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Abstract

Vegetation change is a primary factor that affect evapotranspiration (ET), which is an
important process in the hydrological cycle. In this study, an attempt is made to analyze
the effects of vegetation change on ET using continuous observation data from eddy-
covariance (EC) measurements over three periods (1 July 2011 to 30 June 2014) of a5

study site in a sparse shrubland study site located in the Loess Plateau of China, which
is a fragile ecosystem experiencing serious soil desiccation. In our study, vegetation
change includes phenological change and land use change. Phenological process of
vegetation is validated to have a remarkable positive effect on ET in a rate of 1.83±0.01
along with vegetation greening. Land use change at our study site was due to the10

native vegetation being cut-off by human activities, converting sparse shrubland to bare
soil. With land use condition changing during the three years, annual total ET was
observed to increase 103 mm, suggesting that soil evaporation consumes more water
than canopy transpiration. In summary, the effects of vegetation change on ET suggest
that both vegetation greening and increased area of exposed soil would aggravate the15

soil desiccation at our site in the north Loess Plateau.

1 Introduction

Evapotranspiration (ET) is an important component of ecosystem water balance (Law
et al., 2002; Scott et al., 2006). Several researchers have documented that much more
than 50 % of precipitation (P ) is consumed by ET, and that the ratio of ET/P could20

increase to even 90 % or more in semiarid and arid areas (Mo et al., 2004; Glenn
et al., 2007). Therefore, a slight change in ET would have significant influences on
water cycle and water resources in non-humid regions. Various factors have controls
on ET, and among them, vegetation change is the most critical factor that influences ET
(Golchin and Asgari, 2008; Fu et al., 2004). Vegetation change mainly integrates the25

phenological change (temporal) and land use change (spatial). Phenological change

13572

http://www.hydrol-earth-syst-sci-discuss.net
http://www.hydrol-earth-syst-sci-discuss.net/11/13571/2014/hessd-11-13571-2014-print.pdf
http://www.hydrol-earth-syst-sci-discuss.net/11/13571/2014/hessd-11-13571-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/


HESSD
11, 13571–13605, 2014

Effects of vegetation
change on

evapotranspiration in
a semiarid shrubland

T. T. Gong et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

actively controls ET process through internal physiology by increasing the amount of
leaf stomata with the vegetation greening. Land use change represents the conversion
of vegetation type, which influences ET by means of changing the interactions between
land and atmosphere (Fan et al., 2014) when the land use type is abruptly changed due
to human activities or some sudden serious climate change.5

The Loess Plateau is located in the upper and middle reaches of Yellow River, which
is a transitional zone between the southeastern humid climate and the northwestern
dry climate (Shi and Shao, 2000) and where most of the precipitation falls in the sum-
mer months (Li et al., 2009). It accounts for over 40 % of area of northwestern China
(Zhou et al., 2005). The Loess Plateau is well-known as a region undergoing the most10

severe soil erosion in the world, especially in the northern part of the Loess Plateau
(Cheng, 2008). The region therefore is ecologically fragile (Wang et al., 2011; Fu et al.,
2014), and the regional sustainable agricultural and industrial development is seriously
affected (Feng et al., 2006). The vegetation coverage is generally low, and the prevail-
ing vegetation types are the desert shrub and desert steppe (Yang et al., 2014).15

In the past few decades, vegetation condition has been observed to change a lot
in this region, in terms of both phenological change and land use change. On one
hand, a significant increasing trend of Normalized Difference Vegetation Index (NDVI)
(a surrogate of vegetation penological change) during 1981–2006 is found in the sandy
land vegetation zone of north Loess region (Xin et al., 2008). Climate change with the20

warming temperature is thought to be a forcing factor promoting vegetation growth (Xin
et al., 2008; Piao et al., 2003). On the other hand, the land use condition of this region
has been constantly changing due to the human activities for the regional development
(Jia et al., 2008; Gong et al., submitted). As a result, doubts about how ET will change
with phenological process and different land use type have been raised.25

Previous researchers have studied the impacts of vegetation change on ET by using
hydrological models (Kim et al., 2005; Li et al., 2009; Cornelissen et al., 2013; Mo et al.,
2004). However, model parameterization of vegetation condition is a big challenge as it
is difficult to define appropriate vegetation parameters. Therefore, the applicability and
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accuracy of parameters in model simulations and calibrations is doubtful (Cornelissen
et al., 2013). Despite the fundamental role of ET for water consumption and ecosystem
functioning in north China, some field experiments have recently been carried out over
the arid and semiarid regions of China (Zhang et al., 2005; Liu et al., 2004). However,
there is little learned of ET under native sparse vegetation condition over the Loess5

Plateau, and continuous filed observation is relatively poorly documented (Huang et al.,
2008; Cheng et al., 2011). With the aim to fill the gap and address this issue for better
understanding the role of native sparse vegetation on ET in the north Loess Plateau,
this paper discusses results from a sparse shrubland over the north Loess Plateau. The
responses of ET to vegetation phenological change and land use change are analyzed10

over a period of 3 years.

2 Materials and methods

2.1 Site description

The study was carried out at Yulin flux site (38◦26′N, 109◦47′ E, 1233 m), which was
established in June 2011 and is in a landform transition zone change from Mu Us Sandy15

land to north Shaanxi Loess Plateau (Fig. 1). The study site is in a temperate semiarid
continental monsoon climate. According to long-term climate data (1951–2012) from
a meteorological station in Yulin (Fig. 1), the annual precipitation varies from 235 to
685 mm, with a mean of 402 mm, and more than 50 % of annual precipitation is falling
in the monsoon season (July–September). The mean annual air temperature has been20

8.4 ◦C during the past 61 years. The annual pan evaporation value is 2485 mm (Wang
et al., 2006). The dominant soil type is sand (98 % sand), the saturated soil water
content is 0.43 m3 m−3, the field capacity is 0.16 m3 m−3, the wilting moisture content is
0.045 m3 m−3, and the depth of dry sand layer is 10 cm. The mean groundwater depth
of our study site during the three study years was 3.4 m.25
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The experimental site is covered with native xeric plants with low water demands
such as Artemisia ordosica, a sub-shrub vegetation and Salix psammophila, a shrub
vegetation, sparsely vegetated (Fig. 2a). They constitute the main vegetation in Mu Us
Sandy Land (An et al., 2011), and are adapted well to semiarid and arid sites. Accord-
ing to our observations around the flux tower in 14 June 2011, the maximum root depth5

of the native sparse vegetation was approximately 160 cm. Xiao et al. (2005) studied
that the growing season of Artemisia ordosica and Salix psammophila spanning from
late April to late September. In our study, we regarded the time range from 1 May to
30 September in each year as vegetation growing season. On 15 August 2011 and 7
September 2011, we did surveys about vegetation with randomly selected 7 samples10

around the flux tower (5×500cm×500cm and 2×1000cm×1000cm), and found that
the measured vegetation coverage was 28.2 and 27.9 %, respectively.

At the end of June 2012, the natural native vegetation around the east area of flux
tower began to be cut off by human activities (Fig. 2b), converting the land use type
from sparse shrubland to bare soil, with the planning of replanting economical crops15

for grazing in the future. And with time, the area that have suffered land use change
was gradually becoming larger. This activity provided a unique opportunity to study
the effects of land use change on ET. Our study period was from 1 July 2011 to 30
June 2014, separating into three periods: 1 July 2011 to 30 June 2012 (2011–2012)
was the first period with the initial land use condition; 1 July 2012 to 30 June 201320

(2012–2013) was the second period with land use condition starting to change with the
vegetation being cut-off by human activities; 1 July 2013 to 30 June 2014 (2013–2014)
was the third period with land use condition still changing and the area of land use
change is much larger than in 2012–2013.
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2.2 Measurements

2.2.1 EC system

Net exchange of water vapor between atmosphere and canopy at this site is measured
by the eddy-covariance (EC) flux measurements, which assess the fluxes of land–
atmosphere (such as water and energy) and now are collected at several sites across5

the world as a part of FLUXNET system (Baldocchi et al., 2001). The data are essential
for the estimation of the water and energy balance (Franssen et al., 2010). At our ex-
perimental site, EC system is installed at a height of 7.53 m above the ground surface,
using CSAT3 three-dimensional sonic anemometers (Campbell Scientific Inc., Logan,
UT, USA) for wind and temperature fluctuations, a LI-7500A open-path infrared gas10

analyzer (LI-COR, Inc., Lincoln, NE, USA) for water vapor, and a CR5000 (Campbell
Scientific Inc., Logan, UT, USA) data logger for data transmission.

2.2.2 Meteorological measurements

Net radiation (Rn) is measured by a net radiometer (CNR-4; KIPP&ZONEN, Delft, the
Netherlands), including four radiometers measuring the incoming and reflected short-15

wave radiation (RS), and incoming and outgoing long-wave radiation (RL). Wind speed
and direction (05103, Young Co. Traverse City, MI, USA) are measured at 10 m above
the ground surface. Precipitation (P , mm) is recorded with a tipping bucket rain gauge
(TE525MM; Campbell Scientific Inc., Logan, UT, USA) installed at a height of 0.7 m
above the ground surface. Air temperature (Ta) and relative humidity (RH) are mea-20

sured by a temperature and relative humidity probe (HMP45C; Campbell Scientific Inc.,
Logan, UT, USA) at a height of 2.6 m above the ground surface. Soil water content (θ)
is measured by Time Domain Reflectometry (TDR) sensors (CS616; Campbell Scien-
tific Inc., Logan, UT, USA), soil temperature (Ts) is measured by thermocouples (109;
Campbell Scientific Inc., Logan, UT, USA), and soil heat flux (G) is measured by heat25

flux plates (HFP01SC; Campbell Scientific Inc., Logan, UT, USA) at a depth of 0.03 m
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below the ground surface. These ground variables (G, θ, Ts) are measured beneath
the surface at two profiles (1) a plant canopy patch and (2) a bare soil patch. θ and Ts
are measured at depths of 5, 10, 20, 40, 60, 80, 120, 160 cm below the ground surface.
Groundwater table is measured by an automatic sensor (CS450-L; Campbell Scientific
Inc., Logan, UT, USA), which is installed in a groundwater well close to the tower.5

2.3 Data and methodology

2.3.1 Flux data processing

The half-hourly latent heat flux (λET) data were calculated by EddyPro (www.licor.com/
eddypro), which is widely used because it is comprehensive, freely available and use-
friendly (Fratini et al., 2014). The available flux data sets were filtered for spikes, instru-10

ment malfunctions, and poor quality, according to the following criteria (Papale et al.,
2006): (1) incomplete half-hourly measurement, mainly caused by power failure or in-
strument malfunction; (2) rainy events; and (3) outliers caused by occasional spikes
for unknown reasons. The ratio of data removed through this screening procedure is
17.3 % in 2011–2012, 20.2 % in 2012–2013 and 16.5 % in 2013–2014.15

Daily averaged flux data were calculated by firstly gap-filled half-hourly data. Linear
interpolation is used to fill gaps less than 1 h by calculating an average of the values
immediately before and after the data gap. Larger gaps (gaps more than 1 h but less
than 7 days) in flux data are replaced by average values using mean diurnal variation
(MDV) methods (Falge et al., 2001). This method is adopted by FLUXNET for standard-20

ized gap-filling. We found the daily mean λET had the best correlation with daily mean
available energy (Rn−G) rather than other environmental variables such as vapor pres-
sure deficit (VPD) and NDVI. Therefore, for some large gaps more than 7 days in daily
mean λET, we simulated the relationship between daily mean λET (y) and daily mean
available energy flux (x = Rn −G) in each period (y = f (x)). Then used the simulated25

function f to estimate daily mean λET. We chose the function f with the highest coef-
ficient of determination (R2) in each period (Yan et al., 2013). The function f of each
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period is y = 0.0014x2 +0.0746x+10.69 (R2 = 0.60), y = 0.012x2 +0.0559x+17.69
(R2 = 0.45), and y = 0.0014x2 +0.16x+13.244 (R2 = 0.56), respectively. Large gaps
of more than 7 days did occur in the winter.

2.3.2 Footprint model

In order to determine the contributing source area of flux at our study site, scalar flux5

footprint model was used. Heish et al. (2000) has proposed an analytic model that
accurately described the relationship between footprint, observation height, surface
roughness, and atmospheric stability. The footprint fetch Ff is calculated from Heish
et al. (2000),

Ff/Zm = D/(0.105×k2)Z−1
m |L|1−QZQu (1)10

where k is the von Karman constant (0.40), D and Q are the similarity constants (stable
conditions: D = 0.28, Q = 0.59; near neutral and neutral conditions: D = 0.97, Q = 1;
unstable conditions: D = 2.44, Q = 1.33), L is the Obukhov Length, Zm is the height of
instrument, and it is in a range of 2 to 20 m, Zu is defined as Heish et al. (2000),

Zu = Zm(ln(Zm/Z0)−1+Zm/Z0) (2)15

where Z0 is the height of momentum roughness, and it ranges from 0.01 to 0.1 m.

2.3.3 Methods of analyzing controlling factors on ET

In this study, we considered that potential evapotranspiration (ETP), vegetation con-
dition and soil water content were the three main parameters controlling ET. This is
consistent with the method proposed by FAO Irrigation and Drainage Paper No. 5620

(FAO-56),

ET = ETP × f (vegetation)× f (soil water) (3)
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where f (vegetation) is the coefficient or function which reflects the vegetation condition,
and f (soil water) is a coefficient or function that related to soil water content. FAO-
56 has used a crop coefficient to reflect the vegetation condition, which has a linear
relationship with NDVI (Lei et al., 2012). Soil water stress (S) has been widely used
as a factor that reflects the soil water condition (Hu et al., 2006). Since our study is5

intended to analyze the controlling factors on ET, instead of accurately estimate ET,
Eq. (3) is simplified as,

ET = ETP · f (NDVI) ·S. (4)

ETP (mmday−1) was estimated using Eq. (4.2.30) from handbook of hydrology
(Maidment et al., 1992),10

ETP =
∆

∆+γ
(Rn −G)+

γ
∆+γ

6.43(1+0.536U2)VPD

λ
(5)

where ∆ is the slope of saturation vapor-pressure-temperature curve (kPa ◦C−1); γ is
the psychrometric constant (kPa ◦C−1); U2 is the daily mean wind speed at a height of
2.0 m (ms−1); VPD is the difference of the mean saturation vapor pressure (es, kPa)
and actual vapor pressure (ea, kPa).15

In our study, Moderate Resolution Imaging Spectroradiometer (MODIS)-NDVI data
were used to represent vegetation phenology. The MODIS-NDVI is sufficiently sta-
ble to reflect the seasonal changes of any vegetation (Huete et al., 2002). Daily
NDVI value was calculated by daily MODIS/Terra Surface Reflectance (at 250 m)
data because of its high resolution (Lei et al., 2012). In this study, we chose the20

daily MODIS/Terra Surface Reflectance (at 250 m) data within the footprint source
area for calculation. MODIS/Terra Surface Reflectance was downloaded from reverb
(http://reverb.echo.nasa.gov) in the range from 1 July 2011 to 30 June 2014. MODIS
Reprojection Tool (MRT) (Kalvelage and Willems, 2005) was used to reject the daily
MODIS/Terra Surface Reflectance data to the Universal Transverse Mercator (UTM).25
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MODIS/Terra Surface Reflectance is a seven-band product, which is found in the
MOD09 series, providing MODIS surface reflectance bands 1 and 2 (at 250 m) for
daily NDVI,

NDVI =
bands2−bands1
bands2+bands1

. (6)

In order to eliminate the poor quality data values caused by rain and cloud events, the5

estimated daily NDVI data stack need to be firstly filtered to remove anomalous hikes
and drops (Lunetta et al., 2006). Hikes and drops were eliminated by removing the
values that suddenly decreased or increased, and then smoothing spline was used to
produce a smoother profile.

Soil water content has a stress on evapotranspiration, and it can be described in10

three stages, stage 1: the soil water is enough to satisfy the potential evaporation rate
(S = 1); stage 2: the soil is drying and water availability limits ET (0 < S < 1); and stage
3: the soil is dry and it can be considered negligible (S = 0) (Idso et al., 1974). We used
daily mean soil water content of the root depth (θr) and soil surface (θs) to estimate S
by the following expression (Hu et al., 2006),15

S =


1 θ > θw

0 θ < θw
θ−θw
θk−θw

θw ≤ θ ≤ θk
(7)

where θw is the wilting value, θk is the stable field capacity which is considered to be
equivalent to 60 % of the field capacity (Lei et al., 1988; Wang et al., 2008). In this study,
θr and θs were calculated by actual measured soil water content at different depths, θr

(m3 m−3) is the mean soil water content from surface to the depth of 160 cm (root zone),20

and was calculated by:

θr =
0.5[10θ5 +15θ10 +30θ20 +40(θ40 +θ60)+60θ80 +80θ120 +40θ160]

160
. (8)
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θs (m3 m−3) is the mean surface soil water content (0–10 cm), and was calculated by
(Moran et al., 2009),

θs =
θ5 +θ10

2
. (9)

Site-averaged soil water content of each depth (θi ; i = 5, 10, 20, 40, 60, 80, 120, and
160) was calculated by taking the weighted mean values of the canopy and bare sur-5

face measurements by the percent cover at each depth,

θi =M ×θi ,c + (1−M)×θi ,b (10)

where θi ,c and θi ,b refer to the measured soil water content of canopy patch and bare
soil patch at the depth of i cm (some results of past researchers have figured out that
if only one single soil water content (θi ,c or θi ,b) was used, it would yield an error of10

roughly 25 %, Kustas et al., 2000), M is the monthly mean vegetation coverage, and
calculated by monthly mean NDVI values (Gutman and Ignatov, 1998),

M = (NDVI−NDVImin)/(NDVImax −NDVImin) (11)

where NDVImax is the maximum value when the surface is all covered by vegetation,
and we chose 0.8, while NDVImin is the minimum value when the soil surface is covered15

by nothing and we chose 0.05 (Gutman and Ignatov, 1998). The calculated monthly M
was validated to be in accordance with the actual measured vegetation coverage in our
study site.

3 Results

3.1 Footprint and energy balance closure20

Based on the footprint model, we got the half-hourly scatter data of footprint fetch
(Eq. 2), and according to the wind rose (Fig. 3a), the main and strong wind direction in
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this site were northwest and southeast, so we chose an ellipse to enclose the scatters
and simulated the footprint (Fig. 3b). The long axis of the simulated ellipse is 1682 m,
and the short axis is 1263 m. The footprint is validated as there are 93 % half-hourly
flux data within the ellipse under unstable conditions.

The black line of Fig. 3b is the simulated ellipse, and the source area within the el-5

lipse is the footprint of the flux tower. The background is the MODIS/Terra Surface Re-
flectance (250m×250m) on 3 January 2011. Square white dots were actual measured
on 25 October 2013, and the white line is the boundary of total area that encountered
land use change until 25 October 2013. We assigned the area within the footprint that
have not encountered land use change over the three periods as zone A, and the other10

area that have encountered land use change as zone B. Although the area of zone B is
changing with time, in our study, it is estimated as a fixed value as shown in Fig. 3b. In
zone A, there are 11 pixels (250m×250m), while there are 19 pixels (250m×250m)
in zone B, so in the following part of calculating the weight-averaged NDVI (NDVIw) of
footprint, we chose the weighted coefficient as β = 11/(11+19).15

In order to validate EC measurements and examine the quality of flux data, we used
daily mean flux data of 2011–2012 to estimate the linear regression between available
energy (Rn−G) and the sum of surface fluxes (λET+H). The linear regression yielded
a slope ∼ (0.87), an intercept of −1.42 Wm−2, and R2 of 0.82. These indicators indi-
cated that the measurements at our experimental site provided reliable flux data, and20

that the EC measurements underestimated the sum of surface fluxes to the extent of
13 %. A lot of researchers have investigated the energy imbalance (Barr et al., 2006;
Wilson et al., 2002; Franssen et al., 2010), and they all thought it was difficult to ex-
amine the exact reasons leading to the imbalance. In our study, the inhomogeneous
surfaces is thought to be an important reason.25
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3.2 Characteristics of environmental variables

A brief summary of the key environmental variables will be presented in this section.
The seasonal and inter-annual characteristics of monthly mean Ta, relative humidity
(RH), sunshine duration (DS), P (Fig. 4), and NDVI (Fig. 5a and b) were analyzed.

Monthly mean Ta during the three study periods are around the climatological nor-5

mal (1954–2012), sharing higher values in summer (June–August) and lower values in
winter (December–February of next year). Annual mean Ta of 2012–2013 and 2013–
2014 are 8.5 and 8.9 ◦C, respectively, and they are both a little higher than the normal
(8.4 ◦C). While annual mean Ta of 2011–2012 is 7.6 ◦C, which is a little lower than 8.4 ◦C.
Mean Ta in monsoon season in each study period is 19.0, 19.2, and 19.7 ◦C, respec-10

tively, and they are all a little lower than the normal (20.2 ◦C). Higher RH is measured
in August and lower RH is in April. Annual mean RH of 2011–2012 is 56.9 %, which is
above the normal (55.3 %). However, annual mean RH in 2012–2013 and 2013–2014
are 48.0 and 49.3 %, and they are both lower than 55.3 %. Mean RH of monsoon sea-
son is 65.3 % in 2011–2012, 64.4 % in 2012–2013, 65.5 % in 2013–2014, and they are15

all nearly the same as that of 1954–2012 (65.3 %). Seasonal DS has the same trend
with Ta. Daily mean DS of monsoon season in each year are basically the same (8.1 h
in 2011–2012, 8.5 h in 2012–2013, and 8.2 h in 2013–2014), and they are all above
the normal (8.0 h). There are 94 rainy days in 2011–2012, 75 rainy days in 2012–2013,
and 72 rainy days in 2013–2014. The total P of each year is 486.8, 484, and 453.3 mm,20

respectively, which are all above the normal (401.7 mm).
Seasonal NDVI curve in each year represents the process of vegetation phenology.

The seasonal NDVI curve has a single peak value in each year (Fig. 5). In early May
when daily NDVI begin to increase, native vegetation of the study site begins to enter
the growing season, reaching the maximum value (0.28±0.01) in July or August, and25

then decreasing. In winter, daily NDVI basically stays at a constant value (0.13±0.01).
For zone A (Fig. 5a), the peak values of each year are the same (0.28±0.01) because
the land use condition is not changed. While for zone B (Fig. 5b), the peak values
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decline year by year (0.28, 0.25, and 0.16) due to the native vegetation being cut-off by
human activities. The mean NDVI in growing season of each period in zone A are all
0.24, while in zone B, the mean NDVI are 0.25 of 2011–2012, 0.20 of 2012–2013, and
0.15 of 2013–2014. In 2012–2013 and 2013–2014, compared with zone A, NDVI in
zone B had a sustained downward trend, which was due to land use change by human5

activities, rather than due to inter-annual phenological change. As time went on, some
places in zone B that encountered the land use change earlier had come up with some
ruderal, which contributed to the consequence that the maximum NDVI value of the
third single-peak curve was slightly more than NDVI value of bare soil.

3.3 Phenological change controls on ET10

Seasonal curve of ET in each year has a single peak value (Fig. 6a), with the higher
ET appearing mostly in summer while the lower appeared in winter. The mean ET in
summer of the whole three periods is 1.9 mmday−1, and in winter, it is 0.4 mmday−1.
The daily mean ET is in a range from 0.002 to 5.8 mmday−1 during the three periods,
the highest daily mean ET appeared on 30 June 2014, which was the day after a rainfall15

event of 14.8 mm. ET increases after rainfall events, because after rainy days, evapora-
tion is much higher and accounts for most of evapotranspiration; the lowest value was
on 28 November 2012, which was in the frozen period (late November to early March
in our study site).

The NDVIw (Fig. 6c) is estimated by NDVIw = NDVIA ×β+NDVIB × (1−β), where20

NDVIA, and NDVIB are NDVI values of zone A and zone B; β is the weighted coefficient
(β = 11/30). NDVIw (Fig. 6c) has one peak value in each year as well as the curves
of NDVIA and NDVIB. However, ETP (Fig. 6b) has two peak values in summer of 2013,
while only one peak value appeared in 2012. During the three periods, ETP was in
the range of 0.16 mmday−1 that appeared in winter to 18 mmday−1 that appeared in25

summer. Ss and Sr (Fig. 6d) increase rapidly in response to heavy and weak rainfall
events of more than 5 mma day, and also decrease rapidly one or two days later after
rainfall events, especially Ss. During late November to early March, there is a frozen
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period of this site, and soil water content is below the wilting point, thus in this period
Ss and Sr were both very small. The mean values of ETP, NDVIw, Ss and Sr in summer
of the whole three years were 7 mm, 0.22, 0.62, and 0.60, respectively, while in winter,
they were 2 mm, 0.13, 0.03, and 0.12, respectively.

In order to figure out the major seasonal factor that control ET at our study site, the5

correlations between ET and the three factors (ETP, NDVIw, S (Ss and Sr)) are analyzed
and are shown in Fig. 7a–d) by daily mean data in 2011–2012. Data in rainy days
and frozen days are removed, because in rainy days, ET is gap-filled instead of real
measured. And in frozen days, native vegetation is withered with no transpiration and
soil water is in frozen status with less evaporation. Partial correlations and significant10

T test were calculated to evaluate the degree of correlation.
The partial correlation coefficients (PCC) between ET and NDVIw (PCC= 0.72), PET

(PCC= 0.61) are both larger than 0.355 (r0.05), indicating that ET had an obvious lin-
ear relationship with NDVIw (p < 0.05) and ETP (p < 0.05). PCC between ET and Ss
(0.23) is much better than Sr (0.06), although they are both less than 0.355. The linear15

correlations between ET and NDVIw (Fig. 7a), ETP (Fig. 7b) both pass the 95 % t test
confidence level, while the significant t values of linear relations between ET and Ss,
Sr are both not significant at the 95 % level, R2 are also very small (R2 < 0.1).

To better quantify the effects of phenological process on ET, daily mean ET and
NDVIw in 2011–2012 are analyzed (Fig. 8), because in 2011–2012, the native vege-20

tation is not destroyed. The normalization parameter (α =ET/(ETP ×S)) is adopted as
a measure for studying the control of daily ET by vegetation condition at our experimen-
tal site. It is determined primarily by vegetation condition. Guo et al. (2000) have found
that in Mu Us Sandy Land, when after the total rain is less than 25 mm, the water would
not infiltrate fully into the root zone of shrub vegetation and it would be consumed as25

evaporation (E ) from surface soil. In order to accurately describe the controlling de-
gree of vegetation phenological change on ET, we removed the daily data that when
antecedent rainfall was less than 25 mm.
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Linear regressions are found between αr (αr =ET/(ETP ×Sr)) and NDVIw (Fig. 8a),
and the same as between αs (αs =ET/(ETP ×Ss)) and NDVIw (Fig. 8b). We used the
slopes of linear regressions to evaluate the controlling degree between ET and phe-
nological process. The ratio of αs/NDVIw is 1.84, approximately equals to αr/NDVIw
(1.82), the regression between αr and NDVIw has somewhat more scatter (R2 = 0.52)5

than the equivalent regression between αs and NDVIw (R2 = 0.63). The two regres-
sions stated the direct positive relationship between NDVIw and normalized ET, which
indicated that when NDVIw increased one unit, it would contribute normalized ET to
increase about 1.83±0.01 units. R2 of the two linear regressions after normalized are
both higher than R2 of un-normalized regression (R2 = 0.48), and the increase in nor-10

malized ET is obviously associated with landscape NDVIw.

3.4 Land use change controls on ET

During the three years, part of the land use condition within the footprint was changed
from sparse vegetation to bare soil because of the native vegetation being cut-off by
human activities. Accompanied by the change of land use condition, ET was gradually15

observed to be increasing (Table 1). The annual mean daily ET was 1.02 mmday−1

in 2011–2012, 1.14 mmday−1 in 2012–2013, and 1.33 mmday−1 in 2013–2014. The
mean daily ET of growing season in 2011–2012 was 1.7 mmday−1, 1.8 mmday−1 in
2012–2013, and 2.1 mmday−1 in 2013–2014. Mean S in each year were basically at
the same level (Ss: 0.49±0.02 ; Sr: 0.45±0.01), and the same as in the growing season20

of each year. Compared to 2011–2012 (4.3 mmday−1), daily mean ETP in 2012–2013
increased 1.0 mmday−1, and it increased 0.9 mm day−1 in 2013–2014. M gradually
decreased due to the vegetation cut-off by human activities. In the growing season of
2013–2014, M had a reduction of 11 % comparing to 2011–2012 with no vegetation
being cut-off. In order to eliminate the influence of phenological change on ET, we25

chose July–September of each period to analyze the correlations between ET and
land use change. Daily data in rainy days is also removed.
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Quantitative result in July–September of each year is shown in Fig. 9. αr (30.6) and
αs (30.3) of July–September in 2012–2013 increased by 3.3 and 3.4 comparing to
2011–2012, while in 2013–2014, αr (37.6) and αs (35.8) increased by 10.3 and 8.9.
The impacts of land use change on ET are more evident in 2013–2014 because of the
much bigger area of land use change. According to the linear regressions, when the5

vegetation coverage was decreased by 1 % by the sudden human activities, normalized
ET at our experimental site would be led to an increase of 0.8 ∼ 0.9.

4 Discussion

4.1 Implications of the impacts of phenological change on ET

The correlations between ET and its controlling factors infer that at our experimental10

site, ETP and NDVIw are the primary factors that influence the seasonal variation on ET.
However, S, especially Sr, has no significant effect on ET. In our study, the relationship
between normalized ET and daily NDVIw (Fig. 8) indicates that at our study site, sea-
sonal ET is mainly determined indirectly by the amount of greenness at the seasonal
scale, rather than water supply from soil moisture directly. This result further implies15

that vegetation acts as a buffer of dramatic soil moisture variability in this semiarid
region.

Various studies have tested the relationships between phenological change and ET,
and these results generally showed consistent and positive linear relationships. How-
ever, in different vegetation ecosystems, phenological change is reported to have ef-20

fects on ET in different degrees (Xu et al., 2008). For example, stronger linear regres-
sions between phenological change and ET were found in several forests and non-
irrigated cropland (slopes of linear regressions> 30) (Running et al., 1988; Loukas
et al., 2005). Kondoh et al. (1995) have demonstrated that phenological change had
a strong influence on ET in a grassland at Kendall, Arizona (slope of the linear re-25

gression= 14.2). For high vegetation cover ecosystems such as forests and dense
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grassland, phenological change has a strong and significant control on ET. However, in
low vegetation cover condition such as sparse shrubland in this study, the relationship
between ET and seasonal vegetation change was thus positive but relative weak.

The positive effect of phenological change on ET indicates that normalized ET will
have been led to increase by the rate of 1.83±0.01 with NDVI was increasing. If ETP5

keeps stable and vegetation is greening (Xin et al., 2008), the increase in normalized
ET rates suggests more water consumption and results in aggravating the water defi-
ciency of north Loess Plateau during the past 30 years, contributing to the formation of
more dried soil and more severe soil desiccation in the future.

4.2 Effects of land use change on ET10

Vegetation coverage gradually decreased during the three periods because of the veg-
etation cut-off by human activities. The analysis (Fig. 9, Table 1) showed that when
the mean M of monsoon season over the three periods changed from 27 to 16 %,
αr increased from 27.3 to 37.6 (αs: 26.9–35.8), and annual total ET increased from
375 to 478 mm, indicating that at our experimental site, land use condition converted15

from native sparse distributed vegetation to bare soil leads to an increase in ET. Li
et al. (2009) have concluded that semiarid shrubland may produce more ET only when
the vegetation coverage is above a certain threshold. However, when the vegetation
coverage is under the threshold, ET might increase, and this finding corroborated the
results of our research. There is general consensus that soil evaporation (E ) increases20

with increase of bare soil (Kurc and Small, 2004), and canopy transpiration (T ) declines
with decrease of vegetation coverage (Mahfouf et al., 1996), while ET is the sum of E
and T that increased with more bare soil than before, implying that at the experimental
site, E accounted more of total ET than T over three study periods. Some previous
researchers have confirmed that in low dense cover ecosystems, E took the larger25

portion than T (Kurc and Small, 2004; Zhang et al., 2005; Mu et al., 2007; Holm et al.,
2003; Huxman et al., 2005).
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Accompanied by land degradation, more area of bare soil has been exposed, which
would increase soil erosion in the exposed area and contribute to further degradation
of the north Loess region (Ludwig et al., 2005). The north Loess Plateau is becoming
fragile (Liang et al., 2008) under the drying and warming condition due to its steep land-
scape, low vegetation coverage and seriously erodible loess soil (Ma and Fu, 2006).5

This increase ET contributed from land degradation by human activities may also ag-
gravate the soil desiccation in the north Loess region, depleting soil resources seriously
and degrading the regional environments. In the future, land use condition of zone B will
be converted to grazing land for sheep and cattle. However, several researchers have
suggested that the native vegetation would possibly reduce more soil erosion than the10

introduced economical vegetation for grazing (Wang et al., 2011). Because the native
sparse vegetation in the Loess Plateau consumes less soil water (Yang et al., 2014).
Therefore, optimizing land use structure of the north Loess Plateau may promote the
sustainable environmental development by effectively controlling soil desiccation. On
the basis of understanding the impacts of land use change on ET, more effective ap-15

proaches should be implemented when applying to control soil desiccation in north
Loess Plateau, thus to maintain the environmental balance and sustainable regional
development.

5 Conclusion

In this study, seasonal and inter-annual features of ET were analyzed. The daily mean20

ET was in a range from 0.002 to 5.8 mmday−1 during the three periods, and during the
three study years. ETP and NDVIw were the primary factors that influence the seasonal
variation in ET, while S, especially Sr, had no significant effect on ET. Phenological
change had a positive effect on ET, and normalized ET increased at a rate of 1.83±0.01
with the vegetation greening. When land degraded because of sparse vegetation being25

cut-off by human activities during the three years, annual total ET was observed to
increase from 375 mm of 2011–2012 to 478 mm of 2013–2014. Our study suggested
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that both vegetation greening and land degradation may aggravate the soil desiccation
in the north Loess Plateau.
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Table 1. Typical values of total evapotranspiration (ET), total potential evapotranspiration (ETP),
mean vegetation coverage (M), and soil water stress of surface (Ss) and root zone (Sr) in each
period and in growing season of each period.

Periods ET ETP M Ss Sr
(mm) (mm) (%) (dimensionless) (dimensionless)

Annual 2011–2012 375 1564 19 0.49 0.45
(1 Jul–30 Jun) 2012–2013 417 1941 16 0.50 0.46

2013–2014 478 1912 13 0.47 0.45

Growing season 2011–2012 260 945 26 0.65 0.61
(1 May–30 Sep) 2012–2013 275 1092 21 0.67 0.63

2013–2014 321 983 15 0.63 0.61
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Figure 1. Location of the Loess Plateau and the map of study site (LP: the Loess Plateau; black
triangle: flux tower; white triangle: Yulin meteorological station; ➀: Tu River; ➁: Yuxi River; ➂:
Yellow River).
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Figure 2. Land use conditions of the study site over the Loess Plateau: (a) the area that has
not encountered land use change (photo was taken at 11 September 2014); (b) the area that
has encountered land use change (photo was taken at 4 July 2014).
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Figure 3. Diagram of wind rose and footprint (a) wind rose of study site by using half-hourly
wind speed and wind direction data; (b) simulated footprint by ellipse (the long axis is 1682 m,
and the short axis is 1263 m; zone A is the area that have not encountered land use change,
while zone B is the area that have experienced land use change by human activities; white
triangle is the flux tower).
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Figure 4. (a) Monthly mean temperature (Ta) at the experimental site of each year and clima-
tological normal (1954–2012 climatological normal in Yulin meteorological station); (b) monthly
mean relative humidity (RH) at the experimental site and climatological normal; (c) monthly to-
tal sunshine duration (DS) at the experimental site and climatological normal; (d) monthly total
precipitation (P ) at the experimental site and climatological normal.
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Figure 5. The curves of daily NDVI in (a) zone A and (b) zone B from 1 July 2011 to 30
June 2014 in the source area.
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Figure 6. Seasonal characteristics of daily mean evapotranspiration (ET, mm; ET_7 is the
7 days moving average values of ET), potential evapotranspiration (ETP, mm; ETP_7 is the
7 days moving average values of ETP), weight-averaged NDVI (NDVIw), and soil water stress
(S) of surface (Ss) and root zone (Sr) during 1 July 2011–30 June 2014.
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Figure 7. The correlations between daily mean evapotranspiration (ET, mm) and its controlling
factors: (a) daily mean potential evapotranspiration (ETP, mm); (b) daily weight-averaged NDVI
(NDVIw ); (c) daily mean soil water stress of surface (Ss) and (d) daily mean soil water stress of
root zone (Sr) in 2011–2012 excluding the data in rainy days and in frozen period (r : Pearson’s
correlation significance; T : T test significance; P : Partial Correlation analysis).
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Figure 8. Linear regressions between vegetation phenological change (NDVIw ) and normalized
ET (αr =ET/(ETP ×Sr), αs =ET/(ETP ×Ss)) in 2011–2012 by excluding the data in rainy days
and frozen days.
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Figure 9. Quantitative analysis between land use change (M) by human activities and ET
(αr =ET/(ETP ×Sr), αs =ET/(ETP ×Ss)) in July–September of each period.
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