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Yunnan is a large rice-growing province in China that is situated in a low-latitude plateau area. In this province,
the channel/barrier eﬀect and three-dimensional climate play prominent roles and signiﬁcantly inﬂuence the
rice water requirement (ETc) and irrigation quota (IQ), while the research about the inﬂuence mechanism and
results is lacking. We estimated the rice ETc and IQ of diﬀerent hydrological years based on the experimental
data from six areas of mid-season rice and the single crop eﬃcient approach recommended by FAO-56. The
contour maps were drawn with GIS, and the spatial distribution of the rice ETc and IQ under the inﬂuence of the
channel/barrier eﬀect and three-dimensional climate were analyzed. The results showed that high water ETc and
IQ of rice were distributed in the hot, dry river valley area. The rice ETc was the smallest in northwestern
Yunnan, and the IQ was the smallest in southern Yunnan. The ETc and IQ of rice were divided into several
intervals by mountains and valleys, and varied largely among diﬀerent channels and little within one channel.
The three-dimensional climate results in the abrupt changes of ETc and IQ, The leading meteorological factors
causing the abrupt changes were diﬀerent, and there were also complex correlations between these meteorological factors. Taken together, temperature and rainfall were the most critical elements in the three-dimensional climate. The results of this study illustrated the regularity and inherent mechanism of the rice ETc and IQ
under the inﬂuences of the channel/barrier eﬀect and three-dimensional climate, providing certain references
for the analyses and calculation of the rice ETc and IQ in similar circumstances.

1. Introduction
At present, agricultural irrigation water accounts for more than 70%
of the total water consumption in China. Rice is one of the most waterconsuming crops in China. The annual water consumption of rice accounts for 51.1% of the total water consumption of crops (Mao, 2001).
Due to the shortage of water resources and for the better allocation and
utilization of water resources, many researchers inside and outside
China have carried out tests on water requirements and irrigation
quotas of rice (Mao, 2001; Watanabe et al., 2006; Tuong et al., 2005;
Tabbal et al.,2002; Martini et al., 2013; Hou et al., 2016; Xu et al.,
2017).
As a large rice-growing province in China, Yunnan has a long history of rice cultivation. In this province, rice is widely distributed
(Katsura et al., 2008). Principally, mid-season rice is cultivated for one
season. The traditional ﬂood irrigation method is mainly used (Pan and
Yao, 1992). To date, the results of experimental research on ETc and IQ
of rice in Yunnan are hardly useful as reference, for most of them were
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obtained based on meteorological data via analytical calculation and
via modeling and forecasting (http://www.ynqi.gov.cn/). These results
are valuable for reference to some extent, but the diﬀerences between
them and the actual values need to be veriﬁed.
Yunnan is located in a low-latitude plateau region, with more than
94% of its area mountainous. Altitudes and climates vary widely across
the province. There are large rivers featured with Longitudinal RangeGorge Region (LRGR). In the near-surface layer, such landforms act as
east-west barriers and north-south transmission channels towards the
southeastern and southwestern monsoons in this region, forming a
channel/barrier eﬀect. Changes in climate and runoﬀ also show signiﬁcant characteristics due to this channel/barrier eﬀect (Wang, 2005).
Altitudes, mountains and valleys also aﬀect solar radiation, humidity,
wind speed, rainfall and temperature, with certain correlations among
them. However, the topography and weather conditions of Yunnan
make the correlations among these parameters very complex (Wang,
2005; Komuscu et al., 1998); thus, a complex and diverse three-dimensional climate eventually forms.
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Fig. 1. Distribution of national meteorological stations, basic stations, representative stations (a) and digital elevation model of Yunnan (b).

Research has shown that climate change greatly inﬂuences the ETc
and IQ of rice (Yoo et al., 2012; Silva et al., 2007; Rodriguez Diaz et al.,
2007; Ye et al., 2015; Thomas, 2008), and temperature is one of the

most important inﬂuencing factors. Temperature can aﬀect the growth
and vegetation of rice (Nishiyama, 1976; De Datta, 1981; Oldeman
et al., 1987) and further aﬀect the length of the rice growth period
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valleys, the altitudes vary greatly, forming a complex three-dimensional
climate and channel/barrier eﬀect.

(Oldeman et al., 1987). The higher the temperature is, the shorter the
rice growth period, the greater the average daily ETc, and the lower the
ﬁnal total ETc. When the temperature rises by 1 °C, the total ETc decreases by 4% (Mahmood, 1997). Temperature can also aﬀect the suitable areas for growing rice. In the Northern Hemisphere, an increase in
temperature drives the suitable areas for growing most crops, including
rice, northward (Frich et al., 2002; Linderholm et al., 2008). Under such
circumstances, the regularity and intensity of rice ETc will change
greatly, thus inﬂuencing the rice ETc and IQ.
Owing to the channel/barrier eﬀect and three-dimensional climate
in Yunnan, the existing test results of rice ETc and IQ in low-altitude
areas (Tabbal et al., 2002; Ye et al., 2015; Zhu et al., 2012; Wang et al.,
2012) cannot be directly applied to Yunnan for irrigation guidance. The
test results of one or more test sites are inadequate to represent the
actual rice ETc and IQ of the whole Yunnan province.
Thus, the aim of this paper is to analyze the impact of the channel/
barrier eﬀect and dimensional climate on the rice ETc and IQ, to illustrate the regularity and inherent mechanism, and to provide certain
references for the analyses and calculation of the rice ETc and IQ in
similar circumstances.

2.2. Data collection
There are 36 national meteorological stations in Yunnan. The areas
harboring these stations, excluding the Deqin, Weixi, and Zhongdian
stations, are suitable for growing rice. According to the Planting
Regionalization in Yunnan (Pan and Yao, 1992), Yunnan is divided into
ﬁve regions: central Yunnan, northwestern Yunnan, northeastern
Yunnan, southwestern Yunnan and southeastern Yunnan. The distribution of meteorological stations and the digital elevation model
(DEM) of Yunnan (http://www.gscloud.cn/) are shown in Fig. 1.
The stations collected meteorological data (including hourly temperature, radiation, wind speed, precipitation, and relative humidity)
(http://www.data.cma.cn/), soil type, and rice cultivation data for 48
years, from 1970 to 2017 (Wang, 1996). The area of the weather stations were ﬂat and unobstructed, maintaining the uniform grass layers
and the grass heights were less than 20 cm. Temperature, humidity,
wind speed, wind direction, rain, radiation and barometer sensors were
installed in the observation ﬁelds of weather stations. All the installation heights were 1.5 m except that the installation heights of wind
speed and wind direction sensors were 10 m. They all provided hourly
data.

2. Materials and methods
2.1. Overview of the study area

2.3. Test design

Yunnan (97°–105 °E, 20°–28 °N) is the most southwestern province
in China, with the Tropic of Cancer running through its southern part.
The province borders the Qinghai-Tibet Plateau to the north and the
Indochina Peninsula to the south, not far from the tropical oceans. It
has an intricate topography, which creates a unique low-latitude plateau monsoon climate (Thomas, 1993). Yunnan’s climate is complex
and diverse. The province has cold, warm, and hot zones. Its main
climatic features are as follows. (1) The climate varies greatly with
region and altitude. Elevation is high in the north and low in the south,
and the diﬀerence in elevation between the north and south reaches
6000 m, enlarging the altitude-related temperature diﬀerence across
the province. (2) The annual temperature diﬀerence is small and the
daily temperature diﬀerence is big. The average temperature of the
hottest month is about 19–22 °C and the coldest month is about 6–8 °C.
The average temperature is about 5 °C in the north and 24 °C in the
south with a diﬀerence of about 19 °C. In winter and spring, the daily
temperature diﬀerence is up to 12–20 °C. (3) Precipitation is abundant
but unevenly distributed, forming a distinct diﬀerence between wet and
dry seasons. The annual precipitation in most areas of the province is
1100 mm, with that in the southern part of 1600 mm or more. Most of
the precipitation mainly takes place from June to August, accounting
for about 60% of the annual precipitation. In Yunnan, 18 types of soil
are present, and the red soil prevails among them.
Over 94% of Yunnan comprises mountains and is cut longitudinally
by the Hengduan Mountains (including the Ailaoshan, Gaoligong, and
Baima Snow Mountains) and their branches. Between mountains, there
are six major river systems: Jinsha River (Upper Yangtze River),
Nanpan River (Upper Pearl River), Yuan River (Upper Red River),
Lancang River (Upper Mekong River), Nu River (Upper Salween River)
and Dulong River (Upper Irrawaddy River). Between the mountains and

Southwestern Yunnan has a large area of land, and therefore is
subdivided into two rice-growing areas: southern Yunnan and western
Yunnan. Both northwestern Yunnan and northeastern Yunnan belong to
the frigid highland zone and have a small area of cultivated land;
thereby, they are regarded as one rice growing area. Considering the
topographic and climatic characteristics and rice growing traditions of
Yunnan, in this study, the Zuoyi station in central Yunnan was selected
as the basic station to test the ETc of rice, with other selected representative stations in each growing area. The characteristics of basic
station and representative stations are showed in Fig. 1a and are described in Table 1.
The test zones of the basic and representative stations were 60 m2
(12 m long and 5 m wide). In cultivated ﬁelds, plastic ﬁlms covered
ridges and were buried 0.4 m below the ﬁeld surface to prevent water
leakage in each ﬁeld. Both the height and width of a ridge were 0.4 m. A
schematic diagram of a test zone is shown in Fig. 2. The experiments
were conducted at the Zuoyi and Xizhou stations in 2015, 2016 and
2017, at other representative stations only in 2016 and 2017.
At each station, the rice was fertilized three times (the ratio of base
fertilizer to tillering fertilizer to panicle fertilizer = 5:3:2; the base
fertilizer was composed of compound fertilizer and urea; the tillering
and panicle fertilizers were composed of urea; all fertilizers were applyed into the surface water evenly), with a total fertilizer volume of
180 kg hm−2 (only the pure nitrogen is counted). The rice grew well,
with high production (Table 1).
The rice growth cycle falls into returning green, tillering, jointing/
booting, heading/ﬂowering, milky ripening and yellow ripening stages.
All stations adopted traditional ﬂood irrigation. The standards of water-

Table 1
Soil, climate, yield and other characteristics of the basic station and representative stations.
Stations

Longitude

Latitude

Elevation (m)

Climate types

Annual precipitation (mm)

Average temperature (℃)

Soil types

Yield (t hm−2)

Zuoyi
Xizhou
Ashe
Qushi
Mengzhe
Sanyi

100°07′30″E
100°07′42″E
103°45′02″E
98°35′45″E
100°17′09″E
100°15′36″E

25°53′15″N
25°50′02″N
23°37′07″N
25°04′19″N
22°00′05″N
26°41′38″N

1976
1971
1523
1562
1190
2269

Plateau monsoon climate
Plateau monsoon climate
Subtropical monsoon climate
Tropical monsoon climate
Tropical monsoon climate
Continental monsoon climate

1041.2
987.3
1013.6
1506.3
1528.8
955.9

14.8
15.1
18.1
15.3
21.7
12.9

Clay loam
Sandy loam
Loam
Clay loam
Sandy loam
Sandy loam

9.16
9.30
7.65
8.86
8.17
6.71
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Fig. 2. Planar view of a test zone and sectional view of a ridge.

station. The leakage was measured by leakage measurement cylinders
which bottom was vertical extended into the plough of test zone, and
the cover was put on to prevent the water volatilization in the cylinder
and precipitation from falling into it. The daily water level in the cylinder was observed manually like test zone water layer.

layer control in the test zones at diﬀerent growth stages are presented in
Table 2.
2.4. Observed ETc, IQ and Kc
2.4.1. Reference crop evapotranspiration ET0
The reference crop evapotranspiration, ET0, can be calculated with
the Penman–Monteith equation and the variables in the equation are
detailed in the reference (Allen et al., 1998):

2.4.3. Observed IQ
The rice IQ (M) for the whole growth stage includes the steeping
quota (M0) at the steeping stage and the net IQ (M1) at the vegetative
stage after rice transplanting. The M0 can be given by Eq. (3) (Guo,
1995):

900

ET0 =

0.408Δ (Rn − G ) + γ T + 273 u2 (ea − ed )
Δ + γ (1 + 0.34u2 )

(1)

(3)

M0 = H + S + e⋅t − P

where H is the depth of the water layer required by the paddy ﬁeld
upon transplanting (mm). S is the leakage volume at the steeping stage
(mm), t is the number of days of the steeping stage (d), e is the average
daily evaporation intensity of the paddy ﬁeld (mm d−1), and P is the
total volume of precipitation at the steeping stage (mm).
All the irrigation amount during the vegetative stage accumulated
was the M1. The rice IQ is given by:

2.4.2. Observed ETc
The rice ETc of the basic and representative stations was observed
by measuring the various components of the soil water balance.

ETc = H0 − H1 − d − L + m + P

(2)

where H0 and H1 are the depth of the water layers of the test zone at the
start and end of observation respectively; d is the drainage amount; L is
the leakage amount; m is the irrigation amount; P is the precipitation.
All these values are in the unit of mm.
A HOBO water level logger (Onset, the United States) recorded the
hourly water levels of the test zones. Besides, the depth of water layer
was manually measured with point gague at 8:00 a.m. everyday. The
irrigation and drainage were conducted manually, and the water volume was recorded manually by pump with water meter every time.
The precipitation was measured by weather station installed in the

(4)

M = M0 + M1

2.4.4. Observed Kc
The observed Kc of basic and representative stations can be calculated based on Eqs. (1) and (2):
(5)

K c = ETc ET0

Table 2
The water-layer control standards of traditional ﬂood irrigation model in the test ﬁelds at diﬀerent growth stages (mm).
Stations

Returning green

Early and middle tillering

Late tillering

Jointing/
booting

Heading/
ﬂowering

Milky ripening

Yellow ripening

Zuoyi
Xizhou
Ashe
Qushi
Mengzhe
Sanyi

10-30-40
10-30-40
10-30-40
10-30-40
10-30-40
10-30-40

20-40-60
20-40-60
20-40-70
20-40-90
20-40-90
20-40-60

Field sunning

20-40-60
20-40-60
20-40-70
20-40-90
20-40-90
20-40-60

20-40-60
20-40-60
20-40-70
20-40-90
20-40-90
20-40-60

10-30-50
10-30-50
10-30-50
10-30-50
10-30-50
10-30-50

Naturally dry

Note: Take "10-30-40" as an example, "10" means the lower limit of irrigation, "30" is the upper limit of irrigation, and "40" is the limit of rain. Sunning the ﬁelds for 5
d in late tillering stage and naturally drying Yellow ripening period.
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Table 3
The start and end dates for the growth stages of rice at basic and representative
stations.
Stations

Zuoyi
Xizhou
Ashe
Qushi
Mengzhe
Sanyi

Beginning and ending dates of growth stages
Initial

Development

Middle

Late

05/19–06/
13
05/27–06/
21
05/24–06/
15
06/03–06/
30
05/21–06/
20
05/27–06/
27

06/14–07/07

07/08–09/
01
07/15–09/
03
07/11–08/
28
07/25–09/
05
07/17–08/
29
07/31–09/
24

09/02–09/
17
09/04–09/
27
08/29–09/
24
09/06–09/
30
08/30–09/
18
09/25–10/
19

06/22–07/14
06/16–07/10
07/01–07/24
06/21–07/16
06/28–07/30

Table 5
Steeping quotas for diﬀerent groundwater depth and soil types (mm).
Soil types

Groundwater depth

Steeping quota

Total growth
season length
(d)

Clay & clay loam
Medium loam

121

Sandy loam

—
>2m
<2m
>2m
<2m

75–120
120–180
105–150
150–240
120–195

123

120

2.5.3. Calculated IQ
In addition to ﬁeld observations, generally, the steeping quota can
be determined by data of similar ﬁelds in soil, topography, groundwater
depth and tillage depth. Steeping quotas of diﬀerent groundwater depth
and soil types were shown in Table 5 (Guo, 1995). Chen and Guo
(1995) calculated the measured data of irrigation experiment stations
for many years and obtained the monthly leakage rate of rice paddies
under diﬀerent soil types (Table 6).
With water-layer control standards (Table 2), daily ETc (Eq. (7)),
leakage rate (Table 6) and precipitation, the net IQ was calculated day
by day according to Eq. (2) (Guo, 1995). If the water level Hdown in the
test zone at the end of the period was lower than the water layer lower
limit in Table 2, irrigation was required. So the irrigation amount per
time during the growth period was:

121
146

2.5. Revised Kc, calculated ETc and IQ
2.5.1. Revised Kc
It was not possible to measure ETc and IQ of 36 national weather
stations (Fig. 1a) due to the heavy workload, so they are calculated
based on revised Kc according to FAO-56 method. While the Kc should
be revised based on the Kc observed at some sites in the province or
region if possible, rather than using the Kc recommended by FAO-56
directly (Kashyap and Panda, 2001). So the observed Kc of representative stations were used to revise Kc of weather stations in
corresponding rice-growing areas.
In this study, the crop growth cycle was divided into initial, development, middle and late growth stages according to the FAO-56
(Table 3). Furthermore, FAO-56 generalizes the changing process of Kc
into four values (Kcini, Kcdev, Kcmid, and Kcend) corresponding to the four
growth stages.
The suggested typical values of Kcini for the various climate conditions as shown in Table 4 (Allen et al., 1998).
For the mid-season stage and late season stage, transpiration
through the rice leaf and stem should be considered. As per FAO-56
method, the height of crop is one of the terms aﬀecting crop coeﬃcient.
The Kcmid was revised with climatic condition and height of crop by Eq.
(6):

K cmid = K cb − mid + [0.04(u2 − 2) − 0.004(RHmin − 45)](h/3)0.3

m = Hup − Hdown

n

M1 =

∑ mi

Where M1 is the net IQ (mm); mi is the ith irrigation amount (mm); i is
the irrigation times.
The whole growth stage IQ of rice was the sum of steeping quota
(Table 5) and net IQ (Eq. 9).
2.6. Statistical analysis
The relative error (RE) and the root mean squared error (RMSE)
were utilized to evaluate the reliability for calculated rice ETc and IQ,
the reliability was deﬁned as the level of agreement between the calculated and observed values of ETc and IQ. Both the RE and RMSE were
desirably as small as possible that high reliability could be gained
(Perera et al., 2014). In this study, the rice ETc and IQ of representative
stations were observed by experiment. At the same time, they were
calculated based on Kc measured in Zuoyi station. The results of comparison between calculated and observed values of ETc and IQ in representative stations served as the basis for evaluating the reliability of
the FAO-56 method for ETc and IQ calculation. We believe that, only if
the reliability of ETc and IQ calculated by the FAO-56 method is high,
can the ETc and IQ of 36 weather stations be calculated using the Kc
observed at the representative stations in the corresponding rice

2.5.2. Calculated ETc
The daily ETc can be calculated based on the ET0 and revised Kc
(Allen et al., 1998):

Table 6
The multi-year average leakage rate for diﬀerent soil types in diﬀerent months
(mm d−1).

Table 4
Crop coeﬃcients of initial growth stage under diﬀerent climate conditions.
Kcini

Soil types

Arid and semi-arid
Humid and semi-humid
Special humid

Moderate wind

Strong wind

1.10
1.05
1.00

1.15
1.10
1.05

1.20
1.15
1.10

(9)

i=1

(6)

Breeze

(8)

Where m is irrigation amount per time (mm), Hup is the upper limit of
irrigation in Table 2 (mm).
The net IQ was the sum of irrigation amount per time:

Where Kcb-mid is the value of observed Kc at the mid-season stage by Eq.
(5); u2 is the mean value for daily wind speed at 2 m height over grass
during the midseason growth stage (m s−1); RHmin is the mean value for
daily minimum relative humidity (%); and h is the mean rice during
mid-season stage (m).
The method for revising Kcend was the same as Kcmid, then linear
interpolation was used to calculate the daily Kc of whole growth stages
include Kcdev (Allen et al., 1998).

Humidity condition

(7)

ETc = ET0 ∗K c

124

Clay
Clay loam
Medium loam
Sandy loam

321

April

May

June

July

August

September

October

2.5
2.8
3.5
3.9

2.1
2.4
3.3
3.8

1.7
2.2
3.0
3.4

1.8
2.0
2.5
3.1

1.1
1.7
2.3
2.6

1.5
1.9
2.1
2.9

0.8
1.7
1.9
3.1
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Table 7
The reliability between calculated and observed values of ETc and IQ at the representative stations.
Representative stations

Xizhou

Years

2015
2016
2017
2016
2017
2016
2017
2016
2017
2016
2017

Ashe
Qushi
Mengzhe
Sanyi

ETc

IQ

Observed (mm)

Calculated (mm)

RE
(%)

RMSE
(mm)

Observed (mm)

Calculated (mm)

RE
(%)

RMSE
(mm)

556.2
475.9
523.6
450.5
442.9
400.7
433.5
400.4
388.7
532.8
562.8

574.4
500.1
511.7
457.0
461.8
388.6
418.6
408.0
397.2
518.3
547.4

3.3
5.1
2.3
1.4
4.3
3.0
3.4
1.9
2.2
2.7
2.7

14.8

343.4
388.3
289.3
420.0
400.6
240.2
288.6
410.3
357.4
371.6
411.5

312.3
422.2
306.4
419.3
431.7
230.1
257.3
440.0
387.5
344.7
378.6

9.1
8.7
5.9
0.2
7.8
4.2
10.8
7.2
8.4
7.2
8.0

27.1

nearly 6 mm, and that at the Yuanjiang station was 5 mm. The average
daily ETc of rice in most of central, northwestern, and southeastern
Yunnan generally ranged from 3 to 4 mm.

growing areas. The RE and RMSE were calculated as fellows:
(10)

RE = |Ci − Oi| Oi ∗100%
n

RMSE =

∑ (Ci − Oi )2

n

i=1

3.2.2. Impact of the channel/barrier eﬀect on ETc
Because of the complicated and changeable topography of Yunnan,
the altitude varies greatly. The impact of the channel/barrier eﬀect on
the rice ETc in Yunnan mainly manifests itself in the small diﬀerence in
the rice ETc between mountains, between mountains and rivers, and
between rivers and rivers. The minimum ETc (2.9–3.3 mm d−1) occurs
in the high-altitude area between the Qinghai-Tibet Plateau and Mainri
Snow Mountain. An ETc of 3.3–3.8 mm d−1 occurs in the area between
the Gaoligong Mountains and the Yun Range. An ETc of
3.8–4.2 mm d−1 occurs in the area between the Yun Range and Jade
Dragon Snow Mountain.
There is little climatic diﬀerence within each channel, but the climate varies greatly between channels, and the corresponding ETc varies
greatly. In southern Yunnan, the northwest-southeast Ailao Mountains
and Yuan River form a dividing line between one area with an ETc of
3.3–3.8 mm d−1 and another with an ETc of 3.8–4.2 mm d−1. In
southeastern Yunnan, the Nanpanjiang River, a headwater of the Pearl
River, divides the ETc ranges of 3.3–3.8 and 3.8–4.2 mm d−1. In
northeastern Yunnan, the Wumeng Mountains, which run northeast to
southwest, divide the ETc ranges of 3.3–3.8 and 3.8–4.2 mm d−1. In
western Yunnan, the rice ETc run in strips from north to south, which is
in good agreement with the terrain of the Hengduan Mountains running
from north to south in this area.

(11)

where n is the number of observations; Ci and Oi are the ith calculated
and observed values, respectively.
The SPSS software was used to analyze the correlation between the
ETc and IQ of 36 weather stations and the meteorological factors.
Besides, the correlation between meteorological elements was also
analyzed. Two levels of signiﬁcance were used: p < 0.01 and
p < 0.05.
3. Results and analysis
3.1. Reliability for the calculated ETc and IQ
The comparison results of the calculated and observed ETc and IQ
for the representative stations are presented in Table 7. For all representative stations, the RE between the calculated and observed ETc
ranged from 1.4% to 5.1%, and that between the calculated and observed IQ ranged from 0.2% to 10.8%. Overall, the RE was smaller
between the calculated and observed ETc than that between the calculated and observed IQ. The RMSE between the calculated and observed ETc at the representative stations was 14.8 mm, and that between the calculated and observed IQ was 27.1 mm, both of which were
small. It can be seen that it is reasonable and feasible to use the single
Kc approach to calculate the rice ETc and IQ.

3.2.3. Impact of three-dimensional climate on ETc
Within the same range, the ETc may change abruptly. In other
words, the ETc in a certain sub-area may be higher or lower than that in
the surrounding areas. This is mainly inﬂuenced by meteorological
factors. Table 8 shows that, ETc is signiﬁcantly correlated with temperature, sunshine duration, relative humidity and rainfall except wind
speed and elevation. Relative humidity has a signiﬁcant relationship
with rainfall, sunshine hours and wind speed, and rainfall aﬀects temperature and sunshine hours. The causes of the abrupt change of ETc are
not the same.
It can be seen from Fig. 3 that the ETc of rice in the Nujiang,
Huaping, Yuanmou, and Yuanjiang stations are signiﬁcantly higher
than those of the surrounding areas in the same range. This is mainly
because the leeward slopes of mountains have foehn winds and prevent
cold air. The foehn wind eﬀect is a situation in which after the air
passes over and down the leeward slope of a mountain, adiabatic
warming occurs and the air drops. As a result, the temperature at the
foot on the leeward slope of the mountain is signiﬁcantly high, making
them "climatic enclaves" beyond latitudinal zonality in the north tropical zone. The four climatic enclaves are located in the Nu River Valley

3.2. ETc spatial distribution regularities and inﬂuencing factors
3.2.1. ETc spatial distribution
The rice Kc of each weather station in the corresponding growth
zones were revised based on the Kc observed from corresponding representative station and the meteorological data of 36 stations in
Yunnan for 48 years, and then the average daily ETc of all weather
stations in diﬀerent years were calculated. Mapping with Geographic
Information System (GIS) highlighted the spatial variation. The GIS
inverse distance weighting method was used to draw the contour map
for the average daily ETc of rice at various stations for the study years,
as shown in Fig. 3.
It can be seen from Fig. 3 that the ETc of the Yuanmou and Yuanjiang stations in the dry-hot valley areas decrease with distance from
the center of the areas and that the average daily ETc of the Deqin,
Gongshan, and Zhongdian stations, in northwestern Yunnan, which are
at higher altitude, were the lowest for the study years, at about
3 mm d−1. The average daily ETc of rice at the Yuanmou station was
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Fig. 3. Contour map of multiyear average ETc of rice for the period 1970–2017.

curved Qushi Basin, which allows cold air to come in easily but makes it
diﬃcult for it to leave. The cold lake eﬀect is obvious. The low ETc of
the Yuxi station is also the result of the cold lake eﬀect. The Yuxi station
is surrounded by mountains and thereby has a concave landform. The
average annual temperature is only 12 °C. In the Jiangcheng, Pingbian,
and Simao stations, the altitude is low. Because of the inﬂuence of the
southwest warm and moist airﬂow in the warmer half of the year, it is
wet and rainy at these three stations, and fewer hours of sunshine occur
there than in other parts of Yunnan province.

(Nujiang station), Jinsha River Valley (Huaping and Yuanmou stations),
and Yuan River Valley (Yuanjiang station) (Fig. 1).
Unlike the climate enclaves, the ETc at some stations, such as the
Tengchong, Yuxi, Jiangcheng, Pingbian, and Simao stations, were lower
than those in areas surrounding the stations. The reasons for these
diﬀerences vary per station. The Tengchong station is located on the
western slope of the Gaoligong Mountains, which run north to south,
i.e., a windward slope of warm and moist air in southwestern China.
Therefore, at this station, it is usually cloudy and rainy, and the temperature is low. In addition, at the foot of the gentle western slope is the

Table 8
The trends of ETc changing with inﬂuence factors and correlation of the inﬂuence factors of ETc.

ETc
Rainfall
Temperature
Wind speed
Relative humity
Sunshine hour
Altitude

ETc

Rainfall

Temperature

Wind speed

Relative humity

Sunshine hour

Altitude

1
−0.36*
0.459**
0.277
−0.797**
0.703**
−0.116

1
0.379*
−0.579**
0.686**
−0.331*
−0.407*

1
−0.419*
−0.016
0.266
−0.503**

1
−0.431**
0.353*
0.240

1
−0.566**
−0.279

1
−0.340*

1

Note：* and * * indicated that it was signiﬁcant at the 0.05 and 0.01 level.
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Fig. 4. Contour map of multiyear average IQ of rice for the period 1970–2017.

represent the dryness of a typical year. However, to avoid the inﬂuence
of uneven rainfall during the year, in this study, the rainfall frequencies
during the rice growth period were ranked to obtain the IQ of 36 stations for three categories of hydrological year (normal years: the rainfall frequency is 50%; dry years: the rainfall frequency is 75%; very dry
years: the rainfall frequency is 90%). The contour map drawn by the
GIS inverse distance weighting method for the average daily IQ of rice
for the diﬀerent hydrological years was shown in Fig. 5.
It can be seen from Fig. 4 that the multiyear average annual IQ is
close to the IQ of the normal year (Fig. 5a) at each station. Rainfall
exerts the greatest inﬂuence on the IQ of the Yuanjiang station, with the
IQ of the very dry year 142.5 mm higher than the multiyear average
annual IQ. Rainfall has no eﬀect on the IQ of the Jiangcheng station. At
this station, rice does not need to be irrigated during the rice growth
period because of extremely heavy rainfall, and the IQ is only the
amount of water needed during the steeping stage.
The rice IQ in the normal year (Fig. 5a) is smaller than the multiyear
average IQ (Fig. 4) in southwestern and southeast Yunnan, greater than
the multiyear average IQ in northwestern and northeastern Yunnan,
and almost the same as the multiyear average IQ in central Yunnan.
From Fig. 5a, it can be seen that Yunnan province is subject to greater
spatial variability in rice IQ and has a more obvious gradient in IQ in
the normal year. In the dry year (Fig. 5b), the IQ of rice is obviously
greater than in the normal year, and the area with greater IQ largely
increases. However, comparing the dry and very dry years (Fig. 5c), the
increase of IQ mainly occurred in southwestern and northeastern

3.3. Spatial distribution regularities and inﬂuencing factors of the IQ
3.3.1. Spatial distribution of the IQ
According to the calculating method of rice IQ in this study, the
average rice IQ of all weather stations for the study years were obtained. The contour map drawn by the GIS inverse distance weighting
method for the average IQ at various stations for the study years was
shown in Fig. 4.
It can be seen from Fig. 4 that the distribution regularity of the
contour lines of rice IQ of all stations is obvious, as it was with the ETc.
The IQ decreases from the dry-hot river valley areas where the
Yuanmou and Yuanjiang stations are located with distance from these
areas. The Yuanmou station had the largest IQ, with an average value of
743.5 mm for the study years. The IQ at the Yuanjiang station was
672.2 mm. Southern Yunnan had the smallest IQ. At the Jiangcheng
station, the IQ was only 180 mm, as almost no irrigation, except for
steeping, is required within the rice growth period. The IQ of the
Yuanmou station is fourfold larger than that of the Jiangcheng station,
presenting a large spatial diﬀerence. Overall, the IQ are distributed like
belts. However, abrupt changes in IQ occur in some places. A typical
example of this is in southern Yunnan, where the IQ within a small area
changes abruptly from a value of approximately 700 mm to the
minimum value of Yunnan.
The IQ varied greatly from year to year owing to the large variation
in precipitation between years and the impact of other climatic conditions on the ETc. Diﬀerent rainfall frequencies generally are used to
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Fig. 5. Contour maps of rice IQ for the diﬀerent hydrological years: (a) Normal year, (b) Dry year, (c) Very dry year.

the west and east sides of the Gaoligong Mountains, with altitudes of
1654.6 and 1653.5 m, respectively. Their straight-line distance is
68 km. During the growth period of rice, the rainfall is 1061.2 mm at
the Tengchong station but only 652.7 mm at the Baoshan station. With
the steeping quota deducted, the IQ during the rice growth period is
203.6 mm at the Baoshan station but only 65.6 mm at the Tengchong
station.
In addition to the longitudinal barriers, such as the Hengduan
Mountains, the deep river valleys in this area, such as the Lancang, Nu,
and Jinsha River valleys, are also apparent barriers to the distribution
of surface hydrothermal conditions in the river valley in the east-west
direction, forming typical dryhot valleys climate. Yunnan has three
typical dry-hot valleys, i.e., Yuanmou, Yuanjiang, and Jinghong, where
the extreme maximum temperature exceeds 41 °C. They are known as
Yunnan's "Three Stove Areas". These valley areas are generally hot and
dry year round, and thereby have large IQ.
Besides, these valleys also have signiﬁcant channeling and diﬀusion
eﬀects in the north-south direction. Cold air from the Qinghai-Tibet
Plateau ﬂows southward along these channels and meets the

Yunnan. The gradient diﬀerence of the IQ contour map is not obvious
between these two hydrological years.
3.3.2. Impact of the channel/barrier eﬀect on the IQ
Inﬂuenced by the direction of mountains, in Yunnan province,
rainfall is greater in the south than in the north during the rice growth
period (Fig. 6), and the rice IQ is signiﬁcantly aﬀected, primarily the
Hengduan and Gaoligong Mountains (Thomas, 1993). Rainfall in
Yunnan mainly comes from the streams of warm and moist air from the
Bay of Bengal in the southwest Indian Ocean and from the southeast.
From south to north, the air streams pass over mountains and condense
into clouds and rain. In addition, most of the southern part of the
province is located in the windward slope of warm and moist air, and
thereby receives ample rainfall. The Hengduan Mountains, one after
another, block the streams of warm and moist air coming from the west.
Therefore, the rainfall decreases continuously from west to east until
the air streams arrive at the central area. The central area receives the
minimum rainfall.
The Tengchong and Baoshan stations, for example, are located on
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Fig. 6. Multiyear mean rainfall during the growth period of rice.

However, the inﬂuence of temperature on IQ is more complex.
Under normal circumstances, rice in low-temperature areas needs little
water and the IQ is small. The temperature is lower in northwestern and
northeastern Yunnan than in southern Yunnan, however, the rice IQ is
higher. This is mainly due to the higher rainfall in southern Yunnan.
Overall, the IQ in high-temperature areas are smaller than in lowtemperature areas (Fig. 4 and Table 9).
Another reason is that rice in low-temperature areas has a longer
growth period (Mahmood, 1997). The growth period of mid-season rice
is about 120 days in southern Yunnan but 150 days in northeastern and
northwestern Yunnan. For example, the rice growth period of the Sanyi
station is 23 days longer than that of the Xizhou station (Table 3). Thus,
the rice growth period exceeds the length of the rainy season, meaning
water can be provided through irrigation only, subsequently increasing
the rice IQ. Dry-hot valley areas possess the highest IQ in Yunnan
province owing to their long sunshine hours and low rainfall.

southwestern warm and moist air in the southern part of the longitudinal valley region to form a local wind-water belt, including
Jiangcheng station, Ruili station, Mengding station, and Lancang station. The rainfall during the rice growth period in this area exceeds
1000 mm (Fig. 6), and the net IQ is generally below 100 mm.

3.3.3. Impact of the three-dimensional climate on the IQ
It can be seen from Table 9, in addition to rainfall, other meteorological factors and elevation have a certain eﬀect on IQ. The results
show that the wind speed and sunshine hours are positively correlated
with the IQ, mainly because the higher the wind speed is, the smaller
the rainfall, and the larger the sunshine time is, the greater the ETc
(Table 8). The relative humidity increases with the increase of rainfall,
and has a signiﬁcant negative correlation with the IQ. The higher the
altitude is, the less the sunshine hours, the lower the temperature, the
larger the IQ.
Table 9
Correlation between IQ and meteorological factors and altitude.

IQ

Rainfall

Temperature

Wind speed

Relative humity

Sunshine hour

Altitude

−0.883**

−0.174

0.608**

−0.865**

0.475**

0.380*

Note：* and * * indicated that it was signiﬁcant at the 0.05 and 0.01 level.
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3.4. Uncertainties aﬀecting ETc and IQ
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4. Conclusions
When studying the impacts of the channel/barrier eﬀect and threedimensional climate on rice ETc and IQ in some area with changeable
climate and terrain such as Yunnan, with wide agro-ecological variation, it is essential to account for spatial variability. The outputs from
spatial assessments with GIS can complement more detailed, site-speciﬁc study, which can beneﬁt from long-run historical climate datasets.
In this study, the Kc approach recommended by FAO was used to
calculate the rice ETc in Yunnan province, and then the IQ was calculated. Owing to the special topographic and climatic conditions in
Yunnan province, the spatial variability of rice ETc and IQ is signiﬁcant
under the inﬂuence of the channel/barrier eﬀect and three-dimensional
climate. And the channel/barrier eﬀect is dominant compared with the
three-dimensional climate.
By changing the course and process of warm and moist air, mountains and valleys aﬀect the formation of rainfall and the distribution of
water and heat conditions, subsequently dividing the rice ETc and IQ
into multiple channels. The rice ETc and IQ vary greatly between different channels and slightly in the same channel. The run and trend
lines of the mountains and valleys have become the boundaries of rice
ETc and IQ. The three-dimensional climate mainly inﬂuences the local
rice ETc and IQ, which causes abrupt changes in the rice ETc and IQ
within a certain range. Temperature and rainfall are the most critical
elements in the three-dimensional climate. In addition to directly affecting the rice ETc, the temperature will aﬀect the length of rice
growth and inﬂuence the IQ, while the rainfall will directly aﬀect the
distribution of IQ. Other factors, such as rice varieties, irrigation modes
and soil physical and chemical properties, need to be further studied.
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