and air in turn
determines both λE and H. Simulation studies have
shown that β has a pronounced effect on the development of mesoscale circulations in the atmospheric
boundary layer (Segal et al. 1988, Avissar & Pielke
1991, Mascart et al. 1991) — primarily through a differential distribution of H over the land surface.
gs is generally derived from measurements of the λE.
The best established component of gs is stomatal conductance, which is affected by a number of factors:
CO2 assimilation (Collatz et al. 1991), irradiance and
temperature (Avissar et al. 1985, Lindroth & Halldin
1986, Baldocchi et al. 1991), vapour pressure deficit
(Price & Black 1990, Leuning 1995, Verhoef et al.
1996), relative air humidity (Collatz et al. 1991), leaf
water potential (Lynn & Carlson 1990), λE (Mott &
Parkhurst 1991), and soil moisture.
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This paper reports on micrometeorological energy
flux measurements in intensively managed peat pasture made during 2 consecutive years. Since gs is the
most uncertain factor in the energy balance, the analysis largely focuses on gs. The analysis has 2 successive
objectives: firstly, it determines how gs was influenced
by physical environmental variables; secondly, it
demonstrates how gs determines λE and how this interacted with the dynamics of the energy balance as a
whole.

2. MATERIALS AND METHODS

m s–1); air temperature at 0.6 m height (Ta; °C); specific
air humidity at 0.6 m height (q; g kg–1); vapour pressure deficit at 0.6 m height (D0.6; kPa).
2.3. Meteorological measurements. Meteorological
measurements and data processing were made by
KNMI. Short-wave irradiance (0.3 to 3 µm) was measured using a Kipp CM11 pyranometer, ventilated to
prevent condensation on the dome; for diffuse irradiance the pyranometer was equipped with a shadow
band. Long-wave irradiance (3 to 50 µm) was measured using a ventilated Eppley radiometer. Measurement of net radiation (0.3 to 50 µm) was made using a
Funk radiometer. G was measured using flux plates
developed by the TNO Institute of Applied Physics:
3 heat flux plates, 3 m apart, at 0, 5 and 10 cm depth.
Values for the following variables were clustered to
30 min averages (W m–2): short-wave irradiance (Rs),
diffuse short-wave irradiance, outgoing long-wave
radiation (Lout), net radiation (Rn), and G. The surface
temperature (Ts; °C) was calculated using the StefanBoltzmann Law and Lout. A surface emissivity of 0.975
was assumed (Ripley & Redmann 1976). The surface to
air temperature difference was calculated thus: ∆T =
Ts − Ta. Though ∆T holds many uncertainties, it was
assumed to be indicative of the actual surface to air
temperature difference.
2.4. Analysis of measurements. Only measurements
made while the wind direction was between 195° and
250° were analysed. In this range the fetch exclusively
consisted of pasture over a distance of 1.5 to 2 km. By
restricting the analysis to measurements made during
westerly winds, an implicit selection for climate type
was introduced. Table 1 shows significant (p < 0.10) climatic differences between the 1° to 360° and 195° to
250° ranges. More clouds and precipitation and lower
irradiance and temperature extremes indicate that we
considered a climate that was slightly more maritime
than the actual average. The aerodynamic technique
also excluded measurements under wind-still conditions.

2.1. Experimental site. Measurements were made at
the experimental site of the Royal Netherlands Meteorological Institute (KNMI) near Cabauw in The Netherlands (51° 58’ N, 4° 55’ E). It was surrounded by pasture, orchards, minor roads and a built-up area. The
soil consisted of a 0.6 to 0.8 m thick layer of alluvial
clay on top of a massive peat layer. The land was composed of long strips alternated by waterways (every
50 m, approximately 5% of the total surface). The vertical distance between land and waterway surface
amounted to approximately 0.8 m. The pasture predominantly consisted of Lolium perenne and was used
for intensive dairy farming (2.5 head of cattle ha–1),
with mixed grazing and mowing.
2.2. Flux measurements. Micrometeorological energy exchange measurements were made by the Netherlands Energy Research Foundation (ECN) by applying the aerodynamic gradient technique (Hensen et al.
1997). The measurements covered most of the periods
March 1993 up to February 1994 (‘1993’), and March
1994 up to February 1995 (‘1994’).
The aerodynamic gradient technique used wind
speed measured at 10 m height. It was determined
with an accuracy of 1% using a Gill propeller vane
type 8002dx, modified by KNMI. Temperature measurements were obtained at 0.6, 2 and 10 m height;
thermocouples measured the direct differences between the successive levels.
At 0 m height the thermocouples were
Table 1. Average, minimum and maximum values of environmental varimeasured against a 0°C ice bath. The
ables measured while the wind direction was between 1° and 360° and
between 195° and 250° near Cabauw, The Netherlands, from March 1993 up
thermocouples were shielded and ventito February 1995. All differences between the variables in the 2 ranges were
lated; the accuracy of the temperature difsignificant (p < 0.10)
ferences was approximately 0.05°C. Air
humidity followed from air temperature
1°–360°
195°–250°
and wet bulb temperature; the set-up for
Avg. Min. Max.
Avg. Min. Max.
the latter measurement was similar to that
of air temperature, but the sensor was
Air temperature (°C)
9.8 –8.2– 32.6
9.9 –6.8– 25.7
Short-wave irradiance (W m–2) 115
–
985
94
–
954
kept wet using peristaltic pumps.
Diffuse fraction
0.68
–
–
0.80
–
–
Values for the following variables were
6.74
–
–
6.87
–
–
Air humidity (g kg–1)
–2
clustered to 30 min averages: λE (W m );
Precipitation (mm 1⁄2h–1)
0.049 –
–
0.058 –
–
–2
H (W m ); wind speed at 10 m height (u10;
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The fluxes were an average of the different states
within the fetch of 1.5 km. An increasingly delayed
regrowth of grass as the season progresses results in
a gradually decreasing average leaf area. Leaf area
and leaf characteristics (morphology, physiological
response and stomatal conductance; Davies 1988)
both affect gs (Mascart et al. 1991, Saugier & Katerji
1991, Kelliher et al. 1995). Measurements were generally analysed at a monthly time scale. A distinction
was made between daytime and nighttime measurements.
Linear regression was done by the least squares
technique; non-linear regression analysis followed the
iterative Marquardt-Levenberg algorithm (Fox et al.
1994).
2.5. Closure of energy balance. In the pasture’s
energy balance, both advection and biochemical and
physical energy storage were neglected. Fig. 1 shows a
close correspondence of the energy available for
upward dissipation (Rin = Rn − G) and actual upwardly
dissipated energy (Rout = λE + H), despite the different
spatial scales for the components (H and λE, 1 km2; Rn
and G, 1 m2). No significant difference between Rin and
Rout was observed during either year.

between β, λE and gs. As for now, the first two will be
considered.
Two relationships that relate the λE to environmental
and surface factors were applied. The latent heat loss
equation was used for the analysis of the dynamics of
λE. The Penman-Monteith equation was used to calculate gs that was subsequently analysed in relation to
environmental factors.
The latent heat loss equation causally relates λE to
environmental and surface factors (Monteith & Unsworth 1990):
λE = (0.622 λρa /p) (D + s ∆T ) / (ra + rs)

where ρa is the density of the dry air (g m ), p the air
pressure (kPa), D the aerial vapour pressure deficit
(kPa), ∆T the difference between Ts and Ta (°C), s the
slope of the saturation vapour pressure curve at Ta
(kPa K–1), ra and rs the aerodynamic and surface resistances to water vapour transfer (s m–1), and λ the latent
heat of vaporisation (J g–1). Eq. (1a) was used for the
analysis of the dynamics of λE only, because of the
uncertainty in the application of ∆T.
The Penman-Monteith equation is derived from
Eq. (1a) and mathematically rather than causally
relates λE to environmental and surface factors (Monteith & Unsworth 1990):
λE = [s(Rn − G) + ρa cp D /ra] / [s + γ (ra + rs) /ra]

Fig. 1. Energy balance for the pasture near Cabauw, The
Netherlands, in 1993 (D) and 1994 (S): comparison of available
energy (Rin = Rn – G) and outgoing energy (Rout = λE + H) in
the wind direction 195°–250°. Rn: net radiation; G: soil heat
flux; λE: latent heat flux; H: sensible heat flux

2.6. Latent heat flux and surface conductance. Key
to the surface energy balance is the relation between
gs and λE. gs is the mediating (surface) factor that operates in a system of otherwise external (aerial and radiative) factors. gs as such cannot be measured but is
derived from measurements of λE. In the analysis of
the dynamics of the energy balance, 3 successive
stages were distinguished: (1) the relationship between gs and environmental factors; (2) the relationship between λE and gs; and (3) the relationship

(1a)

–3

(1b)

where γ is the psychrometer constant (kPa K–1); and cp
the specific heat of air at constant pressure (J g–1 K–1).
Aerodynamic conductance, ga, was calculated as
(u0.6/u*2 + 5.31u*–2/3)–1 (Thom 1972, 1975, Verma et al.
1986, Monteith & Unsworth 1990, Lhomme 1991,
Saugier & Katerji 1991), where u* is the friction velocity (m s–1). u0.6 was calculated from the logarithmic
wind profile, with u* = 0.141u10, zero plane displacement = 0.05 m, and roughness length, z0 = 0.021 to
0.066 m.
Calculation of gs from Eq. (1b) involves several variables. A comparison was made between gs that includes all these variables and gs that assumes constants for several of these variables: G (0 W m–2), p
(101 kPa), γ (0.066 kPa K–1), λ (2477 J g–1), ρa (1246 g
m– 3) and z0 (0.03 m). The 2 conductances did not differ
significantly. Fig. 2 compares the values of total conductance to water vapour transfer, g = (ga + gs)/(ga ×
gs), calculated with and without the assumption of constants. We used the gs calculated with the assumed
constants.
2.7. Surface conductance and environment. gs is correlated with CO2 assimilation, but is also influenced by
vapour pressure. A multiplicative relationship was
used to analyse the surface conductance as a function
of Rs and surface vapour pressure deficit (D0). A rectangular hyperbolic relationship between Rs and gs
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Table 2. Explained variance (r2) and fitted parameters (p <
0.10) for surface conductance (gs) as a hyperbolic function of
short-wave irradiance (Rs) and an exponential function of
vapour pressure deficit (D0) in the wind direction range
195°–250°; λE and λEeq > 0 W m–2; Ω < 0.70. D0.6: vapour pressure deficit at 0.6 m (p95: 95 percentile). gs,mx: maximum surface conductance; dexp: parameter of exponential relationship;
Di: vapour pressure deficit inflection point. n: number of
observations
D0.6
(p95)
(kPa)

Fig. 2. Comparison of daytime conductance to water vapour
transfer (g) with and without several variables assumed constant in 1993 (D) and 1994 (S)

which is characterised by gs,mx as the maximum surface
conductance was assumed (Kelliher et al. 1995,
Schulze et al. 1995).
Three different relationships between D0 and gs
were evaluated: (a) linear; (b) negatively exponential
(Jones 1992); and (c) hyperbolic (Leuning 1995,
Schulze et al. 1995):
ƒ(D0) = 1 − (D0 − Di)/dlin

(2a)

ƒ(D0) = e– (D0 – Di)/dexp

(2b)

ƒ(D0) = [1 + (D0 − Di)/dhyp]

–1

(2c)

where ƒ(D0) is the relative effect of D0 on gs, Di is the
vapour pressure deficit inflection point with ƒ(D0) = 1
for D0 < Di, and dlin, dexp and dhyp are equation-specific
parameters.

Apr 1993
Jun 1993
Jul 1993
Aug 1993
Sep 1993
Apr 1994
May 1994
Aug 1994
Oct 1994
Jan 1995

gs = ƒ(Rs)
n
r2

0.79 47 0.04
1.39 42 0.04
1.05 2040 0.08
0.98 1410 0.40
0.71 58 0.11
0.84 94 0.04
0.63 39 0.33
1.16 1060 0.02
0.58 31 0.56
0.41 70 0.06

r2

0.56
0.50
0.27
0.52
0.38
0.23
0.35
0.38
0.77
0.18

gs = ƒ(Rs, D0)
gs,mx dexp
Di
(cm s–1) (kPa) (kPa)

3.0
2.3
2.7
5.1
3.4
2.6
1.8
6.9
4.5

0.51
0.78
0.57
1.11
0.63
0.38
0.72
0.46

0.21
0.60
0.64
0.24
0.34
0.40
0.27

For this analysis, situations with wet surfaces were
excluded by only considering values of the λE and
equilibrium latent heat flux (λEeq) > 0 W m–2. λEeq is λE
in a situation where the ga approaches 0; it equals s ×
Rn/(s + γ) (Jones 1992). s is the slope of the saturation
vapour pressure curve at Ta (kPa K–1). Situations with a
low degree of coupling between the atmosphere and
surface (Jarvis & McNaughton 1986) were excluded by
only considering values where the decoupling coefficient (Ω) < 0.70 [Ω = (s/γ + 1) (s/γ + 1 + ga/gs)–1]. D0 was
calculated from D0.6, ga, λE and λEeq as described by
Kelliher et al. (1993).

3. RESULTS
3.1. Surface conductance

Fig. 3. (a) Monthly p5 and p95 (5 and 95 percentiles) of vapour pressure
deficit (D; S), monthly fitted (D, j and Z from Eqs. 2a, 2b & 2c, respectively)
and regressed (––) inflection point Di as a function of average vapour
pressure deficit (Dav). (b) Monthly fitted and regressed dlin (S), dexp (H) and
dhyp (Z) as a function of the p95 of vapour pressure deficit (Dp95).
Arrows: July and August 1993

The fitted gs,mx at non-limiting irradiance
and vapour pressure deficit ranged from
3–5 cm s–1 in spring and 2–3 cm s–1 in
summer to 5–7 cm s–1 in autumn (Table 2).
D was a major reducing factor of gs
(Table 2). In increasing the explained variance, the exponential equation for the
effect of D was slightly more effective than
the hyperbolic and linear equations. Eqs.
(2b) & (2c) altogether provided the best
description for the effect of D on gs, but differences were minor.
Fig. 3a shows a positive relationship between monthly average vapour pressure
deficit (Dav) and monthly fitted Di (the
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value of D0 beyond which gs is progressively reduced). The range of D
over which gs was reduced (Di to Dp95)
increased with Dav. July and August
1993 deviated from this trend: Di to
Dp95 was smaller than expected.
Fig. 3b shows that monthly fitted
parameters dlin, dexp and dhyp from Eqs.
(2a), (2b) & (2c) were positively related
to D. In other words, the larger range
of D over which gs was reduced (Di to
Dp95), the smaller the reduction per
unit D.

3.2. Soil heat flux
An upward G of 3 W m–2 was fitted
for zero Rn in 1993. Fig. 4 shows that
the gradient of daytime G against Rn
was 0.1 (r2 = 0.56, n = 962).

Fig. 4. Daytime soil heat flux (G), latent heat flux (λE), and sensible heat flux (H)
as a function of net irradiance (Rn) in the wind direction 195°–250° in 1993
and 1994

of gs and lower values of ∆T; bλE increased over this
period.
Different degrees of dissipation of daytime Rn into λE
were observed when distinguishing between different
gs classes (Fig. 5). The regression coefficients in Table
4 (intercept aλE and slope bλE) show that this dissipation
of Rn was reduced at decreased gs.

3.3. Latent heat flux
Fig. 4 shows that the gradient of daytime λE against
Rn was 0.55 to 0.65 (bλE) on a yearly basis. bλE differed
significantly between 1993 and 1994 (p < 0.001).
In spring and summer, bλE ranged from 0.52 to 0.70
(Table 3). The highest value of bλE was fitted for August
1993; at this time high levels of D and gs at moderate
levels of ∆T occurred. Low values of bλE fitted for June
1993 and August 1994 are associated with high levels
of D and ∆T and low levels of gs. The period June to
August 1993 was characterised by drought and sustained high levels of D, but progressively higher values

3.4. Sensible heat flux
Fig. 4 shows that the gradient of daytime H against
Rn was 0.30 to 0.35 (bH) on a yearly basis. bH differed
significantly between 1993 and 1994 (p < 0.01).

Table 3. Explained variance (r2) and regression coefficients (p < 0.10) for daytime latent heat flux (λE) and sensible heat flux (H)
as a linear function of the net irradiance (Rn) in the wind direction range 195°–250°. a: intercept; b: slope. Rn > 100 W m–2. D0.6:
vapour pressure deficit at 0.6 m; ∆T: surface to air temperature difference; gs: surface conductance; n: number of observations

D0.6
(kPa)
Apr 1993
Jun 1993
Jul 1993
Aug 1993
Sep 1993
Apr 1994
May 1994
Aug 1994
Sep 1994
Oct 1994
Feb 1995

0.1–0.8
0.2–1.4
0.2–1.1
0.2–1.4
0.1–0.7
0.1–0.9
0.2–0.7
0.3–1.2
0.2–0.7
0.3–0.6
0.2–0.4

p5 – p95
∆T
gs
(°C)
(cm s–1)
0.2–5.7
0.3–6.0
1.1–4.9
0.1–5.6
0.6–4.1
0.4–5.8
0.4–3.0
0.7–8.5
0.6–2.7
1.0–4.6
0.0–1.4

1.3–3.8
0.4–2.8
0.6–3.7
0.9–3.6
1.0–4.7
0.9–6.5
1.4–2.9
0.4–2.2
0.8–4.2
1.4–3.0
1.6–3.8

aλE

λE = ƒ(Rn)
(W m–2)
bλE
r2

12
18
12
12
14
25
15
16
10
22
28

0.62
0.55
0.62
0.70
0.66
0.52
0.63
0.52
0.68
0.55
0.53

n

31
30
1460
93
45
61
37
74
41
16
55

0.95
0.94
0.87
0.90
0.87
0.76
0.89
0.83
0.85
0.78
0.63

n

aH

66
70
2830
1780
69
1270
48
1380
99
87
2170

–19
–18
–12
–15
–19
–18
–05
–19
–21
–21
–34

H = ƒ(Rn)
(W m–2)
bH
r2
0.31
0.36
0.36
0.27
0.35
0.31
0.23
0.39
0.32
0.38
0.37

0.78
0.90
0.84
0.81
0.86
0.73
0.03
0.90
0.83
0.86
0.65

n
1160
74
2920
1880
74
1610
52
1440
1110
91
2220
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Fig. 5. Daytime latent heat
flux (λE), sensible heat flux
(H), and surface to air temperature difference (∆T ) as a
function of net irradiance
(Rn) in the wind direction
195°–250° in July 1993 and
August 1994 for the following surface conductance (gs)
classes: >1.0 (S), 0.5–1.0 (D),
and < 0.5 cm s–1 (Y)

In spring and summer, bH ranged from 0.23 to 0.39
(Table 3). The lowest value of bH was fitted for August
1993 at the same time as the highest value of bλE. ∆T
was lowest in August 1993. High values of bH were fitted for June and July 1993 and August 1994, generally
months with lower values of bλE. Levels of ∆T were relatively high in these months.
Different degrees of dissipation of daytime Rn into H
were observed when distinguishing between different
gs classes (Fig. 5). The regression coefficients in
Table 4 (aH and bH) show that the dissipation of Rn into
H increased with decreasing gs from the highest to the
middle gs class, but remained approximately constant
in the transition from the middle to the lowest gs class.
Table 4 also shows that the increase in ∆T with increasing Rn (b∆T) generally remained constant with decreasing gs (Fig. 5). In August 1994, b∆T increased and ga

Table 4. Average aerodynamic conductance (ga) and regression coefficients (p < 0.10) for daytime latent heat flux (λE),
sensible heat flux (H) and surface to air temperature difference (∆T ) as a linear function of net irradiance for different
surface conductance (gs) classes in the wind direction range
195°–250° in July 1993 and August 1994. a: intercept; b: slope.
Superscripts indicate within-month differences (p < 0.10)
Parameter

–1

ga (cm s )
aλE (W m–2)
bλE
aH (W m–2)
bH
a∆T (°C)
b∆T
[°C (W m–2)–1]

gs (cm s–1)
July 1993
August 1994
>1.0 0.5–1.0
>1.0 0.5–1.0 < 0.5
a

a

3.6
3.2
16a
14a
a
0.66
0.51b
–16a
–20a
a
0.33
0.49b
0.5a
0.4a
a
0.010 0.011a

a

3.0

a

0.68
–26a
0.36a

a

3.1
19a
0.44b
–25a
0.47b

b

2.2
17a
0.39b
–16b
0.41b

0.014a 0.015a 0.022b

decreased in the transition from the middle to the lowest gs class.
Fig. 6 illustrates the approximately linear relationship between the independently determined ∆T and H
in 1993. The slope was 24 W m–2 (°C)–1 in 1993 (r2 =
0.76, n = 2105) and 21 W m–2 (°C)–1 in 1994 (r2 = 0.59,
n = 2701). The regression coefficients differed significantly (p < 0.001).

Fig. 6. Sensible heat flux (H) as a function of surface to air
temperature difference (∆T ) in the wind direction 195°–250°
in 1993

3.5. Diurnal patterns and hysteresis
λE, H, D, ∆T and gs were clustered to monthly average diurnal patterns. Before and after noon responses
of these variables to Rn were compared (Fig. 7).
gs after noon was generally lower than gs before
noon; levels of gs were lower in August 1994 than in
August 1993. λE followed the pattern of D, though less
pronounced; the difference before and after noon was

Dirks & Hensen: Surface energy exchange in a peat pasture

Fig. 7. Average diurnal response to net irradiance (Rn) of the
sensible heat flux (H), latent heat flux (λE), vapour pressure
deficit (D), surface conductance (gs) and surface to air temperature difference (∆T ) before (D) and after noon (S) in the wind
direction 195°–250° in August 1993, August 1994 and February 1995. For each 30 min average n ≥ 3

lowest in August 1994. ∆T after noon was lower than
before noon. H followed the pattern of ∆T.

4. DISCUSSION
4.1. Surface conductance
Saugier & Katerji (1991) and Kelliher et al. (1995)
found gs,mx to range from 0.9–1.7 cm s–1 in natural
grassland to 3.3–5.0 cm s–1 in crops, covering the
annual range found in this study. Kelliher et al. (1995)
noted that fitted gs,mx values tend to be approximately
25% higher than observed gs,mx values.
gs,mx as such is theoretical, since irradiance and
vapour pressure deficit are positively correlated. However, the annual pattern of gs,mx is indicative of stable
pasture characteristics. Leaf area is reflected in the
long-term patterns of gs,mx: high after the first period of
regrowth in early spring, gradually decreasing
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towards late autumn. This could explain most of the
observed pattern of gs,mx.
Values of gs,mx were generally speculative for autumn, since these values were never actually reached.
The close relationship (Collatz et al. 1991, Leuning
1995) between CO2 assimilation and gs suggests that gs
at lower irradiance may have been limited by temperature, more so in autumn than in spring or summer.
This could have resulted in a reduced initial response
of gs to irradiance and the apparently high gs,mx.
Stomatal conductance in grass has been shown to be
particularly sensitive to D (Woledge et al. 1989). Fitted
parameters dlin, dexp and dhyp suggest effects that were
stronger than found in cereals (0.40 kPa–1; Kim et al.
1989). The exponential and hyperbolic equations for
the description of the effect of D on gs were slightly
more effective than the linear equation.
The effect of D on gs consisted of 2 components:
(1) the range over which D is effective (Di to Dp95) and
(2) the reducing effect on gs per unit D (through dlin,
dexp and dhyp). Fig. 3 shows that an increasing D
resulted in an increase of the Di to Dp95 range, despite
an upward shift of Di. An increased D simultaneously
resulted in a decrease in the effect on gs per unit D.
This suggests that the instantaneous response of the
vegetation’s surface to D was an adaptation to average
levels of D. The reducing effect of D on gs was maintained and remained distributed over most of the
actual D range. Stomatal adjustment (Drake & Salisbury 1972) traded off between gs for sustained CO2
assimilation and reduced transpiration over the full
range of irradiance.
The surface response deviated from this trend in July
and August 1993. Both the range over which D
affected gs and the effect on gs per unit D were lower
than expected. The period from June to August 1993
was characterised by progressively lower levels of D. It
suggests an adaptation of gs to D extending beyond the
time frame of 1 mo.
The effects of soil moisture and D on gs may have
been confounded. However, in August 1994, a severe
reduction in canopy CO2 assimilation and growth in a
non-irrigated pasture on alluvial clay, 50 km east of the
site, was largely removed by lowering D (authors’
unpubl. results).

4.2. Soil heat flux
A 10% dissipation of Rn into G is modest. Kim &
Verma (1990) found 10 to 25% in a tallgrass prairie,
where the variation was attributed to differences in
surface cover and soil moisture. In temperate pastures,
surface cover and soil moisture are generally high and
stable relative to Rn throughout much of the year.
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4.3. Latent heat flux
The effect of D and ∆T on λE was mediated by gs. D
had a direct positive effect on λE, but beyond Di it
simultaneously had a negative effect on gs — thus an
indirect negative effect on λE. The direct and indirect
effects of D increasingly offset each other. Jarvis (1981)
found this moderation of the effect of D (from 1.5 kPa)
by gs in Scots pine.
The mediating effect of gs on the effect of D was best
observed in June 1993 and August 1994 (low gs) and
August 1993 (high gs). At sustained high levels of D, λE
increased less with Rn at lower levels of gs, illustrated
by low bλE. Reduced λE co-occurred with an increased
∆T. August 1993 represented an ‘optimum’ situation
(bλE ≈ 0.70).

4.4. Sensible heat flux
A low gs at high levels of D reduced the λE and
increased ∆T. ga and ∆T constitute the main causal factors in H. A reduced λE and increased ∆T in June and
July 1993 and August 1994 increased the dissipation of
Rn into sensible heat, illustrated by high bH. August
1993 represented an ‘optimum’ situation (bH ≈ 0.25).

4.5. Bowen ratio
At a constant gs, Jarvis (1981) found a decreasing β
when moving from a maritime to a continental climate.
However, a D increasing beyond Di decreased gs. This
progressively counteracted the increase in λE, increasing H through ∆T. In tallgrass, Kim & Verma (1990)
found β to vary between 0.3 (D = 1.8 kPa and gs =
1.3 cm s–1) and 1.3 (D = 4.3 kPa and gs = 0.3 cm s–1).
Table 4 shows that the dissipation of Rn into λE and H
added up to increasingly lower values with decreasing
gs. An increased G may have been the result.
A simple iterative energy balance of a hypothetical
leaf (Jones 1992) was calculated. It included Eq. (1a)
for λE, the standard equation for H (Monteith &
Unsworth 1990) and the Stefan-Boltzmann Law for
long-wave irradiance. They suggest that for ‘observed’
ranges of ga and gs, λE is little affected by ga. A
decrease in gs results in a decrease in λE and an
increase in ∆T and H; the sum of λE and H is positively
correlated with gs. Low ga seriously reduces H and
increases ∆T, but in reality a resulting increased buoyancy may again enhance H.
The increase in λE with Rn (bλE in Table 4) was tested
against the steady-state theory of Eq. (1b). The increase in ∆T with Rn (b∆T in Table 4) was tested against
the standard equation for H (Monteith & Unsworth

1990). The covariance of D and Rn was 0.003 kPa (W
m–2)–1, s was 0.15 kPa K–1, ga and bH were the values in
Table 4, and gs was 2.0, 0.7 and 0.4 cm s–1. For the 3 gs
classes, Eq. (1b) predicts bλE values of 0.84, 0.51 and
0.40. The standard equation for H predicts b∆T values
of 0.010, 0.012 and 0.015°C (W m–2)–1. These predictions are lower than the observations, possibly as a
result of reduced λE at the non-irrigated site where ∆T
was determined.

4.6. Diurnal patterns and hysteresis
Due to hysteresis, the diurnal pattern of the energy
balance gives a more accurate description of its dynamics as compared to the average parameterisation.
D was the main factor in λE, since λE was higher
after than before noon, despite a lower gs. Consequently, ∆T and H after noon were lower than before
noon, whereas a sole decrease in gs would have
resulted in the opposite. This was observed for both a
normal (1993) and a dry summer month (1994), though
the dissipation of Rn into λE was relatively low at
drought. Baldocchi et al. (1981) observed simultaneous
increases in D and λE and a decrease in downward
CO2 flux in soybean under conditions of heat advection; a decreased gs may have reduced CO2 assimilation but the consequence for λE may have been compensated for by D.
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