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A simple quasistationary dynamic model was constructed to analyse the performance
of the stem heat balance method for estimating sap flow in tree stems. Model
predictions were compared with field measurements of sap flow in a 35-year-old
dominant Scots pine tree and in asmaller understorey mountain ash. The sap flow was
measured with the Dynamax Flow32™ Stem-Flow Gauge system. Results indicate
that the heat balance method underestimates the sap flow in steady-state conditions,
especialy with stems of larger diameters. The reason for the underestimate of the
flow in the case of bigger stems is the inaccurate estimation of sap temperature
increase AT when measured on the surface of the stem. Additionally, the difference
between air and sap temperatures, which is typical of boreal conditions in the early
summer mornings, may cause substantial peaks in the sap flow estimates. Increasing
the power input will decrease the latter problem but this may result in problems with
overheating of the stem.

eddy covariance technique (e.g. Rannik 1998).
The methods that monitor sap flow are superior

Transpiration of trees can be measured directly
from the leaves by enclosing them in a chamber
and analysing the resulting water vapour con-
centration changes while the chamber is closed
(e.g. Hari et al. 1999). Transpiration can aso be
estimated indirectly by analysing tree sap flow
(e.g. Hinckley et al. 1994). The stand level
evapotranspiration can be measured by using the

to the direct gas exchange measurements in that
they do not ater the leaf environment and
therefore are able to give less biased estimations
of transpiration, provided that they estimate sap
flow correctly (Hinckley et al. 1994). The rela-
tive ease of use, affordable instruments and the
unbiased estimation of transpiration by whole
trees have increased the preference of this meth-
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od in comparision with direct gas exchange
measurements for transpiration estimation.

Sap flow rate has been analysed using either
heat, deuterium or some other substances such
as dyes as flow tracers (Dugas et al. 1992,
Nikinmaa et al. 1997). The small diurna chang-
es in xylem diameter caused by the fluctuating
water tension has also been shown to reflect the
water flow in stem (Irvine and Grace 1997,
Sevanto et al. 2001). Heat-based methods are
the most commonly used methods for sap flow
estimations dueto their relative simplicity of use
and the fairly affordable measuring system. Meth-
ods based on either velocity of a heat pulse
(Jones et al. 1988), temperature profiles (Grani-
er 1985), or heat balance of a constantly heated
woody segments (Sakuratani 1981, Dynamax
1990) have also been used. Some applications
warm the exterior of the measured stem segment
and follow the variation in the segment surface
temperatures (Dynamax 1990), whereas in oth-
ers, the heating element and the temperature
sensors are inserted into a stem segment (Cer-
mak et al. 1976). The heat balance method with
constant heating gives direct flow estimates based
on the monitoring results; thus there is no need
for calibration (Vaancogne and Nasr 1989).

The stem heat balance method (SHB) has
been criticized for giving erroneous results in
certain conditions (Grime and Sinclair 1999).
Numerical analyses and field results suggest that
these may be attributed to changes that exceed
the time response of the system, changes in the
heat storage in the wood and variation in the
temperature field within the studied stem seg-
ment (Valancogne and Nasr 1989, Baker and
Nieber 1989, Groot and King 1992, Grime and
Sinclair 1999).

Using the stem heat balance system (SHB),
we analysed the stem sap flow of various-sized
woody segments from different tree species in
boreal forest conditions in southern Finland be-
tween 1996 and 1999. When measuring stem
segments larger than 50 mm in diameter, partic-
ularly during early summer, we frequently ob-
served erroneous behaviour in the sap flow
estimates resembling the results reported by
Grime et al. (1995a), and Grime and Sinclair
(1999). To anayse the measurements and to
study the possibilities for correcting the prob-
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lemsin the measurements, we designed asimple
dynamic model of heat and mass transfer in tree
segments that simulates both the stem segment
heat balance and the measurements with SHB-
gauges wrapped around the stem (Dynamax
1990).

The aim of this article is to analyse how the
segment size, power input and variation in the
sap flow depth in the stem, all of which are
relevant questions for sap flow measurementsin
conifers, influence the accuracy of the SHB-
method. We particularly emphasize the numeri-
cal analyses of relatively large stems, since they
have not been extensively analysed in the litera-
ture. We used an axisymmetric, quasistationary
stem heat-flux model to study the conditions
under which the method gives acceptable esti-
mations for the flow. Firstly, the influence of
stem size and flow rate on the accuracy of the
flow estimate is studied with numerical experi-
ments. The model is then used to simulate
observed sap-flow measurements with the SHB-
method, and finaly, the applicability of this
method for sap-flow estimations is discussed.

Theoretical background
Description of the stem heat flux model

The general heat transport equation for com-
bined conduction and convection (Qc,) in a
stem segment can be written as (e.g. Groot and
King 1992):

aT 1%6T§ %&——Q%—+P(l)

where r is the density of the stem, c is the heat
capacity of the stem, k. and k, are the thermal
conductivities in the radia (r) and axid (2)
directions, respectively, T is the temperature, Q
is the sap flow rate, ¢, is the specific heat
capacity of water and P is the heat generated by
the source.

The three-dimensional heat transport prob-
lem can be reduced to axisymmetric heat con-
duction and convection problem if we assume
no external short wave radiation impact on the
sensors (Baker and Nieber 1989, Groot and
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King 1992). If we further assume that sap-flow
is in the axia direction only, the problem is
simplified into axial and radial conduction and
axial convection (Baker and Nieber 1989).

In this study, for the sake of simplicity, the
temperature profiles are regarded as being in a
steady state at any time. This means that the
radia as well as the axia profiles follow the
stationary logarithmic and linear laws of heat
conduction (e.g. Alonso and Finn 1977) during
each time step of the numerical model. Changes
in profiles are only due to changing boundary
conditions, i.e. due to changes in the system
after each time step resulting from the changes
in the environment or sap flow rates. This kind
of approach is considered to be quasistationary
and it predicts well the system dynamics, if the
relaxation times for establishing stable tempera-
ture and flow profiles are much shorter than the
typical times during which the physical state of
the system is changing. The relaxation time for
the case of pure conduction depends on the
characteristic size of the system and therma
diffusivity. For a tree stem, the relaxation time
can be severa hours but the presence of convec-
tion (sap flow) reduces it significantly. If the
relaxation time is long, the quasi stationary mod-
el tends to underestimate the response of the
system for the changing ambient conditions and
the resullts are conservative estimates. For steady-
state conditions, the method gives correct solu-
tions. For a treatment of non-stationary heat
transport in a stem, we refer, e.g., to Groot and
King (1992).

The quasistationary solution of the problem
can be solved by discretizing the studied object
into volume elements and integrating their indi-
vidual heat fluxes. In this way the problem is
easily solvable with commercial simulation pack-
ages.

Our moddl simulates (1) the propagation of
heat energy in stem sections (caused by conduc-
tion and convection with prescribed input sap
flow Qp), and (2) the calculation of sap flow rate
Q< according to the principles of the heat
balance method of the Flow32™ Stem-Flow
Gauge (Dynamax Inc.) (Sakuratani 1981, Dy-
namax 1990). The simulated system consists of
a piece of tree stem, a heater band wrapped
around it and a thermal insulation cover enclos-
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ing them. The heater element heats the system
with constant power. The heat energy is con-
ducted radially in the system and propagates
vertically by conduction and convection with
the stem sap flow.

Simulating the propagation of heat in the
stem segment

The modelled piece of tree stem is divided
radialy (r) into ten coaxial rings of constant
width and vertically (2) into twenty slices. The
heater element and the insulation cover are also
divided into pieces. The attributes of each such
defined element (r,2) are: physica dimensions,
mass, amount of water, therma conductivity
and heat capacity. The state variable of an
element is heat energy, which is transformed
into temperature by using the heat capacity and
mass of an element. For each element (r, z) we
can then write:

AT = oy Bl =T, 0 OF, - T, B
c,,zmzi-z"’K%m(r/r_l H Bl n(r.n) %
sz [ T (T Trz+1)] @

+Qprcw( - T)+P,

where ¢, , is the heat capacity, m, , is the mass of
an element, k, and k; are the thermal conductivi-
ties of the material in axial and radial directions,
respectively, Aisthe basal areaof acylinder, T, ,
is the temperature, |, is the height and r, is the
radius of acylinder, Qy, istheinput sap flow, c,
is the heat capacity of water, and P,, is the
heating power for heated elements. In each term
of conduction and convection the first term
describes the input into the element and the
second the output from the element (see also
Fig. 1).
The heat capacity of astem element is

c= CuPu + Cow Paw (3)
pw + pdw

where ¢, is the heat capacity of water, r,, the
density of water in an element, ¢, and ry, are
those of dry wood, respectively.

The heater elements are heated by constant
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A kA

= (Tr,z - Tr.z+l) + QP,erTr,z

l:

<
<

Fig. 1. A schematic flow diagram of one stem element
(r,2). T,, is the temperature of the element. The ar-
rows represent the vertical and horizontal energy
fluxes. The horizontal fluxes contain the conductive
flow only. The vertical fluxes contain both conductive
and convective components. The elements at the sur-
face of the stem also contain, in the radial direction,
the heat flux P,, from the heating element and the heat
loss outside the system g

power P,/n, where P,,is the tota heating power
used and n is the number of heated dements.
Radia heat flux from the outermost cylinder to
ambient air is estimated with sensible heat loss as.

QI = i(Trmax,z _Ta) (4)
Ry
where R, is the boundary layer resistance for
heat conduction, T, , is the temperature of the
insulation cover and T, is the ambient tempera-
ture. A schematic representation of the modelled
system is presented in Figs. 1 and 2.

Estimation of sap flow using the SHB-
method

The model aso simulates the Dynamax sap flow
gauge by calculating the sap flow from the
simulated temperature gradients (Egs. 2-4) at
the positions of the temperature sensors of the
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gauge as input and the equations proposed by
the manufacturer. Fig. 3 shows a schematic
illustration of the Dynamax system. The equa-
tions are presented in Appendix.

The heat balance method utilized by Dyna-
gage' assumes steady-state conditions and thus
ignores the change in heat storage in the stem. In
numerous studies (Vaancogne and Granier 1991,
Shackel et al. 1992) it has been proposed that
the heat storage term Q, can be included in the
heat balance equation (Eq. 10 in Appendix) to
give improved results

__dar 5
Q =cm & ®)
where dT/dt is the temperature rise of the heated
segment, ¢ and m the heat capacity and mass of
the segment, respectively. In our model the
storage term is the sum of the time derivates of
heat energy E of the heated segments

dE
Qs: ZZE (6)

Boundary conditions, parameters and
model implementation

The model boundary conditions are time de-
pendent values of prescribed sap flow Qg(t),
ambient temperature T,(t) and sap temperature
entering the tree T,(t). The model parameters
are presented in Table 1. The model has been
implemented with Powersim™ simulation soft-
ware (Powersim AS, Norway).

Material and methods
Experimental design and measurements

We focused the numerical analyses to study the
factors that influence the sap-flow estimation of
young coniferous trees in field conditions. We
measured sap flow at the Helsinki University
SMEAR Il Station at Hyytida in southern Fin-
land (61°51'N, 24°17°'E, 181 masl.) (Vesadaet
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Modelled sap flow Qu or Qshg
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Vertical cond. and conv. heat losse

<
Conductive radial heat losses

Input power Pin<

Ambient temperature T,

Fig. 2. A schematic illus-
tration of the simulated
system.

al. 1998) using the Dynamax Flow32™ system.
For testing the model, we measured sap flow at
the crown base of a lower canopy Scots pine
(Pinus sylvestris L.) tree (diam. 55 mm) and an
understorey mountain ash (Sorbus aucuparial .)
(diam. 12 mm), both growing in a 35-year-old
stand in moderately fertile soil (Vaccinium type,
Finnish site type classification). The average
height and diameter of the trees is 12 m and
13 cm respectively, and the number of stems is
2500 per hectare.

The Dynamax gauges (SGB 50 and SGB 19)
wereinstalled according to the procedure recom-

knnr_’:_\—c’fg

element (Fig. 1)

u
D= <,__|w one
i

Prescribed Sap flow, @ (divided in each coaxial ring)

Sap temperature Ty

mended by the manufacturer (Dynamax 1990).
The stem surface was smoothened and a thin
layer of silicone grease was applied on the
surface of the stem before installing the gauges
and the radiation shields. The stem diameters
were selected so that they remained well within
the dimensions recommended by the manufac-
turer. The gauges were fitted tightly against the
stem but excessive pressure was avoided. Dur-
ing earlier studies we had observed damage to
stems similar to those reported by Grime et al.
(19954). Although the damage has been attribut-
ed to the silicon grease disturbing normal bark
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respiration (Grime and Sinclair 1999), our ob-
servations would tend to suggest that very tight
fitting of the sensors and large temperature in-
creases during low flow conditions may also
contribute to the problem. Because of these
reasons, we also had the heating power on a
moderate setting, within the range suggested by
the manufacturer, carefully trying to avoid ex-
cessive heating during slow flow conditions. In
addition, we inserted an extra thermoelement
into the centre of the heated sector of the Scots
pine stem.

As a reference, we simultaneously moni-

Table 1. Parameters of the model

| dTyx

Fig. 3. Dynagage schematics.

tored transpiration from the top shoots of the
Scots pine tree with an automatically operating
gas-exchange chamber. See Vesala et al. (1998)
for a detailed description of the measurements at
the station.

Model evaluation

The model was evaluated by comparing the
model output Q,, to the prescribed sap flow Qp.
Qu Was calculated with the SHB method (ega-
tions in Appendix), but by using the sum of

Symbol Description Value

Cw Heat capacity of water 4.186 kJkg°C?
I, Water density in an element 650 kg m~3

Caw Heat capacity of dry wood 0.4 Jkg?°Ct

Ty Density of dry wood 400 kg m=3

Ry Boundary layer resistance for heat conduction 0.3 KW

* T. Vesala pers. comm.
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Fig. 4. Model evaluation:
Prescribed (solid line) and
simulated (dotted line) rela-

tive sap flow without stor- 0
age term (A) and with stor- 0
age term (B).

vertical conductive heat losses of each simulated
coaxial ring at the stem segment boundary in-
stead of Q,, and the sum of radial conductive
heat losses of each simulated dlice at the surface
of the stem instead of Q, (see Fig. 2 and Appen-
dix).

Results and discussion
Results from model evaluation

In steedy state, the Q,, deviated less than 0.3%
from the prescribed flow Q; (Fig. 4A). When the
heat storage term is included in calculations, the
flow calculated from the whole segment heat bal-
ance closdy followed the step change, with the
exception of the initid overestimate of flow (Fig.
4B). Thissmall deviation from the prescribed flow
may indicate transient problems resulting from the
assumption of quasistationarity.

Effect of stem diameter and sap flow ve-
locity

Figure 5 presents the estimated sap flow, Qgg,

5000 10000 15000 20000 25000 30000 35000 40000 45000

Time (s)

according to the Dynamax-SHB method after a
step change in sap flow for two different stem
diameters and flow velocities. The higher flow
velocity equals that often observed at our meas-
uring site in southern Finland during mid-sum-
mer (data not shown) and the lower flow veloci-
ty ishalf of the higher one. The sap flow velocity
was kept constant over the whole woody cross-
sectional area. The rates of input power used in
the simulations were comparable with those
recommended for Dynamax gauges of similar
sizes. As is apparent from Fig. 5, large flow
rates result in an underestimate of the rea rate
and the increasing stem size will magnify the
underestimate even more. The reason for thisin
the case of bigger stemsis biased estimation of
the temperature increase caused by heating AT
(see Fig. 3) when measured on the surface of the
stem. Steady-state temperature distributions in-
side the stem section are presented in Fig. 6
(bigger stem and higher flow velocity in Fig 6A,
smaller stem and lower flow velocity in Fig.
6B). In Fig. 6A, in particular, the temperature
distribution clearly deviates from the underlying
assumption of aradially homogeneous tempera-
ture field, which the Dynamax SHB method
USES.
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Effect of input power

The manufacturer recommends that the heater
power should be adjusted to maximize the pro-
portion of heat carried by the sap stream since
the input power and the temperature difference
between entering and leaving sap are measured
directly, with consequently smaller errors in
their estimation (Grime and Sinclair 1999). How-
ever, even if the power input could influence the
proportion of heat carried by the sap stream, it
cannot improve the accuracy of determining the
real temperature of the sap flow leaving the
measured segment. Consider the steady state
situation close to the centre of the stem at the
heated part of the trunk. The heat carried there
by conduction equals (approximately, with a
high flow rate) the heat carried out by convec-
tioni.e.:

To_Ti
In(r,/r)

giving
k T,
In(r,/x
+
Q In(r,/r)
where r,is the radius of the stem, r; the radius of

the position close to the centre of the stem, T, is
the temperature under the heater and T; the

N [ ~—|

T= (7)

27.5 mm, higher velocity,
Qspgd: stem diam. 27.5
mm, lower flow velocity. Qe
is the prescribed sap flow.

40000

temperature close to the centre of the stem, k is
the thermal conductivity of wood and Q is the
flow rate. It can be understood from Eq. 7 that
the internal and surface temperatures are linear-
ly related and doubling the surface temperature
will aso double the temperature in the centre.
Equation 7 aso shows that the resulting temper-
ature gradient depends on the heat conductivity
and flow velocity. In no flow conditions at
steady state there is no radial temperature gradi-
ent, but as flow increases, the gradient increases
inversely proportionaly to the flow rate. As the
thermal conductivity between the centre and the
surface increases, as is the case when the stem
diameter decreases, the axial temperature gradi-
ent also decreases with the same flow velocity.
Thus, for smaller stems the assumption of a
homogeneous axial temperature field is more
judtified. Also, as Fig. 6 demonstrates, as the
distance from the heater decreases, the radial
gradient rapidly decreases.

Effect of flow depth

If the sap flow occurs only in the superficial
wood layer of the stem, it could be expected,
based on the above discussion, that temperature
measurements on the wood surface would give a
sufficiently good estimate of the temperature
difference between sap entering and that leaving
the measured segment. We simulated a sap flow
similar to the previous simulated flow in the
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Fig. 6. Temperature distributions inside the stem segment at steady state. Stem diameter 55 mm and higher
sap flow velocity (A) Stem diameter 27.5 mm and lower flow velocity (B).

bigger stem (diam. 55 mm), but thistime assum-
ing flow in the outermost wooden cylinder of the
stem only. The simulated flow is presented in
Fig. 7A and temperature distribution in Fig. 7B.
In this case, the temperature increase across the
segment, AT, measured on the surface is a better
estimator of the actual temperature increase of
the whole segment, resulting in a good predic-
tion of the sap flow at a steady state. However, it
is notable that the large internal and non water-
conducting mass acts as a large heat storage,
influencing the transient dynamics of the meth-
od. The system reaches the steady state condi-
tion much later than previously, and the time
dynamicsis also different (Figs. 5 and 7A).

Simulations versus field measurements

Figure 8A presents the daily dynamics of tran-
spiration from one gas-exchange chamber at the
top of the Scots pine tree in non-shaded condi-
tions for a period of three days in early June
1999. Panels B and C in Fig. 8 present the whole
canopy transpiration from the Dynamax meas-
urements for the dominant Scots pine tree and

the understorey mountain ash tree for the same
period. The measurements are not directly com-
parable but qualitative. Water vapour concentra-
tion and air temperature inside the canopy were
measured at several heights (Vesaaet al. 1998)
and no significant variation was found in VPD
(data not shown) due to daytime turbulent mix-
ing. The patterns of the mountain ash sap flow
and the transpiration measurement are similar,
athough the sap flow measurement remains at a
lower level during the morning hours. The Scots
pine measurement displays large peaks, which
are clearly unrealistic since similar behaviour is
not observed in the simultaneous transpiration
measurements.

We used the numerical model to imitate
similar sap flow conditions and measurements
with Dynamax. Since our quasistationary ap-
proach responds more slowly than the real sys-
tems to the changes, the simulations need to be
viewed as qualitative estimations of the system
behaviour. Figure 9 presents the time variation
in the boundary conditions. After sunrise the
prescribed sap-flow increased rapidly to a maxi-
mum value that remained constant during the
day and decreased gradually to zero in the late
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Fig. 7. Prescribed (thin
line) and simulated (thick
line) sap flow (A) and tem-
perature distribution in the
stem segment (B). Flow at

55 mm pith

evening. There was similar variation in the
ambient temperature with an observed ampli-
tude of 15 °C. The sap temperature entering the
gauge was assumed to follow the air tempera-
ture, with a time lag of about two hours in the
morning.

The prescibed sap flow (thin line) and the

the superficial wood layer
of the stem only.

simulated sap flow (thick line) are presented in
Fig. 10. The smulated flow shows large and
unrealistic peaks similar to the field measurement
(Fig. 8B). Both the smulated (Fig. 11A) and
measured (Fig. 11B) values of the radia tempera
ture gradient (C,) and the smulated (Fig. 11C)
and measured (Fig. 11D) temperature increase
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0
storey mountain ash (C). 11 Jul 1999

over the heated segment (AT) varied over the
course of aday (Fig. 11). Even if no exact match
between the values was attempted, it is clear that
the pattern is very similar, both in the measure-
ments and in the simulations and as reported
earlier (Grime et al. 1995h). Asthe flow startsin
the morning, the heated water moves upwards,

12 Jul 1999

13 Jul 1999 14 Jul 1999

increasing the AT value, followed by a substantial
drop in the vaue as the flow increases and the
heating is no longer sufficient to maintain the
same temperature. At some stage, as the air
warms faster than the sap, the direction of heat
flux between the gauge and the ambient reverses,
giving riseto large overestimates of sap flow. The
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Fig. 10. Prescribed (thin
line) and model simulated
(thick line) sap flow at
simulated measuring con-
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weather giving riseto thistype of situationisvery
common in southern Finland, especially during
the early summer when the night and daytime
temperatures may differ by more than 20 °C. Itis
interesting that this does not seem to be a problem
for smaller segments. Most likely they are so
much better coupled with the atmospheric tem-
perature that similar, substantia variation be-
tween the sap entering the measured area and the
ambient air does not develop.

The early morning reversal of heat flow from
the gauge can be corrected by increasing the
power supplied to the heater. This aso increases
the value of AT, making the sap flow estimates
less sensitive to small variation and possible
erroneous measurements in the other compo-
nents of the underlying heat balance eguation
(see Appendix). This is reflected in the better

13 Jul 1999 ditions.

behaving measurement of sap flow (Fig. 12).
However, the problems associated with the une-
ven temperature distribution in the segment are
reflected in the systematic underestimate of the
sap flow as discussed above.

Concluding remarks

The literature contains a large amount of analy-
ses of the SHB sap flow method. The method
has been proposed for medium to small sized
stems (e.g. Grime et al. 1995a). Although Dy-
namax Inc. offers commercial stem gauges up to
120 mm-sized stems, most of the analyses of the
functioning of the method have concentrated on
considerably smaller stem sizes (£ 20 mm max.)
(Grime et al. 19953, Groot and King 1992,
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Fig. 11. Simulated (A) and measured (B) radial temperature gradient (relative units). Simulated (C) and meas-
ured (D) temperature increase AT over the heated segment of stem.

Fig. 12. Prescribed (thin
line) and simulated sap
(thick line) flow with in- 0

creased heating power. 11 Jul 1999

Baker and Nieber 1989). The method seems to
work satisfactorily for these sizes even though it
seems that this is often a result of various
deviations from the basic assumption cancelling
each other (Baker and Nieber 1989). Shackel et
al. (1992), however, wrote a strong critique on
the method when it was used on only 60 mm.
sized stems. Grime and Sinclair (1999) aso
came to the conclusion that the method was
problematic with 35 mm. stems. In our humeri-
cal analyses we concentrated on studying the

12 Jul 1999 13 Jul 1999

performance of the method on mid-sized
(2060 mm) coniferous stems, comparing the
modelled heat fluxes with simulated Dynamax
performance, and comparing these with our ex-
periencesin thefield.

Baker and Nieber (1989) and Groot and
King (1992) pointed out problems that are asso-
ciated with a non-homogeneous temperature field
when the measurements of the heat balance are
conducted from the surface of the studied ob-
ject. Our simulations highlighted the problem,



42

especially for large objects whose sap flows in
deep layers as well. As the size of the segment
increases, the radial temperature difference be-
tween the surface and the middle section of the
segment increases, leading to erroneous meas-
urements. Thus in large segments, higher flow
rate causes significant deviation from the homo-
geneous temperature field assumption. One way
to avoid the problem would be to measure the
temperature from various distances above the
heater or to insert some temperature sensors
inside the xylem. This could help to increase the
accuracy of the system.

As Grime and Sinclair (1999) discussed, and
as recommended by the manufacturer (Dynamax
1990), the power input could be used to in-
fluence the proportional amount of heat carried
by the sap under given flow conditions. Howev-
er, as our analyses showed, power input does not
influence this. Increasing the power input will
remove the problem of non-controlled heat flux
from outside into the system and make the
system less sensitive to small changes in the
variation of the different components of heat
balance by increasing the value of AT. However,
increased input power does not solve the prob-
lem of an inaccurate picture of the real tempera-
ture difference between the sap entering and
leaving in large trees with deep sap flow, if
surface temperatures are measured only.

Our analysis showed that the SHB-method
gives reasonable estimations of steady state sap
flow, even for large stems with superficial sap
flow. Baker and Nieber (1989) also pointed out
that the system performance was better in dicot-
yledons than in monocotyledons. However, in
large segments, the big, non water-conducting
internal part of the stem acts as a substantial heat
storage and is certain to influence the time
response of the method. This can be appreciated
from the step change simulations but its full
evaluation in varying environments is not possi-
ble with our model.

The transient behaviour of the heat balance
method has been identified as one of the major
problems of the method (Groot and King 1992).
Thisisvery obviousin our simulations imitating
system behaviour in field conditions. The com-
bined effect of sap temperature lagging behind
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air temperature, and large flow rate may cause
substantial morning peaks in the sap flow esti-
mates (see also Grime et al. 1995a). Adjusting
the power input and including the storage term
into the heat balance equation will improve the
situation. However, accurate estimation of the
whole stem temperature may be problematic in
large stems because during the flow a tempera-
ture gradient quickly developsin the stem.

If sap flow is measured in large segments
with the SHB method, it is obvious that a better
method of estimating the influence of the devel-
oping temperature gradient within the stem is
required. Since the temperature difference be-
tween the leaving and entering sap is used to
derive the sap flow from the estimate of heat
carried by sap flow, it is clear that wrong esti-
mates of this difference have a substantial effect
on the flow estimate. As our analyses showed,
this value depends on the size and flow rate of
the segment, so its impact becomes more signifi-
cant as larger segments are analysed. Tempera-
ture measurements from inside the wood would
improve the accuracy of the system.
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Appendix. Equations used for calculating the sap flow Qg are (Dynamax 1990):

IDin = Qr + Qv + Qf (8)

Q= KuCy )

Qv = Qu + Qd (10)

Q= kAﬂ (112)
dx

—adle 12

Q, =kA o 12)

- Q 13

Quis AT (13)

P, is the heating power, Q, is the radial heat flux con-
ducted through the gauge, K, is the thermal conduct-
ance constant of the gauge, G, is the radial tempera-
ture gradient, Q, is the vertical conductive heat flux
having components @, and Qy, k is the thermal con-
ductivity of water saturated wood, A is the stem cross-
sectional area, Q; is the heat convection carried by
the sap, ¢, is the heat capacity of water, AT is the
temperature increase of the sap, dT,/dx and dT/dx
are the temperature gradients upwards and down-
wards on the surface of the stem, (Fig. 3) and Qg IS
the estimated sap flow.
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