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Abstract

Clouds can strongly influence solar radiation and affects other microclimatic factors
(such as air temperature and vapour pressure deficit), and those changed environ-
mental conditions may exert strong effects on carbon exchange between terrestrial
ecosystems and the atmosphere. In this study, we analyzed how canopy photosynthe-5

sis and ecosystem respiration respond to changes in cloudy conditions, based on two
years of eddy-covariance and meteorological data from an irrigated maize cropland in
Yingke oasis of northwestern China. The results showed that net carbon uptake was
more negative under cloudy than under clear conditions, it indicates that net carbon up-
take increased under cloudy days. The rate of ecosystem respiration (Re) decreased10

under cloudy conditions due to decreased air temperature. However, photosynthesis
was suppressed by the decreasing air temperature and vapour pressure deficit (VPD)
under cloudy skies. Thus, the enhancement of net carbon uptake under cloudy skies
mainly contributed from increasing photosynthesis with diffuse radiation. Those results
improve our understanding of the effects of cloud cover on carbon exchange process in15

maize (C4) cropland, and improve our understanding of the driver improving net carbon
uptake under cloudy conditions.

1 Introduction

The response of vegetation to the environment is a key global climate change issue,
and it has attracted more scientists’ attention to how environmental changes influence20

on net carbon exchange between ecosystems and the atmosphere in recent years (Law
et al., 2002; Pingintha et al., 2010). The solar radiation reaching the earth’s surface is
the primary driver of plant photosynthesis (Mercado et al., 2009). However, clouds, as a
natural weather element at a given location, can result in changes in the incident photon
flux density and directional quality (diffuse and direct) of sunlight (Gu et al., 1999;25

Johnson and Smith, 2006). Therefore, the effects of radiation changes associated with
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clouds can improve or depress carbon dioxide (CO2) exchanges between terrestrial
ecosystems and the atmosphere. The previous studies have showed that high CO2
exchange occurs more frequently on cloudy days instead of clear sky conditions (Gu
et al., 1999; Niyogi et al., 2004). However, the impact of clouds is arguably more
complicated as terrestrial ecosystem-atmosphere interactions refer to exchanges of5

heat, moisture, trace gases, aerosols and momentum between land surfaces and the
overlying air (Pielke et al., 1998).

Agriculture accounts for nearly 40% of the planet’s ice-free land surface and plays
an important role in human productivity and life (Ramankutty et al., 2008). There-
fore, it is important to measure carbon exchange under clouds to understand the10

effects of climate change on agricultural ecosystems, and to understand how these
systems feedback into the global carbon budget. Since vegetation carbon and water
exchanges depend on radiation regimes, the changes in cloud cover may substantially
alter ecosystem productivity (Rocha et al., 2004). Over the past few years, there are
some attentions paid to the relationship between carbon exchange and cloudy condi-15

tions in forest ecosystems (Gu et al., 1999; Zhang et al., 2010; Min and Wang, 2008).
Much less attention, however, has been paid to the carbon balance of agroecosystems
under cloudy conditions.

Recent studies indicate that there are significant declining trends in clearness index
and increasing trends in diffuse ratio in the past 40 years in China (Che et al., 2007).20

This increase in diffuse radiation is certain to influence the carbon cycles of terres-
trial ecosystems. Oases are unique landscapes in arid and semi-arid regions and are
the most important parts of arid zones for social and economic development (Zhang
et al., 2003). Zhangye agricultural oasis is an important commodity grain production
basis and is famous for its high crop production in arid and semi-arid area of north-25

west China (Chai and Huang, 2005). Therefore, it is essential to unravel how carbon
exchange varied under cloud cover, and it could provide us information about the pos-
sible trend of net carbon uptake changed in agricultural ecosystems in the future. In
this study, our purpose was to investigated how NEE changed under cloudy and clear
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conditions during plant growing season, and determined what factors contributed to
these changes.

2 Materials and methods

2.1 Site description

Field work was conducted at the Yingke (belongs to Zhangye oasis region) oasis station5

(100◦25′ E, latitude 38◦51′ N, 1519 m a.s.l.) on the middle of Heihe river basin, which
is the second largest inner river located in the northwest of China. The study was
carried out during the plant growing seasons (June–August) in 2008 and 2009. The
annual mean air temperature was 6.5 ◦C and mean annual precipitation was 125 mm.
And the agriculture is supported mostly by the irrigation system. Canopy height was10

150–200 cm and maximum leaf area index (LAI) was 3.5–5.2 m−2 m−2.

2.2 Eddy covariance and meteorological measurements

Flux of CO2 was obtained by the eddy-covariance method. The eddy-covariance tower
is instrumented with a 3-D sonic anemometer (model CSAT-3, Campbell Sci. Inc., USA)
and an open path infrared CO2 and H2O gas analyzer (Li-7500, LI-COR Inc., Lin-15

coln, NE, USA). To assure a sufficiently long fetch the eddy-covariance sensors were
mounted at 4 m above the ground. The raw high frequency (10 Hz) data was processed
to produce half-hourly fluxes of CO2, water vapour and sensible heat above canopy by
using a post processing software of Edire (developed by Edinburgh University, UK).
And the records in half-hourly averaged was evaluated for data quality.20

Along with the eddy-covariance tower, standard meteorological and soil parameters
were measured continuously with an array of sensors. Solar radiation and net radia-
tion was measured with a four component net radiometer (PSP/PIR, Eppley, UAS) 4 m
above the ground. Rainfall was measured with a tipping-bucket rain gauge (TE525,
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Campbell Sci. Inc., USA). Air humidity and air temperature profiles were measured us-
ing shielded and aspirated probes (HMP45C, Vaisala, Finland) at 3 m and 10 m above
the canopy. Soil temperature was measured at six different depths with thermome-
ters (107, Campbell Sci. Inc., USA). Soil moisture was monitored with thermocouple
sensors (CS616, Campbell Sci. Inc., USA) at the same depth with soil temperature.5

Incident photosynthetically active radiation (PARtot) was estimated from solar radiation:
PARtot (µmol photons m−2 s−1)=2.16× solar radiation (W m−2) (Pingintha et al., 2010).

2.3 GEP and Re calculations

Net ecosystem exchange of CO2 relies on the balance between CO2 uptake through
plant photosynthesis and CO2 emission through plant and soil respiration (ecosys-10

tem respiration). The NEE can be measured directly using eddy-covariance methods.
Gross ecosystem production (GEP) represents the net rate of carboxylation and oxy-
genation by the enzyme ribulose biophosphate (Law et al., 2002). GEP was calculated
from the difference between daytime NEE and daytime Re (GEP=Re−NEE), where a
net gain of carbon by the ecosystem is negative in the convention of micrometeorolog-15

ical measurements and Re is positive. Since lacking direct estimation of daytime Re,
then based on the assumption that daytime temperature response of Re is the same as
the nighttime one, we calculated daytime Re based on the regression equation of night-
time NEE and nighttime air temperature (Ta) under turbulent condition (U ∗ > 0.1 m s−1)
(Xu and Baldocchi, 2004):20

NEEnight=b0exp(bTa) (1)

Where b0 and b are two empirical coefficients.

2.4 Clearness index and diffuse PAR

The clearness index is a veritable tool in characterizing sky conditions over a particular
locality (Okogbue et al., 2009). It is defined as the ratio of the global solar radiation (S,25
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W m−2) measured at the surface to the total solar radiation (Se, W m−2) at the top of
the atmosphere (Gu et al., 1999). It is calculated by follows:

CI=
S
Se

(2)

Se =Ssc[1+0.033cos(360td/365)]sinβ (3)

sinβ= sinϕsinδ+cosϕcosσcosω (4)5

Where Ssc is the solar constant (1367 W m−2), td is the day of year, β is the solar
elevation angle, ϕ is degree of latitude, δ is declination of the sun and ω is time angle.

For a given elevation angle, the diffuse components of the solar radiation received by
ecosystem could change with cloudiness (Gu et al., 1999; Zhang et al., 2010). Since
lacking direct measurements of diffuse PAR, we calculated it based on CI and β. The10

corresponding equations are described as follows.

PARdif=PARtot
[1+0.3(1−q2)]q

1+ (1−q2)cos2(90◦−β)cos3β
(5)

q= (Sf/Se)/CI (6)

Where PARtot is the total PAR, PARdif is the diffuse PAR, and Sf is the total diffuse
radiation received by horizontal plane on the Earch’s surface (Cierco et al., 2007).15

3 Results and discussion

3.1 Microclimate conditions

In order to study the carbon exchange between the cropland and the atmosphere, it is
necessary to understand the diurnal variation of the key environmental factors. Solar
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radiation, temperature and VPD greatly impact on carbon uptake. Examples of typical
diurnal variation in air temperature, solar radiation and VPD in cropland during the
cloudy and cloudless days are presented in Fig. 1. Solar radiation, air temperature
and VPD begin increase from 06:00–08:00 h (Beijing Time (the same below)). The
maximum solar radiation appeared 14:00 h, while the maximum air temperature and5

VPD appeared two hours late relative to solar radiation. Solar radiation, air temperature
and VPD under clear daytime are higher than those values under cloudy daytime. The
diurnal course of air temperature and VPD under cloudy days showed lower extent
variation compared with those under clear days.

3.2 Responses of daytime NEE to PAR under clear and cloudy skies10

PAR is the main climatic factor that drives photosynthesis processes. To compare how
NEE responds to change in PAR under clear and cloudy skies, polynomial function
was used to describe the relationship between NEE and PAR (Letts et al., 2005). We
can see NEE was more negative under cloudy skies than under clear skies at cropland
during the study period (Fig. 2). This indicates that the net carbon uptake increased15

under cloudy skies. It is consistent with previous research found that higher net CO2
fluxes on cloudy compared to clear days in grassland and forest ecosystems (Rocha
et al., 2004; Law et al., 2002; Zhang et al., 2010; Gu et al., 1999). Almost no light sat-
uration of NEE was observed in this cropland under clear and cloudy skies, which was
quite different from what happens in grassland (Jing et al., 2010) and forest ecosystem20

(Zhang et al., 2010). This could be explained by the characteristics of the cropland,
which was cultivated by maize (C4) and had high PAR requirement related to its higher
leaf area index (LAI), above-ground biomass, and single-leaf photosynthetic capacity.
The structural characteristics of vegetation canopies, in particular leaf area and light
interception capacity, determine the amount of radiant energy absorbed and reflected25

by the canopy, thus directly affecting rates of photosynthesis (Hanan et al., 2002).
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3.3 Environment control on GEP and Re in maize cropland

Enhancement of net carbon uptake can be caused by either promoting canopy pho-
tosynthesis or decreased leaf and soil respiration. Thus, in order to further examine
the dependence of carbon uptake under cloudy intensity and the subsequent changed
environment, the response of GEP and Re to changes in the incident PAR were sep-5

arated into three Ta classes (Ta > 25 ◦C, 20 ◦C< Ta ≤ 25 ◦C, and Ta ≤ 20 ◦C), and three
VPD classes (VPD≤ 1 kPa, 1 kPa<VPD≤ 2 kPa, and VPD> 2 kPa) at Yingke maize
cropland.

The relationship between GEP and total PAR and diffuse PAR are in quadric polyno-
mial function (Fig. 3). GEP increases with total PAR and diffuse PAR, whereas diffuse10

PAR reached its high value when CI between 0.4–0.6 under cloudy conditions (Fig. 4).
Therefore, increased diffuse PAR showed significant beneficial effect on GEP in study
site when CI between 0.4–0.6. This range of CI is consistent the range of CI ob-
served in previous studies (Gu et al., 1999; Zhang et al., 2010) in forest ecosystems,
but higher than this values observed in short grass over semi-arid regions (Jing et al.,15

2010). These studies in forest ecosystems showed that NEE reached its maximum
net uptake values under cloudy conditions when the value of CI is between 0.4–0.7.
While NEE reached its maximum net uptake values when CI of about 0.37, which is
lower than the high diffuse PAR occured (CI in a range 0.5–0.6) in above mentioned
grassland. Those results indicated that increased diffuse radiation received by ecosys-20

tem is more easily absorbed by shaded leaves for canopy photosynthesis under cloudy
conditions (Gu et al., 1999; Oliveira et al., 2007; Alton et al., 2007), but the capability
of radiation assimilation are different between different ecosystems. It also suggested
that net effect on photosynthesis of radiation changes associated with an increase in
clouds or scattering aerosols depends on a balance between the reduction in total PAR25

(which tends to reduce photosynthesis) and the increase in the diffuse fraction of the
PAR (which tends to increase photosynthesis) (Mercado et al., 2009).

Irrespective of Ta, GEP increased with increasing PAR for all temperature conditions,
and it increased more obvious at low levels of PAR (Fig. 5). The light saturation point at
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cropland (1500 µmol quantum m−2 s−1 at Ta ≤ 20 ◦C and 1800 µmol quantum m−2 s−1 at
Ta >25 ◦C) are higher than those reported in grassland and forest ecosystems (Zhan et
al., 2007; Zhang et al., 2010). Canopy photosynthesis under high temperature range
(Ta > 25 ◦C) was higher than the lower temperature ranges. It can be seen from Fig. 5
that the cropland had high capacity for CO2 assimilation under high temperature and5

high PAR levels. It indicates that the C4 plant of maize have a much higher optical
temperature and PAR to canopy photosynthesis. There is large evidence of the greater
photosynthetic capacity of C4 compared to C3 species (Crafts-Brandner and Salvucci,
2002). Previous research observed that net photosynthesis was inhibited at leaf tem-
peratures above 38 ◦C for C4 plant (Crafts-Brandner and Salvucci, 2002). While the10

maximum temperature at the Yingke maize site is no more than 35 ◦C, therefore, which
below the level of ultimate limitation to CO2 fixation for photosynthesis.

Previous research had demonstrated that VPD is an important factor in regulating net
photosynthesis and stomatal conductance (Poulson et al., 2002; Shirke and Pathre,
2004) of many species. The role of stomata in regulating the exchange of CO2 for15

water is central to many plant and ecosystem processes, services and products. In
order to examine how GEP varied under cloudy conditions, we also compared GEP
responses to PAR under three VPD levels. In our study, the optimum VPD for GEP
appeared in the high level VPD (VPD> 2 kPa) (Fig. 6). This results is consistent with
the observed data in subtropical evergreen broad-leaved forest at Dinghushan, but20

the VPD value is bigger than it was observed in temperate broad-leaved Korean pine
mixed forest at Changbaishan (Zhang et al., 2010), and grassland cropland ecology in
semiarid inner Mongolia (Zhan et al., 2007). It may be different ecosystem with different
respond to VPD. Our purpose is to examine how VPD impact on carbon exchange
under cloudy conditions, thus we examine the relationship between VPD and clearness25

index. For a given solar elevation angle, VPD reduced linearly with decreasing CI
(Fig. 7). Therefore, we can confirm that the decrease in VPD associated with cloudy
conditions can decrease canopy photosynthesis in Yingke maize cropland.
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Although the plotted values showed a larger scatter, the regression curve showed
that respiration decreased as decreasing temperature (Fig. 8). It is consistent with pre-
vious researches observed that soil respiration responds positively to temperature (Xu
and Baldocchi, 2004; Shi et al., 2006). In addition, we also examined the relationship
between air temperature and clearness index, and found positive relationship between5

them (Fig. 9). Therefore, we can confirm that ecosystem respiration decreased under
cloudy conditions. As discussion above, the decreased in temperature for cloud cover
can also depress canopy photysynthesis. We extended the analysis of the relationship
between NEE and air temperature in short-term period, linear relationship was fit to
describe their relationship (Fig. 10). It suggests that canopy photosynthesis was more10

sensitive to temperature than respiration. This results are not consistent with previous
observations showed that respiration is highly sensitive to temperature while photosyn-
thesis is relatively insensitive (Albrizio and Steduto, 2003; Amthor, 1989). Thus, under
the cloudy conditons an decreased contribution of temperature to net carbon exchange
in this cropland.15

4 Conclusions

We quantified NEE and its response to cloudiness over C4 maize cropland in Yingke
oasis using the eddy-covariance technique during growing season (June–August) from
2008 to 2009. As observed, NEE response to PAR was more negative under cloudy
skies than under clear skies. It indicates that net carbon uptake increased under cloud20

conditions. We found that air temperature and VPD decrease under cloudy skies in
Yingke cropland, which can depress carbon photosynthesis. The ecosystem respira-
tion decreased due to decreased air temperature. However, increasing diffuse PAR
caused by cloudiness could significantly increase the carbon uptake. Therefore, we
can confirm that the increasing net carbon uptake under cloudy skies is mainly con-25

tributed from the increasing diffuse PAR.
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Fig. 1. Diurnal variations of solar radiation, air temperature, vapor pressure deficit (VPD) under
clear and cloudy days.
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Fig. 2. Response of NEE to PAR during growth season (June–August) from 2008 to 2009
under clear and cloudy days at Yingke maize cropland.
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Fig. 3. Response of GEP to total PAR and diffuse PAR under cloudy days at Yingke maize
cropland.
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Fig. 4. Changes of diffuse PAR with clearness index (CI) for selected intervals of solar elevation
angles during the study period.
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Fig. 5. The response of GEP to PAR under different level of air temperature (Ta).
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Fig. 6. The response of GEP to PAR under different level of vapor pressure deficit (VPD).
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Fig. 7. Changes of vapor pressure deficit (VPD) with clearness index (CI) for selected intervals
of solar elevation angles during the study period.
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Fig. 8. The relationship between nighttime NEE (Re) and air temperature during the study
period.
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Fig. 9. Changes of air temperature (Ta) with clearness index (CI) for selected intervals of solar
elevation angles during the study period.
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Fig. 10. The relationship between NEE and air temperature in short-term period.
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