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a  b  s  t  r  a  c  t

In  the  Southeast  Asian  tropics,  distinct  peaks  of  the  diurnal  precipitation  cycle  at  specific  times  of the  day
are  among  the  dominant  features  of  environmental  factors.  Although  the  characteristics  of  rainfall  timing
during the  day  are  anticipated  to affect the  ecosystem  CO2 flux  (NE),  no  attempt  has  been  made  to quantify
the  impact.  To  address  this  issue,  the potential  alteration  of NE corresponding  to a  change  in  the  diurnal
rainfall  regime  was  investigated  using  a combination  of detailed  field  measurements  conducted  at  an
eddy  flux  observation  site,  computation  with  a multilayer  soil–vegetation–atmosphere  transfer  model,
and  rainfall  time  series  constructed  from  rainfall  statistics  of observation-site  data  and  published  data  of
hotosynthesis
recipitation
ultilayer model

long-term  diurnal  precipitation  cycles  over  Borneo.  The  results  showed  that  there  was  little  difference  in
the mean  diurnal  NE pattern  between  “wet”  and  “dry”  days  (days  with  and without  rainfall,  respectively)
and  the diurnal  rainfall  regime  little  affected  NE on  a whole-year  scale.  Similar  NE values  for  wet  and  dry
days  might  be attributed  to  (1) a minor  contribution  of  lower  NE during  rainfall  events  to total  NE in wet
conditions,  because  of  constant  cloud  cover  on both  wet  and  dry days  and (2)  the  light  saturation  of NE

at  relatively  low  incident  radiative  energy  (≈500  W  m−2 of  solar  radiation)  in  this  forest  ecosystem.
. Introduction

Southeast Asian tropical rainforests are among the most impor-
ant biomes in terms of annual productivity and water cycling;
ence, small perturbations in such biomes could result in a signifi-
ant change in the global carbon cycle (e.g., Taylor and Lloyd, 1992).
he projected growth in atmospheric greenhouse gases within the
oming century will significantly affect global and regional tem-
eratures with concomitant changes in precipitation patterns, and
eforestation and land use change in tropical forests could also

ead to global and regional precipitation changes (e.g., Nobre et al.,
991; Mabuchi et al., 2005; Werth and Avissar, 2005). An analy-
is of climatic trends of global tropical rainforest regions showed
hat rainfall appears to have declined more significantly in South-
ast Asia (SEA) than in Amazonia, and that the El Niño Southern
scillation (ENSO) is the primary driver inducing drought in SEA
Malhi and Wright, 2004). Note that results from a global cli-
ate model showed more frequent El Niño-like conditions due to

uman-induced greenhouse warming (Timmermann et al., 1999).
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Kumagai et al. (2009) examined the impact of both intra (sea-
sonal) and interannual (ENSO-related) variations in precipitation
on hydrologic fluxes in a SEA tropical rainforest.

Characteristics of diurnal precipitation cycles in the SEA region
have been also investigated, and it was  found that there are dis-
tinct peaks of the diurnal precipitation cycle at specific times of
the day for each location in the SEA tropics (e.g., Oki and Musiake,
1994; Ohsawa et al., 2001; Ichikawa and Yasunari, 2006). Accord-
ing to analyses using 3-year Tropical Rainfall Measuring Mission
(TRMM)  satellite measurements (Nesbitt and Zipser, 2003), the
diurnal precipitation cycle over the ocean has low amplitude. The
maximum contribution to rainfall is in the early morning, because
of an increased number of mesoscale convective systems in the
nighttime. Also, land areas have a much larger precipitation cycle
than those over oceans, with a maximum in the afternoon caused by
enhancement by afternoon heating. Ohsawa et al. (2001) suggested
that diurnal precipitation cycles in the SEA region are generated
by interaction between local circulation influenced by topographic
effects and an upper-level flow component. Thus, the cycles are
anticipated to change according to variations of atmospheric con-
vective activity on local and global scales. Since exchanges between

forest canopy and atmosphere such as assimilation and evapotran-
spiration are driven mainly by solar radiation, their activities might
be influenced by the precipitation timing during the day via the
effects of weak incident solar radiation, low vapor-pressure deficit
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http://www.sciencedirect.com/science/journal/03043800
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nd leaf wetness (see Tanaka, 2002; Kume et al., 2006). In addition,
ainfall pulses, especially in arid and semi-arid ecosystems, affect
oil respiration and hence ecosystem CO2 flux (NE; �mol  m−2 s−1)
e.g., Huxman et al., 2004), and Knapp et al. (2002) suggested that
oil respiration is dependent not only on the precipitation amount
ut also on the frequency of rainfall occurrence. There seems to
e mixed evidence for this pulsation effect in moist environments
e.g., Palmroth et al., 2005; Daly et al., 2008). Thus, the change
n the diurnal precipitation cycle might alter energy and carbon
xchanges between SEA tropical forest canopy and atmosphere. To
ur knowledge, no study has considered the potential alteration of
he canopy exchanges due to changes in the diurnal precipitation
attern.

The primary objective of this study, therefore, is to understand
ow NE of a lowland dipterocarp forest in the SEA humid tropics
esponds to the diurnal rainfall regime. The rainfall regime affects
ncident solar radiation and atmospheric humidity; increases of
adiation and vapor pressure deficit, respectively, directly increase
E, and indirectly decrease it through a reduction of stomatal con-
uctance. Thus, a concrete goal is to show the impact of interplay
etween solar radiation and atmospheric humidity on NE during
ainfall events. Toward this objective, we used a combination of
etailed field measurements recorded at an eddy flux observa-
ion site (Kumagai et al., 2004a,b; Manfroi et al., 2006; Ohashi
t al., 2008) and a multilayer soil–vegetation–atmosphere trans-
er (SVAT) model (Kumagai et al., 2006). For further investigation
f potential changes in NE caused by alteration of the diurnal rain-
all regime, NE was computed by the SVAT model with input of a
0-min interval rainfall time series constructed using the rainfall
tatistics of the observation site data and published data of long-
erm diurnal precipitation cycles over Borneo (see Oki and Musiake,
994).

. Study sites

Vegetation–atmosphere exchange and meteorological data,
ell suited for estimating the SVAT model parameters, were

btained for a natural forest in Lambir Hills National Park (LHNP;
◦12′N, 114◦02′E, 200 m a.s.l.) 30 km south of Miri City, Sarawak,
alaysia (Fig. 1A). The rainforest in LHNP consists of two types

f original vegetation common to Borneo, mixed dipterocarp and
ropical heath forest. The former contains various genera of the
amily Dipterocarpaceae, which covers 85% of LHNP. The average
anopy height in the study site is about 40 m but the heights of the
mergent treetops can reach 50 m.  Spatial variations in leaf area
lus branches (plant area index; PAI) were measured using a pair
f plant canopy analyzers (Kumagai et al., 2006). In this study, leaf
rea index (LAI) is assumed to be PAI. The LAI ranged spatially from
.8 to 6.8 m2 m−2 with a mean of 6.2 m2 m−2. The monthly amounts
f litterfall were similar throughout the year, perhaps suggesting
mall variations in the LAI.

An 80 m tall (at the base of a gondola) canopy crane with a
5 m long rotating jib and gondola was used for measurements
f the spatial variations in leaf-level physiological parameters
nd leaf area density, eddy-covariance flux measurements, and
bove-canopy meteorological measurements. In a subplot about
0 m from the crane, measurements of the in-canopy microclimate
nd CO2 concentration profile and soil environment such as mea-
urements of soil moisture, soil heat flux and soil respiration were
arried out. Time series of the wind speed and gas concentration
ere sampled at 10 Hz using a three-dimensional sonic anemome-
er co-located with an open-path CO2/H2O analyzer. All variances
nd covariances required for eddy-covariance flux estimates were
omputed over a 30-min averaging interval. Air samples were
btained at six heights using pumps and an auto switching system,
odelling 246 (2012) 91– 98

and CO2 concentrations were measured using a closed-path CO2
analyzer. NE was  derived as the sum of the above-canopy CO2
flux, which was  obtained using the eddy covariance system above
the canopy, and the within-canopy storage flux, which was deter-
mined by quantifying the rate of change of CO2 concentration in
the air column within the canopy. Comparison between the daily
accumulation of the above-canopy CO2 flux and NE confirmed the
possibility of ignoring the drainage flow effects at this site. Avail-
able data of the above-canopy CO2 flux covered 41% of the period
between 1 June 2001 and 29 October 2002. Further details of the
experimental setup and data processing are presented elsewhere
(Kumagai et al., 2004a,b; Manfroi et al., 2006; Ohashi et al., 2008).

The temperature in LHNP has an annual mean of around 27 ◦C
and little seasonal variation. The mean annual rainfall in LHNP for
the period 2000–2006 was around 2600 mm,  while that at Miri
Airport, 20 km from LHNP, for the period 1968–2001 was around
2740 mm.  Annual rainfall cycles in LHNP and at Miri Airport were
similar; although there was scarce seasonality, the drier and wet-
ter months were between February and September and between
October and January, respectively, at both locations. A distinct diur-
nal rainfall cycle was  characteristic of LHNP; typically, there were
intense storms in the afternoon (around 1200–1600 LT) and mid-
night (around 2200–0200 LT), and durations of the rainfall events
in the afternoon and midnight were about 1 and 4.5 h, respectively
(Fig. 1B and C).

For reproducing the diurnal rainfall cycle regime and comput-
ing potential change in NE corresponding to regime, 10-year data
of two  other characteristic diurnal precipitation cycles from Bin-
tulu (3◦12′N, 113◦00′E, 3 m a.s.l.) and Kuching (1◦30′N, 110◦18′E,
30 m a.s.l.), about 100 and 450 km southwest of Miri, respectively,
were used to obtain diurnal rainfall statistics (Fig. 1A) (see Oki
and Musiake, 1994). Seasonal rainfall cycles at both sites were
similar to that in LHNP, and the mean annual rainfall for the
period 1981–1990 in Bintulu and Kuching was  3687 and 3981 mm,
respectively. The diurnal rainfall cycles in Bintulu and Kuching con-
trasted with that in LHNP, and had a strong peak of precipitation
at midnight (around 2200–0500 LT) and in the afternoon (around
1500–1800 LT), respectively (Fig. 1A). It is interesting to note that in
western coastal areas of Borneo, a diurnal rainfall pattern at a given
site corresponds to the distance between the site and the coast; the
site nearest the coast (e.g., Bintulu) and the inland site (e.g., Kuch-
ing) have midnight and afternoon precipitation peaks, respectively,
and the location of LHNP is somewhat between Bintulu and Kuching
in terms of the distance from the coast.

3. Theory

3.1. SVAT model description

The simulations were conducted with a one-dimensional mul-
tilayer SVAT model, configured with 1500 and 50 layers for
computing turbulent statistics and scalar source/sink distributions,
respectively (Kumagai et al., 2006). The SVAT model consists of
three submodels: (1) a model for energy and radiation conser-
vation, (2) an ecophysiological model for stomatal opening and
carbon assimilation, and (3) a model for turbulent diffusion. In the
present model, the soil respiration (Rsoil) model was  revised using
long-term Rsoil data (Ohashi et al., 2008) so that Rsoil can be prop-
erly simulated on a longer time scale. Note that the model used
here was  parameterized with independently collected ecophysi-
ological measurements and was not calibrated or parameterized

with canopy-level flux measurements. Although a previous study,
Kumagai et al. (2006),  provided detailed information, brief review
and description of this modeling scheme are presented below for
completeness.
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Fig. 1. (A) Locations of LHNP (Lambir Hills National Park), Bintulu and Kuching and a schematic representation of the diurnal precipitation cycle at each study site. (B) Rainfall
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edrawn  from Manfroi et al. (2006).

.1.1. Radiative transfer and energy balance at both leaf and soil
urface levels

When considering the leaf-scale energy balance together with
hotosynthesis within a forest canopy, the radiative transfer
hrough the canopy must be determined. Then, direct beam and dif-
use irradiance must be considered separately due to their different
ttenuations in the canopy. The probability of no contact within a
anopy layer for beam irradiance (Pb) needs to be formulated for
escribing the direct irradiance transfer within the canopy. This
ormulation includes the leaf area density (aleaf), the beam extinc-
ion function of solar elevation and leaf angle distribution within

 given layer (see Goudriaan, 1977). The probability of no contact
ithin a canopy layer for diffuse irradiance (Pd) is calculated by

ntegrating Pb over the solid angles of the sky hemisphere.
Both direct and diffuse solar radiation can be further divided into

hotosynthetic active radiation (PAR) and near-infrared radiation
NIR) according to their different absorption by leaves. Fortunately,
pproximately half the global solar radiation (Rs) over the canopy is
n the form of PAR while the other half is in the form of NIR, enabling
stimates of Rs penetration inside the canopy. The absorbed PAR or
IR within a canopy layer between z (the height from the ground)
nd z + �z,  �S,  is defined as:

Sb = (1 − � − �)(1 − Pb)Sb(z + �z) (1)

S↓
d

= (1 − � − �)(1 − Pd)S↓
d
(z + �z) (2)

S↑
d

= (1 − � − �)(1 − Pd)S↑
d
(z) (3)

here � and � are the leaf transmissivity and reflectivity, respec-

ively, for PAR or NIR, and S is PAR or NIR at the given height.
he subscripts b and d denote direct beam and diffuse irradiation,
espectively, and superscript arrows denote the direction of the
rradiation. Because Pb and Pd are complex functions of the leaf area
ty over the study period, with vertical bars representing +1 standard deviation in

density, leaf angle distribution and foliage clumping factor within a
given canopy layer and the solar geometric direction (see Kumagai
et al., 2006), Eqs. (1)–(3) are not readily solved. The total absorbed
solar radiation within the canopy layer is then calculated as the sum
of the absorbed PAR and NIR, both of which are calculated by Eqs.
(1)–(3).  Sunlit leaves receive the beam and the upward and down-
ward diffuse radiation, while shaded leaves only receive upward
and downward diffuse radiation. Therefore, the irradiance absorp-
tion and energy balance need to be computed separately for sunlit
and shaded leaves (see Kumagai et al., 2006).

Assuming that soil heat storage can be neglected (see Kumagai
et al., 2006), the energy balance at the soil surface for computing
Tsoil, is expressed by:

Rsab soil + RL down(0) − εs�(Tsoil + 273)4 = LEsoil + Hsoil (4)

where Rsab soil is the total Rs absorbed by the soil surface, RL down (0)
is downward long-wave radiation (RL) at z = 0, εs is the soil emissiv-
ity, � is the Stefan–Boltzmann constant (5.67 × 10−8 W m−2 K−4),
and LEsoil and Hsoil are latent and sensible heat fluxes at the soil
surface, respectively. LEsoil and Hsoil are the functions of Tsoil, as
described by the products of the transport conductance and the
concentration difference. In addition, the soil surface moisture
availability was  also used for the LEsoil computation (see Kumagai
et al., 2006).

3.1.2. Leaf-level physiological functions
The leaf-level scalar source strengths, i.e., leaf sensible heat (Hl:

W m−2), transpiration (El: kg m−2 s−1) and photosynthesis rate (Al:
�mol  m−2 s−1) are derived from physiological controls using:
Hl = 2macpgah(Tl − Ta) (5)

El = me
gawgsw

gaw + gsw

[esat(Tl) − e]
pa

(6)
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l = gac(Ca − Cs) (7)

l = gsc(Cs − Ci) (8)

here ma and me are the molecular weights of air and water
kg mol−1), respectively, esat(Tl) and e are the saturation vapor pres-
ure at leaf temperature (Tl) and atmospheric water vapor pressure
Pa), respectively, pa is the atmospheric pressure (Pa), and Cs, Ca and
i are the CO2 concentrations (�mol  mol−1) of air inside and out-
ide the laminar boundary layer of leaves and within the stomatal
avity, respectively. gah, gaw and gac are the boundary layer conduc-
ances for heat, water vapor and CO2 (mol m−2 s−1), respectively,
alculated according to Campbell and Norman (1998).

gsw and gsc are the stomatal conductances for water vapor and
O2 (mol m−2 s−1), respectively. gsc is linked to Al, the relative
umidity of air inside the boundary layer of a leaf (hs) and Cs, as
escribed by Ball et al. (1987) and Collatz et al. (1991),  and is given
y:

sc = mL
Alhs

Cs
+ bL (9)

here mL and bL are the slope and intercept, respectively, and
ere obtained by linear regression analysis of data from leaf-

evel gas exchange measurements. gsw is obtained from gsw = 1.6 gsc,
here 1.6 is the ratio of diffusivities of water and CO2 in air (von
aemmerer and Farquhar, 1981).

Al was computed using the biochemical model of Farquhar
t al. (1980) and Collatz et al. (1991) as a minimum value of the
ross rate of photosynthesis limited by the rate of RuBP regenera-
ion through electron transport (JE), RuBP carboxylase–oxygenase
Rubisco) activity (JC) and the export rate of synthesized sucrose
JS), as:

l = min{JE, JC, JS} − Rd (10)

here Rd is the respiration rate during the day but in the absence
f photorespiration. The formulation and parameterization of JE,

C, JS and Rd as a function of PAR absorbed by the leaf, CO2 con-
entration within the stomatal cavity and leaf temperature is used
rom Farquhar et al. (1980),  Farquhar and Wong (1984),  Collatz
t al. (1991) and de Pury and Farquhar (1997).  The photosynthe-
is model constants can be determined according to Badger and
ollatz (1977),  Farquhar et al. (1980),  von Caemmerer et al. (1994)
nd de Pury and Farquhar (1997).  The Vcmax and the Jmax used in
hese calculations are expressed as non-linear functions of temper-
ture using values at 25 ◦C (Vcmax 25 and Jmax 25, respectively); the
ormulations of which are given in de Pury and Farquhar (1997).  In
ddition, Rd is expressed as a non-linear function of temperature
sing Rd at 25 ◦C (Rd 25), which was assumed to be linearly related to
cmax 25 (as in Collatz et al., 1991). Practically, both Jmax 25 and Rd 25
re related to Vcmax 25, and hence, Vcmax 25 is the key parameter in
he leaf photosynthesis model.

.1.3. Scalar transport
The scalar continuity and turbulent flux equations are obtained

y assuming a steady state planar-homogeneous and high Reynolds
nd Peclet numbers flow, and by applying time and horizontal
veraging (see Katul and Albertson, 1999). In the scalar continu-
ty equations, the source (or sink) terms, due to mass release (or
ptake) by the ensemble of leaves within the averaging plane, are
iven by:

T = 1
�acp

(Hlslasl + Hlshash) (11)
q = 1
�a

(Elslasl + Elshash) (12)

c = −(Alslasl + Alshash) (13)
odelling 246 (2012) 91– 98

where ST, Sq and Sc are the source strengths for heat (K s−1), water
vapor (kg kg−1 s−1) and the CO2 concentration (�mol  m−3 s−1),
respectively, �a is the density of air (kg m−3), cp is the specific heat of
air at constant pressure (J kg−1 K−1), and a denotes aleaf. Subscripts sl
and sh denote sunlit and shaded leaves, respectively. The turbulent
flux equations include unknowns requiring closure approxima-
tions for flux transport and pressure scalar gradient covariance as
described by Mellor (1973).

To solve the scalar continuity and turbulent flux equations,
velocity statistics within the canopy need to be computed. Here,
the second-order closure model formulated by Wilson and Shaw
(1977) was applied. Using the measured wind profile and log-
arithmic law, the momentum roughness length and zero-plane
displacement were determined as 0.047h and 0.89h respectively
(where h is the canopy height). Note that these values were used to
adjust the wind speed measured at the top of the tower to the actual
friction velocity. Boundary conditions were specified in accordance
with Katul and Albertson (1999),  and the closure constants given by
Wilson and Shaw (1977),  Watanabe (1993) and Katul and Albertson
(1999) were used. To solve the second-order closure model, we
used the numerical scheme as described by Katul and Albertson
(1998, 1999).

3.2. Generation of time series of environmental factors

To compute NE in LHNP, Bintulu, and Kuching, time series of
environmental factors for the sites, which are driving forces for
the SVAT model, were constructed using random numbers gener-
ated from probability distributions. The rainfall time series was  a
primary driver generating the other factor time series, and their
generation is described as follows.

The inter-arrival times of rainfall events were assumed to be a
stochastic variable extracted from an exponential distribution, in
which the mean interval time (in days) was derived for each site
from long-term precipitation records (see Oki and Musiake, 1994;
Kumagai et al., 2009). Here we defined “wet” and “dry” days, which
refer to days with and without rainfall events, respectively. As a
result, annual mean wet  and dry days were respectively estimated
to be 196 and 169 days for Miri, 227 and 138 days for Bintulu, and
235 and 130 days for Kuching.

Using data of the annual mean wet  days and the total rainfall
observed in a given hour of a day over the study period such as those
in Fig. 1C, the mean depths for each hour (i) on a given wet day (˛i:
mm 30 min−1) were estimated for each site. Rainfall intensity for
each hour on a wet day (hi: mm 30 min−1) was assumed to be an
independent random variable expressed by a Poisson process with
the parameter ˛i. Although the rainfall data interval was  hourly,
the unit of the generated rainfall intensity variable was converted
to per 30 min, to be consistent with data of eddy flux and meteo-
rological factors. Note that this assumption can be validated by the
observation that the standard deviation of hi was approximately
equal to its mean value; i.e., ˛i (see Fig. 1C) (e.g., Taylor and Karlin,
1998).

The time series of other above-canopy meteorological factors
such as incident solar radiation (Rs; W m−2), long-wave radiation
(RL; W m−2), wind speed (U; m s−1), air temperature (Ta; ◦C) and
specific humidity (qa; kg kg−1) were obtained as follows: On a dry
day, Rs in a given hour (i) of the day was generated as a random
number from the Gaussian representing the distribution of Rs in
each hour (Fig. 2). However, on a wet  day, first the ratio of Rs on
wet days to that on dry days was  generated from its Gaussian dis-

tribution in each bin range of rainfall intensity, which is determined
by the generated hi. Then Rs on a wet  day was computed from prod-
ucts of the generated ratio and Rs generated in a given hour on a
dry day (Fig. 2). Finally, RL, U, Ta and qa values related to Rs for both
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Fig. 2. Schematic diagram of process to obtain above-canopy meteorological factors,
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Table 1
Mean model-estimated NE (±standard deviation) from 1000 ± 1400 LT for each con-
dition – wet days with and without daytime rainfall, all wet days, dry days, and the
full year.

Condition NE (�mol  m−2 s−1)

Wet  days with daytime rainfall –17.3a ± 7.2
Wet  days without daytime rainfall –18.3bc ± 6.4
All wet days –17.4a ± 7.1
Dry days –18.7b ± 5.1
ncident solar radiation (Rs), long-wave radiation (RL), wind speed (U), air temper-
ture (Ta) and specific humidity (qa), using random number generation from each
robability density function (pdf).

 dry and a wet day were obtained as random numbers, generated
y a Gaussian representing the distribution of each meteorologi-
al factor in each bin range of Rs (Fig. 2). We  confirmed that, using
his technique, all environmental factors were reproduced well in
erms of their means and standard deviations.

. Results and discussion

.1. Analyses for LHNP

For practical implementation of the SVAT model in this analysis,
t is first necessary to examine how sensitive the flux calculations
re to micrometeorological factors during a rainfall event. Exam-
les of comparisons between modeled and measured NE in LHNP
re shown under four typical meteorological conditions; i.e., a rain-
all event at noon (Fig. 3a and e), rainfall event from midnight
o early morning and cloud during daylight hours (Fig. 3b and f),
loudy with little rainfall (Fig. 3c and g), and midnight rainfall and
lear sky during daylight hours (Fig. 3d and h). It should be noted
hat there were two types of abrupt declines of NE and solar radi-
tion (Rs) at noon on 6 September with rainfall (Fig. 3a and e) and
1 September without rainfall (Fig. 3c and g). Note that the model
ccurately reproduced measured NE for the entire available data
eriod including periods of the four abovementioned meteorologi-
al conditions; regression statistics for comparisons between the
easured and modeled values had a slope of 0.79, intercept of
0.80 �mol  m−2 s−1, R2 of 0.62 and a root mean square error of
.95 �mol  m−2 s−1 (see Kumagai et al., 2006).

Fig. 4 illustrates the measured diurnal patterns of NE, by combin-
ng all data from 1 June 2001 to 29 October 2002 and plotting the
iurnal values within the first and third quartiles, which reduces
he influence of outliers. On wet days with a rainfall event during
he daylight hours (Fig. 4a-1), there were apparent NE declines of
round 1.0–1.5 �mol  m−2 s−1 between 1000 and 1500 LT observed,
s compared to wet days without daytime rainfall (Fig. 4a-2),
ecause of the frequent occurrence of rainfall events (see Fig. 1B
nd C). Measured values of NE on wet days without daytime rain-
all were slightly less than those on dry days (see Fig. 4a-2 and b).
his implies that there might be cloud cover effects during daytime,
ven on wet days without daytime rainfall. On all wet days (284

ays) (Fig. 4a), the NE between 1200 and 1500 LT was  apparently
educed; however, the average diurnal values during that period
ere not significantly reduced. On the other hand, there was  an

ppreciably wide range of measured NE during all daylight hours on
Full year –17.9ac ± 6.1

Superscripts denote differences in condition, from the Cochran–Cox test (P < 0.05).

dry days (213 days) (Fig. 4b) despite there being no rainfall owing to
the constant presence of clouds over this tropical rainforest region
(Kumagai et al., 2001). As a result, there was little significant differ-
ence in the average diurnal pattern of measured NE between wet
and dry day conditions. Thus, the diurnal values on wet days lit-
tle affected the values on a whole-year scale in terms of both their
range and average (Fig. 4c).

NE values for wet days with and without daytime rainfall, all wet
days, dry days, and the entire year were computed using time series
of meteorological factors generated by a 1000-day run for each of
the wet- and dry-day conditions (also shown in Fig. 4). The model
estimated NE averaged over 1000–1400 LT (the period when NE

peaked) for each condition was represented with the standard devi-
ation and statistical significance of differences between the means
in Table 1. The value for wet  days with daytime rainfall does not
significantly differ from that for all wet days, and thus, mainly con-
tributes to that for all wet  days. The modeled mean diurnal patterns
of NE agreed well with medians of the measurements for wet days
and the whole year, but were slightly overestimated for dry days.
In addition, it should be noted that the modeled NE averaged over
1000–1400 LT on wet days (Fig. 4a) can be up to 93% of that on dry
days (Fig. 4b) despite the wet days having a rainfall peak around
1300–1400 LT (see Fig. 1B and C), and that the diurnal pattern of
NE for the whole year (Fig. 4c) was little affected by that for the
wet days (Table 1). Thus, we  inferred from the small overestima-
tion the validities of the observed similarity in diurnal NE between
wet and dry days and the small influence of the wet-day NE on the
mean diurnal pattern of NE on a whole-year scale in LHNP. There are
always clouds over the study region, which causes the wide day-to-
day and within-day variations in the diurnal NE pattern. However,
in reality, the mean Rs (±the standard deviation) at 1000–1400 LT
was significantly larger for dry days (673.4 ± 190.2 W m−2) than for
wet days (554.7 ± 245.2 W m−2). Thus, the similar NE values for wet
and dry days might be attributed to the light saturation of NE at
relatively low incident radiative energy in this forest ecosystem
rather than the cloud effect under the dry-day condition, which is
examined in the following.

Fig. 5 shows frequency distributions of Rs and vapor pressure
deficit (D; kPa) at 1200–1400 LT, when there was the highest prob-
ability of rainfall during a day, for (i) rainfall events, (ii) no rainfall
on wet days, and (iii) dry days. Here, case (ii) relates mostly to
rainfall events at night. Frequencies of high Rs and D varied great-
est in the order (i) < (ii) < (iii), and the mean values of Rs and D
were 218.8 W m−2 and 0.22 kPa, respectively, for (i), 574.4 W m−2

and 0.84 kPa for (ii), and 669.7 W m−2 and 1.24 kPa for (iii). Lower
values for (ii) than for (iii) might reflect a cloud-cover effect.
SVAT-modeled NE, despite being a function of many environmen-
tal factors, were plotted against Rs in Fig. 6a, and could be well
fitted to a function of Rs and D (R2 = 0.85). It should be noted that
this modeled light response curve captured the canonical form of

the measurements despite having a tendency of overestimation
(Fig. 6a). While NE was  low at low light intensity occurring mainly
during rainfall events, it became saturated at around 500 W m−2,
resulting in similar NE values for (ii) and (iii) (Figs. 5a and 6a).  The
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use radiation (approximately 350 W m−2) at Rs ≈ 540 W m−2 (see
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2005). Again, we have to note that the frequency of low Rs dur-
ing 1200–1400 LT, which mostly occurred during rainfall events,
was very small in the total frequency distribution of Rs (Fig. 5a). In
summary, rainfall events significantly reduced NE through the low-
light-intensity effect, but did not affect annual-scale NE because of
the short rainfall duration. It should be noted that the rainfall dura-
tion in LHNP is exceptionally short (<3% of total hours in a day)
compared with that of other tropical rainforests (Kume et al., 2011).

Additionally, the light saturation of NE at a relatively low incident
radiative energy (≈500 W m−2 of solar radiation) is attributed to
the similar NE values for wet and dry days despite their different
light environments because of cloud cover.

(c)

00012 12
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stem CO2 exchange for wet days (a), dry days (b) and the whole year (c) in LHNP.
respectively, and (a-1) and (a-2) are for wet days with and without rainfall events
first and third quartiles of observations in the period 1 June 2001–29 October 2002,
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Fig. 5. Frequency distribution of solar radiation (a) and vapor pressure deficit (b) at
1200–1400 LT in LHNP. Light shading, dark shading, and no shading denote wet  days
without rainfall during 1200–1400 LT, rainfall events, and dry days, respectively.
Wet  and dry days refer to those with and without rainfall events during the entire
day, respectively.

Fig. 6. SVAT-modeled (circles) and measured (gray zone) ecosystem CO2 exchange
(NE) (a) and contribution of variation in vapor pressure deficit (D) to total NE change
((∂NE/∂D)�D), (b) as functions of solar radiation (Rs). Lower and upper boundaries
of  the gray zone denote first and third quartiles of observations in the period 1 June
2001–29 October 2002, respectively. Shaded columns denote zones around mean
Rs values for dry days, wet days without rainfall, and rainfall events (see Fig. 4).

Fig. 7. Average diel variations in modeled ecosystem CO2 exchange for the whole
year with ±1 standard deviations (SD) in LHNP (solid line with circles), Bintulu

(dotted line with triangles) and Kuching (broken line with crosses). Upper and lower
symbols denote plus and minus one SD, respectively. Note that all three lines almost
perfectly overlap.

4.2. Analyses for Bintulu and Kuching

To understand the meaning of the diurnal precipitation cycle for
NE in this tropical rainforest region, further numerical experiments
were conducted assuming that the LHNP rainforest ecosystem was
located in Bintulu and Kuching, which have different diurnal rain-
fall cycle characteristics from that in LHNP (see Fig. 1A), and the
results are shown in Fig. 7. Note that for these computations, we
replaced only rainfall temporal patterns (including rainfall amount)
of LHNP with those of Bintulu and Kuching and kept the relation-
ships between rainfall intensity and other environmental factors
such as Rs the same as for LHNP. The strongest rainfall peak in the
diurnal rainfall cycle in LHNP resulted in the lowest NE at around
1300–1400 LT at the three sites, but the difference was  very slight
(data not shown here). Additionally, there were differences in the
variability of NE among the three sites (e.g., at 1030 and 1500 LT) but
these were very slight (Fig. 7). As a result, there was no or little dif-
ference in the whole-year NE among these three sites (Fig. 7). This
confirms that the diurnal rainfall cycle does not significantly affect
the diurnal cycle of incident radiative energy in the studied trop-
ical rainforest region because the contribution of rainfall duration
to total time is still small, and that the productivity of the tropical
rainforest ecosystem might be somewhat conservative in terms of
its similarity over the tropical rainforest region. This is because of
the combined effects of the light response of NE being saturated at
relatively low light intensity and the constant cloud cover.

5. Conclusion

There was little difference in the mean diurnal NE pattern
between wet and dry days, and the diurnal rainfall regime little
affected NE on a whole-year scale. Similar NE values for wet  and
dry days were attributed to a minor contribution of lower NE dur-
ing rainfall events to total NE in wet  conditions. This was because of
constant cloud cover on both wet and dry days, and the light satu-
ration of NE at relatively low incident radiative energy in this forest
ecosystem. Regarding cloud cover effects in tropical forests, cloud
forests where there is constant cloudiness, and seasonal forests in
the dry season where there is mostly clear sky, could be the end
members. The analyses here would be a promising tool for assess-
ing those forest ecosystem productivities and, in turn, application
of the analyses to those types of forests would sufficiently validate
the SVAT model of this study.
The effect of rainfall on NE is due to not only the effects of Rs and
D, but also the change in soil moisture with rainwater supply, which
affects stomatal behavior and soil respiration. However, in this
study, we assumed that there is little risk of a shortage of ecosystem
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ater resources in the studied region (see Kumagai and Porporato,
012) and little soil moisture effect on NE. The slight dependency of
oil respiration on soil moisture has been detected in LHNP (Ohashi
t al., 2008), but soil moisture depletion leading to reduced soil
espiration was believed to seldom occur in the study region. Also,
revious studies have suggested that evapotranspiration is a con-
ervative process in terms of its similarity for pan-tropical forests,
ecause net radiation is the strongest determinant and can explain
easonal and spatial variations in forest water use (e.g., Kumagai
t al., 2005; Fisher et al., 2009), and this can be partly explained by
ittle risk of water-stress-induced hydraulic failure of plants (see
umagai and Porporato, 2012). This implies that given the similar

ncident radiative energy among forest ecosystem sites, the water
apor fluxes accompanied by stomatal conductance and assimi-
ation are also similar among the sites, which might support the
ndings of how forest canopy and/or meteorological characteristics
aused the similar NE among the three studied sites.
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