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A Study of Shelterbelt Transpiration and Cropland
Evapotranspiration in an Irrigated Area in

the Middle Reaches of the Heihe River
in Northwestern China

Chen Qiao, Rui Sun, Ziwei Xu, Lei Zhang, Liangyun Liu, Lvyuan Hao, and Guoqing Jiang

Abstract—The transpiration from shelterbelts and the evap-
otranspiration (ET) from cropland (maize and vegetables) and
orchards (apple) in an irrigated area in the middle reaches
of the Heihe River, China, were estimated using a modified
Penman–Monteith (P-M) formula and airborne remote sensing
data. The results were compared to the shelter transpiration re-
sults obtained from measurements of sup flow in tree trunks made
with thermal dissipation probes and the latent heat fluxes observed
by the eddy covariance technique at flux towers in croplands.
The modified P-M formula was found to be an effective means to
estimate not only the cropland and orchard ET but also the shelter
transpiration. The seasonal variation of shelterbelt transpiration
was smaller than those of cropland and orchard ET. Estimates of
ET made using the P-M formula along with the remote sensing
data showed that 9.9%, 3.1%, and 87.0% of the total ET were
allotted to shelterbelts, apple orchards, and cropland, respectively.

Index Terms—Evapotranspiration (ET), remote sensing, shel-
terbelt, transpiration, vegetation.

I. INTRODUCTION

TRANSPIRATION from shelterbelts is an important part
of water consumption in the oases in northwest China.

Quantitative estimation of the transpiration from plant leaves
and the evaporation from soil surfaces in an irrigated area,
especially in oases in arid regions, is useful for the management
of the limited water resources. Transpiration plays an important
role in energy and water exchanges between the land sur-
face and the atmosphere. Evapotranspiration (ET) includes soil
evaporation and canopy transpiration, and it plays an important
role in energy and water exchange between the land surface and
the atmosphere. Approximately 70% of the precipitation that
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reaches the Earth’s surface returns to the atmosphere through
ET action, and in arid areas, the amount can be as high as
90% [2].

With the development of remote sensing technology, esti-
mation models of regional ET have been developed in the
past three decades, including statistical models [3], [4], the
energy balance residual method [5], the Normalized Difference
Vegetation Index (NDVI) and the surface temperature space [6],
[7], the 4-D data assimilation method [8], [9], and those from
studies that estimated ET by combining remote sensing data
with the traditional ET method [10]–[14].

Airborne remote sensing can provide high spatial resolution
reflectance data and detailed land cover information, such as the
presence of shelterbelts, which is helpful in estimating the water
consumption of shelterbelts. In this letter, we used airborne
remote sensing data and meteorological data to estimate daily
transpiration and ET in the irrigation area in the middle reaches
of the Heihe River. The results were compared with thermal dis-
sipation probe (TDP) observations and flux tower observations.
In addition, we analyzed the patterns of shelterbelt transpiration
and the differences between the shelterbelt and other vegetation
types.

II. DATA AND METHODS

A. Study Area and Data

The study area is located in the irrigated area in the middle
reaches of the Heihe River in northwestern China (Fig. 1),
which covers approximately 0.14 million km2 and is predomi-
nantly composed of alpine regions and arid areas. The climate
belongs to a typical temperate continental climate, with an
annual average temperature of 7.6 ◦C and an annual rainfall
of 113.8 mm. “The Multi-Scale Observation Experiment on
Evapotranspiration over heterogeneous land surfaces 2012” in
“Heihe Watershed Allied Telemetry Experimental Research”
(HiWATER-MUSOEXE) [15], [16] project was conducted
from June to September 2012. The observations in the experi-
ment included the climate data, the heat flux from different land
covers, and the sap flow rates of the trees in the shelterbelts.
Our study area was in the core area of HiWATER-MUSOEXE.
There are five heat flux observation sites (EC-6, EC-8, EC-15,
EC-16, and EC-17) and three thermal dissipation sap flow probe
(TDP) sites in our study area. The EC-6, EC-8, EC-15, and
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Fig. 1. Location and land cover map of the study area.

EC-16 heat flux sites were in maize fields, and EC-17 was in
an apple orchard. The methods of data processing and quality
control for the heat flux data are presented in [17].

During the observation periods (from June 14 to September
20), there were 26 rainy days. The total rainfall was 103.1 mm,
with 31.1, 47.1, 24.5, and 0.4 mm in June, July, August, and
September, respectively. The mean air temperatures at EC-6,
EC-8, EC-15, EC-16, and EC-17 were 19.80, 19.72, 19.96,
20.06, and 19.30 ◦C, respectively.

The airborne remote sensing data were acquired by the
Compact Airborne Spectrographic Imager (CASI 1500, ITRES
Company, Canada) on June 29, 2012. There are 48 channels on
the imager, and the spectral band coverage range is from 382.5
to 1055 nm. The spatial resolution of the imager is 1 m, and the
spectral resolution is 7.2 nm. After atmospheric correction with
6s software, the ground and atmospheric synchronous measure-
ment data and the surface reflectance, including albedo prod-
ucts, were produced from the CASI data [18]. The Simple Ratio
Vegetation Index (SR) was derived from the red reflectance (ρr)
and near infrared reflectance (ρnir) data (SR = ρr/ρnir). The
land cover map was also produced from the CASI image [18],
with an overall classification accuracy of 91.6%. The land cover
in the study area consists of trees, which are mainly Populous
gansuensis and form shelterbelts on the roadside and the edge
of plots, cropland cultivated with maize and vegetables, and
apple orchards.

B. ET Estimation Method

Zhang et al. [1] developed a modified Penman–Monteith (P-
M) approach to estimate global long-term daily ET with biome-
specific canopy conductance. We used this method to estimate
the daily evaporation and transpiration in the study area.

In this ET formula, the net radiation Rn (in watts per square
meter) is calculated using

Rn = Rns +Rnl = (1− α)RS↓ +Rnl (1)

where Rns is the net shortwave radiation, Rs↓ is the incoming
shortwave radiation, a is the albedo of the surface, and Rnl is
the net long-wave radiation. The incoming shortwave radiation

and the net longwave radiation observed at the flux towers and
the CASI albedo were used to estimate the net radiation.

The ET was divided into canopy transpiration and soil evap-
oration. The available energy for ET (A in watts per square
meter) is determined as the difference between Rn and the
soil heat flux (G in watts per square meter). Because the soil
heat flux is approximately zero on the daily scale, we neglected
the soil heat flux during the estimation of the daily ET and
transpiration in this study.

The A term is then linearly partitioned into the available
energy components for the canopy (ACanopy in watts per square
meter) and the soil surface (ASoil in watts per square meter)
using the fractional vegetation cover (fc), such that

ACanopy =A× fc (2)

ASoil =A× (1− fc) (3)

The P-M equation is used to calculate the vegetation transpi-
ration as

λECanopy =
ΔACanopy + ρCpVPDga

Δ+ γ(1 + ga/gc)
(4)

where λECanopy (in watts per square meter) is the latent
heat flux of the canopy, λ (joules per kilogram) is the latent
heat of vaporization, Δ (in pascals per kelvin) is the slope
of the curve relating the saturated water vapor pressure to the
air temperature, ρ (in kilograms per cubic meter) is the air
density, Cp (in joules per kilogram kelvin) is the specific heat
capacity of air, VPD (in pascals) is the vapor pressure deficit,
ga (in meters per second) is the aerodynamic conductance, γ
(in pascals per kelvin) is the psychrometric constant, and gc
(in meters per second) is the canopy conductance.

Zhang et al. [1] estimated canopy conductance using the
normalized vegetation index (NDVI). However, the NDVI will
saturate at higher vegetation covers, which might underestimate
the canopy conductance when the leaf area index (LAI) is
higher. Kelliher et al. [20] developed an expression for the
canopy conductance in terms of several factors, including the
maximum stomatal conductance of the leaves at the top of
the canopy gsx (in meters per second), the LAI value, and
a hyperbolic response to the absorbed shortwave radiation.
Leuning et al. [21] modified this expression to include the
response of stomatal conductance to humidity deficits. We used
this expression to estimate the canopy conductance

gc =
gsx
KQ

ln

[
Qh +Q50

Qh exp(−KQLAI) +Q50

] [
1

1 + VPD/D50

]
(5)

where gsx is the maximum stomatal conductance, Qh (in watts
per square meter) is the flux density of visible radiation at the
top of the canopy (approximately half of incoming solar radia-
tion), kQ is the extinction coefficient for shortwave radiation,
and Q50 (in watts per square meter) is the visible radiation
flux when the stomatal conductance is half its maximum value.
D50 (in pascals) is the humidity deficit at which the stomatal
conductance is half of its maximum value. The values of kQ,
Q50, and D50 vary with vegetation type and are described
in [21].
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The LAI value of the irrigation area was estimated using the
following equation [22], which was established for the same
region:

LAI = 4.46471− 11.62975 exp

(
−SR

0.91739

)
(6)

The soil evaporation is calculated as

λESoil = RH(VPD
K )ΔASoil + ρCpVPDga

Δ+ γ × ga/gtotc
(7)

where λESoil (in watts per square meter) is the latent heat flux
of soil, RH is the relative humidity of air, k (in pascals) is a
parameter to fit the complementary relationship that reflects the
relative sensitivity to VPD, and gtotc (in meters per second) is
the corrected value of the total aerodynamic conductance. The
formula is described in detail in [1].

C. Sap Flow Measurement

We utilized the TDP [23] to measure the sap flow through
the tree trunk. We selected three sites for the measurement and
selected three poplar trees in each site.

Three TDPs were inserted into each trunk at a height of
1.3 m, and each TDP had two probes. The temperature differ-
ence between the two probes was influenced by the sap flux
density in the vicinity of the heated probe. The mean sap flux
density V (in centimeters per hour) was calculated from the
following relation [23]:

V = 3600× 0.0119×
(

ΔT

ΔTm
− 1

)1.231

(8)

where ΔTm and ΔT are the temperature differences between
the two probes for the no-flow and positive xylem flow (V > 0)
conditions, respectively. ΔTm was determined by the maxi-
mum temperature difference in a day, which generally occurred
at predawn.

The total sap flow F (in cubic centimeters per hour) is
calculated in the following way:

F = A× V (9)

in which

A = π ×
[(

D

2
−ΔD

)2

−
(
D1

2

)2
]

(10)

where A is the cross-sectional area of the sapwood at the
heating probe (in square centimeters), D is the diameter of
the tree under evaluation, D1 is the pith diameter, and ΔD is
the bark thickness; the units are in centimeters. The sapwood
area was measured with an increment borer; the maximum error
was 10%.

We measured the shelterbelt area of each experimental site
and the density of the trees and then calculated the daily
shelterbelt transpiration per unit area (Q in millimeters per day)
according to the total sap flow and the shelterbelt area. The
equation used is as follows:

Q =
Fd

S
(11)

Fig. 2. Spatial distribution of (a) daily canopy transpiration and (b) daily ET
on June 29, 2012.

where Fd is the total daily sap flow and S is the corresponding
area of the shelterbelt.

III. COMPARISONS BETWEEN ESTIMATE

RESULTS AND OBSERVATIONS

Assuming no changes in the SR or surface albedo during
the ten-day period, the airborne remotely sensed CASI data
acquired on June 29, 2012, and the daily observed meteoro-
logical data were used to estimate the daily transpiration and
ET from June 25 to July 4. The ET at the build-up area was not
calculated. Fig. 2 shows the spatial pattern of the transpiration
and ET on June 29, 2012. It can be seen from the figure that
the daily transpiration ranged from 0.1 to 7.0 mm and that
the average transpiration of the study area was 5.7 mm, with
most of the data concentrated in the range from 4.7 to 6.5 mm.
Accordingly, the daily ET ranged from 0.5 to 7.5 mm, and the
average ET was 6.1 mm, with most of the data concentrated in
the range from 5.0 to 6.6 mm. The ET from the shelterbelt was
higher than that from the other vegetation types.

A. Comparison of P-M and TDP Transpiration

We determined the statistics of the average shelterbelt tran-
spiration at three TDP sites from the remote sensing estimation
results and then compared the results with the corresponding
TDP measurements from June 25 to July 4 (Fig. 3).

Fig. 3 demonstrates that the remote sensing method is ef-
fective in estimating the transpiration of the shelterbelt. The
determination coefficient between the P-M results and the TDP
observations is 0.438, and the root-mean-square error (rmse)
is 1.03 mm · day−1. The transpiration value obtained using
the P-M formula was consistent with the TDP observations.
The average transpiration from the TDP observations was
4.0 mm · day−1, and the result from the P-M formula was
4.1 mm · day−1. However, in the observation period, underes-
timation of the transpiration on the rainy days (June 26 and
June 27, with rainfall values of 2.6 and 15.6 mm, respectively)
can be clearly observed from the figure, with the observa-
tions revealing transpiration of 2.2–4.0 mm · day−1 and the
estimation providing a transpiration value of approximately
2.1 mm · day−1. The results also indicate that both the model
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Fig. 3. Shelterbelt transpiration by P-M formula compared with TDP obser-
vations (in millimeters per day).

Fig. 4. Comparison of modeled and observed daily ET (in millimeters per
day). The two figures represent two vegetation types, including (a) cropland
and (b) orchard.

shelterbelt transpiration and the observations at the TDP-1 and
TDP-2 sites were higher than those at the TDP-3 site, which
is related to the soil moisture and the size of the trees. In fact,
the TDP-1 site is close to the apple orchard, and the TDP-2
site is close to the main canal, resulting in sufficient soil
moisture, large crown, and higher transpiration, whereas the
TDP-3 site has a relatively low crown and lower transpiration.
Sufficient soil moisture caused the relatively low surface albedo
at the TDP-1 and TDP-2 sites, which resulted in more available
energy for transpiration. The albedo value retrieved from the
CASI image shows that the surface albedo values at the
TDP-1, TDP-2, and TDP-3 sites were 0.150, 0.140, and 0.156,
respectively.

B. Comparison of P-M ET and ET Observed at Flux Towers

The remotely sensed ET values were compared with the
latent heat flux data observed from five flux towers near the
TDP sites (Fig. 4). Among these flux towers, the vegetation at
sites EC-6, EC-8, EC-15, and EC-16 is maize, whereas the land
cover type at site EC-17 is an apple orchard.

The comparison indicated that the ET results derived by
remote sensing were highly correlated with the observations,
with determination coefficients of 0.905 and 0.839 for cropland
and orchard, respectively. The underestimation of ET can also
be observed from the figure. The average ET values from
cropland and orchard from the flux tower observations were
4.41 and 5.35 mm · day−1, respectively, and the ET values

Fig. 5. Dynamic change of transpiration and ET for the shelterbelt, cropland,
and orchard (June 14 to September 20, 2012).

using the P-M formula for cropland and orchard were 3.95 and
4.40 mm · day−1, respectively. The calculated ET from the
cropland was closer to the observations, with an rmse of
0.71 mm · day−1 and a relatively large error on sunny days,
while the rmse of the orchard was 1.18 mm · day−1.

For these five eddy covariance flux tower sites and three
TDP sites, the transpiration and ET determined by the P-M
formula exhibited comparable results, with the best results
for the cropland ET, slightly poorer results for the shelterbelt
transpiration, and largest error in ET for the orchard. The
results demonstrate that, although the modified P-M formula
can be used to estimate the daily transpiration and the ET
with airborne remote sensing data, it results in underestimations
compared with the flux tower observations. In the modified
P-M formula, the canopy conductance gc functions play a vital
role. In addition, the canopy conductance parameters in the
model can influence the estimation results. The optimization of
these parameters and of the gc functions might improve model
performance.

IV. SEASONAL VARIATION OF ET

Using the latent heat flux data observed for the cropland and
orchard, and the shelterbelt transpiration derived from the three
TDP observation points from June 14 to September 20, the
dynamic change in transpiration and ET for different vegetation
types was analyzed (Fig. 5).

The patterns of shelterbelt transpiration and ET from the
cropland and orchard were similar from June to September.
The transpiration and ET in July were relatively large for
all vegetation types. The variations in shelterbelt transpiration
were small, whereas the ET variations for the cropland and
orchard were larger. The ET from the cropland and orchard
was generally higher than the shelterbelt transpiration during
the observation period. However, by early September, the crop-
land ET began to rapidly decrease, and it became lower than
the shelterbelt transpiration by the middle of September due
to the harvesting of the maize. During this period, the ET of
the orchard also declined due to the soil evaporation between
the trees in the orchard, although it remained higher than the
shelterbelt transpiration.

We used the modeled daily ET from June 25 to July 4
and the land cover classification map to calculate the total ET
of the different vegetation types and analyze the proportion
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TABLE I
ET OF DIFFERENT VEGETATION TYPES AND THEIR

PROPORTION OF THE TOTAL ET

of ET for each vegetation type in the study area (Table I).
The results indicated that the shelterbelt ET accounted for
approximately 9.9% of the total ET, the orchard ET accounted
for approximately 3.1%, and the cropland ET accounted for
approximately 87.0%.

V. CONCLUSION

Airborne remote sensing data and a modified P-M model [1]
were used to estimate the ET from an irrigation area in the
middle reaches of the Heihe River basin. A comparison between
the modeled results and the in situ observations indicated that
the ET and the shelterbelt transpiration estimations generally
agreed with the flux tower and the TDP observations, with
the best results for the cropland ET, which demonstrates that,
although the model was originally developed to estimate global
ET, it can also estimate the daily transpiration and the ET with
fine spatial resolution remote sensing data.

The dynamic changes in the shelterbelt transpiration and the
ET of the cropland and the orchard were similar from June to
September. The transpiration and the ET in July were relatively
higher for all vegetation types. The seasonal variation in the
shelterbelt transpiration was smaller than the ET changes in the
cropland and the orchard.

From June 25 to July 4, the shelterbelt ET accounted for
approximately 9.9% of the total ET, the orchard ET accounted
for approximately 3.1%, and the cropland ET accounted for
approximately 87.0%.
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