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The timescale dependence of environmental factors’ influence on net ecosystem productivity (NEP), evapo-
transpiration (ET), and the effect of high and cool air temperature (Ta) across multiple timescales need to be
quantified to identify the response mechanisms of forest ecosystems. We analyzed NEP and ET over 11 years in a
subtropical coniferous plantation, and wavelet analysis was used to determine spectrum characteristics of these
fluxes and quantify the time lag between these fluxes and environmental factors from daily to annual timescales.
The NEP and ET had significant daily and annual spectrum variabilities, but ET exhibited a broader significant
spectrum than NEP from days to months timescales. At daily and annual timescales, NEP was significantly
synchronized with, and preceded photosynthetically active radiation (PAR) and Ta by 1. 12 + 0.6 h and 23.16 +
17 days, respectively. Meanwhile, ET was significantly synchronized with net radiation (Rn) at both daily and
annual timescales, lagging Rn by 1.15 + 1.4 h, but preceding it by 5. 73 + 4.39 days, respectively. From days to
months timescales, with no continuous significant effect, NEP preceded PAR and vapor pressure deficit (VPD),
and lagged soil water content (SW); however, ET only preceded Rn and VPD. In addition, summer high-Ta
enhanced the effect of SW on NEP and ET across multiple timescales. Early spring cool-Ta shortened the time
lag between PAR and NEP at daily and annual timescales, but only shortened it between Ta and ET at a daily
timescale. This study demonstrated the more modulating effect of SW on the dominant influence of solar energy
on NEP than ET, with timescale increased. This study also indicated that NEP and ET were more sensitive to high-
than cool-Ta, and the time lag effects of these Ta events should be considered separately to adequately
acknowledge the response mechanisms of these fluxes.

observations and estimates from biosphere models (Piao et al., 2010;
Zhang et al., 2014). These discrepancies are mainly attributed to a lack
of mechanistic understanding of the environmental factors affecting

1. Introduction

Forests occupy more than one-third of the terrestrial area, and play

an essential role in the carbon and water cycles between the land surface
and atmosphere (Baldocchi et al., 2000; Wilson et al., 2002; Tian et al.,
2020). High and cool air temperature (Ta) events may frequently occur
in terms of changing climatic conditions and, along with other envi-
ronmental factors, influence carbon and water flux variations (Baldoc-
chi et al., 2018; Hu et al., 2018). Ecosystem models simulate forest net
ecosystem productivity (NEP) and evapotranspiration (ET) generally
based on the explicit hypothesis of the influence of environmental fac-
tors on these fluxes (Ouyang et al., 2014). However, for both NEP and
ET, there are discrepancies between bottom-up simulations from field
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carbon and water fluxes across multiple timescales (Ding et al., 2013;
Jia et a., 2018), and the additional influence of abnormal environmental
events (e.g., high- and cool-Ta). (Ouyang et al., 2014; Tian et al., 2020).

Variations in forest NEP (the balance between gross ecosystem pro-
ductivity (GEP) and ecosystem respiration (RE)) and ET (the sum of
plant transpiration and soil evaporation) are complex, because these flux
components respond differently to environmental and biological factors,
from daily to annual timescales (Baldocchi et al., 2018; Oishi et al.,
2018). The GEP and plant transpiration represent carbon assimilation in
ecosystem photosynthesis processes and plant water use, respectively,
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and these processes are mainly associated with variations in leaf sto-
matal conductance, plant phenology (e.g., plant growth stage) and
canopy structure (e.g., enhanced vegetation index (EVI)) (Marcolla
et al., 2011; van Gorsel et al., 2013). The RE includes autotrophic and
heterotrophic respiration, and these processes are mainly associated
with variations in plant root and soil microbe activities, litter fall input
and carbon substrate availability (Aguilos et al., 2018; Baldocchi et al.,
2018). Generally, environmental factors influence NEP and ET through
their effect on biological processes (Baldocchi et al., 2008). At a daily
timescale, NEP or ET are driven by diurnal cycles of solar energy factors
(photosynthetically active radiation (PAR) or net radiation (Rn) and Ta)
and vapor pressure deficit (VPD) through their effect on leaf stomatal,
plant roots and soil microbe activities (Hong and Kim, 2011; Ouyang
etal., 2014). From days to months timescales, synoptic weather patterns
including high- and low-pressure systems may influence solar energy,
VPD or soil water conditions, alter plant stomatal, phenology behaviors
or canopy structure, with consequent variations in NEP or ET (Jia et al.,
2018). Meanwhile, at an annual timescale, NEP and ET may respond to
solar energy or soil water conditions, through their effect on plant
phenology, growing season length or canopy structure (Baldocchi et al.,
2018). In addition, the confounding effect of some environmental fac-
tors (e.g., PAR and Ta) that have similar cycles may obscure the specific
effect of a factor on NEP or ET at multiple timescales (Ouyang et al.,
2014; Jia et al., 2018). For example, although they were significantly
correlated with NEP in an oak forest at both daily and annual timescales,
Ouyang et al. (2014) indicated that PAR and Ta were the primary factors
influencing NEP at daily and annual timescales, respectively, through
their corresponding effects on leaf photosynthesis and leaf area. Inves-
tigating the specific effects of environmental factors on NEP and ET
across multiple timescales is needed to determine the mechanisms by
which environmental factors affect forest carbon and water fluxes.

High- or cool-Ta events may alter the variations in NEP and ET, and
interact with the effects of environmental factors on NEP or ET (Granier
et al., 2007; Tang et al., 2014). Generally, high-Ta may significantly
decreased NEP (Jia et al., 2018) and ET (Ding et al., 2013), and
enhanced the influence of VPD and soil water conditions on NEP or ET
through its effect on leaf stomatal. However, the abnormal Ta event
effect on NEP or ET may also be modulated by plant biological adjust-
ments (e.g., absorbing deep soil water) (Bracho et al., 2008; Silvertown
et al., 2015). For example, both scrub oak and pine flatwood forests can
maintain ET during drought periods through absorbing deep soil water,
and the resulting increased leaf area can compensate for decreased
stomatal conductance (Bracho et al., 2008). Furthermore, previous
studies indicated the impact of high- or cool-Ta events on NEP and ET
may persist from daily to annual timescales (Baldocchi et al., 2018; Jia
et al., 2018).Therefore, for a specific forest, there are still open discus-
sions concerning the effects of high- and cool-Ta events on variations in
NEP and ET, and on the influence of environmental factors on these
fluxes across multiple timescales.

Wavelet analysis was used in this study to determine the temporal
variability of carbon or water fluxes and the environmental factors
affecting them, from daily to annual timescales, by decomposing these
factors into the timescale domain signals. Previous studies demonstrated
the suitability of wavelet analysis for non-stationary time series of
environmental factors and carbon or water fluxes; the non-stationary
pattern of these environmental factors and fluxes was mainly caused
by precipitation pulses, heat waves or cold events (Vargas et al., 2011;
van Gorsel et al., 2013; Koebsch et al., 2015). In this study, 11 years of
half-hourly NEP and ET data were collected and analyzed using wavelet
analysis for a subtropical coniferous plantation. The subtropical conif-
erous plantations of China represent more than 40% of the global sub-
tropical forest area (Wen et al.,, 2010; Tang et al., 2016), and are
sometimes exposed to surges of summer high-Ta and early spring
cool-Ta (Zhang et al., 2011; Xu et al., 2017). We investigated (1) the
variability of NEP and ET at multiple timescales and (2) the specific
effect of environmental factors on these fluxes at multiple timescales,
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and the effect of summer high-Ta and early spring cool-Ta. We hy-
pothesize that (1) both NEP and ET may exhibit time frequencies at daily
and annual timescales that are affected by diurnal and annual variation
of solar energy and (2) seasonal high- or cool-Ta effect on these fluxes
may persist for timescales of up to an annual.

2. Material and methods
2.1. Study site

The study was conducted at Qianyanzhou station, located in Jiangxi
Province in southeast China (26°44'52""N, 115°03'47"E), which is part
of the ChinaFlux network. The average (mean + SD) annual Ta and
precipitation for 1985-2013 were 18.1 £+ 0.7 °C and 1481.2 + 254.9
mm, respectively. The daily Ta fluctuated from —5.8 to 39.8 °C, with the
coefficient of variation was 72.2%. The lowest and highest annual pre-
cipitation amounts were 945 and 2410 mm, respectively. The soil is
classified as a Typic Dystrudept based on United States soil taxonomy,
with red mudstone and sandstone as the parent material (Tang et al.,
2016). The total evergreen coniferous plantation tree density was 1338
stems ha™! and was planted in 1985, dominated by slash pine (Pinus
elliottii E., occupying 40.73%), Chinese fir (Cunninghamia lanceolata L.,
occupying 6.95%) and Masson pine (Pinus massoniana L., occupying
52.32%). The mean heights of three species were 14.31 + 2.53, 11.8 +
1.39 and 11.25 + 2.07 m, respectively. Loropetalum chinense and Arun-
dinella setosa were dominant shrub and herbaceous species in the studied
plantation.

2.2. Eddy covariance and environmental factor observation

The NEP and ET were observed through an eddy covariance system
mounted at 39.6 m above ground on a tower since 2003. The system
consists of a 3-D sonic anemometer (CSAT3, Campbell Scientific Inc.,
Logan, UT, USA), and an open-path CO»/ H0 analyzer (Li-7500, Li-Cor
Inc., Lincoln, NE, USA). A CR3000 datalogger (Campbell Scientific Inc.)
was used to calculate and store the 10-Hz raw data and 30-min average
values.

Environmental factors such as PAR (LI-190SB, Li-Cor Inc.), Ta, and
relative humidity (HMP45C, Campbell Scientific Inc.) were measured at
23.6 m above ground. Soil heat flux (5 cm depth below ground) and soil
water content (SW) (20 and 50 cm depth below ground, SW_20 cm and
SW_50 cm) were measured with two plates (HFT-3, Campbell Scientific
Inc.) and TDR probes (CS615-L, Campbell Scientific Inc.), respectively.
Soil temperatures (20 cm depth below ground) were measured with
thermocouples (105T and 107-L, Campbell Scientific Inc.). Precipitation
amount was monitored with a rain gage (52,203, RM Young Inc., Tra-
verse City, MI, USA). A CR1000 datalogger (Campbell Scientific Inc.)
was used to measure and store all 30-min average environmental fac-
tors. More details are provided in Wen et al. (2010) and Tang et al.
(2016).

2.3. Flux data processing

First, planar fit rotation and the Webb-Pearman-Leuning method
were used to remove the instrument tilt of the airflow (Wilczak et al.,
2001) and air density fluctuation (Webb et al., 1980) for 30-min average
carbon and water fluxes, respectively. Missing or abnormal carbon or
water fluxes data were excluded during flux data processing. These
missing or abnormal data were generally caused by instrument mal-
function, and data quality control such as sonic anemometer error and
open-path analyzer interference generated by rainfall (Wen et al., 2010),
as well as CO, and water vapor density outside reasonable bounds and
exceeding four times the standard deviation at 4-h intervals (Tang et al.,
2016). Carbon and water fluxes at nighttime (solar elevation angle < 0)
were also excluded when friction velocity < 0.19 m s}, calculated using
the method of Reichstein et al. (2005), to avoide possible



Y. Tang et al.

underestimation of these fluxes under stable conditions at night. Annual
average data gaps accounted for 31.72 + 9.5 and 29.98 + 9.32% of the
total data for carbon and water fluxes, respectively, with approximately
70% of data gaps for these fluxes occurring during nighttime.

Then, data gaps of NEP and ET smaller than 2 h were filled by linear
interpolation. Carbon flux gaps longer than 2 h were filled separately for
daytime and nighttime. Nighttime carbon flux (RE at nighttime) gaps
longer than 2 h were filled using SW and soil temperature as suggested in
Reichstein et al. (2005), with the equation parameters estimated by
fitting the equation to nighttime available carbon flux and environ-
mental factor data at 3-month intervals. Subsequently, assuming the
consistency of environmental factors’ sensitivity for daytime and
nighttime RE (Wen et al., 2010), the obtained equation parameters were
then used to estimate the daytime RE using daytime SW and soil tem-
perature. The daytime CO5 flux (NEP) gaps longer than 2 h were filled
using the Michaelis-Menten equation, with the parameters obtained by
fitting the equation to daytime available NEP and corresponding envi-
ronmental factors at 10-day intervals (Falge et al., 2001). The GEP was
calculated as the sum of NEP and daytime and nighttime RE. Finally, the
look-up table method was used to fill ET gaps longer than 2 h (Falge
et al., 2001).

The flux footprint varied seasonally associated with the prevailing
wind direction, which was northwest in winter and southeast in summer
(Zhang and Wen, 2015). Meanwhile, the 90% annual flux footprint areas
ranging from 11.01 (2012) to 12.44 km? (2003), with the average area
was 11.72 + 0.95 km?, calculated using the method in Zhang and Wen
(2015). In addition, the energy balance ratio (EBR) was used to assess
the eddy covariance performance (Wilson et al., 2002) in Eq. (1):

EBR = (LE +H)/(Rn — G - S) (€))

where LE and H are the latent and sensible heat fluxes, respectively, and
Rn, G and S are the net radiation, soil and storage heat fluxes, respec-
tively; S is the sum of latent and sensible storage heat fluxes, and
calculated using the method of Moore et al. (1986). The units of all
variables in the right-hand side of this equation are W m~2. The average
EBR (0.72 + 0.06) was slightly smaller than the value at FLUXNET sites
(0.79), and within the range of 0.53-0.99 (Wilson et al., 2002).

2.4. Data analysis

2.4.1. Summer high-Ta and early spring cool-Ta periods
The high-Ta period in Southern China was defined as the days with

RP2(y,x1,%2) = (R, (y,:%1) —Ra(y.X2)Ra(y,x1))* /(1 =Ra(y.x2))* (1 =Ry (x2,x1))%)

daily maximum Ta higher than 35 °C and lasting more than 7 days
(Zhang et al., 2005). In the present study, most of the high-Ta period
occurred in July and August in 2003, 2007 and 2010 (Table 1). The
high-Ta corresponding period in all years except 2003, 2007 and 2010
was determined to be 10 July to 13 August for subsequent wavelet and
statistical analyses. Furthermore, July to August in 2003, 2007 and 2010
were considered as drought periods according to the monthly Budyko’s
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aridity index (the ratio of precipitation amount to potential ET) in our
previous study (Tang et al., 2016). The significantly lower SW_20 cm
and SW_50 cm (P < 0.05) was also observed during the high-Ta period,
compared with the value of the corresponding period in all years except
2003, 2007 and 2010. The detailed statistical analysis method and re-
sults are given in Section 2.5 and 3.1, respectively.

The cool-Ta period in the studied region was defined as the days with
daily average Ta lower than 5 °C and lasting more than 7 days (Zhang
et al., 2011; Xu et al., 2017). In the present study, the cool-Ta period
mostly occurred in January and February in 2005, 2008 and 2011
(Table 1). Similarly, the cool-Ta corresponding period in all years except
2005, 2008 and 2011 was determined to be 4 January to 13 February for
subsequent wavelet and statistical analyses.

2.4.2. Wavelet analysis

Wavelet analysis can be used to quantify the variance of a specific
time series and correlations between different time series across multi-
ple timescale frequencies (Grinsted et al., 2004; Hong and Kim, 2011;
Jia et al., 2018).

The wavelet power spectrum (S,), calculated by continuous wavelet
transform (CWT), can be used to describe the variability for specific time
series (xp) in Eq. (2):

2
Sa(s) = |[W2(s) n —n)st)/s) )

/t/s any/

n'=0

where Wy is the CWT coefficient of time series x;; s is the wavelet scale;
8¢ is sampling interval, which is 30-min in this study; y* is the complex
conjugate; n is the local time index from 1 to N; N is the number of points
of xp; and n'is the time variable.

The effect of an environmental factor (x) on NEP or ET (y) can be
calculated through the wavelet coherence (WTC) spectrum (Rzn(y, x)) in
Egq. (3):
Ra00) =[S W)/ (16w I3t w o)) ®
where S is the smoothing in time and scale, and WiY(s) is the cross
spectrum between x and y; Wi(s) and W¥(s) are the CWT of x and y,
respectively.

The partial wavelet coherence (PWC) was used to determine the ef-
fect of x; on y after removing the influence of x; through the PWC
spectrum (RPZn(y, X1, X2)) in Eq. (4):

4

where R,(y, x1), Ra(y, x2) and R,(x2, x;) are the WTC spectra between y
and xj, y and Xz, and x, and xj, respectively; Ry(y, x7)* is the complex
conjugation of the WTC spectrum between y and x;. For example, the
specific effect of PAR on NEP was detected after removing the influence
of Ta, VPD, SW_20 cm and SW_50 cm, with the PWC spectrum calculated
as RP2(NEP, PAR, Ta), RP2(NEP, PAR, VPD), RPZ(NEP, PAR, SW 20 cm)
and RPZ,,(NEP, PAR, SW_50 cm), respectively.

Table 1
Time range and averaged air temperature (Ta, °C) of high-Ta and cool-Ta periods.
Period Time range Average Ta Time range Average Ta Time range Average Ta
High-Ta 2003 37.2+1.7 2007 36.5+0.9 2010 35.8 £0.7
10 July-4 August 18 July-3 August 30 July-13 August
Cool-Ta 2005 33+14 2008 1.0+1.3 2011 22+1.3

6 January-3 February

13 January-13 February

4 January-2 February
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The phase angle spectrum (A,) was used to determine the phases and
amplitudes between x and y in WTC analysis:

A,(s) = tan™' (Im(W(s)) /Re(W2(s))) ()

where Im(W}?(s)) and Re(W;Y(s)) are the imaginary and real parts of the
cross spectrum between x and y, respectively. The A, (lag time) can be
described and visualized through arrows in WTC analysis. Arrows
pointing right indicate no phase between x and y; arrows pointing left
indicate x lagging y by 180°; arrows pointing down indicate x leading y
by 90°; and arrows pointing up indicate x lagging y by 90°

In the present study, the global wavelet spectrum during CWT
analysis was used to identify the timescales that exhibited the peak
variability for NEP, ET and environmental factors. This method was also
used to detect the gap filling effect on the result of CWT analysis for NEP
and ET, by comparing results between gap-filled and non-gap-filled
fluxes. These data gaps for both NEP and ET were filled with zero dur-
ing CWT analysis. Then, WTC analysis was used to quantify the local
correlation between gap-filled NEP (or ET) and environmental factors
(PAR (or Rn), Ta, VPD, SW_20 cm and SW_50 cm) at different timescales
through averaged wavelet coherency and the phase angle spectrum.
Finally, PWC analysis was used to detect partial correlations between
gap-filled NEP (or ET) and environmental factors at different timescales
based on averaged wavelet coherency and the phase angle spectrum.
The significance of the wavelet spectrum for CWT, WTC and PWC
analysis was determined at 0.05 level by the Monte Carlo method
(Ouyang et al., 2014).

The dominant environmental factor affecting NEP or ET was selected
by the response time calculated through the phase angle spectrum, as
suggested in Koebsch et al. (2015) and Jia et al. (2018). First, the pro-
portions of significant WTC and PWC data were calculated based on
criteria of 0.05 significance level and the cone of influence (COI). Then,
the phase angle (lag time) at the specific timescale was calculated
through WTC based on two criteria: (1) the averaged wavelet coherency
spectrum higher than 0.5 and (2) the significance wavelet spectrum data
occupied more than 30% total data. The smallest lag time was used to
determine the dominant factor synchrony with NEP or ET among the
environmental factors. In addition to WTC and PWC analysis, the Gen-
eral Additive Modeling (GAM) calculated using the “mgcv” package in R
software (version 4.0.2, R Core Team, 2020) was used to identify the
dominant environmental factor affecting NEP and ET at daily, 30-day
and annual timescales. Firstly, the step method in R software was used
to determine the significance influence of each environmental factor,
including PAR (Rn), Ta, VPD, SW_20 cm and SW_50 c¢m, on NEP (ET) at
each timescale. Then, environmental factors that remained in the final
equation generated using the step method were used in the GAM model,
and the environmental factor with the largest deviance explanation (%)
was considered to be the dominant effect on NEP or ET at each
timescale.

Furthermore, the influence of summer high-Ta on the time lag be-
tween environmental factors and NEP (or ET) was determined by
comparing the averaged WTC results for 2003, 2007 and 2010, and the
average value for the other years from 10 July to 13 August. The in-
fluence of early spring cool-Ta on the time lag between environmental
factors on NEP (or ET) was determined by comparing the averaged WTC
results for 2005, 2008 and 2011, and the average value for the other
years from 4 January to 13 February. All wavelet analyses were con-
ducted using Matlab R2014, and the codes were described by Grinsted
et al. (2004).

2.5. Statistical analysis

One-way ANOVA was used to determine the significant effects of
high- and cool-Ta on daily PAR, Rn, VPD, SW_20 cm, SW_50 cm, NEP
and ET. First, significant differences for daily averages of each factor
between high-Ta period of 2003, 2007 and 2010, and the daily averaged
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value of the other years from 10 July to 20 August were detected. Then,
the significant differences for daily averages of each factor between cool-
Ta period of 2005, 2008 and 2011, and the daily averaged value of the
other years from 4 January to 13 February were detected. All statistical
analyses mentioned above were conducted using SPSS 22.0 software,
after data normality was checked and homogeneity of variance was
assessed.

3. Results
3.1. Variabilities of environmental factors, NEP and ET

The PAR, Rn, Ta and VPD exhibited similar seasonal patterns with
single summer peaks and lower values during winter and spring (Fig. 1).
The seasonal SW_20 cm and SW_50 cm variation followed that of pre-
cipitation. The lower SW in summer in 2003, 2007 and 2010 coincided
with lower amounts of precipitation and higher Ta and VPD. The daily
averaged PAR (36.95 + 7.84 mmol m’2), Ta (31.6 £ 1.6 °C) and VPD
(1.72 + 0.44 kPa) during high-Ta period in 2003, 2007 and 2010 were
significantly higher (P < 0.05) and 1.13, 1.1 and 1.65 times the average
values during the corresponding period in the other years, respectively.
Meanwhile, the daily averaged SW_20 cm (0.25 + 0.01 m3 m’3) and
SW_50 cm (0.31 + 0.01 m® m™3) were significantly lower (P < 0.05) and
only accounted for 78.39 and 82.55% of the average values during the
corresponding period in the other years. The lower-Ta during spring in
2005, 2008 and 2011 coincided with lower PAR and Rn. The daily
averaged PAR (6.29 + 5.58 mmol m’z), Rn(1.91 +£1.7W m’z), Ta (2.2
+ 1.8 °C) and VPD (0.08 + 0.06 kPa) during the cool-Ta period in 2005,
2008 and 2011 were significantly lower (P < 0.05) and accounted for
only 66.58, 66.84, 31.62 and 44.48% of the average values during the
corresponding period in the other years. However, there was no signif-
icant variation in SW_20 cm and SW_50 cm between the cool-Ta period
in 2005, 2008 and 2011, and the corresponding period in the other
years.

The NEP and ET exhibited single peak patterns with higher values
occurring during summer, and lower value during winter and spring.
The daily averaged NEP (0.59 + 0.53 g C m~2) and ET (3.46 + 1.13 mm)
during high-Ta period in 2003, 2007 and 2010 were significantly lower
(P < 0.05), and accounted for 31.42 and 86.12%, respectively, of the
average values during the corresponding period in the other years
(Fig. S1). The daily averaged NEP (0.27 + 0.51 g C m’z), but not ET
(0.78 £ 0.41 mm), during the cool-Ta period in 2005, 2008 and 2011
was significantly lower, and accounted for 67.8% (P < 0.05) and 89.6%
(P = 0.06) of the average values during the corresponding period in the
other years (Fig. S2).

There were almost no differences in wavelet power spectra between
non gap-filled and gap-filled NEP or ET (Fig. 2). Therefore, the global
wavelet power spectra of gap-filled NEP and ET were analyzed. In
general, the global wavelet power spectra of PAR, Rn, VPD, NEP and ET
exhibited significant strong peaks at both daily and annual timescales,
with Ta exhibiting strong but non-significant peaks at daily timescale
(Fig. 3 and S3). There were also significant spectrum peaks longer than
180-days for NEP, and longer than 16-days for ET (Fig. 3). The SW_20
cm and SW_50 cm exhibited significant peaks only for timescales longer
than 8 days. Variations were also observed from days to months time-
scales for these environmental factors (Fig. 3 and S3). Furthermore, NEP
but not ET exhibited strong peaks at longer than 500-day timescales.

3.2. Correlations and time lags between NEP, ET and environmental
factors

3.2.1. Daily timescale

The PAR exhibited the strongest synchrony with NEP at the daily
timescale, followed by Ta and VPD, based on time lag (Table 1, Fig. 4).
At this timescale, NEP preceded PAR by 1.12 + 0.24 h, and preceded Ta
and VPD by more than 4 h. A significant effect of PAR on NEP was also
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the reader is referred to the web version of this article.)
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Fig. 4. Wavelet coherence between NEP and (a) PAR, (b) Ta, (c) VPD, (d) SW_20 cm and (e) SW_50 cm. Both P < 0.05 level and the COI are shown as thick lines. The
blue and red colors represent low and high wavelet power values, respectively. The arrows indicate the phase between NEP and environmental factors. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

observed after removing the effect of other environmental factors PAR (Table S1).

(except Ta) at a daily timescale, based on the PWC results (Table S1, The Rn exhibited the strongest synchrony with ET at a daily time-
Fig. 5). However, at a daily timescale, there was no significant effect of scale, followed by VPD and Ta (Table 2, Fig. 6). The Rn preceded ET by
Ta, VPD, SW_20 cm and SW_50 cm on NEP after removing the effect of 1.16 + 0.8 h, and preceded VPD and Ta by more than 3 h. Based on the
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Fig. 5. Partial wavelet coherence between NEP and PAR among multiple timescales after removing the effect of (a) Ta, (b) VPD, (c) SW_20 cm and (d) SW_50 cm.
Both P < 0.05 level and the COI are shown as thick lines. The blue and red colors represent low and high wavelet power values, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2

Percentage of time with significant correlations, average wavelet coherency and time lag (mean + SD) between NEP and PAR, Ta, VPD, SW_20 cm and SW_50 cm

among multiple timescales.

Period PAR Ta VPD SW_20 cm SW_ 50 cm
% Time lag % Time lag % Time lag % Time lag % Time lag

daily 99.87 1.12 +0.24 96.29 4.22 +1.59 89.68 4.82 £ 1.69 21.51 - 22.54 -

8day 59.07 0.57 £1.01 31.95 2.81 + 1.66 34.4 1.58 +1.2 19.86 - 18.26 -

30day 50.65 1.72 £ 35 6.47 - 34.18 3.62 +5.1 28.46 - 19.04 -

60day 37.86 4.32 + 8.53 0.3 - 29.36 - 31.2 —36.45 + 15.97 28.98 -

120day 15.74 - 7.37 - 6.13 - 25.72 - 27.16 -

360day 75.97 30.94 + 18.77 75.97 23.16 + 17.01 75.97 27.38 + 16.24 75.97 —151.26 + 28.93 75.97 —102.46 + 20.49

According to time lag, hours were used for daily timescale and days for the other timescales. The

“_»

of time lag indicates the percentage of time with significant

correlations less than 30% and wavelet coherency spectrum smaller than 0.5 at a specific timescale.

PWC result, Rn still significantly affected ET at a daily timescale, after
removing the effect of other environmental factors (except Ta)
(Table S1, Fig. 7). However, there was no significant effect of Ta, VPD,
SW_20 cm, SW_50 cm on ET at a daily timescale, when removing the
effect of Rn (Table S1). In addition, consistent with the wavelet analysis,
the GAM result showed that PAR and Rn were the dominant factors
influencing NEP (Table S2) and ET (Table S3), respectively, at a daily
timescale.

3.2.2. Days to months timescales

The PAR exhibited the strongest synchrony with NEP from 4 to 0-
days timescales; meanwhile, NEP was also influenced by VPD and
SW_20 cm at a longer than 30-day timescale (Table 1, Fig. 4). The NEP
preceded PAR and VPD, but lagged SW_20 cm at these timescales. Based
on the PWC result, PAR exhibited no continuous significant synchrony
with NEP after removing the effects of Ta, VPD, SW_20 cm and SW_50
cm for timescales of days to months (Table S1, Fig. 5). Additionally,
there was no significant effect of Ta, VPD, SW_20 cm and SW_50 c¢cm on

NEP after removing the effect of PAR from these timescales (Table S1).

The Rn exhibited the strongest synchrony with ET at 8-, 30- and 120-
day timescales, and VPD also significantly affected ET at 8- and 90-day
timescales (Table 2). The ET preceded Rn and VPD at these timescales,
however, there was no significant effect of SW_20 cm and SW_50 cm on
ET at these timescales. In addition, Rn only exhibited synchrony with ET
at 120-day timescale after removing the effect of Ta, and no continuous
effect was observed between Rn and ET after removing the effect of
other environmental factors for days to months timescales (Table S1,
Fig. 7). However, there were no significant effects of Ta, VPD, SW_20 cm
and SW_50 cm on ET after removing the effect of Rn at these timescales
(Table S1). Furthermore, consistent with the wavelet analysis, the GAM
result showed that PAR and Rn were the dominant factors influencing
NEP and ET, respectively, at the 30-day timescale (Table S4).

3.2.3. Annual timescale
At an annual timescale, Ta exhibited the strongest synchrony with
NEP; and NEP preceded Ta, VPD and PAR by 23.16 + 17.01, 27.38 +
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Fig. 6. Wavelet coherence between ET and (a) Rn, (b) Ta, (c) VPD, (d) SW_20 cm and (e) SW_50 cm. Both P < 0.05 level and the COI are exhibited as thick lines. The
blue and red colors represent low and high wavelet power values, respectively. The arrows indicate the phase between ET and environmental factors. (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

16.24 and 30.94 + 18.77 days, respectively (Table 1, Fig. 4). Meanwhile,
the NEP lagged SW_20 cm and SW_50 cm by 151.26 + 28.93 and 102.46
+ 20.49 days, respectively, at an annual timescale (Table 1). There was
no significant effect of PAR on NEP after removing the effect of other
environmental factors (Table S1, Fig. 5). In addition, at this timescale,
there was no significant effect of Ta, VPD, SW_20 cm and SW_50 cm on
NEP after removing the effect of PAR (Table S1).

At an annual timescale, Rn exhibited the strongest synchrony with
ET; and ET preceded Rn, Ta and VPD by 5.73 + 4.39, 18.04 + 3.7 and
22.24 + 6.15 days, respectively (Table 1, Fig. 6). Similar to NEP at this
timescale, ET lagged SW_20 cm and SW_50 cm by 159.19 + 19.27 and
108.76 + 15.3 days, respectively (Table 2, Fig. 6). The Rn also showed
significant synchrony with ET after removing the effect of other envi-
ronmental factors (except Ta) (Table S1, Fig. 7); there was no significant
effect of other environmental factors on ET following removal of the
effect of Rn (Table S1). Furthermore, inconsistent with the wavelet
analysis, the GAM result showed that no environmental factor was
dominant in the annual variations of NEP and ET (Table S5).

3.3. Effect of summer high-Ta on NEP and ET

Summer high-Ta enhanced the influence of SW_20 cm and SW_50 cm
on NEP, and weakened the influence of VPD on NEP, at a daily timescale
(Table S6). The summer high-Ta generally weakened the effect of PAR,
Ta and VPD on NEP shorter than 30-day timescales, but enhanced the
effect of PAR and VPD at 120-day timescale especially in 2003. The
summer high-Ta enhanced the effect of SW_20 cm and SW_50 cm on NEP
at 120-day timescale, even after removing the effect of PAR and Ta
(Table S6, Fig. S4). Summer high-Ta also shortened the time lag of VPD
and SW on NEP at an annual timescale (Table S6).

Summer high-Ta enhanced the effect of SW_20 cm and SW_50 cm on
ET at a daily timescale (Table S7). Summer high-Ta enhanced the effect
of SW_20 cm and SW_50 cm on ET at 60- and 120-day timescales
especially in 2003, even after removing the effect of Rn and Ta (Fig. S5).
Similar to NEP, high-Ta also shortened the time lag of VPD and SW on ET
at an annual timescale.
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Fig. 7. Partial wavelet coherence between ET and Rn among multiple timescales after removing the effect of (a) Ta, (b) VPD, (c) SW_20 cm and (d) SW_50 cm. Both P
< 0.05 level and the COI are exhibited as thick lines. The blue and red colors represent low and high wavelet power values, respectively. (For interpretation of the
references to colour in this figure legend, the reader is referred to the web version of this article.)

3.4. Effect of early spring cool-Ta on NEP and ET

Early spring cool-Ta shortened the time lag between PAR and NEP at
daily, 30- and 60-day timescales, and weakened the effect of SW_20 cm
on NEP at 60-day timescale (Table S8). However, early spring cool-Ta
enhanced the effect of VPD on NEP at 30- and 120-day timescales,
especially in 2008. The early spring cool-Ta shortened the time lag be-
tween VPD, SW_20 cm, SW_50 cm and NEP at an annual timescale.

Early spring cool-Ta shortened the time lag between Ta, VPD and ET
at a daily timescale, and weakened the effect of Rn and VPD on ET for
timescales shorter than 30-day (Table S9). In contrast to the case of NEP,
cool-Ta did not affect the time lag between these environmental factors
on ET at an annual timescale.

4. Discussion

4.1. Solar energy dominates and soil water modulates the variations of
NEP and ET

4.1.1. Solar energy dominates the variations of NEP and ET at a daily
timescale

The significant peak of wavelet global power spectra for NEP and ET
at a daily timescale indicated the strong diurnal fluctuations of these
fluxes, with peak value occurring in daytime and relative constant or
close to zero value during nighttime. The strong diurnal fluctuation of
these fluxes is generally associated with diurnal fluctuations of the solar
energy factors through their effect on forest photosynthesis and tran-
spiration (Baldocchi et al., 2008; Ding et al., 2013). Generally, GEP
represents the canopy photosynthesis and is a function of PAR (van
Gorsel et al., 2013; Baldocchi et al., 2018), and RE is the carbon release
and is influenced by temperature, SW and carbon substrate supply
through photosynthesis processes (Oishi et al., 2018). There are two

stands of evidence suggesting that the NEP was associated with the
forest photosynthesis process at a daily timescale in the studied plan-
tation: (1) GEP rather than RE exhibited a similar wavelet global power
spectrum to that of NEP; (2) GEP exhibited a high coherence of its
spectrum with that of NEP, and there was no appreciable time lag be-
tween these fluxes (Fig. S6). In addition, in the studied plantation, Niu
etal. (2019) and Mi et al. (2009) indicated that more than 70% of the ET
was occupied by plant transpiration based on the Priestly-Taylor Jet
Propulsion Laboratory model and Ecological Assimilation of Land and
Climate Observations model, respectively. Therefore, plant transpira-
tion was mainly considered to interpret the variation of ET in the studied
coniferous plantation. Consistent to the first hypothesis, the shortest
time lag (1.12 + 0.24 h) between NEP and PAR among environmental
factors in the present study indicated the fastest response of NEP to
variation in PAR, and suggested that PAR was the primary environment
factor influencing NEP at a daily timescale (Table 2, Fig. 4). Meanwhile,
the Rn was the main factor influencing ET in the studied plantation, with
the shortest time lag (1.16 4+ 0.8 h) at a daily timescale (Table 3, Fig. 6),
associated with variations in plant transpiration that were affected by
stomatal conductance (van Gorsel et al., 2013; Xu et al., 2020). Our
previous studies also proved that canopy conductance, calculated
through the Penman-Monteith equation (Kelliher et al., 1995), signifi-
cantly influenced the daily ET (Tang et al., 2014).

Short time lag was observed between PAR and NEP in a temperate
forest (Koebsch et al., 2015) and a wetland ecosystem (Ouyang et al.,
2014) at a daily timescale; Aguilos et al. (2018) attributed this in-phase
behavior to sufficient water supply conditions. In addition, previous
studies attributed the peak values of NEP or ET occurring before the
peak values of VPD, which generally occurred at noon, to the stomatal
regulation in response to possible water-limited conditions (Ouyang
et al., 2014; Oishi et al., 2018). In the present studied plantation, both
NEP and ET exhibited peak values 4.82 + 1.69 and 3.45 + 2.1 h,
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Table 3
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Percentage of time with significant correlations, average wavelet coherency and time lag (mean + SD) between ET and Rn, Ta, VPD, SW_20 cm and SW_50 cm among

multiple timescales.

Period Rn Ta VPD SW_20cm SW_50cm
% Time lag % Time lag % Time lag % Time lag % Time lag

daily 89.86 -1.16 + 0.8 85.04 3.54 + 2.08 87.44 3.45 £ 2.1 22.11 - 20.15 -

8day 41.38 0.094+0.64 24.53 - 38.98 0.68 + 1.34 13.85 - 11.2 -

30day 30.19 —1.03 + 2.97 11.14 - 19.86 - 9.98 - 9.66 -

60day 28.07 - 0 - 19.99 - 13.63 - 13.91 -

120day 36.1 11.55 + 14.72 0 - 19.62 - 4.76 - 4.31 -

360day 75.97 5.73 £ 4.39 75.97 18.04 + 3.7 75.97 22.24 £ 6.15 75.97 —159.19 + 19.27 75.97 —108.76 + 15.3

According to time lag, hours were used for daily timescale and days for the other timescales. The

R

of time lag indicates the percentage of time with significant

correlations less than 30% and wavelet coherency spectrum smaller than 0.5 at a specific timescale.

respectively, before the peak VPD value (Tables 2 and 3), suggesting that
water supply may not meet the atmospheric demand. However, the
possible water supply limitation did not significantly affect the domi-
nant influence of solar energy on NEP and ET, which was confirmed by
the influence of PAR (Fig. 5, Table S1) and Rn (Fig. 7, Table S1) on these
fluxes, respectively, even after removing the effect of Ta, VPD, SW_20
cm and SW_50 cm.

4.1.2. Solar energy dominates and soil water modulates the variations of
NEP and ET from days to months timescales

The significant wavelet global power spectra for NEP and ET were
observed on timescales up to 180- and 16-days, respectively (Fig. 3),
suggesting that significant periodic variation of ET was shorter than that
of NEP, and also indicated the relatively consistent variation of ET
compared with that of NEP. Yoshida et al. (2010) and Niu et al. (2019)
attributed the conservative variation of ET in evergreen coniferous
forests to the strong control of trees transpiration by stomatal conduc-
tance. The decoupling coefficient (range 0-1) is generally used to
quantify the degree of stomatal conductance influencing ET (Jassal
et al., 2009), with values close to zero representing a strong influence of
stomatal conductance (Jassal et al., 2009; Ding et al., 2013). Consistent
with a pine flatwood ecosystem (Bracho et al., 2008), the small monthly
value of decoupling coefficient (range 0.21-0.42) in our previous studies
indicated the strong influence of stomatal conductance on variations in
ET at a monthly timescale (Tang et al., 2014). The NEP was also asso-
ciated with GEP from days to months timescales, confirmed by the high
WTC coherence between GEP and NEP, although no continuous signif-
icant effect was observed at months timescale (Fig. S6). In addition to
stomatal conductance control, the photosynthesis biological processes
including carboxylation processes and mesophyll activities (van Gorsel
et al., 2013; Tian et al., 2020), which are sensitive to environmental
factors (e.g., PAR, VPD and SW), may also influence the variation in
canopy photosynthesis. Consistent with other forest ecosystems (Oishi
et al., 2018; Xu et al., 2020), both the stomatal conductance and
photosynthesis biological processes may contribute to a relatively large
proportion of the variation in NEP compared with ET. Furthermore, the
influence effect of SW on carbon and water fluxes at these timescales
should not be neglected, as the negative time lag between NEP, ET and
SW indicated that water supply was not consistent with the forest de-
mand at these timescales (Tables 2 and 3). Similar to temperate forest
(Oishi et al., 2018), NEP was more sensitive to the variation of SW at
these timescales compared with ET in the studied forest ecosystem. This
was confirmed by the higher modulating effect of soil water conditions
on NEP, because there was more effect of SWs on NEP compared with ET
after removing the effect of solar energy at these timescales (Table S1,
Figs. S4 and S5).

Previous studies have been indicated that, in addition to direct ef-
fects, environmental factors may also indirect influence seasonal vari-
ation of forests carbon and water fluxes, through their effect on
ecosystem canopy structure or leaf area (Marcolla et al., 2011; van
Gorsel et al., 2013; Xu et al., 2020). In the present study, the variations
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of NEP and ET were primarily affected by PAR and Rn, respectively,
suggesting that the variation of carbon and water fluxes from days to
months timescales was associated with solar energy fluctuation and thus
weather patterns, similar to a temperate deciduous forest (Hong and
Kim, 2011) and a shrubland (Jia et al., 2018) — all these ecosystems were
influenced by the East Asian monsoon climate. Meanwhile, based on
path analysis (Fig. S7), PAR and Rn also indirectly influenced NEP and
ET through their positive effect on 8-day EVI, which generally reflects
the variations in canopy structure including leaf area and canopy ar-
chitecture (Huete et al., 2002) and represent the capacities of plant
photosynthesis and transpiration (Hong and Kim, 2011; Baldocchi et al.,
2008).

4.1.3. Solar energy dominates and soil water modulates NEP and ET at an
annual timescale

Both NEP and ET exhibited significant peaks of wavelet global power
spectrum at an annual timescale (Fig. 3), with high values in summer
(plant vigorous growth period) and low values in winter and early spring
(Fig. 1). The strong fluctuation of these fluxes at this timescale was
generally associated with variation of plant phenology influenced by
annual solar energy and SW cycles (Zhang et al., 2011; Keenan et al.,
2014). Similar to studies in forest and wetland ecosystem (Ouyang et al.,
2014; Jia et al., 2018), Ta showed the strongest synchrony with NEP
based on the time lag (Table 2). Keenan et al. (2014) suggested that Ta
played an essential role in forest NEP at an annual timescale through its
effect on plant phenology, such as leaf area index (Chen et al., 2009),
leaf emergence and senescence (Jia et al., 2018), and growing season
length (Baldocchi, 2008). In the studied plantation, it was showed that
Ta influenced the annual variation of NEP through its effect on growing
season length (Zhang et al., 2011). However, no significant effect was
observed between NEP and Ta after removing the effect of SW, indi-
cating that soil water conditions significantly modulated the effect of Ta
on this carbon flux at an annual timescale.

Similar to studied semiarid (Ding et al., 2013) and arid crop eco-
systems (Suyker and Verma, 2008), the Rn was the main factor affecting
ET at an annual timescale in the studied plantation, even after removing
the effects of Ta, VPD, SW_20 cm and SW_50 cm (Fig. 7). The less con-
founding effect of SW on Rn suggested that SW modulated ET less
compared with NEP at an annual timescale. In addition, similar time lags
(approximately 3-4 months) between NEP, ET and soil water conditions
were observed at an annual timescale through correlation analysis in our
previous study (Xu et al., 2017), and suggested that soil water replen-
ished by precipitation in the first half of the year may have influenced
the forest carbon and water fluxes in the second half. The similar time
lag between SW and NEP or ET was also observed using a stable
hydrogen isotope method in temperate deciduous forest (Zhang et al.,
2018), evergreen shrub (Blok et al., 2015) and desert grass (Reichmann
et al., 2013) ecosystems.
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4.2. High-Ta enhances the effect of SW on NEP and ET

Absorbing deep soil water is considered as forest biological adjust-
ment process to maintain plant photosynthesis and transpiration in
response to high-Ta (Zpater et al., 2013; Tang et al., 2019; Xu et al.,
2020). Using stable hydrogen isotopes, Yang et al. (2015) demonstrated
that evergreen coniferous trees in the studied plantation absorbed a
greater proportion of water sources from deep soil layers during a
drought period through their deep root system. However, the signifi-
cantly decreased NEP (68.58%) and ET (13.88%), compared with the
average values during the corresponding period in the other years,
demonstrated that the high-Ta exceeded the drought tolerance of this
plantation although deep soil water was absorbed. The significantly
decreased NEP was attributed to a greater decline in GEP (26.33%) than
in RE (10.92%) during high-Ta period in the present study (Fig. S1).
Consistent with decreased GEP in the present study, the EVI also
decreased compared with the values for other years (Fig. S8). Our pre-
sent result was inconsistent with the results for a tropical rainforest in
which decreased NEP was mainly attributed to the lower RE, but
maintained GEP during drought stress — attributed to deep water sources
absorbed (Aguilos et al., 2018; Baldocchi et al., 2018). And the signifi-
cantly decreased ET was also inconsistent with the results for temperate
forests that deep soil water absorbing can maintain ET by increasing leaf
area during drought period, regardless of decreased stomatal conduc-
tance (Bracho et al., 2008). Furthermore, the weak significant WTC
between GEP and ET from days to months timescales (Fig. S9), indicated
weak coupling between carbon and water cycles in the studied planta-
tion, although photosynthesis and transpiration processes were associ-
ated with variations in leaf stomatal (Beer et al., 2009). Zhou et al.
(2008) and Jassal et al. (2009) attributed the large decreases in GEP and
thus NEP compared with ET for coniferous forest to significantly
decreased carboxylation processes and mesophyll activities in drought
conditions.

Consistent to the second hypothesis, at daily, monthly and annual
timescales, high-Ta enhanced the effect of SW_20 cm and SW_50 cm on
NEP and ET, even after the effects of PAR or Rn were removed
(Tables A2 and A3). Similar to temperate deciduous (Hong and Kim,
2011), semiarid shrub (Jia et al., 2018) and pine plantation (Liu et al.,
2018) ecosystems, high-Ta enhanced the effect of SW and weakened the
effect of solar energy parameters (PAR or Rn) on NEP and ET, especially
in 2003 when there were 25 successive days of high-Ta (Tables 1, S6 and
S7). In addition, high-Ta shortened the time lag of SW_20 cm and SW_50
cm on both NEP and ET at an annual timescale, suggesting that the
seasonal high-Ta effect may persist for timescales of up to a year.

4.3. Cool-Ta enhances the effect of solar energy on NEP and ET

Cool-Ta may delay plant budding (Oliveira and Penuelas, 2004),
shorten the plant growth period (Zhang et al., 2011) or damage plant
leaf structure (Puglielli et al., 2017), thus influencing variation in carbon
and water fluxes. Previous studies on the cool-Ta effect on NEP and ET
mainly focused on temperate and boreal forests, which may have been
adapted to the usually occurring low-Ta stress (Baldocchi et al., 2008;
Oishi et al., 2018). The significantly decreased NEP (32.2%) was mainly
due to greater decrease in GEP (33.85%) compared to RE (24.57%) in
response to cool-Ta (Fig. S2). The lower GEP was also consistent with the
decreased EVI in the present study during the cool-Ta period compared
with the values for the other years (Fig. S8). The more decreased GEP
and RE during cool-Ta period, compared with the effect of high-Ta, was
likely due to the cool-Ta delaying the forest budding, and even causing
physiological damage to leaves in the studied plantation (Xu et al.,
2017). In addition, decreased RE can be attributed to both decreased
plant root and soil microbe activities and depressed GEP, as GEP acts asa
supplementary carbon substrate source for RE especially for plant
respiration (Vargas et al., 2011). Furthermore, the cool-Ta period is
generally associated with cloudy days in the studied plantation (Zhang
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et al., 2011), as well as low radiation limiting photosynthesis and low
VPD limiting ET (Han et al., 2019). In contrast to the high-Ta period,
during the cool-Ta period, ET was not significantly lower (10.4%, P =
0.06) than the value of the other years.

Partially consistent to the second hypothesis, the shorter time lag
between PAR and NEP was observed at daily, monthly and even annual
timescales, although no continuous significant effect was observed in
response to cool-Ta, compared with the average value for the other
years. In the studied plantation, Zhang et al. (2011) also indicated that
the plant growth length, mainly affected by cool-Ta events, influenced
the annual variation of NEP. However, the shorter time lag was only
observed between Ta and ET at a daily timescale, indicating that the
cool-Ta effect on NEP, but not on ET remained for a long timescale.

4.4. Implications for ecosystem models

Wavelet analysis may provide implications for modeling studies, and
Wang et al. (2011) and Stoy et al. (2013) improved NEP and ET esti-
mation by selecting model input variables at multiple timescales based
on wavelet analysis. WTC results in the present study indicated that the
primary affecting factors and the time lag between these factors and
carbon or water flux should be considered by timescale, especially for
NEP, to improve model performance. For example, considering PAR at a
daily timescale and Ta at an annual timescale in ecosystem models will
improve NEP estimation in the studied coniferous plantation (Table 2).
In addition, the positive time lag between solar energy factors, and the
negative time lag between SW and NEP or ET, from daily to annual
timescales in the studied plantation suggest complex responses of carbon
and water fluxes to environmental variations. Vargas et al. (2011) and
Stoy et al. (2013) also suggested that the time lag can be integrated into
parametric models, acting as an indirect indicator of plant biological
processes.

Furthermore, the effect of high- and cool-Ta events on the influence
of environmental factors on NEP or ET should also be considered as
separate updating parameters in ecosystem models. For example, high-
Ta enhanced the effect of SW on both NEP and ET at daily and annual
timescales. However, cool-Ta enhanced the effect of PAR on NEP at daily
and months timescales, and only enhanced the effect of Ta on ET at a
daily timescale. Therefore, developing appropriate timescale depen-
dence models integrated into parameters including time lag between
environmental factors and carbon or water flux, and abnormal Ta events
effect, is essential to improve ecosystem model performance.

5. Conclusions

The dynamics of NEP and ET, and time lags between environmental
factors and these fluxes, as well as the high- and cool-Ta effects were
investigated through 11 years of observation for these fluxes. The NEP
and ET exhibited significant daily and annual spectrum variabilities, and
NEP showed broader significant spectra than NEP, especially from days
to months timescales. The NEP was nearly in phase with PAR at a daily
timescale even after removing the effect of other environmental factors,
but exhibited the shortest time with Ta at an annual timescale. In
contrast, ET exhibited the shortest time lag and preceded Rn at both
daily and annual timescales, even after removing the effect of other
environmental factors. From days to months timescales, the SW_20 cm
and SW_50 cm modulated more variation of NEP than ET. Both the
summer high-Ta and early spring cool-Ta events proportionately
decreased NEP more than ET. Summer high-Ta enhanced the effect of
SW on NEP and ET at a daily, months and annual timescales. However,
cool-Ta enhanced the effect of PAR on NEP from daily to months time-
scales, and shortened the time lag between Ta and ET only at a daily
timescale. This study demonstrated that NEP and ET were more sensitive
to high- than cool-Ta events, and the time lag effects of these Ta events
should be considered separately to adequately acknowledge the
response mechanisms of these fluxes and simulate these fluxes at long
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timescales.
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