Biogeosciences, 7, 71122, 2010 A . .
www.biogeosciences.net/7/711/2010/ ‘GG’ Biogeosciences
© Author(s) 2010. This work is distributed under _
the Creative Commons Attribution 3.0 License.

Impact of cloudiness on net ecosystem exchange of carbon dioxide in
different types of forest ecosystems in China

M. Zhang'?, G.-R. Yul, L.-M. Zhang?!, X.-M. Sun?, X.-F. Wen!, S.-J. Har?, and J.-H. Yan*

Linstitute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, 100101, China
2Graduate University of the Chinese Academy of Sciences, Beijing, 100039, China

3Institute of Applied Ecology, Chinese Academy of Sciences, Shenyang, 110016, China

4South China Botanical Garden, Chinese Academy of Sciences, Guangzhou, 510650, China

Received: 2 June 2009 — Published in Biogeosciences Discuss.: 14 August 2009
Revised: 8 February 2010 — Accepted: 9 February 2010 — Published: 23 February 2010

Abstract. Clouds can significantly affect carbon exchange different forest ecosystems to the changes in cloudiness is
process between forest ecosystems and the atmosphere By important factor that should be included in evaluating re-
influencing the quantity and quality of solar radiation re- gional carbon budgets under climate change conditions.
ceived by ecosystem’s surface and other environmental fac-
tors. In this study, we analyzed the effects of cloudiness on

net ecosystem exchange of carbon dioxide (NEE) in atem- |ntroduction

perate broad-leaved Korean pine mixed forest at Changbais-

han (CBS) and a subtropical evergreen broad-leaved forest ®olar radiation, temperature and moisture are the main envi-
Dinghushan (DHS), based on the flux data obtained duringonmental factors that control carbon dioxide exchange be-
June-August from 2003 to 2006. The results showed thatween terrestrial ecosystems and the atmosphere (Law et al.,
the response of NEE of forest ecosystems to photosynthe2002; Baldocchi, 2008). Changes in cloudiness and atmo-
ically active radiation (PAR) differed under clear skies and spheric aerosols content can directly influence solar radia-
cloudy skies. Compared with clear skies, the light-saturatedion and direct and diffuse radiation received on the ground
maximum photosynthetic rat@c max) at CBS under cloudy (Gu et al., 2003; Niyogi et al., 2004; Min, 2005). Corre-
skies during mid-growing season (from June to August) in-spondingly, other environmental variables (temperature, va-
creased by 34%, 25%, 4% and 11% in 2003, 2004, 20050r pressure deficit (VPD), etc.) can also change (Gu et al.,
and 2006, respectively. In contrastecmax Of the forest  1999; Urban et al, 2007). Changes in these environmental
ecosystem at DHS was higher under clear skies than undefariables can strongly affect carbon exchange between ter-
cloudy skies from 2004 to 2006. When the clearness indexestrial ecosystems and the atmosphere (Letts et al., 2005;
(k;) ranged between 0.4 and 0.6, the NEE reached its maxtrban et al., 2007). Many studies have shown that increase
imum at both CBS and DHS. However, the NEE decreasedn diffuse radiation received by ecosystem’s surface can sig-
more dramatically at CBS than at DHS whénexceeded nificantly enhance net ecosystem exchange of carbon dioxide
0.6. The results indicate that cloudy sky conditions are ben{NEE) (Goulden et al., 1997; Gu et al., 1999, 2003; Law et
eficial to net carbon uptake in the temperate forest ecosysal., 2002) and light use efficiency (LUE) of forest ecosys-
tem and the subtropical forest ecosystem. Under clear skiesems (Gu et al., 2002; Alton et al., 2007; Farquhar and Rod-
vapor pressure deficit (VPD) and air temperature increaserick, 2008). Global warming has altered spatial patterns of
due to strong light. These environmental conditions led toprecipitation and cloudiness on a global scale (Rind et al.,
greater decrease in gross ecosystem photosynthesis (GERY90; Kirschbaum and Fischlin, 1995). Meanwhile, volcanic
and greater increase in ecosystem respiratiRg) &t CBS eruptions and air pollution have changed atmospheric aerosol
than at DHS. As a result, clear sky conditions caused moreontent (Niyogi et al., 2007; Farquhar and Roderick, 2008).
reduction of NEE in the temperate forest ecosystem than imrhese changes in cloudiness and atmospheric aerosol con-
the subtropical forest ecosystem. The response of NEE ofent will likely affect the carbon sink function of terrestrial

ecosystems in the future.
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Annual precipitation has decreased in North and North-in the temperate forest ecosystem (Guan et al., 2006; Zhang
east China and increased in the mid and lower Yangtze RiveR006). Meanwhile, these conditions increase ecosystem res-
basin since the 1990's (Wang et al., 2004; Ding et al., 2006)piration. Therefore, net carbon uptake of the temperate for-
as a result of global climate change. The changes in precipest decreased. According to these results, we assume that
itation patterns decrease cloudiness in North and Northeastloudy skies might benefit the net carbon uptake of the tem-
China but increase cloudiness in the southern Yangtze Riveperate forest ecosystems in summer, as both solar radiation
region. These Changes can influence many environmenreceived by ecosystem and temperature relatively decreased.
tal factors, including solar radiation received on the ground,In contrast, temperature and moisture of the subtropical for-
temperature, and moisture. How these changes affect the cagst ecosystem reached their maximum in summer, but solar
bon uptake of forest ecosystems in different regions of Chinaradiation received by ecosystem was insufficient because of
warrants in-depth study (Yu et al., 2003, 2008). heavy precipitation and increased cloudiness. Thus, we as-

Ranging from cold temperate zone to subtropical zone, thesume that the high temperature and moisture could increase
North-South Transect of Eastern China (NSTEC) embracegcosystem respiration under cloudy sky conditions, but insuf-
a vegetation sequence, starting with cold temperate coniferficient solar radiation received by ecosystem could restrain
ous forests and extending through temperate mixed forestghotosynthesis. Therefore, net carbon uptake of the subtrop-
warm temperate deciduous broadleaf forests, subtropical evical forest would decrease. However, clear skies might bene-
ergreen coniferous forests, evergreen broadleaf forests, arfit to net carbon uptake of the subtropical forest ecosystem in
tropical rainforests (Yu et al., 2006, 2008). Carbon storagesummer, because solar radiation received by ecosystem in-
by these forest ecosystems plays an important role in regionatreased under clear sky conditions. Based on these assump-
and global carbon cycles (Fang et al., 2001; Yu et al., 2008)tions, when the environmental factors changed with the pat-
The temperate broad-leaved Korean pine forest at Changern of precipitation and cloudiness in China, changes in net
baishan (CBS) and the subtropical evergreen broad-leavedarbon uptake of the two forest ecosystems would be differ-
forest at Dinghushan (DHS) are located within the NSTECent.
and are parts of ChinaFLUX. These two forest types rep- In this study, our main objective was to reveal the effects of
resent China’s north temperate natural forest ecosystem anchanges in cloudiness on net carbon uptake of the temperate
south subtropical natural forest ecosystem, respectively. Théorest ecosystem at CBS and the subtropical forest ecosystem
two forests at CBS and DHS are old-growth forests, but theyat DHS in East China. We hypothesized that cloudy skies are
are still acting as strong carbon sink. The annual average valmore beneficial to increase net carbon uptake in the temper-
ues of net ecosystem productivity (NEP) (from 2003 to 2005)ate forest ecosystem at CBS than in the subtropical forest
at CBS and at DHS were 2399 and 43466 gC m2yr—1, ecosystem at DHS. Our findings can improve the evaluation
respectively (Yu et al., 2008). on the net carbon uptake of different forest ecosystem in the

Previous studies have shown that environmental factoréAsia monsoon region under climate change conditions.
controlling carbon exchange were different at CBS and at
DHS (Guan et al., 2006; Wang, et al., 2006; Zhang et al.,

2006; Yu et al., 2008). Solar radiation received by ecosys2 Methods

tem and temperature are the main factors influencing the car-

bon budget of the temperate forest ecosystem at CBS (Zhang.1 Site description and measurements

et al., 2006; Yu et al., 2008). Solar radiation received by

ecosystem represents the primary factor influencing daytimdhe temperate broad-leaved Korean pine forest at Chang-
CO, flux at CBS during the growing season (Guan et al.,baishan (CBS) is located in China’s Jinlin Province
2006). However, solar radiation received by ecosystem wa$41°41'49'-422518" N, 12°4255'-1281648"E). CBS
insufficient at DHS due to heavy precipitation in rainy seasonbelongs to the monsoon-influenced, temperate continen-
(summer). As a result, net carbon uptake of this subtropicatal climate, and its growing season extends from May to
forest ecosystem reached its highest value at the beginnin§eptember. The subtropical evergreen broad-leaved for-
of dry season (autumn) (Zhang et al., 2006; Yu et al., 2008gest at Dinghushan (DHS) is located in China’s Guangdong
Wang et al., 2006). Province (2309-2311 N, 11230-11233 E). DHS be-

Not only climate characteristics but also environmentallongs to the subtropical monsoon humid climate. Rainfall
factors controlling carbon exchange were different betweerin DHS reflects a distinct pattern of wet season (from April
the forest ecosystems at CBS and at DHS. Thus, changde September) and dry season (from October to March). Ta-
in NEE with cloudiness may be different in the two for- ble 1 provides extensive descriptions of the two sites (Guan
est ecosystems. During summer, solar radiation received bgt al., 2006; Zhang et al., 2006; Yu et al., 2008).
ecosystem was strong, and temperature reached maximum CO, flux over the two forest ecosystems has been mea-
in the temperate forest ecosystem. Under clear skies, strongured with eddy covariance (EC) systems since 2002. The
solar radiation received by ecosystem and high temperatur&C system consists of an open-path infrared gas analyzer
caused photosynthesis to reach its saturation or even decrea@dodel LI-7500, LICOR Inc., Lincoln, NE, USA) and a 3-D
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Table 1. Site information.

Sites CBS DHS

Location 4224'N, 12805 E 210N, 11234 E

Elevation (m) 738 300

Topography Flat Hilly

Mean annual temperature@) 3.6 20.9

Annual precipitation (mm) 695 1956

Soil type Montane dark brown forest  Lateritic red soil, yellow
soil soil

Canopy height (m) 26 17

Predominant species Pinus koriaensis, Tilia Castanopis chinensis,
amurensis, Quercus Schim asuperba, Pinus
mongolica, Fraxinus massonian
mandshurica, Acer mino

Leaf area index (LAI) 6.1 (the maximum in the 4.0 (average)
growing season)

Biomass (kg m2) 36.23 14.14

Soil organic matter 87.5 37.7

(gkg P

Stand age (year) 200 100

Height of Tower (m) 61.8 36

Height of eddy covariance 41.5 27

system (mj

Height of radiometer (n) 32 36

Height of rain gauge (nf) 61.8 36

Profiles of air temperature 2.5, 8, 22, 26, 32, 50, 60 4,9, 15, 21, 27, 31, 36

and humidity (m§

Depth of Soil temperature 5, 10, 20, 50, 100 5, 10, 20, 50, 100

(cmy?

Depth of Soil moisture 5, 20, 50 5, 20, 40

(cmp

4Height and depth indicate the location of the sensors mounted.
bpata source: database of Chinese Ecosystem Research Network (CERN)

sonic anemometer (Model CSAT3, Campbell Scientific Inc., Young, Traverse City, MIl, USA) above the canopy. Soil
Logan, UT, USA). The instrument signals were recordedtemperature and soil moisture were measured using thermo-
at 10Hz by a CR5000 datalogger (Model CR5000, Camp-couple probes (105T, Campbell, USA, CSa1,6Compbell,

bell Scientific Inc.) and then block-averaged over 30-min USA) and water content reflectometers (CS616, Campbell
intervals for analysis and archiving. Routine meteorologi- Scientific Inc), respectively. All meteorological measure-
cal variables were measured simultaneously with the eddynents were recorded at 30-min intervals with dataloggers
fluxes. Air humidity and air temperature profiles were mea- (Model CR10X&CR23X, Campbell Scientific Inc.) (Guan
sured with shielded and aspirated probes (HMP45C, Vaisalagt al., 2006; Zhang et al., 2006; Yu et al., 2008). Detailed
Helsinki, Finland) at different heights above and within the information on the routine meteorological variables is sum-
canopy. Global radiation and net radiation above the canopynarized in Table 1.

were measured with radiometers (CM11 and CNR-1, Kipp

and Zonen, Delft, The Netherlands). Photosynthetically ac2.2 Data processing

tive radiation (PAR) above the canopy was measured with i )
a quantum sensor (LI-190Sh, LiCor Inc., USA). To ensure Ve analyzed the effects of changes in cloudiness on NEE at

the accuracy of the radiation measurement, CM11 and LI-CBS and at DHS, based on 30-min QQJX data and_ rou-
190Sb were calibrated and compared with other CM11 andin€ meteorological data collected during the growing sea-
LI-190Sb sensors that were installed at an automatic meteoso" (June—August) from 2003 to 2006. Cloudiness is used in
rological observation station of the research station. Precip@ VeTy general sense referring to the presence, quality, and

itation was recorded with a rain gauge (RainGauge 52203duantity of clouds in the sky in this study. Because of a
lack of continuous measurements of cloudiness at the two
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sites, we used a clearness indéy (Gu et al., 1999) to de- 2.2.3 Defining clear skies

scribe the continuous changes in cloudiness. We analyzed the

responses of NEE to PAR under clear and cloudy skies, and he rainy season in CBS and DHS extends from June to Au-
examined the relationship betwelgrand NEE. These meth- gust, thus days with no clouds through the entire day were
ods were simple and direct for evaluating whether changes ifiare during this period. We identified the clear mornings and

cloudiness could affect the NEE of forest ecosystems. Thes@fternoons based on a half-day basis (Gu et al., 1999; Law et
methods have been used in many related studies (Gu et aRl., 2002). Two criteria were established for identifying clear

1999, 2002; Law et al, 2002; Alton et al., 2007). mornings and afternoons. Firgt, must increase smoothly
with sin 8. Second, the curve of the relation between the
2.2.1 Flux data processing clear-skyk, and sing must form an envelope in the lumped

scatter plot ofk, against sing. The following steps were
We used a program to process raw 30-min flux data as degsed: () clear morning or afternoons were selected if the
scribed in the following T) 3-D coordinate rotation was ap- values ofk;, changed with time smoothly2) values ofk;
plied to force the average vertical wind speed to zero and tof the selected morning or afternoons were plotted against
align the horizontal wind to mean wind direction (Baldocchi sin g, the mornings or afternoons were excluded if the rela-
et al., 2000; Wilczak et al., 2001)2) flux data were cor-  tion betweenk; and sing on those days fell away from the
rected for the variation of air density caused by transfer ofdominant pattern,3) finally, the clearness index was plotted
heat and water vapor (Webb et al., 1988),the storage be-  against sirg for all mornings and afternoons in the growing
low EC height was calculated by using the temporal changeseason to make sure the identified relationship between the
in CO, concentration above the canopy measured with LI-clear sky clearness index and girformed the envelope for
7500 (Carrara et al., 2003})(the abnormal data were fil-  the scatter points on the plots (Gu et al., 1999; Law et al.,
tered, and data gaps were filled by using the look-up table2p02). Figure 1 shows the relationship betwéeand sirB
method (Falge et al., 2001; Guan et al., 2006; Zhang et al.ynder clear skies, which can be fitted by cubic polynomial
2006). (Eg. 4) (Gu et al., 1999). Asymmetry existed between the

In this study, we only used the data measured during thes|ear mornings and the clear afternoons (F|g ]_)

mid growing season (June—August) from 2003 to 2006 to _ ) )
eliminate the effect of changing leaf area index (LAI). The kio = asin® g +bsir? g +csin+d 4)
LAl of CBS was about 5.:20.1 nf m~2from June to August  herek, is the clear sky clearness index, and, ¢, andd
over the four years. The broad-leaved forest at DHS is everye regression coefficients.
green without significant variation of LAI over and within
season. The LAl of DHS was about 4:6.2 m? m—2 from 2.2.4 Defining diffuse PAR
June to August over the four years.

For a given solar elevation angle, the diffuse components of
2.2.2 Defining clearness index the solar radiation received by ecosystem could change with

cloudiness (Gu et al., 2002; Urban et al., 2007). However, the
The clearness indek is defined as the ratio of global so- giffuse PAR was not measured at the two sites. Therefore, we
lar radiation §, Wm~?) received at the Earth's surface to ysedk, and g to calculate diffuse PAR. The corresponding

the extraterrestrial irradiance at a plane parallel to the Earth’%quaﬂons are as follows (Reindl et al., 1990; Gu et al., 1999).
surface §e, Wm~2) (Gu et al., 1999): ,
[1+0.3(1—¢9)]g

PARit = PAR- 5
ktzsi, (1) Rait 14+ (1—g?)cog(90° — B)cosB ©)
e
=(8/Se)/k 6
Se= Ssd 1+ 0.033c0$360r4/365)]sin, @ 1= i/ Se)/ K ©
Interval: 0<k,; <0.3; ConstraintSs/Se < k;
sing = sing - sind 4 cosp - COSS - COSw 3) )
St / Se=k;[1.020— 0.254k; +0.0123sirg] @)

whereSs. is the solar constant (1370 W), 1q is the day of
year,f is the solar elevation angle,is degree of latitude, is
declination of the sun andis time anglek; reflects not only Sf/Se =k;[1.400— 1.74%%, 4+ 0.177sing] (8)
sky conditions but also the degree of influence of cloudines ) ] _

on the solar radiation received at the Earth’s surface. For jnterval. 0.78 kr; Constraint: 0.%; < St/Se

Interval: 0.3< k; <0.78; Constraint: 0.%; < S¢/Se <0.97;

given solar elevation angle, smallerindicates increasing in - S /Se = ,[0.486k; — 0.182sir8] 9)
cloud thickness, and largéy indicates a clearer sky (Gu et ) ]
al., 1999). where PARj is the diffuse PAR (pmol quantum TAs™1),

and Ss denotes the total diffuse radiation received by a hori-
zontal plane on the Earth’s surface (W fi.

Biogeosciences, 7, 71722 2010 www.biogeosciences.net/7/711/2010/
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14 temperatureqes, 10°C), Eg is the parameter that essentially
® Morning determines the temperature sensitivity of ecosystem respira-
12} © Afternoon ) tion andTp is a constant, set at46.02°C. Equation (12) was
Morning regression R = 0.94 P<0.0001 also used to estimate daytinkg.
1.0F Afternoon regression R'=0.59 <0.0001 In the study, the sign of NEE is negative when £i®
transported from the atmosphere down to ecosystem and pos-
0.8F R AR DA Ve e itive for the opposite caseRe is positive when carbon is
_ 8 8 @ 2 s posit |
s ~ released by ecosystem. GEP is positive when carbon is ab-
0.6 3 sorbed by ecosystem.
04 2.3 Statistic analysis
02 The relationship between NEE, GER; and environmental
0.0 Le® factors were fitted with linear, and non-linear equations. We
0.0 0.2 0.4 0.6 0.8 1.0 conducted all analysis using the Origin package. Statistically

sing significant differences were set with<0.05 =0.05) unless
otherwise stated.
Fig. 1. The relationship between clear sky clearness indgxand
sine of solar elevation angles for the CBS site from June to August
in 2003. 3 Results

3.1 Seasonal variation of environmental variables
2.2.5 The response of NEE to PAR

Figure 2 shows the seasonal variations of the monthly cumu-
The response of NEE to PAR can be described by Michaelistative global solar radiation received by ecosysten tean
Menten equation (Goulden et al., 1997; Aubinet et al., 2001;m0nth|y air temperatureTf, near the height of EC system

Wu et al., 2006; Zhang, 2006): at the two site, 32 m at CBS, 27 m at DHS, see Table 1) and
«-PAR. P monthly cumulative precipitationR) at CBS and DHS. The
NEE= oM+ Re. (10) seasonal variations of environmental factors in the two forest

o - PAR+ Pecmax ecosystems were not exactly the same. The seasonal pat-

where « is the ecosystem apparent quantum yield tern of 7a was in good agreement with at CBS (Fig. 2b
(mg COumolt quantum), Pecmax is the light-saturated and c¢). MaximumP and T occurred at the same timéd;
maximum  photosynthetic rate  (mgG@®2s1), and P at CBS reached their highest value in Julg.and P

and Re is the average daytime ecosystem respirationwere higher at DHS from June to August. However, wiign

(mgCOm2s1). reached the maximum in Jul®, was relatively lower (Fig. 2e
and f). The values of from June to August were smaller
2.2.6 Flux partitioning than that in May at CBS due to the effect of precipitation

(Fig. 2a).S reached its maximum in July at DHS (Fig. 2d).
Gross ecosystem photosynthesis (GEP) was calculated using Although precipitation was abundant at both ecosystems
the following equation: from June to August, the frequency kfvalue fell between

0 and 0.4 was greater at DHS than at CBS (Fig. 3). Fur-
GEP=R.—NEE (11) thermore, the total precipitation from June to August was
NEE was obtained directly from the EC measurement.#36.6mm at CBS and 768.6 mm at DHS. These facts indi-

Ecosystem respirationRg) was estimated using the Lloyd- cated that there were more rainy days and fewer clear days

Taylor equation (Eq. 12) (1994). The nighttime NEE at DHS than at CBS during this period. As a reSL_S‘I’nNas
data under turbulent conditions were used to estaltigh |Ower at DHS than at CBS from June to August (Fig. 2a and
temperature response relationship: d). The totalS was 1610.1 MJ m? at CBS and 1356 MJ n?

at DHS for this period.
Re= RrefeEo(l/(Tref*To)*l/(T*To)) (12)

3.2 Responses of NEE to PAR under clear and
whereT is air temperature or soil temperatut€j. For CBS, cloudy skies
soil temperature at 5cm was used, while air temperature at
4 m above ground was used for DHS (Yu et al., 2005), for The response of NEE to PAR differed under clear and cloudy
better regressions (i.e. high&? value) relative to the use skies in the two forest ecosystems (Fig. 4). NEE was
of soil temperature (Yu et al., 2005, 2008). In the equation,more negative under cloudy skies than under clear skies at
Ryef represents the ecosystem respiration rate at a referendg@BS during the mid growing season (from June to August)

www.biogeosciences.net/7/711/2010/ Biogeosciences, 7,72212010
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Fig. 3. Histograms of the frequency distribution of the variation of
the clearness index) for solar elevation angle8>20° at CBS
and DHS from June to August in the years from 2003 to 2006.

For different intervals of the solar elevation angle, the
changes in NEE with clearness index were conic (the re-

gressional coefficients of this conic equation are shown in
Table 3) at both CBS and DHS in the mid growing season
(Fig. 5). The NEE reached its maximum whénfell be-
tween 0.4 and 0.6 (Fig. 5) at CBS and at DHS. This result in-
dicates that net carbon uptake of the two forests at CBS and
DHS was highest under cloudy skies. The NEE decreased
when the value ok, exceeded 0.6 at both CBS and DHS
(Fig. 5). However, decrease in NEE was less at DHS than at
CBS (Fig. 5). This finding indicates that clear sky conditions
restrain net carbon uptake more at CBS than at DHS.

250
200
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50F

0
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Fig. 2. The seasonal variations of global solar radiati®y, @ir
temperatureqs) and precipitation ) at CBS and DHS.

. o 4 Discussion
(Fig. 4a to d). This indicates that the net carbon uptake at

CBS increased under cloudy sky conditions. Compared with4.1  Differences in the responses of NEE to cloudiness in
clear skies,Pecmax Under cloudy skies at CBS during mid different types of forest ecosystems

growing season (from June to August) increased by 34%,

25%, 4% and 11% in 2003, 2004, 2005 and 2006, respecThe NEE of the forest ecosystems at CBS and at DHS
tively (Table 2). In contrast, NEE was not more negative reached its maximum under cloudy skies when the value of
under cloudy skies than under clear skies at DHS (Fig. 4e ta, was between 0.4 and 0.6. This finding is consistent with
h). Except for 2003 Pecmax at DHS was higher under clear those of previous studies. These studies show that NEE of
skies than under cloudy skies in the other three years (Taforest ecosystems reached its maximum values under cloudy
ble 2). The results indicate that the differences in response ofkies when the value dof; is between 0.4-0.7 (Gu et al.,
NEE to PAR under cloudy skies and under clear skies werel999; Letts et al., 2005; Urban et al., 2007). However, when
not exactly the same in the two forest ecosystems. Cloudyhe value ofk; exceeded 0.6, NEE of the temperate forest at
sky conditions were more beneficial to relieving light satura- CBS reduced more with increasikgthan that at DHS. This
tion and enhancin@ec max in the temperate forest ecosystem suggests that NEE of the temperate forest at CBS was more
at CBS relative to the subtropical forest ecosystem at DHS. sensitive to strong solar radiation under clear sky conditions,
compared to the subtropical forest at DHS. Similarly, Alton
et al. (2007) found that NEE of boreal forest had the greatest
sensitivity to changes in shortwave radiation among a sparse,
To further explore the effect of changes in cloudiness onboreal needle-leaf ecosystem, a temperate broadleaf ecosys-
NEE, we analyzed the response of NEE to changes in théem and a dense tropical, broadleaf forest ecosystem. Under
clearness index at CBS and at DHS. We grouped the dataloudy skies, the NEE increased more than 30% in temperate
into 5° intervals of solar elevation angles to eliminate the forest ecosystems (Gu et al., 1999). But, the NEE increased
effect of solar elevation angle on the responses of NEE tdess than 25% under cloudy skies in the forest ecosystems
k. We found similar results for the four study years in the in Amazonia (Oliveira et al., 2007). These findings suggest
two ecosystems. In this paper, we only present the results ithat the net carbon uptake increases more in temperate forests
2005. than in subtropical forests under cloudy sky conditions.

3.3 Changes in NEE with clearness index

Biogeosciences, 7, 71722 2010 www.biogeosciences.net/7/711/2010/
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Table 2. Parameter values of light response curve of CBS and DHS on clear skies and cloudy skies from June to August in the years from
2003 to 2006.

Site Parameter values 2003 2004 2005 2006

Cloudy Clear Cloudy Clear Cloudy Clear Cloudy Clear
skies skies skies skies skies skies skies skies

o
(mg COumol-1 quantum) —0.0036 —0.0027 —0.0037 —0.0041 —0.0039 —0.0032 —0.0039 —0.0044

Pecmax
CBS (mgC@m—2s71) -1.309 -0.864 —1.210 -0.902 —1.307 -1.253 -1.213 -1.079
Re
(mgCom2s71) 0.281 0.217 0.278 0.257 0.244 0.369 0.244 0.337
R2 0.67 0.50 0.55 0.50 0.60 0.66 0.62 0.56

o
(mg COumol-Lquantum) —0.0012 —0.0019 —0.0011 —0.0009 —0.0012 -0.0007 —0.0012 -—0.0008

Pecmax
DHS (mgCQO m—2 S_l) —0.682 —0.647 —0.839 —1.208 -0.81 —0.946 —-0.9362 —-1.155
Re
(mgCOm2s-1) 0116 0129 0106 0095 0051 0084  0.081 0.08
R2 0.50 0.39 0.44 0.59 0.45 0.54 0.52 0.50

4.2 Thef effects of change; in cloudiness on Table 3. Regressional Coefficients of the conic equation NEE =
environmental factors in the two types k2 + b k; + ¢ for CBS and DHS in 2005.

of forest ecosystems

. - . b R?
Environmental conditions influence the carbon exchanged p ¢ ¢

process between forest ecosystems and the atmosphere. For CBS 35-40 368 -3.71 022 045

a given solar elevation angle interval, when the sky condi- 45-500 3.59 -3.63 0.14 046
tions changed from clear to cloudy, total solar radiation re- 55-60 361 -3.65 0.08 042
ceived by ecosystem decreased, and balance of diffuse and 65-70 364 -3.81 009 040
direct components of solar radiation received by ecosystem DHS 55-60 2.05 —2.08 0.09 0.50
changed as well. Correspondingly, other environmental fac- 65-70 145 -—-171 145 0.44
tors (T, VPD, etc.) also changed. Finally, these changes can 75-80 1.32 -1.48 -0.04 0.28
influence carbon exchange process between forest ecosystem 85-90 1.98 -202 005 0.1

and the atmosphere.
During cloudy days, the increase in diffuse radiation re-

ceived by ecosystem was more easily absorbed by shaded . ) )
leaves for photosynthesis in forest canopy with higher leaf! herefore, the decrease in VPD associated with cloudy con-

area index (LAI) (Gu et al., 2002: Alton et al., 2007; Far- ditions can enhance canopy photosynthesis (Freeman et al.,

quhar and Roderick, 2008). Therefore, increased diffuse ral998)- CBS and DHS are located at different latitude, thus

diation received by ecosystem is used more efficiently forth€ interval of change in solar elevation angles differs at the
canopy photosynthesis under cloudy skies. Whkemas tvyo S|tes_. Furthermore, the 5|mllar results were found in

between 0.4 and 0.6, diffuse PAR received by ecosysterﬁj'ﬁerem intervals of sqlar elgvatlon angles. Thus: we only

reached its maximum at CBS and DHS (Fig. 6a and b). ThigPresent the results of higher interval of solar elevation angles
range ofk, was the same as the rangekpthat caused NEE a.t the two sites (the_ reason was the same for the followmg
to reach its peak. This indicates that photosynthesis of theMilar analyses). Figure 6¢ shows that VPD decreased lin-
two forest ecosystems at CBS and at DHS can increase witgarly with decreasing, for selected intervals of solar ele-

increasing diffuse PAR received by ecosystem under cloudy/@lion angles at CBS and DHS. Our results suggest that the
skies. decrease in VPD under cloudy skies can enhance photosyn-

VPD is an important factor affecting stomatal conduc- thesis in the two forest ecosystems at CBS and at DHS.

tance. A decrease in VPD induces stomatal openness and
thus enhances leaf photosynthesis (Collatz et al., 1998).
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from 2003 to 2006. CBS and DHS for different intervals of solar elevation angles from

June to August in 2005.
Temperature is a controlling factor in ecosystem respira-

tion processesT, decreased linearly with decreasikgfor . .

selected intervals of solar elevation angles at DHS and CB§EP andRe in the tW.O gcosyster_ns. Furthe_rmore, d|ﬁgrences

(Fig. 6d). This indicates that a decrease in air temperaturén climate characteristics and differences in composition and

coul.d caﬁse a decrease in ecosystem respiration at the t ructure of vegetation can cause different influences of en-
vironmental factors on GEP arih in the two forest ecosys-

sites. . o .
The increase of diffuse PAR and the decrease of VPD ancijems. Thus, changes in NEE under clear sky conditions will
e different at CBS and at DHS.

T, under cloudy skies can be beneficial to increase in ecosys- _ ) _ o
tem photosynthesis and decrease in ecosystem respiration of Changes in quality and quantity of solar radiation re-
the two forest ecosystems at CBS and at DHS. Thus, cloudy€ived by ecosystem with varying sky conditions can influ-

sky conditions can increase net carbon uptake of the two for€nce ecosystem photosynthesis. The solar radiation received
est ecosystems. by ecosystem was stronger at CBS than at DHS from June to

August (Fig. 2a and d). Therefore, the response of ecosys-
4.3 Environmental control on GEP and Re in the two  tem photosynthesis to PAR may be different at CBS and at
types of forest ecosystems DHS, especially under stronger PAR conditions. For a given
solar elevation angle interval, the highest PAR exceeded
NEE tended to reach its maximum at both CBS and DHS1500 umol quantum mfs—1 at CBS, but the highest PAR
under cloudy skies, but NEE decreased more dramatically aat DHS was about 1500 umol quantuntfs~! (Fig. 7a).
CBS than at DHS under clear skies. This phenomenon reThe stronger PAR condition more easily caused light satura-
lates to the different influences of environmental factors ontion to limit ecosystem photosynthesis at CBS than at DHS.
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When PAR exceeded 1500 pmol quantum?s1, the GEP  optimal to make NEE reach its highest level in the temperate
decreased more at CBS than at DHS. Changes in incomings well as subtropical forests. However, stronger solar radi-
diffuse radiation with changes in cloudiness are one of im-ation and higher VPD and air temperature under clear skies
portant factors that influence forest ecosystem photosynthecause a greater decrease in GEP and a greater increRge in
sis (Gu et al., 2002; Urban et al., 2007). For a given solarin the temperate forest than in the subtropical forest. There-
elevation angle interval, the GEP increased linearly with thefore, under clear skies, the NEE decrease more dramatically
diffuse PAR received by the ecosystems at CBS and at DH3n the temperate forest than in the subtropical forest. Clear
from June to August (Fig. 7b). But the GEP increased moresky conditions restrain net carbon uptake more in the tem-
at CBS than at DHS (Fig. 7b). This result might be due to theperate forest than in the subtropical forest. Our results imply
effect of different LAl and canopy structure on the photosyn- that, as a consequence of global climate change, the decrease
thesis in the two ecosystems. LAl and biomass was greater ah cloudiness over Northeast China would have a significant
CBS than at DHS from June to August (Table 1) resulted inimpact on net carbon uptake of temperate forest ecosystems.
greater canopy density at CBS. Therefore, increased diffuse
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