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Abstract: Frequent drought events threaten the agricultural water cycle and food security in western Heilongjiang
Province. Understanding the water supply-requirement relationship is vital to the exploration of drought mecha-
nisms. The reference crop evapotranspiration ( ET,) , crop water requirement ( ET.) and irrigation water require-
ment ( I,) during the maize growth period were calculated and irrigation schedules were formulated by the
FAO-56 single crop coefficient method. The water requirement deficit or surplus of maize was analyzed with the
crop water surplus deficit index (Cw). The results showed that ET, and ET. decreased, while effective precipita-
tion (P.), I,,and Cy displayed an increasing trend in the maize growth period in western Heilongjiang Province
from 1960 to 2015. The average ET,, ET., P., and I, were 639. 64, 438.13, 224. 40, and 273. 87 mm,
respectively. Drought conditions varied in different hydrological years, and it was challenging for P. to meet maize
ET.. Therefore, irrigation schedules were formulated for different hydrological years. The average net irrigation
quotas of rainy year, normal year, dry year and extremely dry year were 152.43, 236.33, 276.53, and
353. 47 mm, respectively. Analyzing the water requirement deficit or surplus of maize helps better understand the
effect of drought on agricultural development.
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1 Introduction

Climate change, characterized by rising tem-
peratures, is a public concern worldwide . The
Fifth Assessment Report of the United Nations In-
tergovernmental Panel on Climate Change (IPCC)
showed the annual temperatures in the northern
Hemisphere from 1983 to 2013 were the warmest

23] Nowadays,

period during the past 800 years
extremely high temperatures occur more frequent-
ly,and different degrees of drought are happening
in different regions all over the world ". As one of
China “ s most critical meteorological disasters,
drought has caused enormous wastage to China's
agriculture.

Cereal crops are highly important in ensuring
global food security. According to the Food and
Agriculture Organization (FAQ), maize is one of
the world's three most widely cultivated crops and
accounted for almost 38% of the cereal production
in the globe in 2007 !, The planting area of maize
in western Heilongjiang Province reached 17.43%
of the whole province, with its yield accounting for
17. 41% accordingly . With the population densi-
ty increasing, ensuring global agriculture develop-
ment and food security has gradually become a key
challenge ™.

The semi-arid region in western Heilongjiang
Province is a typical dry agricultural area in China.
The climate there features strong wind in spring,
less rain, extensive evaporation,a sharp air temper-
ature increase in summer, and small snowfall in
winter®). Drought has always been one of the most
common natural disasters in the region. Maize pro-
duction in Heilongjiang Province mainly depends
on precipitation. Zhang et al.'”’ found that the
spring drought occurred in Heilongjiang Province,
which inevitably reduced agricultural production.
Yao et al. '“indicated that the western region of
Heilongjiang Province was a severe drought area in
northeast China. Wang et al. ™ pointed out even
though the maize water deficit in the west region
was alleviated during maize growth periods from
1960 to 2015, the drought situation in western Hei-

longjiang Province should still be taken seriously.

Therefore, the drought in western Heilongjiang
Province highly impacts regional food and water
security.

For better understanding the irrigation sched-
ule and water requirement of maize in semi-arid ar-
eas,it is urgent to explicate knowledge about the
variations in reference crop evapotranspiration
(ET,), crop water requirement (ET.), effective
precipitation ( P.), and irrigation water require-
ment (I,) under climate change, which can guide
future agricultural policy-making, development, re-
search, and investment "', In recent years, many
studies used the Penman-Monteith equation recom-
mended by the FAO to calculate ET,"*"). ET, and
maize ET, were found increasing in many regions
of the world "', Arshad et al. pointed out that
the air temperature and wind speed would in-
crease, while precipitation and relative humidity
may decrease from 1961 to 2099 ¥, However,
many studies revealed that precipitation was in-
creasing and ET, was decreasing. Wang et al. "/ re-
ported that soybean ET, in Heilongjiang Province
decreased by 5.17 mm every decade. Nie et al. "
found that precipitation and ET, showed decrea-
sing trends of —12. 04 and —2. 98 mm every dec-
ade, respectively, and pointed out that the I, of
maize in the western region was larger than that in
other areas of Heilongjiang Province. Carolina et
al. " discovered that the irrigated fields would re-
main stable under climate change in the future
compared with rainfed fields. Wang et al. /" found
the deficit in water requirement of maize in most
regions of Heilongjiang Province, especially in the
western region. Nevertheless, previous studies have
not formulated a more detailed irrigation schedule
concerning the drought situation in western Hei-
longjiang Province.

This study aimed to (1) quantify ET,, ET,,
P.,and I, of maize in western Heilongjiang Prov-
ince, (2) quantify the crop water surplus deficit in-
dex (Cyw) using the ratio of ET. to P. during the
maize growth period and (3) formulate irrigation
schedule for western Heilongjiang Province by se-
lecting representative stations (Tailai, Qigihar, and

Fuyw).
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2 Materials and methods

2.1 Study area

Daily meteorological data of 1960-2015 were
collected from agricultural meteorological stations
in Fuyu (123°29,47°48") , Tailai (123°25",46°27"),
and Qigihar (123°58",47°19"), including the maxi-
mum temperature, minimum temperature, average
relative humidity, sunshine hours, wind speed, pre-
cipitation, longitude, and latitude of each station
(Fig.1). Observed data of maize in different
growth stages in the study area from 1991 to 2008
were also obtained from these agricultural observa-
tion stations. The quality of the above data was
carefully assessed, and the missing data were esti-
mated with the methods suggested in FAO-56"",
The meteorological, geographical, and phenological
data were collected from the China Meteorological
Data Sharing Service System “?*). The soil in these
three areas is chernozem, which is mainly distribu-
ted in the western Songnen Plain. This kind of soil
is suitable for cultivation and conducive to the co-
ordination of water, gas, and heat, thus becoming
an ideal medium for planting many types of crops,
such as maize, wheat, sorghum, and millet. The soil

data were collected from Soil Science Database ©*7,

Fig. 1 Study area

2.2 Effective precipitation
We used the method recommended by the Soil
Conservation Agency of the U S Department of
Agriculture to calculate P,/%,
p— P(4.17—0.2P)/4.17 (P<8. 3 mm) o
4,1740. 1P (P>8. 3 mm)

where: P. is effective precipitation, mm; and P is
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precipitation, mm.
2.3 Water requirement of maize

ET, was calculated by the Penman-Monteith
method recommended by the FAO, as shown in
Equation (2).

0. 408AR, —G) +y %uz (e.—e)

A+y(1+0. 34u,

ET,=

(2
where; ET, is the reference crop evapotranspira-
tion,mm *day’; R, is the net radiation at the crop
surface,MJ « (m? «d)'; G is the soil heat flux,
MJ+(m®+d)'; T is the average air tempera-
ture, C; u, is the wind speed measured at 2 m
height,m *s';e, —e, is the vapor pressure deficit,
kPa; A is the slope of the vapor pressure curve,
kPa«'C';y is a psychrometric constant, kPa+C"';
900 is a conversion factor.

Maize water requirement was calculated with
the CROPWAT 8.0 computer program for Win-
dows, which was designed to calculate ET, with
the existing crop, climate, and soil data. The alti-
tude, latitude, longitude, and daily maximum tem-
perature, daily minimum temperature, average rela-
tive humidity, wind speed, sunshine hours of each
station were imported into the Climate/ET, mod-
ule to calculate ET,. The planting date, harvest
date, K. values, and duration of each growth stage
were loaded to the crop module to calculate ET..
The water requirement of maize was clarified by
the single crop coefficient method . The total wa-
ter requirement of maize was accumulated by the
daily water requirement during the growth period,
taking into account the crop coefficient in different
months as well (Equation (3)). Crop evapotranspi-
ration under standard conditions is denoted as
ET.,namely the evapotranspiration from disease-
free, well-fertilized crops grown in large fields un-
der optimum soil water conditions which achieve
full production under the given climatic condi-

tionsH,

ET.=K.XET, (3)
where: ET, is the crop water requirement, mm; ET, is
the reference crop evapotranspiration, mm; K., is

the crop coefficient.
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FAO-56 divides the crop growth period into
four stages, 1. e. ,initial stage (L;;),crop develop-
ment stage (L4, ), mid-season stage (L, ), and
late-season stage (L. ), which were respectively
from the planting date to the time when the ground
cover reached approximately 10%, from 10% of
ground cover to effective full cover, from effective
full cover to maturity,and from maturity to harvest
or full senescence **', The whole growth period of
maize was divided into four stages: sowing-seven-
leaf stage (Li;). seven-leaf stage-tasseling stage
(L4 ) » tasseling stage-milk-ripening stage (L) »
and milk-ripening stage-mature stage (Ly.). The
FAO-56 method reports generalized K. values for
different growing stages of maize under standard
conditions, The single crop coefficient K, is
described by K i s Kemia» and K g for the initial,
middle, and late growth stages, whose recommen-
ded values are 0. 30, 1. 20, and 0. 35 for maize, re-
spectively. However, to improve the estimation of
the K. curve for a specific site, the recommended
values need to be adjusted to yield a local K. value.
The recommended values of K. iis Kemas and Koo
in the FAO-56 and were adopted and underwent
automatic correction by CROPWAT model with
average infiltration depth, wind speed, humidity,
and crop height at different growing stages. The
correction formula of K. has been embedded into
the CROPWAT model %/,

2.4 Crop water surplus deficit index

Cw is defined as water surplus/deficit for
maize during the maize growth period "**, which
can be calculated as follows:

_P.—ET.
ET.

2.5 Irrigation water requirement

Cw 4

I, is defined as the difference between ET. and

P. in each growth stage (Equation (5)):

I, = max( > ET.— > P.,0) (5
i=1 i=1
where: I, is the irrigation water requirement of a
crop, mm.
2.6 Precipitation data processing

For the programming of irrigation water sup-

ply and management, we utilized the annual precip-
itation data for extremely dry year (P=95%) ,dry
year (P=75%) snormal year (P=50%) ,and rainy
year (P=25%). The respective precipitation data
can be estimated by the computation and plotting
of probabilities with precipitation records. Specific-
ally, the steps included (i) tabulating the annual
precipitation from 1960 to 2015, (ii) arranging data
in a descending order of magnitude,and (iii) tabu-
lating the plotting position according to Equation
(6).

__100m
N-+1

where: F, is the plotting position, N the number of

F, (6)

the records,and m the rank number.

The precipitation in Tailai, Qigihar, and Fuyu
is 111.8,202. 9, and 143. 1 mm, respectively,in an
extremely dry year; 167. 3, 222. 2, and 175. 2 mm,
respectively, in a dry year; 195.4, 290.5, and
227. 3 mm, respectively, in a normal year; 236. 4,
350. 4,and 315. 0 mm,respectively,in a rainy year.
2.7 Climate tendency rate

The climate tendency of factors is expressed
by a linear equation using the least-squares meth-
od,as present in Equation (7).

Y=byt+b D)
where: Y represents the fitted values of the studied
elements;¢ is the corresponding year; b, and b are
regression coefficients,

10b, is the climate tendency rate, which means
the change of a meteorological element in every 10
years (10 a). A positive value indicates an increas-
ing trend of the meteorological element, while a
negative value suggests a decreasing trend.

2.8 Data processing

We used the CROPWAT model to formulate
irrigation schedule for western Heilongjiang Prov-
ince. According to the daily soil water balance,
maize rooting depth, and crop coefficient recorded
by the agricultural meteorological stations, the
daily irrigation water demand of maize was calcu-
lated. The planting date recorded by each agricul-
tural meteorological station was taken as the

sowing date, and the irrigation schedule was de-
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veloped with the CROPWAT model. Finally, the

irrigation schedule was encompassed in the " irri-
gation schedule" module of CROPWAT model.
Considering the actual situation, the data were
processed into irrigation systems understandable to
farmers.

We employed MATLAB 2004b to calculate
the climate tendency rates of ET., I, P., and Cy
for maize in western Heilongjiang Province and
conduct the Mann-Kendall trend test. As a non-
parametric statistical test method, the Mann-Ken-
dall trend test well reveals the changing trend in
time series and has more prominent adaptability for
meteorological data in non-normal distribution,
with the positive and negative signs of the statisti-
cal variable Z indicating the trend of data change.
The test can analyze the changing trend and muta-
tion point of the data series by calculating UFg and
UBk statistics and plotting their curves. The abso-

lute value of Z greater than 1. 64, 2.32, and 2. 56

stated that it had passed the significance test with
the confidence of 95%,99%, and 99. 9%, respec-
tively 1%,

3 Results

3.1 Temporal variation of ET,

The temporal distribution of ET, in Tailai,
Qigihar, and Fuyu from 1960 to 2015 is shown in
Fig. 2. The ET, values in the three places ranged
from 588. 59 to 821. 38 mm,543. 18 to 771. 06 mm,
and 516. 42 to 739. 04 mm, with the average being
679.97,626. 27, and 612. 69 mm, respectively. The
average annual ET, was 639. 64 mm in the study
area, The highest annual ET, was found mainly
distributed in Tailai (Fig. 2) with the maximum of
821. 38 mm. The climate tendency rates of ET, in
Tailai, Qigihar,and Fuyu were —8. 19, —2. 27,and
—5.96 mm/(10 a),respectively,and the ET, gen-
erally presented a decreasing trend in the study

area.

Fig. 2 Distribution of average reference crop evapotranspiration (ET)) and its trends from 1960 to 2015 in the study area

3.2 Temporal variation of ET.

The temporal distribution of maize ET. in
Tailai, Qigihar,and Fuyu from 1960 to 2015 is lis-
ted in Tab. 1. The ET. values in the three regions
were in ranges of 577.20-377.20, 551.6-361.5,
and 517. 80 -343. 60 mm, with the average being
679.97,626.27,and 612. 69 mm, respectively. The
average ET. was 438. 13 mm in the study area. The
highest value (821.38 mm) was observed in
Tailai. The climate tendency rates of ET, in Tailai,
Qigihar, and Fuyu were — 9.079, — 2.092, and
—5.514 mm/(10 a), respectively. Regarding the

c 964 - ¥ K A &

whole study area, the climate tendency rate showed
a downward trend. Fig. 3 demonstrates the varia-
tions of tested and analyzed water requirement of
maize. The UF value was positive from 1960 to
1991 in Tailai and from 1960 to 1987 and most
years from 2000 to 2010 in Fuyu, which manifested
the increasing water requirements of maize during
these periods in the two places; while it was nega-
tive from 1963 to 1967,1992 to 2001, and 2014 to
2015 in Qigihar, which means the decreasing maize
ET,. in these periods. UF and UB intersected in
1994 and 2010 in Tailai, 1965 and 2013 in Qigihar,
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and 2014 in Fuyu. This indicated that maize ET.

had turn points at these years.

Tab. 1 Changes of maize ET. during the maize

growing seasons from 1960 to 2015

ET. Tailai Qigihar Fuyu
Average/mm 459, 37~ 432. 69 422. 33
zZ —2.27570* —0. 833 97 —1.732 00
Range/mm 577.20—377. 20 551. 60—361. 50 517. 80—343. 60

Climate tendency

—9.079
rate/[ mme (10 a)! ]

—2.092 —5.514

Note: " * "means a significant changing trend at the 0. 05 level.

3.3 Temporal variation of P, and Cy

P, values in Tailai, Qiqihar, and Fuyu ranged
from 61.9 to 394.4,103. 4 to 386.5,and 442.6 to
89.9 mm, with the average calculated as 196. 84,
252.51,and 223. 87 mm, respectively. The average
annual P. was 224. 40 mm in the study area. The
— 1.84% to —89.07%. 6.68% to
79.61% ,and 19. 62% to —80.89% in Tailai, Qiqi-
har,and Fuyu, which was averaged as —55.38%,
—40. 23% ,and —45. 07% , respectively.

Cw was

Fig. 3 Mann-Kendall test curve of maize ET. in study area during the maize growing seasons from 1960 to 2015

The highest P. was 442. 60 mm and the
highest Cy was 19.62% in Fuyu in 1998
(Fig. 4 (a)). The climate tendency rates of P. in
respectively
—1.71,1.46,and 5. 64 mm/(10 a), and those
of Cy in the three regions were respectively
1.5%/(10 @) ,1.1%/(10 a) ,and 2. 5% /(10 a).
Overall, the climate tendency rates of P. and
Cy followed

area.

Tailai, Qigihar, and Fuyu were

increasing trends in the study

3.4 Temporal variation of I,

I, values in Tailai, Qiqgihar, and Fuyu were
ranged within 164. 80-504. 60,94. 40-410. 70,
and 110. 80-415. 70 mm, with the average being
320.10,240. 74, and 260. 77 mm, respectively.
The study area had the average annual I, of
224. 40 mm. Fig. 5 shows that the high I, values
were mainly distributed in Tailai, and the highest
value was 504. 60 mm. The climate tendency

rates of I, in Tailai, Qigihar, and Fuyu were

$ K R & - 965 -
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—4.83,1.84 and —4.50 mm/(10 a), respec- decreasing trends in Tailai and Fuyu but an in-

tively. The climate tendency rate of I, exhibited creasing one in Qigihar.

Fig. 4  Distribution of average P. and Cw and their trends in the study area from 1960 to 2015

Fig. 5 Distribution of average I, and its trends in the study area from 1960 to 2015

3.5 [Irrigation schedule of maize in differ- schedule by the CROPWAT model, the wetting
ent hydrological years layer depth was designed as 30, 80, 80, and 70 cm

During the formulation of the irrigation in the early, rapid, middle, and late growth stages,

© 966+ ¥ K A &
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respectively. In this paper, the total available soil
moisture was 180. 0 mm/m, initial soil moisture de-
pletion 32%, and initially available soil moisture
122. 4 mm/m. The above data were sourced from
the China Meteorological Data Sharing Service Sys-

[22] ' and the unavailable data were set as the

tem
default values in FAO-56 ). The soil moisture
content suitable for maize growth was 55%-80% of
field capacity. 80% of field capacity was selected

for irrigation when the water content reached the

lower limit of readily available water. The simula-
tion result of irrigation schedule in different hydro-
logical years is displayed in Tab. 2. The net irriga-
tion quota and irrigation times increased gradually
with the increase in hydrological frequency. The
net irrigation quota ranged from 122.7 to 428.6
mm,and Tailai had the highest level compared with
Qigihar and Fuyu in different hydrological years. The
formulated irrigation schedule was recommended to

sprinkler irrigation.

Tab. 2 Irrigation schedule for different hydrological years

Hydrological . Net irrigation  Irrigation Irrigation quota in each Irrigation dates/Month, Day (The
yion
years 81O quota/mm times irrigation time/mm irrigation time fluctuates for 5 days)
Tailai 177. 3 3 50—60/60—65/55—60 6.19/7.29/8. 14
Rai a
(;35;:; Qiqgihar 157.3 3 20—30/55—65/60—70 5.20/8.07/8. 31
Fuyu 122.7 3 20—30/30—40/60—70 5.18/6.01/7.27
Tailai 277.0 5 20—30/30—40/40—50/60—70/60—"70 5.14/5.27/6.06/6.27/7. 14
Normal year . ih 191. 8 3 50—60/50—60,/70—80 6. 25/8.16/9. 14
1qthar 91 - - - . . v
(P=50%) anha 0 0
Fuyu 240. 2 5 20—30/30—40/60—65/50—60/60—"70 5.15/5.29/7.21/8.24/9. 03
20—30/40—45/40—50/60—65/60—"70 5.18/6.02/6.11/6. 23
Tailai 304. 6 6 / / / / o 18/ /6. 23/
D 60—70 7.20/8.28
ry year
(P=75%) Qigihar 239.0 5 20—25/40—50/50—60/60—65/60—65 5.16/6.13/6.24/7.08/8.13
Fuyu 286. 0 5 40—45/60—65/60—65/60—65/60—70 6.11/6.26/7.10/8.06/9. 06
L 20—30/30—40/40—50/60—70/60—70/ 5.13/5.25/6.05/6. 24/
Tailai 428. 6 8 ~
60—70/60—70/70—175 7.05/8.07/8.19/9. 04
Extremely
dry year Qigihar 243.5 i 50—60/60—70/60—70/60—"70 6.27/7.20/7.29/8. 22
(P=90%)
! . 20—25/30—35/40—45/40—50/50—60/ 5.15/6.01/6.10/6.19/
Fuyu 388. 3 8

60—65/60—65/60—65

7.01/7.21/8.14/8. 24

4 Discussion

In previous studies, Zhao et al. ®™ found that
ET, was enhanced with the increase in net radia-

1. 8T also re-

tion and air temperature. Yanjun et a
ported that the temperature rising and various crop
planting structures were mainly responsible for the
increase in maize ET,. However,we previously dis-
covered that increasing temperature did not influ-
ence ET, in Heilongjiang Province, while wind
speed and sunshine hours were the main impact
factors. Wu et al. "*°) pointed out that the de-
crease in wind speed, vapor pressure, and sun-
shine hours diminish the ET,. Xinran et al. 1%
found that with the increasingly severe air pollu-

tion, the short-wave radiation was blocked by

pollutants, which made the atmosphere more
stable, reduced the momentum transport near
the ground, and lowered the ground wind speed.
Nie et al. ©*! held that warming clouds and
greenhouse gases are more conducive to captu-
ring heat, weakening solar radiation, and thus re-
ducing crop evapotranspiration. To sum up, not
only temperature but also other factors should be
considered during the investigation of maize ET,
change.

The results indicated that ET, and ET. de-
clined in western Heilongjiang Province. Wang

et al. (2]

pointed out that the maize ET,. was 381 mm
in the case of sufficient irrigation in 2004. The Col-
laboration Group on Isoline Map of Water Demand

of Main Crops in China reported that the average

% K & &+ 967 -
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ET,. of maize was 427 mm in 17 regions of Hei-
longjiang Province from 1961 to 1980 ¥*. The av-
erage ET. was 438.13 mm, 2. 5% higher than the
above,as the western region had the highest water
deficit during maize growth periods. Jiang et al.
stated that the west region had the highest ET.
than other regions of Heilongjiang. Gao et al. "
calculated the climate tendency rate of maize ET.
to be 1. 2 mm/(10 a) in northeast China from 1961
to 2010. The climate tendency rate of maize ET,
was — 5. 561 mm/(10 a) in western Heilongjiang
Province. Especially, the lowest precipitation and
the highest ET. in Tailai entail the highest I,. De-
spite the decrease in maize water requirement, it
was still higher than that in other regions of Hei-
longjiang Province. Thus, coordinated regional wa-
ter distribution becomes crucial at high maize ET..

East Asian monsoon impacts the precipitation
in Heilongjiang Province, increasing the extreme
droughts and waterlogging events since the 1970 s %,
Zhai et al.® pointed out that more droughts
occurred in China during the past 20 years. Zhang
et al. ¥ found an increasing water deficit in the
northeast region of China. et al.'® indicated that
precipitation decreased by 2. 4 mm every decade
from 1961 to 2017 in Heilongjiang Province. How-
ever, it was increasing in western Heilongjiang
Province. Qigihar and Tailai were the regions with
the lowest precipitation in literature'®™. P, and Cy
showed increasing trends in all regions. In spite of
the increase in precipitation, we should also pay at-
tention to the drought situation in western Hei-
longjiang Province.

Water deficit has become the primary restraint
to agricultural development in the western Hei-
longjiang Province®®, The climate tendency rate of
I, in Qiqgihar and Tailai presented increasing
trends. Liu et al. " pointed that I, in Heilongjiang
Province was 10-200 mm. However, the range is
extensive, and thus the result is not suitable for
guiding farmers’ production. We calculated the ET,
and net I, of maize in different hydrological years
in the western region of Heilongjiang Province.
The average I, was 273. 87 mm. Formulating irri-

gation schedule with limited water is critical for

© 968 ¢+ ¥ K A &

[40]

sustainable water

CROPWAT model comprehensively considers K., the

soil water change at the maximal rooting depth, and

resources management

drainage to estimate ET,. Changing the interval
and irrigation depth frequently is not practical*!’,
as the CROPWAT model can extend actual find-
ings to conditions not tested in the field"*), When
recommended this new irrigation schedule,
researchers should take into account many addi-
tional factors,such as water supply plan in the irri-
gation region, input for I,, and environmental im-

pact of irrigationt**.

5 Conclusions

In the past 55 years, ET, in western Hei-
longjiang Province was decreased, with an average
of 639. 64 mm. The decrease in ET, lowered ET.,
whose average was 438.13 mm. The range of P,
became wider and its average was 224. 40 mm. The
range of I, was narrowed, with an average of
273.87 mm. The highest ET,, ET,, and I, were
found in the westernmost region (Tailai). The Cy
went up in western Heilongjiang Province. Howev-
er, the water deficit was severe during maize
growth periods. The formulated irrigation schedule
can alleviate this situation in agricultural water
management. The net irrigation quota ranged from
122. 7 to 428. 6 mm,and Tailai had the highest irri-
gation quota in the study area in different hydro-

logical years.
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winter wheat yield into climatic yield and trend yield, to screen the years with high yield variability,i. e. . three high yield years
and three low yield years,and to reveal the main meteorological factors affecting yields.and then to analyze the relationship be-
tween winter wheat yield and climate change.

The results showed that the average temperature (0. 05 C * a '), maximum temperature (0.03 C » a ') and minimum
temperature (0.07 C « a ') in wheat season increased significantly, the average wind speed decreased significantly
(—0.01l m+s ' «a!),and the multi-year mean value of total ET, was 600 mm with a not clear increasing trend. The multi-
year average of actual winter wheat yield was 5 330 kg « ha '. Both the actual and trend yields showed a significant increasing
trend with Sen’s slopes of 136 kg/(hm? « a~') and 139 kg/(hm® « a '), respectively. Though the climatic yield trend did not
show a clear change trend., it varied from —1 245 to 1 376 kg » ha ' (—41% ~26%) , indicating a great variation in different
years. The climate variables in big low yield and high yield seasons were analyzed and the main factors to influence wheat yield
were summarized. Generally, extremely low temperature during the sowing-regreening period (for example December 8 and 9,
1986, the daily minimum temperature reached —21.2 C,and the average minimum temperature from January 14 to 25,1993
reached —14. 1 C), un-sufficient irrigation during a jointing-heading period (1993) and excessive precipitation in late planting period
(2008) would lead to wheat yield reduction. The increases in sunshine hours and temperature are beneficial to wheat production,

The trends of climate elements are consistent with the findings of most studies in the north China plain, indicating that
climate change in the study area is consistent with the trends of climate change at larger spatial scales. Yields in the study area
increased at a faster rate in the 1990’s, indicating a significant increase in the level of winter wheat cultivation during that peri-
od. The influence of climate factors on winter wheat yield in low yield years shows that extremely low temperatures during the
sowing-regreening period, un-sufficient irrigation during the jointing-heading period, and excessive precipitation in the late plant-
ing period can all lead to wheat yield reduction. The main meteorological factors causing yield reduction varied with growth
seasons,indicating the complexity of climate effects on wheat yield production. The influence of climate factors on winter wheat
yield in high-yielding years shows that the increase in sunshine hours is more beneficial to wheat yield under the condition that
the temperature remains consistent with the multi-year average. The main meteorological factors causing yield increase are simi-
lar in different years,indicating the consistency of climate factors on wheat yield increase.

Key words: climatic yield; winter wheat; typical low yield year; typical high yield year
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