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Abstract In order to discuss thz vaiues ard daily variation charactaristics of heat storage fluxes in
a tropical seasoras rain forest in Jishuanghanna, the sensible and latent heat storage flux within air
column, canopy heat storage ‘lux, energy storage by photosynthesis and ground heat storage above
the soil heat flux plate, as well as the ratios of these heat storage fluxes to the net radiation in the
cool-dry, hot-dry and rainy season were compared and analyzed based on the observation data of
carbon fluxes, meteorological factors and biomass within this tropical seasonal rain forest from Janu-
ary 2003 to December 2004. The findings showed that heat storage terms ranged significantly in the
daytime and weakly in the nighttime, and the absolute values of sensible and latent heat storage
fluxes were obviously greater than other heat storage terms in all seasons. In addition, the absolute
values of total heat storage fluxes reached the peak in the hot-dry season, then were higher in the
rainy season, and reached the minimum in the cool-dry season. The ratios of heat storage fluxes to net
radiation generally decreased with time in the daytime, moreover, the sensible and latent heat storage
dominated a considerable fraction of net radiation, while other heat storage contents occupied a
smaller fraction of the net radiation and the peak value was not above 3.5%. In the daytime, the ratios
of the total heat storage to net radiation were greater and differences in these ratios were distinct
among seasons before 12:00, and then they became lower and differences were small among sea-
sons after 12:00. The energy closure was improved when the storage terms were considered in the
energy balance, which indicated that heat storage terms should not been neglected. The energy clo-
sure of tropical seasonal rain forest was not very well due to effects of many factors. The resuits would
help us to further understand energy transfer and mass exchange between tropical forest and at-
mosphere. Moreover, they would supply a research basis for studying energy closure at other places.

Keywords: heat storage flux, energy closure, tropical seasonal rain forest, Xishuangbanna.

Terrestrial ecosystems are the most important sys- sustainable development. As a critical component of
tems that play a great role in human being survival and  terrestrial ecosystems, forests characterized by large
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area, tremendous biomass and huge carbon storage
have a significant effect on global climate change. As
one indispensable conditioner of atmospheric CO,,
forests serve as both a carbon sink when absorbing
atmospheric CO; and fixing it in biomass through as-
similation and a carbon source when releasing carbon
in the form of CO, and CO into the atmosphere
through the respiration of animals, plants and mi-
crobes, and the litterfall decomposition. Variations in
carbon flux, mass exchange and energy transfer be-
tween the forest ecosystem and the atmosphere would
influence forest plant growth and atmospheric CO,
concentration. Therefore, studies about the character-
istics and variations of greenhouse gases and energy
flux between forest ecosystems and the atmosphere are
the most important aspects in the field of forest eco-
system structure and functions.

Recently, eddy covariance measurements enablc vs
to measure turbulent fluxes of heat, water vapor, and
CO, over v=getation directly for a wide range of time
scales from hows to years'' ™. It provides a unique
contribution to the study of the environmental, bio-
logical and climatological controls of net surface ex-
change between vegetation and the atmosphere[4_8].
However, eddy covariance technique is limited to use
and easily related to measurement errors by many fac-
tors, such as vegetation height, footprint area, bound-
ary-layer stability, sensor heights and separation, fre-
quency response, alignment problems, and interfer-
ence from tower or instrument-mounting structures. So
independent methods of evaluating the reliability of
the eddy covariance measurements are highly desir-
able. One method of independently evaluating scalar
flux estimates from eddy covariance is energy balance
closure™*?™1"), Energy balance closure, a formulation
of the first law of thermodynamics, requires that the
sum of the estimated latent (LE) and sensible (H) heat
flux be equivalent to all other energy sinks and
sources:

LE+H=R-G-5-M, 1
where R, is the net radiation, G the heat flux into the
soil substrate, S the rate of change of heat storage (air
and biomass) between the soil surface and the level of
the eddy covariance instrumentation, and M the sum of
all additional energy sources and sinks. Typically, M is
neglected as a small term, and an imbalance between

Science in China Series D: Earth Sciences

the remaining independently measured terms on the
left- and right-hand sides of eq. (1) is often an issue
for many land surface types, owing to several reasons,
including: (1) sampling errors associated with differ-
ent measurement source areas for the terms in eq. (1);
(2) a smaller area of footprint; (3) the loss of low
and/or high frequency contributions to the turbulent
flux; (4) the neglected horizontal and/or vertical ad-
vection of heat and water vapor; and (5) the neglected
energy sinks. The imbalance is often present and sur-
face energy fluxes (LE + H) are frequently (but not
always) underestimated by about 10%—30% relative
to estimates of available energy (R, —G-s)zBasn=2l
The scalar flux measured by eddy covariance tech-
nology needs to correct when enzrzy imbalance was
abcve 20%; otherwise, scalar flix is easily to over- or
underestimated. Accordingly, it is very difficult to ob-
jectively evaluate the process of energy transfer and
mass exchange between the ecosystems and atmos-
phere[”].

The role of heat storage terms between the soil sur-
face and the level of the eddy covariance instrumenta-
tion is usually neglected in the surface energy balance
of vegetation. This analysis is an attempt to account
for not only the sensible and latent heat storage flux
within air column, but also ground heat storage above
the soil heat flux plate, the storage of heat by the can-
opy biomass and water content, as well as the net en-
ergy flux consumed in the photosynthetic process.
Data from a research flux tower in a tropical seasonal
rain forest in Xishuangbanna from January 2003 to
December 2004 are used to evaluate these storage
terms and their impact on the closure of the surface
energy balance, which may provide vital insight into
the process of energy transfer and mass exchange be-
tween tropical forest ecosystems and the atmosphere,
and furthermore, supply reference for other studies
about energy balance.

1 Materials and methods
1.1 Site description

This study was conducted in a tropical seasonal rain
forest (21°55'39"N, 101°15'55"E, elevation 750 m) in
the Menglun Forest Reserve in Mengla County, Yun-
nan Province. It is a permanent plot dedicated to long-
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term ecological research managed by the Xishuang-
banna Tropical Rainforest Ecosystem Station, the
Chinese Academy of Sciences. The mean annual air
temperature is 21.7°C and annual rainfall is 1487 mm,
of which 87% occurs in the rainy season (May—

October) and 13% in the dry season (November—
April). Dense fog layers commonly occur during the
dry season which is further divided into a cool-dry
season from November to February, and a hot-dry
season from March to April®®?.

The forest structure at the study site can be divided
into three general tree layers that are represented by
different species. More than 70% of all individuals of
trees occur in tree layer C (below 16 m), which has
small evergreen trees and juveniles of species from the
upper tree layers (above 16 m). Tree layer B, which is
between 16—30 m, consists of a mixture of evergreen
and deciduous species, such as Barringtonic macro-
stachya, Gironniera subozguaiis, and Sloanea che-
liensis. Tree layer A, having a canopy height over 30
m, is dominated by Pometia tcmentosa and Terminalia
myriocarpa. Many species of algae, lichens, mosses
and ferns comprise the epiphytes communities. The
woody climbers, such as Byttneria integrifolia and
Gnetum montanum are also common at the study
site!®),

The height of the meteorological tower at the ob-
servation site is 72 m. The sensors of eddy flux were
installed at 48.8 m and 4.8 m above ground level, re-
spectively. The flux measurement system consisted of
a fast-response three-dimensional sonic anemome-
ter-thermometer (CSAT3, CAMPBELL, USA) and a
fast-response open-path infrared gas analyzer (LI-7500,
LI-COR, Inc., Lincon, NE, USA). Samples were re-
corded at 10 Hz by two CRS000 data loggers (Model
CR5000, Campbell Scientific) and 30 min mean val-
ues were calculated. In addition, a routine meteoro-
logical gradient system was installed on the tower,
including 7-level air temperature, and relative humid-
ity sensors (HMP45C), with the heights of 4.2, 16.3,
26.2, 36.5, 42.0, 48.8 and 69.8 m. Net radiation was
measured with 4-components method (CMI1,
KIPP&ZONEN, the Netherlands) at 41.6 m and an
infrared thermometer was installed at 52.0 m above
the ground. Soil temperatures were measured at nine

depths (0, §, 10, 15, 20, 40, 60, 80, 100 cm) by ther-
mocouples (105 T and 107-L, Campbell Scientific).
Sensors (TDR, CS616_L, Campbell) of soil water
contents were positioned at 5, 20, 40 cm depth. Two
soil heat flux plates were buried at 5 cm depth. These
factors were sampled at 0.5 Hz and the data were
stored in the data loggers. 30 min averaged data were
also calculated by the data loggers and stored. These
measurements were started from November, 2002 and
data of clear days in 2003 and 2004 were used in this

paper.
1.2 Study methods

The total rate of energy storage (S ) in a column
extending from the ground surface to the height of the
eddy covariance system being iocated (48.8 m) was
calculared 55™**

S=8 +5, +5.+5.+S,. (2)

All components in eq. (2) are expressed as heat
storage change fluxes, where §; refers to ground heat
storage above the soil heat flux plate, S, and S, are the
sensible and latent heat contributions in the air-column
below the eddy covariance system, S. is canopy heat
storage in biomass and water content, and S, is the
energy consumed in photosynthesis.

The ground heat storage above the soil heat flux
plate was calculated as

s,=c Az %)
At

where T; is the average values of soil temperature
measured at 0 and 5 cm, ¢ is time (in this case Ar=0.5 h),
Z is the depth above the soil heat flux plates (5 cm)
and C; is the soil heat capacity calculated from
Cs = Pyl 0, 4)
where py, is the bulk density of the soil, and here a soil
bulk density mean value of 1.08 g - cm™ was used, as
determined by cylindrical core of soil at 0—10 cm
depths; cy and ¢, are the specific heats of the dry
mineral soil (c4=0.85J - g_l - "C™") and the soil water
(csw =419 7. g_1 . Ch, respectively; and 8, is the
volumetric water content (%) in the soil measured us-
ing CS616_L Water Content Reflectometers (CSI,
Logan, UT).
The sensible heat storage flux in the air within the
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column was calculated as follows:
z, aT , _ n [ AT,
S.= Io PCs Edz = pcPZi:l(TtAzi)’ ®)

where p is the air density, c, is the specific heat of air
(cp = 1.012J. ™'+ 'C™), z is the height of eddy flux
system measurement (48.8 m), T is air temperature in
the air-column below z, and T, is a representative
layer-average of T in each of several layers, Az;, below
Z. In this study, T, was measured at six levels (4.2,
16.3, 26.2, 36.5, 42.0, 48.8 m) and S, was calculated
by summing eq. (5) through the six levels of tempera-
ture measurements using half an hour increments.

The latent heat storage flux was calculated as

_(zPC e . PCy o (A
S. = Io 73,‘12: y Zi:l( At AZ")’ ©)

where e is water vapor pressure, calculated from T,
and relative humidity measurements from the
HMP45C profile; 7 is the psycirometiic comnsiant
(0.0007947). Similer to S, €q. (6) was calculated for
the six levels 1o 48.8 m and summed.

The rate of canopy heat storage was calculated as

LO.CCC AAtT::
S = ow, M
where L is leaf area index and measured by using a
Li-2000 each month; o is the specific leaf weight
(mass of dry leaves per square meter of leaf) (85
g m™2); W, is the water content on a wet mass basis
AT,

(67%); and is canopy temperature change per

half an hour. The leaf specific heat was calculated as

¢. =0.67cy, +0.33¢g, ®)
where ¢, and cg were the specific heat of water and
glucose, respectively (cy =4.19) g™+ C™; cg=1.26
J.g'.C™"); T, is measured using the infrared ther-
mometer mounted at 52 m.

The rate of energy consumption during photosyn-
thesis in the chemical formation of carbon bonds was
calculated as

S, =-F.C, C)]

where F_ is the CO; flux in mg - m~2-s!, and Cis the
photosynthetic energy conversion factor (11.2
W.mg'+s) with a sign convention of negative F,
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representing CO, uptake. In addition, the calculation
of any S; term was only performed when F. was nega-
tive (net carbon uptake) and with positive R,.

Data of all variables in formulas mentioned above
were obtained by eddy covariance system and routine
meteorological system, except for parameters having
been given values or measurement methods. The
measurements were started from November, 2002, and
the data of 2003 and 2004 were used in this paper.

2 Results and analyses
2.1 Daytime variations of heat storage terms

(1) Heat storage in the air. The sensible heat stor-
age flux in the air (§,) within the column presented
orz peak and one traugh tendency during a day in the
cooi-dry season, with values ranging significantly in
the dayiinie and weakiy in the nighttime (Fig. 1). Be-
fore (9:00 AM, air temperature was relatively stable,
which resulted in the lower values and smaller varia-
tions of S,; later, the air temperature increasing gradu-
ally and the radiation fog dying away made S, enhance
correspondingly after 09:00 AM. Although the maxi-
mum values of T, in each of-several layers occurred
from 14:00 to 16:00 PM one after the other, the greater
values of the rate of change in T, almost appeared
during the period from 11:00 AM to 13:00 PM. So S,
reached the peak of 37.6 W- m2 at 11:30 AM; after
that, T, of some layers kept on increasing before 15:00
PM, even until 16:00 PM. However, the rate of varia-
tion in T, decreased gradually, which led to S,
decreasing and approaching zero at 15:00 PM. More-
over, S, continued to decrease after 15:00 PM, associ-
ated with T, reducing. The minimum value of S, oc-
curred at 17:30 PM, with a value of -33.7 W-m™.
Furthermore, lower S, persisted for period of time for
sun setting promoted a decrease in T,. S, remained
relatively constant after 21:00 PM.

Daily variation of S, in the hot-dry and rainy sea-
sons was similar to that in the cool-dry season,
although the values of S, were changed from positive
to negative earlier in the morning and from negative to
positive later in the dusk in the hot-dry and rainy sea-
sons than that in the cool-dry season as fog disap-
peared earlier and solar angle was greater in the



A preliminary study on heat storage fluxes of a tropical seasonal rain forest in Xishuangbanna 167

60

40 1

20

S, SAW-m?)
<

(c)

0:00 6:00 12:00
Time

18:00  24:000:00 6:00 12:00  18:00 24:000:00 6:00 12:00

18:00 24:00
Time Time

Fig. 1. Daily variation of S, and S, in the cool-dry (a), hot-dry (b) and rainy seasons (c).

hot-dry and rainy seasons. In addition, higher S, re-
mained in a relatively long period of time in the
hot-dry season. S, also reached a peak at 11:30 AM in
the hot-dry and rainy seasons, with the values of 44.2
and 33.6 W -m™2, respectively. The minimum values of
S, were —33.9 and —38.1 W -m in the hot-dry and
rainy season, separately, appeztiag at 13:00 PM.

Daily variation of S, presenied two peaks and two
troughs tendency in each season, characterized by
values varying significantly in the daytime and weakly
in the nighttime (Fig. 1). In the cool-dry season, water
vapor pressure (e) continually decreased in the night-
time because of fog occurrence, with the minimum
value of e in each of several layers approximately ap-
pearing at 08:00 AM, except for e of 48.8 m above the
ground. The value of e increased rapidly after 08:00
AM, consistent with fog disappearing gradually and
fog interception evaporating, which caused S, to in-
crease correspondingly, with a peak value of 19.2
W - m™ existing at 09:30 AM in the cool-dry season.
After 12:00 AM, e increased slowly and even began to
decrease due to fog disappearing drastically and fog
interception exhausting completely. So the first mini-
mum value of S. appeared at 14:00 PM, with a value
of —15.9 W.m™. At a later time, air temperature fur-
ther increasing promoted air to accommodate more
water vapor that conduced to the second maximum
value of S occurring at 17:00 PM, with a value of
13.5 W - m™. Then, the air temperature decreasing and
relative humidity increasing induced that the declining
rate of e achieved a peak at 19:30 PM, with a mini-
mum value of S, for -19.4 W - m2. From 21:00 PM to
08:00 AM of the next day, S. kept stable, and more-

over, the absolute values of S, were lower and hardly
beyond S W - m™.

The range of S, was greater in the hot-dry season
than that in the cool-drv and rainy seasons. The two
maximum values of S, were 28.5 and 48.6 W+ m'2,
occurring ai 09:30 AM and 16:30 PM, respectively,
while thie two minimum values of S, were -55.6 and
458 W.m?2, appearing at 14:00 and 19:30 PM,
separately. The reason for S, characterized by a greater
range in the hot-dry season is that the higher mean air
temperature and smaller rainfall resulted in a lower
relative humidity in this season. Furthermore, canopy
trees shed more leaves in March and April than in
other months over a year and then sparse canopy had a
weaker effect on forest microclimate, which caused
water vapor pressure to increase or decrease rapidly.

In the rainy season, although air temperature is also
higher, rainfall is abundant and relative humidity is
greater, therefore, there is a relatively weaker capabil-
ity for air to further accommodate water vapor, which
caused that the range of S, was moderate and it was
higher than that in the cool-dry season, but lower than
that in the hot-dry season. In addition, water vapor
pressure increased slowly after sunrise, owing to little
influence by heavy fog. So it was only in 11:30 AM
that S, reached its first peak, two hours later than in
other seasons, with the maximum value of 15.5 W - m™.
The first minimum value of S, was —19.8 W.m?,
while it occurred at 13:30 PM, half an hour earlier
than in other seasons. The second maximum and
minimum values of S, were 21.9 and -32.8 W - m‘z,
respectively, and the time of their appearance was the
same as that in the hot-dry season.
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(ii)) Canopy heat storage. Daily variation of S
presented one peak and one trough tendency during a
day in every season, similar to that of S, and also
characterized by a greater range in the daytime and a
smaller change in the nighttime (Fig. 2). The values of
S were always lower in each season, moreover, the
absolute values of S, were never higher than 1 W - m™
before 08:00 AM and after 20:00 PM, and even in the
daytime, S, ranged from -5.3—3.9 W.m™>, -3.7—3.6
W -mZand <4.0—4.0 W - m ™ in the cool-dry, hot-dry
and rainy season, respectively. Differences in values of
S. were weaker among seasons.

(iii) Energy storage by photosynthesis. The en-
ergy consumption during photosynthesis (Sp) was con-
siderably lower in every season, and the differences in
S, among seasons were also smaller. In the cool-dry
and hot-dry seasons, S, reached a peak at 13:00 PM,
with the values of 4.8 and 5.1 W - m ™2, respectivaly;
while in the rainy seascii, the maximuri value of S,
occurred earhier (12.00 AM) and §; had a higher peak
value of 5.4 W - w2 (Fig. 2).

(iv) The ground heat storage above the soil heat flux
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plate. The ground heat storage above the soil heat
flux plate (S,) showed one peak variation in the course
of a day in every season. Compared with other kinds
of heat storage, the absolute values of S, were obvi-
ously lower than that of §, and S, but slightly higher
than that of S, and S (Fig. 3).

Influenced by sparse canopy, the rate of increase or
decrease in soil temperature was the fastest in the
hot-dry season over a year, with a maximum value of
S, being 11.2W . m>, distinctly higher than 5.6 W - m>
in the cool-dry season and 6.8 W - m in the rainy
season, respectively. In the nighttime, most values of
Ss kept around -3.0 W - m 2 in the hot-dry season and
the minimum value was —3.6 W - m"%; while the values
of S, remained around -2.0 W - m?in the cool-dry and
rainy seasons, with a minimum vaiue of —2.5 and =2.7
YW.m™

(v) Total heat storage. As illustrated by Fig. 4, S
usually ranged from -20to O W - m2 during the period
of 21:00 PM to 08:00 AM of the next day, and more-
over, there existed little difference in § among seasons.
Over a year, the greatest range of S in the daytime

, respectively.

Se SP(W- m?)

—o— S,

1

] (b) o= 5% ©
0:00 6:00 1200 1800 24:00 0:00 6:00 12200  18:00 24:000:00 6:00 1200  18:00 24:00
Time Time Time
Fig. 2. Daily variation of §; and S, in the cool-dry (a), hot-dry (b) and rainy seasons (c).
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Fig. 3. Daily variation of §; in the cool-dry (a), hot-dry (b) and rainy seasons (c).
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Fig. 4. Daily variation of § in the cool-dry (a), hot-dry (b) and rainy seasons (c).

appeared in the hot-dry season; however, the cool-dry
and rainy seasons were alike in the daytime range of S,
with a little lower range in the cool-dry season. In the
cool-dry season, S had a maximum and minimum
value of 59.9 and —-399 W - m'z, respectively; while
the maximum and minimum values turned into §1.5

and =71.3 W-m™ in the dry-hot season. As for the
2

v

rainy season, S had a pzak vaiue of 62.1 W . m “and a

minimum value of —48.6 W « ">, separatzly.
2.2 The ratios of heat storage terms to net radiation

(i) Heat storage in air column. Owing to differ-
ences in diurnal variations between S, and S., the ra-
tios Su/R, had a gradual decrease trend with the time in
all the seasons; however, S/R, was characterized by
higher values in the morning and dusk and lower val-
ues in other period of time (Fig. 5). S, and S, domi-
nated a considerable fraction of R, in each season, and
moreover, the maximum ratio all occurred before
10:00 AM. The peak values of ratios S/R, and S/R,
were 18.2% and 18.8% in the cool-dry season, 29.4%
and 26.2% in the hot-dry season, and 11.5% and
11.9% in the rainy season, respectively. On the whole,

the daytime ratios of S,/R, and S¢/R, were the greatest
in the hot-dry season, and the lowest in the rainy sea-
son. In addition, compared with S, S, always occupied
a higher fraction of R, except for inZividual time in
every scason.

{ii) Caropy heat storage. Geoerally speaking, S,
occupied a smaller {raciion of the net radiation (R,) in
every season (Fig. 6). The ratio S/R, presented a
gradual decrease throughout the daytime in the
cool-dry and hot-dry seasons, with the maximum val-
ues all below 3.5%. In the rainy season, similar diurnal
trend was observed for the ratio S/R, but the peak
value was only 1.6%.

(iii) Energy storage by photosynthesis. S, com-
prised a small and stable fraction of the R, throughout
a year (Fig. 6). In the cool-dry season, the ratios were
all above 1.0% before 11:00 AM, with the peak value
of 1.7% occurring at 09:00 AM. After 11:00 AM, the
ratios mainly ranged between 0.5% and 1.0%. The
maximum ratio was only 1.0% in the hot-dry season;
moreover, the S, never had a fraction of R, exceeding
0.5% before 10:00 AM and after 14:00 PM. Diurnal
variation of ratio Sy/R, in the rainy season was similar

35
30 —— S,
25 —0— §,
® 20 1
2
s 15
>4
10
5 J 4
(a) (b) ()
9:00 11:00 13:00 15:00 17:009:00 1100 13:00 15:00 17:009:00 11:00 13:00 15:00 17:00
Time Time Time
Fig. 5. Diurnal variation of ratios of S/R, and S/R, in the cool-dry (a), hot-dry (b) and rainy seasons (c).
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Fig. 6. Diumal variation of ratios of S/R, and Sp/R, in the cool-dry (a), hot-dry (b) and rainy seasons (c).

to that in the cool-dry season, with the peak value of
2.4% also appearing at 09:00 AM; moreover, the ratios
were above 1.0% but below 1.5% before 13:00 PM,
and after that time, they usually varied from 0.5% to
1.0%.

(iv) The ground heat storage above the soil heat flux
plate. Similar to S; and S, S; still dominated a smaii
fraction of R, in evziy szason (Fig. 7). The ratio S¢/R,
kept constant in the cocl-dry season, with values al-
ways approaching 1.0% in inost of the daytime. It had
a relatively higher range in the hot-dry season, char-
acterized by a quick increase before 12:00 AM; how-
ever, the maximum value was only 2.8%. In the rainy
season, the ratio of S to R, showed a first increase and
then a decrease trend. Ratios were never over 1.0% in
the course of a day except for the period from 11:00
AM to 13:00 PM (the maximum value was 1.3%).

cool-dry season that ratios were higher than 10% in
the rainy season before 12:00 AM, the peak value was
26.5%, lower than that in the cool-dry season. After
12:00 AM, ratios were all below 1% and differences
in zatios were smaller ammong szasons (Fig. 8).

2.3 LEnergy balance analysis

Tnz effect of the storage terms on the surface en-
ergy balance was examined by comparing the sum of
H, LE, and G with and without the total storage terms
against R, for the cool-dry, hot-dry and rainy seasons
(Table 1). When the storage terms were included in
the surface energy balance, the slope from simple lin-
ear regression was all increased in each season, with
the greatest value of 5% in the cool-dry season and the
lowest value of 2% in the rainy season.

. Table 1 Energy balance analysis in every season
(v) Total heat storage. Before 12:00 AM, differ- Season  Regression equation Correlation coefficient
ences of ratios S/R, were greater among seasons; ratios Cool-dry LE+H = 0.52 (R, - G) 0.88
were all above 10% in the cool-dry season, with a LE+H = 0.56 (R,~ G~ 5) 0.90
peak value of 38.8%; while S possessed over 20% Hot-dry i?z =065558((1;"_GG) 5 gg;
H : . + =0, h— G- .
fraction of R, in the hot-dry season and the maximum i LE+H =0.55 (R, - G) 0.86
value reached 54.3%. Although it was similar to the Y LE+H=05T(R.—-G-S) 0.85
3.0
2.5 1 1
s 207 1 1
g 157 ] ]
5
& 1.0 1 §
0.5 1 1
a b
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Fig. 7. Diurnal variation of ratios of S/R, in the cool-dry (a), hot-dry (b) and rainy seasons (c).
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Fig.8. Diurnal variation of ratios of S/R. in the cool-dry (a), hot-dry (b) and rainy seasons (c).

3 Discussion

The measurements of the canopy heat storage terms
were mainly developed in the researches on tempera-
ture forest or agricultural ecosystems. Meyers and
Hollinger[26] ever accounted for not only the heat stor-
age above the soil heat flux plate in the soil, but alsc
the heat storage by the canopy bicinass and water
content, as well as the net every flux consumed iu the
photosynthetic precess in fully grown maize and soy-
bean crops for two years. The results of our paper re-
vealed that, in comparison with maize crop, the heat
storage from canopy, ground and photosynthesis was
generally lower in a tropical seasonal rain forest of
Xishuangbanna, with canopy and photosynthesis heat
storage terms hardly exceeding 5 W - m2 and the
maximum ratios of them to net radiation never going
beyond 3.5% in the daytime. For maize crop, the
ground heat storage peaked around 09:00 LST with an
equivalent flux of 40 W - m™2 as soils quickly warmed
from both the increased air temperatures and the pene-
trating solar radiation. For the same time interval,
plant heat and photosynthesis storage were about the
same magnitude at 20 W - m™2, and moreover, the pho-
tosynthesis storage term peaked at midday with fluxes
approaching 30 W - m 2. The combined total of all
storage terms was nearly 80 W - m 2 around 09:00 LST,
which was a significant fraction (20%) of the net
radiation. For soybean crop, the magnitudes for the
individual storage terms were similar to those of our
study site. For example, early in the day, ground stor-
age was the largest at 17 W . m™2, followed by photo-
synthetic storage at 10 W - m 2 and canopy storage at 7
W - m2 from 06:00 to 10:00 AM.

Heat storage terms were ever measured by Oliphant
et al"™ in a temperate deciduous forest from 1998 to
2001. Similar to that of our study site, diurnal patterns
of sensible heat storage presented one peak and one
trough trend in everv jnonth, with little difference
among mouths, Moreover, sensible heat storage gen-
erally reached the peak duting the time from 10:00 to
11:00 AM, with the maximum value approaching 30
W . m % while in the nighttime, sensible heat storage
usually ranged from —-10 to 0 W - m™2. Differences in
latent heat storage were greater not only between this
forest and tropical seasonal rain forest in our study site,
but also among months. Latent heat storage was higher
during the period from May to September when plants
growed. In addition, daily latent heat storage had a
trend of two peaks, with values ranging greater in the
daytime and the peak being approximately 20 W - m>.
Latent heat storage was lower in the nighttime, with
values being usually ~10 W - m>.

In addition, several heat storage terms during pre-
leaf and full-leaf periods in a boreal forest were ever
measured by Blanken et al®™. The results revealed
that the daytime average preleaf total heat storage of
18 W - m™2 was largely composed equally of the sensi-
ble (9 W m_z) and latent heat storage (8 W~ m_z).
When the canopy was leafed, however, daytime pos-
tleaf total heat storage of 22 total heat storage was
composed mainly of bole heat storage (8 W - m™),
followed by sensible heat storage (6 W - m™?), photo-
synthesis heat storage (5 W - m™?), latent heat storage
2w .m2) and finally canopy heat storage (1 W m?),
respectively.

Although there existed great difference among re-
search results due to study sites belonging to different
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ecosystems or possessing distinct characteristics of
community structure, all conclusions indicated that
heat storage terms should not been neglected. Firstly,
the total heat storage comprised a significant fraction
of net radiation in the daytime. The results studied by
Meyers and Hollinger[m indicated that when consid-
ered separately on a scale analysis, the storage fluxes
were relatively small after 09:00 CST compared to the
other terms in the total surface energy balance (H, LE,
and G). However, the combined storage flux was sig-
nificant and at times constituted a significant fraction
of the available energy. The storage terms were the
highest and comprised a greater fraction of net radia-
tion in the period between 06:00 and 12:00 AM LST.
For this time period, the average storage fraction was
13.6% and 7.8% for maize and soybean, respectively.
The ratio of total heat storage to net radiation was 8%
and 11% during the preleaf and full-leaf periods re-
spectively in a boreal 2sper forest™. In our study site,
the total heai storage terms were shown to account for
13.3% of the total nct radiation in the cool-dry season,
17.3% in the hot-dry season and 8.8% in the rainy
season, respectively, during the daytime from 09:00
AM to 17:00 PM; moreover, the fraction reached
22.4%, 32.1% and 16.7% separately in the cool-dry,
hot-dry and rainy season before 12:00 AM. Secondly,
when the heat storage terms were considered, the ex-
tent of energy balance closure was improved more or
less. For example, Meyers and Hollinger™®® reported
that when all of the storage terms were considered, for
maize, the slope of the regression between net radia-
tion and the sum of the energy components increased
from 84% to 94%; while for soybean, the slope in-
creased from 90% to 97%. Heat storage terms also
generated a 2.5% improvement in closure in a temper-
ate deciduous and a boreal aspen forest respec-
tively?®! which is similar to that in a tropical sea-
sonal rain forest in Xishuangbanna. Energy closure in

our study site was relatively lower than in other places.

Maybe it is caused by many factors such as non-flat
terrain, smaller footprint, and neglected horizontal
advection, etc. So it needs to further evaluate the qual-
ity of energy balance closure under a range of condi-
tions and identify possible causes for lack of closure in
this tropical seasonal rain forest.
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