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Abstract  To improve current understanding of the water 
cycle, energy partitioning and CO2 exchange over hilly 
zone vegetative land surfaces in the subtropical monsoon 
environment of southern China, a long-term field experi-
ment observatory was set up at Ningxiang, eastern Hunan 
Province. This paper presents a preliminary analysis of 
the field observations at the observatory collected from 
August to November 2012. Results show that significant 
diurnal variations in soil temperature occur only in shal-
low soil layers (0.05, 0.10, and 0.20 m), and that heavy 
rainfall affects soil moisture in the deep layers (≥ 0.40 
m). During the experimental period, significant diurnal 
variations in albedo, radiation components, energy com-
ponents, and CO2

 flux were observed, but little seasonal 
variation. Strong photosynthesis in the vegetation canopy 
enhanced the CO2 absorption and the latent heat released 
in daylight hours; Latent heat of evaporation was the main 
consumer of available energy in late summer. Because the 
field experiment data are demonstrably reliable, the ob-
servatory will provide reliable long-term measurements 
for future investigations of the land-atmosphere interac-
tion over hilly land surfaces in the subtropical monsoon 
region of southern China. 
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1  Introduction  

Land surface processes play an important role in the 
global water cycle, energy balance, and the budget of 
greenhouse gases (such as CO2) by controlling the ex- 
changes of energy and mass fluxes between the land-sur- 
face and the atmosphere (Intergovernmental Panel on 
Climate Change (IPCC), 1995). Understanding these 
land-atmospheric flux exchanges is a crucial topic in cli-
mate change research. Climate simulations are especially 
sensitive to the surface partitioning of available energy 
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into sensible and latent heat fluxes (Rowntree, 1991; 
Dickinson et al., 1991). To better understand the water 
cycle, energy partitioning and CO2 exchange, researchers 
across the globe have conducted many field studies in 
recent decades, over diverse terrestrial surfaces such as 
forests, grasslands, and paddy fields ( Baldocchi and Vo-
gel, 1997; Toda et al., 2002; Gao et al., 2003). Throughout 
the past 30 years, numerous field studies have been also 
been performed in the arid and semi-arid regions of nor-
thern China, including Inner Mongolia (Lu et al., 2002, 
2005; Gao et al., 2009), the Heihe River basin (Wang and 
Mitsuta, 1991, 1992; Hu, 1994; Hu and Gao, 1994 ), Dun-
huang (Zhang and Shuangguan, 2002), Loess Plateau 
(Wang et al., 2010), and Tongyu (Liu et al, 2004, 2006). 

Land-atmosphere interactions in the monsoon envi-
ronment have recently received considerable attention, 
and several field experiments have been conducted in 
these regions (Toda et al., 2002; Song et al., 2004; Barros 
et al., 2005; Bi et al., 2007; Gao et al., 2009; Li et al., 
2009). However, little attention has been devoted to 
long-term measurements over the hilly zone, one of the 
most important terrestrial ecosystems in the subtropical 
monsoon environment of southern China. To fill this gap, 
a long-term field experimental observatory for assessing 
land-atmosphere interactions was constructed at Ning-
xiang (eastern Hunan Province, southern China) in August 
2012, by the State Key Laboratory of Numerical Model-
ing for Atmospheric Sciences and Geophysical Fluid Dy-
namics (LASG), Institute of Atmospheric Physics (IAP), 
the Chinese Academy of Sciences (CAS). The main aims 
of the observatory are to: (1) monitor the water table; (2) 
monitor the long-term trends in subtropical monsoon cli-
mate changes; (3) study the land-atmosphere interaction 
over this area; (4) improve existing land surface and cli-
mate models. Continuous and long-term observations 
over the hilly zone in the subtropical monsoon environ-
ment of southern China will be undertaken in future. 

The present work briefly introduces the observatory at 
Ningxiang, and presents a preliminary analysis of the field 
observations collected from August to November 2012. 

2  Field experiment observatory 

2.1  Site 

Since 10 August 2012, micrometeorological measure-
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ments have been conducted at a hilly zone experimental 
site (2820'N, 11234'E), approximately 4 km from Ning-
xiang county and about 36 km from Changsha City (here-
after, this site is referred to as Ningxiang observatory), 
based in eastern Hunan Province in the subtropical mon-
soon region of southern China (Fig. 1a). The site terrain is 
relatively flat with a homogenous underlying surface. The 
site is surrounded by similar vegetation, mainly evergreen 
broadleaved forest and shrub, and some secondary vege-
tation. The average height of vegetation is approximately 
7 m. The soil is predominantly red soil with rapid drain-
age of water (Figs. 1b, 1d, and 1e).The average elevation 
is approximately 110 m, annual mean temperature is 
16.8°C, annual mean rainfall is 1358 mm, average relative 
humidity is 81%, and annual average sunshine is 1739.2 
hours. The micrometeorological measurement sensors are 
installed in a measurement tower of height 20 m. Figure 1 
shows the location and site of the observatory and its 
main measurement instruments, taken on 9 August 2012.  

The various instruments at the observatory measure: (1) 
water table depth (at nine different wells surrounding the 
measurement tower); (2) heat and water content of soil;    
(3) boundary layer meteorological parameters; (4) surface 
radiation; and (5) surface flux. 

2.2  Micrometeorological measurements 

The principle micrometeorological instruments at 
Ningxiang observatory comprise: (1) a surface layer me-
teorology observation system; (2) a radiation flux obser-
vation system; (3) an eddy covariance system (EC); and 
(4) a soil temperature/humidity measuring system. 

Surface meteorological measurements include wind 
speed and direction (WindSonic1405-PK052, Gill), and 
air temperature and relative humidity (HMP155A-L, 
Vaisala) at 9.5 and 13.5 m above the ground (Fig. 1c). 
Barometric pressure is measured with a CS106 Baromet- 
ric Pressure Sensor (Vaisala) over a 500 to 1100 hPa 

range. Precipitation is measured by a tipping bucket Rain 
Gauge (TE525MM-L, Texas Electronics) at 0.1 mm in-
crements mounted at 20 m on the tower. These signals are 
logged to a data logger (CR1000, Campbell) and recorded 
every 10 min. 

The surface radiation system observes upward and 
downward short-wave radiation (UR and DR), and up-
ward and downward long-wave radiation (ULR and DLR). 
Radiation is intercepted by a 4-Component Net Radiation 
Sensor (CNR4, Kipp & Zonen) mounted at a height of 
17.5 m (Fig. 1c). The data are recorded by a Datataker 
(CR3000, Campbell) equipped with a memory card. The 
data are sampled each minute and averaged every 30 min. 

The eddy covariance instruments include a three-   
dimensional sonic anemometer (CSAT3, Campbell) and 
an open path infrared CO2 and H2O analyzer (EC150, 
Campbell). The CSAT3 points toward the prevailing wind 
direction and measures the means and standard deviations 
of the wind velocity components (i.e., u, v, and w) and air 
temperature (T). The EC150 measures the means and 
standard deviations of water vapor density and CO2. Sen-
sor outputs are recorded at a sampling rate of 10 Hz, av-
eraged over 30 min periods, and logged to the above-men-
tioned data logger. The sensors are installed on a tower 
17.5 m above the ground (Fig. 1d). The momentum, latent, 
and sensible heat fluxes are calculated by the eddy co-
variance method. The turbulent fluxes are post-field data 
processed by a set of necessary correlation procedures, 
such as coordinate rotation by the planar fits method (PF) 
(Wilczak et al., 2001), frequency response correction 
(Moore, 1986), sonic temperature correction (Schotanus 
et al, 1983), and density flux correction accounting for 
density effects due to heat and water vapor fluctuations 
(WPL correction, Webb et al., 1980). 

Soil moisture and temperature are measured with a 
water content reflectometer (CS616-L, Campbell) and a 
soil temperature profile sensor (109-L, Campbell) respec- 

 

 
 

Figure 1  Ningxiang field experiment observatory: (a) location and elevation; (b) underlying canopy surface; (c) measurement tower; (d) EC 150 
sensor and underlying surface; (e) soil temperature and moisture sensors and their site; (f) water table depth sensor. 
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tively (Fig. 1e). These instruments sample at seven soil 
depths (0.05, 0.10, 0.20, 0.40, 0.60, 0.80, and 1.00 m). To 
complete the surface energy balance, soil heat flux is 
measured by a heat flux plate (HFP01-L50, Campbell) 
embedded 0.05 m deep in the soil (this instrument was 
installed 16 November 2012). The data are recorded at 10 
min intervals by a Datataker (CR1000, Campbell) with a 
memory card. 

2.3  Water table depth measurement 

The main instrument for water table measurement at 
Ningxiang observatory is the HOBO U20 series water 
table sensor, which includes data loggers (U20, Onset; see 
Fig. 1f) placed in nine different wells, connected to a 
computer through a Universal Optic-USB Base station 
(BASE-U-4, Onset). Data from the HOBO loggers are 
launched, read out and plotted by HOBO ware Pro soft-
ware (BHW-PC, Onset).  

3  Preliminary results 

To examine the reliability of measurement data from 
Ningxiang observatory, we conducted a preliminary 
analysis of the field data collected from 10 August to 16 
November 2012. We investigated the diurnal and seasonal 
variation of near-surface meteorology elements, soil 
moisture and soil temperature, radiation and energy com-
ponents, CO2 fluxes, and water table depth. 

3.1  Variation of near surface meteorology elements 
and water table depth  

Figures 2a–d show the temporal variations in daily av- 

erage wind direction (WD), wind speed (WS), air tem-
perature (T), and relative humidity (RH) at heights of 9.5 
m and 13.5 m. Figures 2e–f present the air pressure and 
daily total rainfall at Ningxiang observatory. As shown in 
Figs. 2a–d, the daily mean WD and WS at 9.5 m (225.9 
and 0.91 m s1, respectively) is slightly less than at 13.5 m 
(245.3 and 1.39 m s1, respectively). The variability in 
these quantities is very similar at both heights (RWD=0.87, 
RWS=0.97 at 9.5 and 13.5 m, respectively, where R de-
notes the correlation coefficient). The maximum daily 
mean wind speed on 29 September 2012 was 1.89 m s1 at 
9.5 m and 2.69 m s1 at 13.5 m. The air temperature and 
relative humidity at 9.5 m (Tmean= 21.73°C, RHmean= 
80.77%) are essentially the same at 13.5 m (Tmean= 
21.88°C, RHmean=80.09%, RT=1, RRH=1). The air tem-
perature varied significantly with season (from late sum-
mer to autumn). The daily mean air temperature (at 9.5 m) 
reached a maximum (31.3°C) on 20 August, while the 
lowest air temperature (12.55°C) was recorded on 5 No-
vember 2012. Seasonal variation was also observed in air 
pressure (P) (Pmax = 1013 hPa; Pmin = 991 hPa), and was 
significant negatively correlated with T (R = –0.9). Figure 
2 displays typical subtropical monsoon climate character-
istics at this time of year. The water table depth ranged 
4–6 m (data not shown). 
3.2  Variation of soil temperature and soil moisture 

Near-surface soil moisture and soil temperature control 
the partitioning of energy in latent and sensible heat flux- 
es at the soil-atmosphere interface (Albergel et al., 2012). 
Figure 3a plots the temporal variation of daily mean air 
temperature, while Figs. 3b and 3c show the temporal and  

 

 
 

Figure 2  Meteorological data collected at Ningxiang observatory at 9.5 m (red) and 13.5 m (blue) from 10 August to 16 November 2012: (a) Wind 
Direction (WD); (b) Wind Speed (WS); (c) Air Temperature (Air T); (d) Relative Humidity (RH); (e) Air Pressure (P); (f) Rainfall (daily). 
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diurnal variation of soil temperature at depths of 0.05, 
0.10, 0.20, 0.40, 0.60, 0.80 and 1.00 m. Figure 3d shows 
the variation of daily total rainfall, while the temporal and 
diurnal variations of soil moisture at the abovementioned 
depths are plotted in Figs. 3e–f.  

The temporal variation trends of soil and air tempera-
tures are similar, especially in the shallow layers (R0.05 m = 
0.97, R0.10 m = 0.95, and R0.20 m = 0.93). Soil temperature 
changed seasonally in each soil layer. These changes were 
significant in shallow layers and weakened with increas-
ing depth (Figs. 3a–b); the maximum standard deviation 
(SDV, 4.10°C) occurred at depth 0.05 m, while the lowest 
(1.79°C) was recorded at 1.00 m. Soil temperature 
showed significant diurnal variation in shallow layers, but 
almost no diurnal variation in deeper layers (≥ 0.40 m; 
see Fig. 3c). 

In each layer, soil moisture was strongly affected by 
rainfall. Significant differences occurred after a heavy 
rainfall even in deep layers (e.g., 22 September, 30 Octo-
ber, and 10–11 November, see Figs. 3d–e). Dramatic di-
urnal changes in deep-layer soil moisture after heavy 
rainfall are evident in Fig. 3f. Figures 3e and 3f also show 
negligible seasonal and diurnal variation in soil moisture 
at 0.20 m (SDV = 0.009 m3 m–3; SDV > 0.3 m3 m–3 at 
other depths); this anomaly is attributable to the soil tex- 

ture at this depth over the study area. 

3.3  Variation of radiation and energy components 

Figure 4 plots the temporal and diurnal variation of 30- 
min means of albedo (Figs. 4a and 4b), radiation compo-
nents (DR, UR, DLR, and ULR; Figs. 4c and 4d), and 
energy components (net radiation (RN), sensible heat flux 
(H), and latent heat flux (LE); Figs. 4e and 4f). Measure-
ments of soil heat flux, which were started on 16 Novem-
ber, are not shown. The albedo of the underlying surface 
is the ratio of the maximum UR to maximum DR. The RN 
was calculated from four radiation components. As shown 
in Figs. 4b, 4d, and 4f, the diurnal courses of radiation 
and energy components were similar on three days in late 
summer (25–27 August 2012), and displayed significant 
variation. The maximum RN, DR, LE, and H (789.6 W 
m–2, 936.1 W m–2, 411.8 W m–2, and 253.7 W m–2, respec-
tively) occurred at noon of 26 August. LE of evaporation 
was the main consumer of available energy in late sum-
mer. The diurnal variations of RN, DR, and LE were gen-
erally consistent (R (DR, LE) = 0.968, R (RN, LE) = 
0.967, R (RN, DR) = 0.998). In Figs. 4a, 4c, and 4e, we 
observe little seasonal variation in albedo, radiation com-
ponents, and energy components throughout the ex- peri-
mental period. These quantities adequately character- 

 

 
 

Figure 3  (a) Temporal variation of daily mean Air T; (b–c) Temporal variation (daily mean) and diurnal variation (10 min intervals) of soil tem-
perature (Soil T)at depths of 0.05 (pink), 0.10 (black), 0.20 (green), 0.40 (dark blue), 0.60 (sky blue), 0.80 (red), and 1.00 m (yellow); (d) Temporal 
variation of daily total rainfall; (e–f) Temporal variation (daily mean), diurnal variation (10 min intervals) of soil moisture(Soil M) at the depths given 
in (b–c). 
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ize the energy partition on the vegetation canopy over 
hilly zones in the subtropical monsoon region of Southern 
China. 

3.4  Variation of CO2 flux 

The CO2 flux is obtained from the WPL correction 
(Webb et al., 1980). Noise and other interference is 
eliminated from 30 minute observations by imposing the 
criterion ( ) ( 4 )F t F   or ( ) ( 4 )F t F   , where F(t) 

is the observation, F is the mean, and  is SDV over the 
interval. Figure 5 shows the temporal and diurnal varia- 
tion of 30-min means of CO2 flux (negative fluxes indi- 
cate CO2 absorption by vegetation). As shown in Fig. 5b, 
the diurnal course of CO2 flux was similar on three days 
in late summer (25–27 August 2012). Diurnal variation 
was evident during this time, and the maximum daytime 
CO2 flux absorbed by the vegetation canopy reached ~ 
1.30 mg m–2 s–1 on 26 August 2012. The maximum CO2 
flux released during the night was ~ 0.75 mg m–2 s–1 on 27 
August 2012. These results are consistent with those re- 
ported by Song et al. (2004). CO2 flux exhibits little sea- 
sonal variation throughout the experimental period, which 
covers neither the growing season nor the winter season 
(Fig. 5a). The vegetation canopy comprised the underly-
ing surface, and the mean CO2 flux was negative (–0.1 mg 
m–2 s–1) during the entire experimental period. These re-
sults are attributable to photosynthesis in the vegetation  

canopy, which is especially active in late summer, and 
which increases the CO2 absorption and the LE released 
in the daylight. As shown in Figs. 4f and 5b, the diurnal 
variations of LE and CO2 flux were generally consistent, 
but in reverse phase (R as high as –0.94). 

4  Summary and conclusion 

The long-term field experimental observatory at Ning-
xiang, eastern Hunan Province, was constructed to inves- 
tigate land-atmosphere interactions, the water cycle, energy 
balance, and CO2 exchange over the hilly zone vegetation 
land-surface in the subtropical monsoon climate environ- 
ment. The reader has been briefly introduced to the ob- 
servatory. As a preliminary study, the temporal variation 
of near-surface meteorology elements, soil moisture and 
temperature, radiation and energy components, CO2 flux-
es, and water table depth were analyzed during the period 
10 August to 16 November 2012 (late summer to autumn). 
Throughout this period, the near-surface meteorology 
elements displayed typical subtropical monsoon climate 
characteristics, with some seasonal variability in air tem- 
perature and pressure. Significant diurnal variation in soil 
temperature was observed at shallow layers (0.05, 0.10, 
and 0.20 m), while soil moisture was significantly in-
creased after heavy rainfall, even in the deep layers (≥ 
0.40 m). Albedo, radiation components, energy compon- 
ents, and CO2

 flux showed significant diurnal variation, 

 

 
 

Figure 4  Temporal variation and diurnal variation of (a–b) albedo; (c–d) radiation components (DR (red), UR(pink), DLR (dark blue), ULR (green); 
(e–f) energy components (RN (red), LE (dark blue), H (green); 30 min intervals). 
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Figure 5  (a) Temporal variation and (b) diurnal variation of CO2 flux (30 min intervals). 

 
but little seasonal variation. Strong photosynthesis in the 
vegetation canopy led to enhance CO2 absorption and the 
larger LE released during daylight hours. Latent heat flux 
of evaporation was the main consumer of available energy 
in late summer. 

Preliminary results show that the data acquired by the 
field experimental observatory are reliable. The observa-
tory will collect long-term measurement data for further 
investigating the land-atmosphere interactions. The 
analysis of these long-term data will improve our under-
standing of the water cycle, energy balance, and CO2 ex-
change in the subtropical monsoon climate environment, 
and will provide better estimates of the key land-surface 
parameters in atmospheric numerical models. 
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