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Methods for studying heat and water balance of the system: underlying
surface — lower layer of the atmosphere have so far been worked out for flat and
open terrains and it is for such conditions that observations have been accu-
mulated.

However, the earth’s surface is for the most part rough and vast areas are
rather rugged. Still vaster areas are occupied by forests; in the U.S.S.R., for
instance, they cover more than one third of the whole territory.

The forest changes essentially the medium in which it develops. This results
not only in forming up of a climate with specific features within a large forest
but also in a noticeable influence on the climate of adjacent areas. Therefore
our concepts of the heat balance of the earth’s surface and of the energy regime
of various geographical zones will remain incomplete until reliable data on the
heat balance of woodlands are made available.

Systematic heat-balance observations were started by my co-workers and I
in July 1957 in accordance with the I1.G.Y. program. The observation site is the
I.G.Y. network station Zagorsk (north of Moscow) situated in the region of the
Uglich-Dmitrov chine. The forest is mixed, with crown height of 10—17 m,
crown density of 0.85, and bonitet of 3.

A gradient tower 35 m high (which equals the double height of trees) was
erected in the forest. Special care was taken to leave the natural conditions intact.
Actinometric and gradient observations have been carried out also in the vicinity
of the tower in 3 points under tree crowns (thick and rare underbrush and
coniferous forest).

For heat balance observations distant-recording sensitive elements on semi-
conductors, were used and the actinometric instruments were of self-recording
type. Direct readings were simultaneously registrated in control series. Periodic
control series of psychrometric observations over the forest were carried out
with the help of conventional Assman psychrometers, the readings being taken
through optical instruments.
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All the instruments on the tower are controlled from a special board in a
laboratory built at a distance of 30 m from the tower. The self-recording e-
quipment of actinometric sensors is also mounted here.

Each of observation series is repeated 3 to 5 times.

Simultaneously complete heat balance observations (up to H = 12.5 m)
have been conducted in a glade at a distance of about 0.5 km. In the same area
the Research Institute of Cryology has carried out detailed investigations of heat
exchange in the soil.

The surface run-off was measured in the forest near the tower, in glades and
in the adjacent open fields.

The arrangement of instruments in height and in relation to tree crowns is
shown in Fig.1.
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Fig. 1. Arrangement of instruments on the forest heat-balance measuring station.
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Turbulent heat and moisture exchange between the forest and the atmosphere
may be computed by the heat balance method and by the so called »turbulent
diffusion» method. The advantage of the heat balance method consists in the
fact that it eliminates the necessity of a preliminary estimate of roughness length
Z, and of displacement layer d which often presents certain difficulties. The
defect of this method is that it is necessary to know the profile of specific (abso-
lute) humidity. In the forest and above it continuous long observations of such
kind can be effected only with the help of distant-measuring instruments but
they are not sufficiently reliable in measuring humidity. Therefore, it is more
convenient to calculate turbulent heat exchange through turbulent diffusion and
to determine moisture exchange from the equation of heat balance as the residual
difference.

Analysis of a great number of observations of the wind profile shows that
the value of the forest roughness Z, is approximately 2.0 m°. The order of magni-

VA
tude of Hg ratio was found to be approximately 0.1 which is also characteristic

of other kinds of vegetation cover.

The average height of displacement layer is d ~ 7.0 m; theg ratio is ap-
proximately 0.45, that is, it about equals the half height of trees. No clear
dependance of Z, on wind velocity has been found. It is better expressed with
respect to the layer of displacement: with the increase of wind velocity the value
of d decreases noticeably.

A priori it was to be expected that the value of Z changes in the periods
immediately before the development and after the falling-off of leaves. In fact,
an increase of Z, did take place in the latter case but it was less conspicuous than
expected.

The value of turbulent heat exchange P between the forest and the atmos-
phere and loss of heat on total evaporation from the forest surface LE was
computed by the formulas:

daT ’
P=aaTU; (14 _UZ_) cal/cm2/min (1)
1
Q AT )
LE = a; 4 eUy (1 4 - Ue ) cal/cm2/min (2)
1
x2oCp
where = 2y 2 =0.32
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In a well developed forest the heat exchange in the active layer (Byg) is £
formed up by two components: heat exchange in the upper soil horizon Bg and a
the change of heat content in the biomass By, the biomass being determined as -
the mass of wood on a given area. The value of Bg can be conveniently calcu- E ca Y 8lea Y8 e 98 xa NA

lated by TseITIN’s formula (1953). The heat exchange of the biomass can be
estimated from a simplified formula in which it is determined through the change
of heat content of the biomass layer. ¥

Components

Assuming that the difference between the temperature of the biomass surface
layer and that of the air in the crowns is not great, it is possible to use for calcu-
lations the latter value. More reliable results are obtained by direct temperature

11
I
IV

Series

NOTE: The numerical values of LE (cal/cm?/min) are equivalent to the intensity of evaporation E (mm/hr.).
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measurements in a conditional layer of the biomass heat exchange h, whose
thickness is determined approximately by dividing the mean volume of biomass
by the area of its growing (in our case h ~ 2.5 cm).

Temperature in this layer was measured by a thermistor driven into the
trunk of a tree up to the middle of the layer (1.5 cm).

Comparison of the results obtained by these two methods has shown that the
values of heat exchange in the forest stand determined by the former method
are twice as great as those determined by the latter one. Its absolute value can
not exceed +0.05 cal/cm2/min.

To bring out the main features of the seasonal trends of the heat balance
components the data for the following periods were compared: a) beginning of
vegetation on all the stories; b) midsummer; c) beginning of leaf-falling; d)
period after complete defoliation and end of vegetation. For analyzing there
were chosen 19 days with undisturbed conditions of diurnal trends of insolation,
that is, with practically maximum possible values of radiation balance. The
results of the analysis are shown in Table 1.

During the entire warm season there exists a well pronounced turbulent
heat flow over the forest. Even at the beginning of vegetation, when the moisture
content in the soil is great and transpiration capacity of forest is at a maximum,
the value of P in the daytime constitutes a considerable part of the total evapo-

P
transpiration. Later on, the ratio IE increases constantly and after the end of

vegetation P exceeds considerably LE. The decrease of LE is connected not only
with the complete cessation of transpiration but also with the decrease in
evaporation from the surface of the soil covered with fallen leaves. The maximum
values of LE near the noon are practically the same in the initial period of
vegetation and in midsummer (0.57—0.66 cal/cm2?/min), by the end of vegetation
period they decrease almost by the factor of two (0.34—0.35 cal/cm2/min), and
there is a still steeper decrease after defoliation (0.8—0.12 cal/cm?/min). The
diurnal sums of evaporation within the same period change almost by the factor
of 10.

The diurnal values of radiation balance on the upper surface of the forest
and on the grass cover of a glade are very close (0.29 and 0.24 L. Cal/cm2).
However, the heat balance structure for these different surfaces under different

P
weather conditions varies (Fig. 2). The ratio iE for a clover field on a glade

changed but little after precipitation; the value of LE still constituted here the
main used part of the heat balance and did not exceed the value of residual
radiation. The value of P above the forest was considerable before the rainfall;
after the rain the diurnal average P was found to be directed to the forest surface
and the value of LE considerably exceeded R.
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Fig. 2. Structure of heat balance of the forest and of a glade.

The heat balance method allows to determine more reliably the value of the
transpiration proper of the forest stand Er, which is equal to the difference
between the total evapotranspiration of the forest E and evaporation under its
canopy Eg. The value of Eg is determined as the residual difference from the
equation of the heat balance under the forest canopy. Radiation balance in this
equation (Rg) is found by direct measurement in several points. For the determi-
nation of the turbulent heat exchange under the forest canopy (Ps) a formula
obtained from the equation of turbulent diffusion was employed.

To determine the proportionality factor for this formula the heat balance
method is used for cases when Rg — Bg > 0.10 cal/cm2/min, that is, when the
relative errors are comparatively small.

In Fig. 3 is shown, by way of illustration, the calculation of heat balance
components under the forest canopy for 12 days with undisturbed diurnal trend
of insolation. The almost strict inverse development of the curves Pg and Bg
is evident; in case of a positive radiation balance practically the entire turbulent
heat influx from the air was spent on the heat exchange in the soil. Thus, the
diurnal variations of the evaporation values must almost completely coincide
with the variations of the radiation balance (Fig. 3). The diurnal trends of
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Fig. 3. Diurnal trend of heat balance components under the forest canopy.
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Fig. 4. Diurnal trend of total evapotranspiration (1) and of forest transpiration (2).

transpiration and of total evaporation of the forest are compared in Fig. 4. The
parallel development of both curves with maximums at about noon time may be
noted. Within the same period of time the maximum difference between these
two curves is observed.

To calculate the components of forest heat balance in winter, we carried out a
complete cycle of observations in March—May, 1960. These months were chosen
because daytime radiation in this period increases, but snow is not yet melting.
The snow cover was 60—70 cm deep.

The heat balance of the active layer of deciduous forest in winter was com-
puted by the formula:

R = P + LEx + Bz cal/cm2/min 3)
where:
R — radiation balance over the crown;
P — turbulent exchange between the forest and the atmosphere;
Ex — total evaporation of the forest;
h  — latent heat of vaporization;

Bx — heat exchange in the active layer.
Components P, E and Bz of the equation (1) may be described by the
following formulas.

P = P¢ + Pg, where
P, — turbulent heat exchange between the forest upper surface and the
atmosphere;

Pg — turbulent heat exchange between the tree crowns and the snow cover
surface in the forest.

Ex = ET + E; + Es , where
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ET — transpiration of the trees;
E; — evaporation of the snow clinging to the crowns;
Eg — evaporation from the snow cover surface in the forest.

As in the course of observations there was no snow in the tree crowns and
transpiration of trees at low temperatures is of a negligible value, it is safe
enough to presume Ex to be equal to Eg. A good enough agreement of the
results of heat balance components calculation from the equation (3) and by
method of diffusion, has confirmed the validity of such simplification.

Bz — may be described by the equation

Bx = By + Bs , where

By, — accumulation of heat in the mass of trees;
Bs — heat exchange in the snow cover.

Pg and LEg (the values of heat and moisture exchange under the forest
canopy) may be computed by heat balance method with the use of exchange
coefficient Dg:

- R¢— B¢
"~ 0.019/Top— T/ + 0.033/eg — ¢/

D¢ cm/sec (4)

Ps = 0.019 D¢/Tog — T/ cal/cm2/min
LEg = 0.033 D¢leg —e/ cal/cm2/min.

Rs — radiation balance under the forest canopy near the snow surface which
is equal to the average value of readings of two balance-meters installed in
stands of different density;

Ty and ¢y (mb) — temperature and absolute humidity which is equal to the
maximum vapor pressure on the surface of snow cover; T and e — temperature
and absolute humidity at the height of 2.0 m. The heat accumulation in the mass
of trees was calculated in accordance with the change of average temperature
of layer £, its thickness being obtained by dividing the wood mass by the forest
area.

Bg — heat exchange in the snow — was computed by G. H. TSEITIN’S
formula (1956):

H K=
B = cf; ~la(s) + 2712“ B(x)] callcm2/min (5)

where a (=) and B (x) — certain integral functions of temperature field
of the snow cover, connected with the temperature changes in time
and within different layers of the snow cover;
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Coy — volumetric thermal capacity of snow (cal/cm3);

C — specific thermal capacity of snow (C = 0.5 cal/g); ,

o1 — average density of a layer having thickness H, with well pronounced
diurnal temperature variations (H = 30—40 cm);

K — temperature conductivity coefficient for snow cover, taken as an average
for the layer H (cm2/h);

= — period of time (z = 1 hour).

The observations of A. V. PavLov and Y. L. RAUNER (1960) have shown that
for snow cover 30—50 cm thick the value of By in daytime may be obtained
from a simplified formula:

CoH
60 T

Bs =

a () cal/cm2/min (6)

The values of Bg for night hours were determined by interpolation (average
values of Bg did not exceed 0.01 cal/cm2/min). The value of LE for the same night
hours was assumed to be zero.

The values of turbulent exchange P were calculated by the diffusion method
and by the equation (3) as a residual difference. For the determination of P by
the turbulent diffusion method the values of Z, and d for winter conditions were
found. These values were found to be 3.0 m and 7.0 m respectively. There was
revealed also a noticeable change (increase) of Z, within the forest. (Fig. 5).
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Fig. 5. Change of roughness length within a deciduous forest with foliage (1) and without
it (2). Zis the hight of trees.
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The results of observations and the calculations made on their basis are
shown in Tables 2—5, taken from the report by Y. L. RAUNER (1961). For the
sake of comparison in Table 4 are presented the values of heat balance components
in a deciduous forest and in a large glade. (See also Fig. 6).
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Fig. 6. Diurnal trend of heat balance components of a deciduous forest and of an open terrain
with snow cover.

Table 2. Heat balance components (cal/cm?/min) of a deciduous forest -
at the end of winter — March 1960.

Partly cloudy sky Overcast

Hours
R | P | LEx | B By, R | P |LEx| Bx | B
0 —0.13| —0.11 | —0.0 | —0.02 | —0.01| —0.03| —0.02| 0.0 |[—0.01|—0.01
4 —0.13 | —0.11 0.0 [ —0.02|—0.01|—0.03| —0.02| 0.0 |—0.01 0.0
6 —0.08 | —0.07 0.0 | —0.01 0.0 |—0.02|—0.02| 0.0 0.0 0.0
8 0.17 0.11 0.02 0.04 0.02 0.06 0.04| 0.0 0.02 0.01
10 0.40 0.32 0.02 0.06 0.03 0.17 0.14| 0.01 0.02 0.01
11 0.44 0.36 0.03 0.05 Q.02 0.18 0.15| 0.01 0.02 0.01
12 0.47 0.39 0.04 0.04 0.02 0.20 0.16 | 0.02 0.02 0.01
13 0.43 0.37 0.03 0.03 0.01 0.19 0.16| 0.02 0.01 0.01
14 0.39 0.35 0.02 0.02 0.01 0.18 0.16 | 0.01 0.01 0.01
16 0.11 0.11 0.00 0.0 0.0 0.05 0.06| 0.0 | —0.01 0.0
18 —0.07 | —0.04 0.0 | —0.08| —0.01|—0.02 0.0 | 0.o |—0.02|—0.01
20 —0.09 | —0.06 0.0 | —0.03|—0.01|—0.02|—0.01| 0.0 |—0.01|—0.01
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Table 3. Heat balance components (cal/cm?/min) under the canopy of a deciduous forest at
the end of winter — March 1960.

Fractional cloudiness Overcast
Hours

Rs Ps LEs | Bs Rs Ps LEs Bs
0 —0.02 | —0.01 0.0 —0.01 | —0.01 | —0.01 0.0 0.0
4 —0.02 | —0.01 0.0 —0.01 0.0 0.0 0.0 0.0
6 —0.02 | —0.01 0.0 —0.01 0.0 0.0 0.0 0.0
8 0.00 | —0.02 0.0 0.02 0.0 —0.01 0.0 0.01
10 0.06 0.01 0.02 0.03 0.02 0.0 0.01 0.01
11 0.08 0.02 0.04 0.02 0.02 0.0 0.01 0.01
12 0.09 0.03 0.04 0.02 0.03 0.01 0.01 0.01
13 0.06 0.02 0.03 0.01 0.03 0.01 0.02 0.0
14 0.04 0.01 0.02 0.01 0.03 0.01 0.02 0.0
16 —0.01 | —0.01 0.0 0.0 —0.00 0.01 0.0 —0.01
18 —0.02 0.0 0.0 —0.02 | —0.01 0.0 0.0 —0.01
20 —0.02 0.0 0.0 0.0 —0.01 0.0 0.0 —0.01

Table 4. Diurnal sums of heat balance components of a deciduous forest at the end of winter
— March 1960 (cal/cm?/day).

Partly cloudy sky Overcast Average conditions
Heat balance components

+ | — P + — b3 + | = b3

For the entire R 188 | 94 94 79 27 52 133 | 60 73
active layer P 148 | 65 83 65 13 52 106 | 39 65
of the forest LEy| 15 0 15 5 0 5 10 0 10
By 17 21 | 4 7 12 | -5 12 15 | —3

Bp 1 9 -3 4 4 0 6| 7 |—1
Under the canopy Rg 25 19 6 9 5 4 17 12 5
on the snow surface Pg 6 8 | —2 3 3 0 4 6 2
Bs 71 12 | =5 2 2 0 4| 7 |-3

-
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Table 5. Diurnal trend (cal/cm?/min) and diurnal sums (cal/cm?/day) of heat balance components of a deciduous forest (1) and of an open

terrain with snow cover (2).
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Summary

The diurnal trend of heat balance components of the entire active layer is
well pronounced in winter. The same tendency is observed under the forest
canopy.

When the sky is overcast the values of heat flows over the forest decrease
almost by the factor of 2.

During the last winter months the maximum amount of heat is used for
turbulent heat exchange with the atmosphere (P). (The maximum value —
0.32—0.39 cal/cm2/min — is observed in daytime. At night the value of P is
close to the value of effective radiation (0.10—0.11 cal/cm2/min).

The loss of heat on evaporation (LEx) does not exceed 0.05 cal/cm2/min,
which is less than the values of the total heat exchange.

The loss of heat on evaporation Eg under the forest canopy is greater than
the value of turbulent heat exchange Pg. Incidentally, the absolute values in
both cases are very small.

As the temperature of snow surface in daytime is higher than that of the
air, the turbulent exchange during daytime is directed into the atmosphere.

Maximum values of heat flux through the snow surface Bg are observed
before noon (up to 0.03 cal/cm2/min). At the same time the accumulation of
heat in the mass of trees takes place. In the evening these values do not exceed
0.02 cal/cm2/min.

If taken as an average for a day, the radiation balance (R) is positive, the
turbulent heat exchange (P) is close to the radiation balance (R), the loss of
heat on evaporation (LEx) constitutes but 10—15 per cent of R. When the
sky is partly cloudy, the value of evaporation for a day reaches 0.23 mm. The
heat exchange in the active layer (Bx) is negative.

Comparing the heat balance components in the forest and on an open glade,
let us note that the radiation balance R in daytime for the forest is twice as
great as that for a glade. This is caused, mainly, by the difference in albedo for
these two areas: the albedo of the forest is 0.25—0.35 and that of a snow-covered
open glade 0.70—0.80. The fact that the difference between the radiation
balance values is less than the difference between the Albedos of these two areas
may be explained by the influence of higher temperatures in the forest and,
consequently, by greater values of effective radiation.

The value of P over the forest in daytime was found to be four to five times
greater than that over an open glade.

Average diurnal value of heat loss on evaporation (LEx) in the forest
constitutes less than 30 per cent of the respective value for a glade.

Taken on an average for a day, the heat loss of the forest is twice as little as
the heat loss of an open glade, the phenomenon being caused by the screening
action of trees.

References

DzERDZEEVSKII, B. L. and. R/I\Uf‘JER, Y. L. 1960. State and problems of studying heat balance
of the.forest.. (Sostonal‘ne i zadachi issledovania teplovogo balansa liesa. I n: Teplovoi i
vodnyi rezhim zemnoi poverkhnosti. Leningrad, Gidrometeoizdat, pp. 29—41).
1960. Researches on the thermal balance of forest. Publication Jamap, N°. 12/a, XIIth
General Assembly, pp. 45—46. ’ ’
PavLov, A. V. and RAUNER, Y. L. 1960. Some results of observations of heat balance com-
go:\ents of sn;)w cover. (Nekotorye rezultaty nabliudenii za sostavliaiuschimi teplovogo
alansa snezhnogo pokrova. Izvestia Akademii Nauk SSSR, Ser i i
I 5 g, ; . Geograficheskaia,
RAUNER, Y. L. 1960. Heat balance of forest ( i i
s . . — (Teplovoi balans liesa. Izvestia Ak i
Nauk SSSR, Ser. Geograficheskaia, N°. I) et
196‘]. On heat. balance of forest in winter period. (O teplovom balanse liesa v zimnii
period. Izvestia Akademii Nauk SSSR, Ser. Geograficheskaia, N°. 4, pp. 83—90)
TseITIN, G. H. 1953. On the problem of determination of certain thermal characteristics of

soil. ( y S y . =
’ =
01 I lud) (ila\“l()] (ieolelclle koi ()I)Selvat()l 1, v P 39 (]0’) Lenlnglad, Glle

»

»

19‘56. On calculation of temperature conductivity coefficient and of heat flux into the
soil by me‘thod of average temperatures. (O vychislenii koeffizienta temperatur-
oprqudnostl i potoka tepla v pochvu po osredniennym temperaturam. Trudy Glavnoi
Geofizicheskoi Observatorii, Vyp. 60 (122). Leningrad, Gidrometeoizdat.)



Y

O

mo

irjapa

Uudenmaan K

i 1963.

Helsink




ST
(A3
s

SR

i






