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Abstract: The late frost injury of winter wheat usually occurs during the jointing-heading stage and may result in severe
yield loss in large areas, thus it is of significant importance to monitor and assess late frost injury of winter wheat real-timely
and accurately. The simultaneous heat and water (SHAW ) model is a detailed process model of heat and water movement
in plant-snow-residue-soil system, and it has the capability to simulate heat and water transfer within the canopy. The
SHAW model was applied to simulate air temperature within winter wheat young ear layer at the sensitive period after
jointing stage in Shangqiu City on the basis of field experiment in 2015, and it was also adopted to monitor occurrence and
damage level of late frost injury combining with the days after jointing stage. The results indicated that the air temperature
within young ear layer (20 ~ 60 cm) was accurately simulated as a whole, in which about 44.7% and 72.5% of the
absolute errors of simulated value were less than 1°C and 2°C, respectively, and the simulated air temperature at night was
better than that in the daytime. Compared with the minimum air temperature measured at the height of 1.5 m at the
meteorological station, the simulated minimum air temperature within the young ear layer of winter wheat and the low
temperature duration can well express the low temperature environment of young ear when late frost injury was occurred.
There were large differences among the minimum air temperature measured at the meteorological station, the minimum air
temperature measured at 2 m height in the winter wheat fields and within the young ear layer because of the influence of
field microclimate. The method which transformed air temperature data from the meteorological station into air temperature
data at 2 m height in the winter wheat fields was better than the method which used air temperature data from the
meteorological station as driving data of SHAW model directly, the minimum air temperature simulated by the former
method was close to the measured one, and the late frost injury level evaluated by using the former method was in good
agreement with the field surveyed one. Therefore, using SHAW model to monitor late frost injury of winter wheat is feasible
and applicable, and compared with the traditional monitoring index of air temperature data from the meteorological station it
can enhance the accuracy for monitoring the occurrence and damage level of late frost injury.
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0 Introduction

As a kind of sudden harm encountered by low
temperature causing water to freeze inside the plant
issue after the spring thaw, late frost injury usually
occurs after the jointing stage of winter wheat. During
this period, the wheat growth flourishes, the height of
growth cone or young ear from the ground rise
constantly, breaks away from the leaf sheath protection
and thus leads to decreased cold resistance. In this
case, impacts in varying degrees may be caused on the

yield once the young ear suffers from frost injury'' ~*'.
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In the current study of late frost injury, the commonly-
used monitoring indicators comprise the land surface
temperature, air temperature and leaf temperature.
The large-range land surface temperature can be
obtained by means of remote sensing. However,
studies have shown that the land surface temperature is
not in close relationship with the occurrence of late

3-4 . . . .
-4 Meanwhile, its representativeness is

frost injury
often limited by the influence of physical features at
different landmasses. Some scholars analyzed the
relationship between late frost injury and leaf

temperature and believed that the leaf temperature is
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the true reflection of plant temperature and the most
ideal monitoring indicator. However, the difficulty in
obtaining the leaf temperature data has restricted its
wide application in the actual production'>’. The
temperature data acquisition at meteorological stations
may be relatively simple and convenient. Thus, many
scholars have chosen the daily minimum temperature
and the number of days away from the jointing stage as
monitoring  indicators for late frost injury®~"’.
However, the problem is that the air temperature
observed at meteorological station is the temperature
inside 1. 5m thermometer screen and it tends to be
quite different from the air temperature of the
environment in which the wheat land young ear lives.
Due to the combined influence from environmental
change of macroclimate and crop activities, the wheat
field may create a unique microclimate environment
and frequent changes occur inside the wheat canopy by
reason of influences from solar radiation, turbulent
exchange, canopy group structure characteristics, wind
speed and crop growth period and so on. Thus, there
is a certain difficulty in the understanding and
simulation of it/ In contrast with the air

temperature at meteorological stations, the air
temperature inside wheat canopy is more correlated
with the physiological process and growth condition of
crop. The air temperature at the height where young
ear is located can further reflect the true situation of
ambient air temperature in which young ear lives when
the low temperature comes.

As one of the representative modes with strong
SVAT
transfer ), SHAW model is not analogous to crop

growth models such as WOFOST and CERES which

focuses on the simulation and prediction of crop

mechanism in (' Soil-vegetation-atmosphere

growth, development and yield. With outstanding
performances in the simulation of energy flow and
material cycle process in the soil-vegetation-atmosphere
system, SHAW model divides the system into multiple
layers by taking the atmosphere as upper surface and a
certain soil depth as underlying surface, so as to
calculate the water, heat and solute flux at each layer.
SHAW model has many applications in meteorology,
&  water

ecology, plant and soil

[10-15]

hydrology,
conservation In this paper, with the research

subject focused on the late frost injury prone to occur

after the jointing stage of winter wheat, comparisons
were made with respect to the advantages and
disadvantages of respectively taking the temperature at
meteorological stations and the model-simulated young
ear layer temperature as monitoring indicators for the
late frost injury of winter wheat through the adoption of
SHAW model in simulating the temperature along
vertical direction with a span of 10 ¢cm in the winter
wheat crop of Shangqiu, through the utilization of
simulated performance of data validation model based
on continuous observation within the sensitive period of
late frost and low temperature period during the field
experiment in 2015 and in combination with
meteorological data and field cold injury research data
at 8 sites of research area during 2013, a typical year
for the occurrence of late frost injury of winter wheat.
Furthermore, the applicability of SHAW model in
monitoring the late frost injury of winter was also

analyzed.

1 Materials and methods

1.1 Study area

As a major wheat production area, Huang — Huai —
Hai wheat zone is the region where suffers from the
most serious late frost injury in China and the annual
incidence of frost injury is more than 30% '’
Located in the hinterland of Huang — Huai — Hai Plain,
Shanggqiu is one of the main plant areas and high yield
areas in Huang — Huai — Hai wheat zone. However, it
is also the region with the maximum frequency of late
frost injury. The climate of Shangqiu belongs to the
warm temperate semi-humid continental monsoon
climate and years of meteorological statistical data show
that the annual average sunshine hours is 2 148.6 h,
annual average temperature is around 14°C, annual
average rainfall is 623 mm and annual average frost-
free period is 211 d. In recent years, during the period
from jointing stage until heading stage ( March and
April) of winter wheat, there is a growing tendency in
the occurrence frequency of extreme low temperature,
causing the emergence of late frost injury of winter
wheat to become obvious. The study area is as shown
in Fig. 1.
1.2 Field experiment and data collection

The field experiment was conducted at Shuangba
of Shangqiu Academy of

Experimental ~ Station
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Fig.1 Map of study area

Agriculture and Forestry Sciences. The geographical
location is as follows: north latitude 34°31'55", east
longitude 115°42' 37" and altitude above sea level
50.1 m. The scope of experimental field effectively
covered the aerodynamic wind area. The variety
planted of winter wheat was Yumai 18, the sowing date
was October 15, 2014 and the entry of jointing stage
was on March 25 of the next year. From April 3—29 ,
2015, three samples were set in the experiment field
for  site-specific  observation. (1  Temperature
observations per hour within the wheat canopy: the
experimental observation period coincides with the
rapid growth period of winter wheat and the young ear
height constantly ascends. For the real-time monitoring
of the temperature at the height where young ear is
located, temperature-record sensors were installed at
the heights of 20 em, 30 em, 40 em, 50 em and
60 cm. @ Meteorological data observation of upper
surface; temperature, humidity, wind speed and solar
radiation intensity were determined every other hour at
the height 2m above the soil surface of wheat field.
The hourly rainfall data was downloaded from China
Weather Network ( hitp://www. weather. com. cn/).
@ Soil temperature and soil moisture observation: the
buried depths of sensors were 0, 5 ¢cm, 10 cm, 20 c¢m,
30 cm, 40 cm in downward sequence. @ Biomarker
observation; determinations were made every 5 d with
respect to the plant height, leaf width, root depth,
proportion of root system within each layer at different
depths, height of young ear and dry biomass of
aboveground part. In addition, determinations were
made every 7 d with respect to the leaf area index
(LAL) through the application of specific leaf weight
(SLW). & Definition of growth duration: the time

periods for winter wheat to enter into stamen and pistil

differentiation phase, initial stage of connectivum
formation, last stage of connectivum formation, tetrad
stage and heading stage were obtained through the field
observation and in combination with the microscopic
observation of morphological changes in young ear.
© Determination of soil physical & chemical
parameters ; the soil profile texture of experiment field
was relatively uniform. 50 cm profile was excavated
within the sample area, so as to determine the soil
mechanical composition, bulk density and other
parameters. (D) Survey of late frost injury: after the
arrival of low temperature, sampling survey of the frost
injury condition in the field was timely conducted,
while frost injury survey & yield survey were finalized
at the late harvest. The data items of frost injury survey
mainly comprised the residual ear counts and absent
wheat grain counts, etc.

The temperature data at Shangqiu Meteorological
Station within the observation time of field experiment
and the meteorological data from the jointing stage until
heading stage of winter wheat at relevant meteorological
stations ( including Shangqiu National Meteorological
Station stations

and  meteorological distributing

throughout Minquan, Ningling, Suixian, Xiayi,
Yongcheng, Yucheng and Zhecheng) in 2013, a
typical year for the occurrence of late frost injury of
winter wheat, together with the field survey data of late
frost injury were accumulated. The meteorological data
included temperature per hour, humidity, wind speed,
precipitation and solar radiation intensity data. The
data of late frost injury included field survey data from
50 ground sites at the time of wheat harvest. The
survey points uniformly distributed in each county or
district with an average of 6 ~7 sampling points and
comprehensively reflected the overall situation of frost
injury of corresponding county or district. The data
items of survey included total ear counts & actual yield
within the scope of 1 m”, residual ear count, immature
ear count, average ear-grain count and average ear-

grain count of residual ear, etc.

1.3 SHAW model description and localized
calibration
As a model of coupled heat-fluid transport

established by FLERCHINGER et al from Northwest
Watershed Research Center, USDA, SHAW model

provides clear mathematical expression for the material-
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energy transfer process in atmosphere — vegetation — soil
system which can be used to simulate the transmission
and exchange of moisture, heat and solute flux in each

H7-201 " The water & heat fluxes in

layer of system
system are determined by the meteorological condition
of upper surface and soil condition of underlying
surface. The simulation of vegetation layer is based on
K theory. Water & heat fluxes make vertical movement
other.

in each layer and influence with each

Temperature and humidity profile within plant layer can

[21-2

be simultaneously solved”' ~**'. Each node of the plant
layer is required to meet the leaf energy-balance
equation.

r,-T Pu =Py T,

a
+L,L ——"1+mec,
Al c“e al

(D

Where S, is short-wave net radiation absorbed by the

S,+L,=L,p,c, r Y

v

plant layer, W/m’; L_ is long-wave net radiation
absorbed by the plant layer, W/m’; L, is leaf area
index; p, is air density, kg/m’; c, is air specific heat
J/(kg + K); T, is leal temperature,C; T, is air
temperature, °C ; p,, is vapor density of air, kg/m’;
p.. is vapor density inside leaf stomatal cavity, kg/m’;
r, is heat transfer resistance, s/m; r is water vapor
transmission resistance, s/m; r, is stomatal resistance,
s/m; L, is latent heat of vaporization, J/kg; ¢ is time,

. 2 . e
s; m_ is leaf or stem mass, kg/m”; c_ is specific heat

capacity of leaf or stem, J/(kg-K).

The left side of equation represents the full-wave net
radiation absorbed by the plant layer, while the left
side of equation represents the sensible heat flux
between plant layer and air, the latent heat flux
between plant layer and air and the heat transfer flux
inside the plant.

The main parameters required to be inputted in
SHAW model lie in three aspects;

(1) Location information: latitude of experimental
site is 34°32", slope and exposure is 0.

(2) Biophysical

calibration parameters are shown in Tab. 1. Leaf angle

characteristics parameters ;
orientation describes the morphological structure of
plant leaves, represents the leaf area ratio between
horizontal projection plane and vertical projection
plane. The model is adopted when setting the

recommended value of leaf angle orientation (0.96).

The albedo of plant determines the shortwave radiation
budget inside vegetation layer and its evaluation refers
to literature [ 24 ], calibrated as 0.2. The minimum
temperature of plant transpiration is 7°C and it is the
air temperature representing the winter wheat
transpiration in the early spring of study area. There
are three key parameters for the calculation of stomatal
resistance r_ in transpiration, 1. e. stomatal resistance
r,, without water stress, empirical exponent relating
actual stomatal resistance to leaf water potential n, and
critical leaf water potential .. Among them, critical
leaf water potential ¢, refers to the leaf water potential
when the stomatal resistance is 2 times of the minimum
value. The stomatal resistance r, has direct influence
on the water flux and transpiration. The empirical
equation'”’ suggested by CAMPBELL is adopted in the
model to express the relationship between these three
factors. The formula is listed as below
ro=r 1+ (/)" ] (2)
Where ¢, is leaf water potential of vegetation layer at a
certain node, m.
Height difference is adopted in the model to
represent the water potential of different exchange
surfaces, 1 MPa equals to 100 m water column. For the

evaluation of r_, ¢ and n, the parameters obtained by

80 %
YU et al'™ in the related research of winter wheat at
Yucheng Experimental Station within North China
Plain. The resistance of roots and resistance of leaves
are respectively the root-to-stem and stem-to-leaf
transmission resistances of liquid water in the plant
body. The built-in parameters of SHAW model that

correspond to winter wheat are adopted as the initial

values.
Tab.1 Biophysical characteristics
parameters of winter wheat

Parameter Value
Leaf angle orientation 0.96
Albedo of plant 0.2
Minimum temperature of plant transpiration/ °C 7
Stomatal resistance without water stress/( s + m ') 100
Empirical exponent relating actual stomatal resistance
to leaf water potential >
Critical leaf water potential/m -200
Resistance of leaves for plant/( m?-s-kg™') 1.5 x10°
Resistance of roots for plant/( m?-s-kg™') 3.0x10°

(3) Soil physical and chemical parameters and
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hydraulic characteristic parameters: such physical and
chemical parameters as soil particle size composition,
volume weight and saturation moisture content were
obtained by the field actual measurement. Moisture soil
serves as the soil type at the observation site. Sand
grain mass fraction is 30.3% , powder particle is
40.5% , clay particle is 29.2% , organic matter mass
fraction is 0. 5% , average volume weight is 1.42 kg/m’,
and saturation moisture content is 0.49 m’/m’.
Saturated hydraulic conductivity (0.298 ecm/h), air
entry potential ( = 0.1 m) and gap size distribution
index (3) were calculated and obtained via the
empirical equation "> proposed by CAMPBELL and
established by soil structure, volume weight, particle
and other basic characteristics.

1.4 Simulation mode of model

The driving data of SHAW model comprises
meteorological data (including temperature, humidity,
wind speed, solar radiation and amount of
precipitation ) , soil temperature and humidity data,
plant population structure data, and so on. For the
meteorological data measurement of upper surface, it is
required to measure at a certain height above the wheat
field (typical value: 2 m). Simulation can be made by
taking day or hour as the step length. In consideration
of the suddenness of late frost injury, the air
temperature simulation of winter wheat canopy was
conducted by taking hour as the step length.

Based on the localized calibration of model and
through the utilization of field observation data in
2015, the air temperature inside wheat canopy along
the vertical direction was simulated, the simulation
step length was set as hour and the simulated air
temperature performance of SHAW model during the
sensitive period of late frost injury was analyzed.

Further application analysis of SHAW model was
made through the application of relevantmetrological
station data and field frost injury data at Shangqiu in
2013. Due to the lack of metrological data actually
wheat field in 2013, the

observation data of meteorological stations were directly

measured above the
substituted into SHAW model to function. Next,
relevant equation was established on the basis of
metrological station data and field measured data in
2015, the metrological station data in 2013 was

converted into the metrological station data (2m above

the wheat field) and substituted into the model to
function. The simulated step length was set as hour
and the applicability of SHAW model in the monitoring
of late frost injury was further analyzed in combination

with the field frost data.
2 Results and analysis

2.1 Air temperature simulation of SHAW model
during the sensitive period of late frost
injury

2.1.1 Air temperature simulation of young ear layer

SHAW model was applied to simulate the air
temperature of winter wheat every 10cm along the

vertical direction of plant height within April 3 — 29,

2015(JD 93 —119) and comparisons were also made

with the measured values.

The observation session

covered stamen and pistil differentiation phase,
connectivum formation stage, tetrad formation stage
and heading to flowering stage. Among them, the
period from stamen and pistil differentiation phase until
connectivum formation stage (JD 93 - 109) was
considered as the most low temperature sensitive period
for winter wheat'””’. During the observation period,
winter wheat grew rapidly, the average plant heights
increased from 50 ¢m to 75 ¢m and the average heights
of growth cone or young ear grow from 15 ¢m to 50 cm.
However, due to the difference in the growth process of
axis and tiller, the heights of young ears in a strain of
wheat were not identical. As indicated in the existing
studies, the reasons why young ears are more sensitive
to low temperature if compared with steam leaves lie in
the fact that stem leaves can restore voluntarily within a
short period of time if the frost is not serious. In
contrast, young ears have irreversibility after frost
injury. Meanwhile, due to the dense stem leaves at the
height of young ears, cold air at night is easy to
converge and the daily minimum temperature also
frequently appears at this height'**'. Therefore, the
research emphasis was laid on the young ear layer
within the height of 20 ~60 c¢m.

The simulated and measured air temperatures within
young ear layers (20 cm, 30 cm, 40 cm, 50 cm,
60 cm) were made and the results showed that the
efficiency coefficient of Nash — Suicliffe model at
different heights were greater than 0.9, the mean

( MAE ) were 1.50C, 1.32°C,

absolute errors
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1.69°C, 1.67°C and 1.70°C,

height of 40cm as an example, Fig. 2 is the comparison
diagram of simulated and measured air temperature. It

is clear that the simulated values can better reflect the

variation tendency of measured values and both have

better degree of fitting.
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Fig.2 Comparsion of simulated and measured air

temperature within winter wheat young ear layer

respectively. About
44. 7% of the absolute error of simulated value was less

than 1°C and 72. 5% was less than 2°C. By taking the

2.1.2 Simulation effects along the vertical direction
and low air temperature duration

Fig. 3 and Fig. 4 arevertical profile diagram of air

temperature and low temperature duration diagram

simulated by SHAW model the

experimental field on April 8, 2015. air

temperature was the minimum at 5 00.

respectively in
The
and the air
temperature reached the maximum value at 14:00.
Thus, solid lines were used in Fig. 3 to represent the
air temperature within 05; 00 — 14 00, while the
temperatures of remaining time are represented by dash
lines.

On April 8 in the morning, low temperature below
zero was observed in the wheat field and the average
plant height was about 55 em at this time. As shown in
Fig. 3,
14.00,

the maximum air temperature appeared at
the minimum air temperature at 0500 and
both the maximum and minimum air temperature
appeared at the height of 40 ecm and 50 cm where there

were dense stem leaves. The main reasons lied in the
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Fig.3  Air temperature profiles within winter wheat canopy
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Fig.4 Simulation results of low air tempeature

within winter wheat canopy

facts that more quantity of radiation can be obtained
during the day due to the impact of radiation budget,
high temperature layer may form at the height where
weak turbulence exchange and transpiration are weak ,
air temperature decreased progressively either upwardly

or this The temperature

difference was unobvious at different heights in the

downwardly at place.

night. However, most of low temperature layers

developed at the place where stem leaves were
concentrated.

As indicated in Fig. 4, the sub-zero low temperature
process within winter wheat canopy lasted about 6h,
the air temperature constantly dropped since 01 :00 and
reached the minimum at 05:00. At 06:00 - 0700,
due to the solar radiation within winter wheat canopy,
the air temperature quickly rose from the sub-zero low
temperature.

Among them, the trend of temperature

change at different heights was identical, the air
temperature dropped along with the increase of height
at the same time and the temperature values were the
minimum and closer at the heights of 40 cm and 50 em.
, the

information ( air temperature dropped to 0°C only at

In contrast with the data at metrological stations
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05:00, while the remaining air temperatures were all
higher than 0°C) was displayed only at 05:00. As
discovered, the advantages of applying SHAW model
in monitoring the late frost injury lie in the fact that the
model can not only simulate the air temperatures at
different time and different heights within crop layer,
but also reflect the sub-zero low temperature duration.
2.1.3 Simulation effects at day and night

As late frost injury often occurs at night with low
temperature, the simulation performance of model
during the day (07:00 —18:00) and night (19:00 —
06:00 of next day).

As indicated in Tab. 2 and Fig. 5, MAE at night was
less than MAE during the day at all heights, the
average was lower than 0.70°C and the aggregation
extent of scattered points at night was apparently higher

than that of the daytime around the 1:1 scale line. The

30

Simulated air temperature/°C
n

&,
b

=5 0O 5 10 15 20 25 30 35
Measured air temperature/°C

(a) Night

reason is mainly listed as below, as there is no solar
radiation at night, the error that air temperature
changes within canopy caused by the calculation of
shortwave radiation can be reduced in the energy
balance equation of model. Furthermore, the humidity
inside crop layer at night was relatively high and the
variation range of air temperature was far less than that
during the day. Therefore, the simulation effects at

night were better.

Tab.2 Comparison of mean absolute error of simulated
and measured air temperatures in the daytime and

at night within winter wheatyoung ear layer °C

Height of young ear layer/cm

20 30 40 50 60
MAE of day 1.69 1.74 2.05 2.05 2.06
MAE of night 1.31 0.87 1.32 1.28 1.33
O 30 _ e
o ¥ e
5725 ;
3 20 L4
g8 . o
815
,;; 10
E :
@ 0
-5 0 5 10 15 20 25 30 35
Measured air temperature/°C
(b) Day

Fig.5 Comparison of simulated and measured air temperatures at 20 ~60 cm height of young ear layer at night and in the

daytime at sensitive peroid of late frost injury of winter wheat

2.1.4 Comparisons between observation data at
metrological stations and simulated data
Extreme low temperature serves as the key disaster-
deducing factor in the occurrence of late frost injury of
Difference  value

winter  wheat.

implemented between metrological wheat

fields above 2m height

temperature within young ear layer. The differentiation

stations,

and daily minimum air

results between above parameter difference values are

treatment  was as shown in Tab. 3.
Tab.3 Descriptive statistics of differences among daily minimum air temperature of meteorological station,
wheat fields at 2 m height, and measured and simulated values within young ear layer
Statistical Minimum Maximum Average Sample Standard Coefficient of
quantity value/C value/°C value/C variance/C Deviation/C variation/ %
A-B 0.33 4.67 2.08 1.30 1.14 54.81
A-C 1.50 7.95 4.75 2.05 1.43 30. 11
B-C 0.68 4.42 2.67 0.90 0.95 35.58

Note: A is minimum air temperature of meteorological station, “C ;B is daily minimum air temperature at the height of 2 m above wheat field,C ; C is

minimum air temperature at young ear layer, C.

As indicated in Tab. 3, the average air temperature
of meteorological station was 2. 08°C higher than the
daily minimum air temperature; the average daily

minimum air temperature at the height of 2 m above

wheat field is 2. 67°C higher than the minimum air
temperature at young ear layer and the average air
temperature of meteorological station was 4.75C

higher than the minimum air temperature at young ear
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layer. In addition, the maximum difference value
reached 7. 95°C. The difference between the maximum
value and minimum value ranges 5.3 ~ 14.2 times.
The sample variance and standard deviation of the
difference value between minimum air temperature of
metrological station and minimum air temperature of
young ear layer is the highest, indicating that the
The

coefficient of variation of parameter difference values

diversity between these two is the greatest.

are more than 30% , representing greater dispersion
degree. Thus, obvious difference exists between the
minimum air temperatures of meteorological station,
the height of 2 m above wheat field and young ear
layer. lis difference value is not a fixed value due to
the fact that significant difference exists between the

geographical position of metrological station and that of

16 ¢ —e—Meteorological station
==a==Wheat ficlds above 2 m

—g—l{easured values within young ear layer

Daily minimum air temperature/°C

e+ J-++ Simulated values wothin young ear layer

stage C

wheat field. Furthermore, the urban heat island effect

has caused the minimum air temperatures of
meteorological station to be generally higher than that
of the height of 2 m above wheat field and young ear
layer. Meanwhile, different microclimate environments
were thus formed due to the differences in terms of
wind speed & direction, cloud
For this

reason, the amount of difference values of daily

daily humidity,

amount, soil temperature & humidity, etc.

minimum air temperature in above three parameters
was not fixed and the diversity was greater.

The measured and simulated values of daily
minimum air temperatures of meteorological station,
the height of 2 m above wheat field and young ear layer
20 ~ 60 cm were extracted and the results were as

shown in Fig. 6.

| stage D I stage E

93 94 95 96 97 98 99 100101 102 103 104 105 106 107 108 109 110111 112113 114115116 117118 119
Day of year (2015)

Fig.6  Comparison of daily minimum temperature of meteorological station, wheat fields above 2 m,

measured and simulated values within young ear layer

Note; stage A is stamen and pistil differentiation phase; stage B is initial stage of connectivum; stage C is last stage of connectivum; stage D is tetrad

stage; stage E is blooming & heading stage.

As shown in Fig. 6, the minimum air temperature of
metrological station (0°C ) appeared only on the 98 th
day (April 8). In contrast, the minimum values of
young ear layer appeared on the 93 rd day (April 3),
the 103 rd (April 13) and the 104 th (April 14) were
all below 0°C. During the 4 days after the occurrence
of sub-zero low temperature, the model accurately
simulated the sub-zero low temperatures on the 93 rd,
94 th and 104 th day. However, the simulated value
was 1.3°C when the air temperature dropped to
—0.65%C on the 103 rd day. The reasons for major
error in simulation may be like this, 4-northerly wind
appeared at the night of the 103 rd day and the

exponential decay law presented in the simulation of

wind speed profile in the model. When the wind speed
was excessively strong, this law may not conform to the
actual situation. The minimum air temperature of
young ear layer on the 93 rd day was —0.6%C and in
stamen and pistil differentiation phase, —3.7%Con the
98 th day and in the initial stage of connectivum
formation and the sub-zero low temperature lasted 6 h.
On the 103 rd and 104 th day, the minimum air
temperature was —0.65C and - 1.2°C, respectively
and was in the last stage of connectivum formation. In
summary, stamen and pistil differentiation phase and
connectivum formation stage are the low temperature
sensitive period for winter wheat to suffer from late front

injury. Frost injury can be judged from three occasions
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of temperature drops. If the minimum air temperature
of metrological station was directly taken as monitoring
indicator, it would be difficult to judge whether frost
injury occurred only from the 0°C low temperature
occurred on the 93 rd day. From the survey at the late
stage frost injury, the late frost injury occurred in
winter wheat, causing sterility of 2.4 ears, 4 absent
grains and 14. 9% grain absence rate. It is evident that
the direct application of meteorological information into
the monitoring of frost injury may cause apparent error.
the utilization of SHAW model can
enhance the accuracy rate in the monitoring of late frost
injury.

2.2 Application analysis of SHAW model in the

monitoring of late frost injury

In contrast,

The year of 2013 was a typical year when the late
frost injury of winter wheat occurred in Shanggqiu.
Among them, three temperature-fall periods ( April 7,
10 and 21 ) caused great damages to the local winter
wheat until the period when the winter wheat grew to

booting stage and heading stage'>’.

In combination
with the meteorological data at 8 metrological stations
and basic soil data, the feasibility and effectiveness of
SHAW model in the monitoring of late frost injury were
further validated. Due to the lack of measured
meteorological data at the height of 2 m above wheat
field in 2013, the relevant equation was established in
accordance with the measured air temperature data at
the height of 2 m above wheat field in 2015 and the air
temperature data of meteorological stations, as shown

in Fig. 7.

y=1.1143x~1.2647
R*=0.9067

Temperature of wheat fields above 2 m/®C

5 0 5 10 15 20 25 30 35
Temperature of meteorological station/°C

Fig.7 Correlation analysis of air temperatures from

meteorological station and wheat fields at 2 m height

The meteorological data in 2013 was used to drive
the model and denoted it as SHAW [ simulation. The

meteorological data in 2013 was transformed, via the

above related equation y =1. 1143x — 1. 2647 (x stands
for the air temperature per hour at metrological station,
°C) into the model driven by meteorological data at the
height of 2 m above wheat field and denoted it as
SHAW 1II simulation.

The comparisons of daily minimum air temperatures
between metrological stations at all counties & districts
of Shangqiu and two kinds of SHAW simulation effects
during three low temperature frost dates were shown in
Tab. 4. As displayed in metrological stations, only the
air temperature of Yucheng was below 0°C on April 7
and 10. The air temperatures of Suixian, Xiayi and
on April 21. The air
temperatures of remaining counties and districts were

all greater than 0°C. In SHAW I simulation, the air

Yucheng were below 0°C

temperatures of Xiayi and Yucheng were below 0°C on
April 7. The air temperature of Yucheng was below
0% on April 10. The air temperatures of crop layers of
8 counties and districts were all below 0°C on April 21.
In SHAW 1II simulation,

Ningling, Xiayi, Yongcheng and Yucheng were below

the air temperatures of

0% on April 7. Sub-zero low temperature appeared in
Minquan, Xiayi, Yucheng and Zhecheng on April 10.
On April 21, the minimum air temperatures of crop
layer within 8 counties and districts were all below
0°C. Compared with SHAW I

minimum air temperature of SHAW II simulation was

simulation, the

even lower.

For the winter wheat of Shangqiu, the average date
of jointing stage is around March 20. After the jointing
stage, the cold resistance of wheat drops continuously
along with the advancement of growth process. For this
reason, based on the existing research results, the
daily minimum air temperature and the number of days
after jointing stage are selected as the monitoring
indicators to judge the degree of frost injury of winter
wheat, as shown in Tab. 5",

Based on the daily minimum air temperature and the
number of days after jointing stage, the grades of late
frost injury during three frost dates of 2013 were
(Fig.8), the

temperature of metrological stations was adopted as the

determined daily minimum  air
indicator, medium frost and light frost only occurred at
Yucheng during April 7 - 10, light frost occurred at
Minquan, Ningling, Shangqiu and Zhecheng on April

21, medium frost occurred at Suixian and Xiayi, heavy



10 TRANSACTIONS OF THE CHINESE SOCIETY FOR AGRICULTURAL MACHINERY 2016

Tab.4 Daily minimum air temperature from meteorological station and two SHAW simulation results

in three frost dates of Shangqiu C
Date Minquan  Ningling  Shangqiu Suixian Xiayi Yongcheng  Yucheng  Zhecheng
Meteorological station 4.2 5.2 4.7 3.7 1.5 4.7 -0.1 5.1
April 7 SHAW [ simulation 2.1 1.5 3.5 2.1 -0.6 1.9 -1.4 2.6
SHAW I simulation 0.2 -0.5 1.5 0.2 -2.5 -0.1 -3.2 0.6
Meteorological station 5.3 5.7 6.2 4.7 3.2 5.4 0 3.4
April 10 SHAW [ simulation 1.8 3.2 3.5 3.3 0.6 2.2 -1.6 1.4
SHAW Il simulation -0.2 1.2 1.5 1.3 -1.3 0.2 -3.4 -0.5
Meteorological station 0.7 1.0 0.3 -0.5 -0.4 4.8 -0.7 0.7
April 21 SHAW [ simulation -2.9 -2.8 -3.0 -3.7 -3.7 -0.2 -3.8 -2.9
SHAW Il simulation -4.7 -4.6 -4.8 -5.5 -5.5 -2.2 -5.6 -4.7
Tab.5 Meteorological assessment indicator of late frost injury level of winter wheat C
The number of days after Jointing stage
Degree of frost Indictor of frost
1~5d 6~11d 11~15d After 16 d
Light frost Daily minimum air temperature -2.0~-1.0 -1.0~0 -0.5~0.5 0~1.0
Medium frost Daily minimum air temperature -4.0~-2.0 -1.0~-2.5 0.5~-1.0 0~ -0.5
Heavy frost Daily minimum air temperature -5.0~ -4.0 -3.5~-2.5 -1.0~ -2.0 -0.5~-1.0

N

A

N
Frost free A Frost free

Light frost Light frost Light frost
Medium frost Medium frost _ © Medium frost
| Nomschem
le" frost 5 1020 km IH“" fost ) 1020km . IH“" Sost
L) | S | .
(a) April 7,2013,meteorological station (b) April 7,2013,SHAW I simulation (c) April 7,2013,SHAW 11 simulation
S Misquan

Frost free Frost free | A Frost free
Light frost Light frost Light frost
Medium frost Medium frost Medium frost

Thechemg

0 1020km WIS 6 1020km Py 0 1020km oy
| O | Ly | O |
(d) April 10, 2013, meteorological station (e) April 10,2013, SHAW I simulation (f) April 10,2013, SHAW 1I simulation

N N
A Derostiee Frost free A [ rrosiee
) Light frost Light frost Light frost
Medium frost Medium frost Medium frost
0 1020km leyﬁm 0 1020km L M i ;.H%mel 0 1020km |Hmm
(g) April 21, 2013, etearological station (h) April 21,2013, SHAW I simulation (i) April 21,2013, SHAW I simulation
Fig.8 Late frost injury level maps of Shangqiu City
frost occurred at Yucheng and no frost occurred in remaining counties except for Shangqiu. On April 10,
Yongcheng. The frost injury results simulated by frost injury occurred at the remaining five counties and
SHAW 1. heavy frost and light frost occurred at Xiayi, districts except for Ningling, Shanggiu and Suixian.
heavy frost occurred at Yucheng during April 7 - 10, On April 21, heavy frost occurred at 8 counties and
heavy frost occurred in remaining counties and districts districts.
except for medium frost at Yongcheng on April 21. The As winter wheat was in the stage of connectivum or

frost grade obtained by SHAW I simulation was tetrad stage during April 4 — 7, the later stage of
generally higher than that of SHAW I simulation. On immature ear rate and residual ear rate can be used to

April 7, frost injury at various degrees occurred at the express its frost degree during this stage. Immature ear
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is small tillering generated after the cold exposure of
wheat. The number of immature ear is in direction
proportion to the number of ears or stems died of frost
killing. Residual ears refer to those ones died of frost
killing and can not be recovered. On April 21, winter
wheat was in the critical period for grain formation and
apparent absence of grain caused by frost injury of
wheat. In this case, average decrease rate of ear-grain
count can be used to express the frost degree during
this stage. As indicated in the field survey of late frost
injury at 50 sample sites of Shangqiu in 2013, serious
late frost injury appeared in all counties and districts in
the same year, frost symptoms at various degrees
occurred in the ears of wheat and the proportion of frost
population was relatively large. The temperature drop
during April 7 — 10 caused the immature ear rate in
Xiayi, Yucheng and Zhecheng to reach 25% , 28%
and 20% , respectively. Despite that the immature ear
rate in Ningling, Shangqiu, Suixian and Yongcheng
was relatively low, yet the residual ear rate reached
40.6% , 27.2% , 17.7% and 28.6% , respectively.
The temperature drop on April 21 led to obvious
phenomenon of absent grains in ear of wheat. The
average decrease rates of ear-grain counts in Ningling,
Shangqiu, Suixian, Xiayi, Yongcheng, Yucheng and
Zhecheng district were 44.0% , 39.6% , 48.6% ,
40.6% , 19.4% , 50. 8% and 38.9% , respectively.
Based on the survey results of field late frost and in
combination with Fig. 8, it is clear that the frost grades
obtained via these three methods are not uniform.
Among them, the frost grade obtained by taking the air
temperature of metrological station as indictor was too
light.
SHAW I simulation method was superior to that of
SHAW [ simulation method. Obviously, under the

condition that there are inadequate measured 2 m

The accuracy of frost grade determined by

height metrological data which can be substituted into
SHAW model, the late frost grade as determined by
utilizing SHAW I simulation method in the acquisition
of ambient air temperature of young ear will be more
tally with the actual situation and prove to be more
accurate and effective in the monitoring of late frost
injury and frost degree, if compared with the results

simulated at metrological stations and SHAW [ .
3 Discussion

Among the existing monitoring methods for late frost

injury of winter wheat, the minimum air temperature of
metrological station is often used to judge whether the
late frost injury has happened and the occurrence
indicator due to its easy access. However, this indictor
also has certain limits. Firstly, the air temperature
measured at metrological station is often greater than
the environmental temperature of young ear. When the
frost injury has occurred in wheat field, the air
temperature measured at metrological station may still
remain above 0°C. Secondly, even if the air
temperature at metrological station has dropped below

0°C, it is difficult to

environmental temperature of young ear due to the

accurately deduce the

diversified field microclimate. Furthermore, when the
temperature has dropped below 0°C, the cytosol of
plant body may not freeze at once. Instead, it keeps
the under-cooling state and start to freeze when the
temperature has constantly dropped and reached a
certain value. In this paper, mechanism-based SHAW
model was introduced to simulate the ambient air
temperature of young ear as the monitoring indicator for
late frost injury. The reason why it can enhance the
accuracy of monitoring the occurrence and degree of
frost injury lies in the fact that the air temperature
inside crop layer is not only influenced by the
macroclimate but also correlated with the crop
population structure, light energy distribution among
plants, air temperature and humidity, wind speed and
soil temperature & humidity. The above various kinds
of impact factors have explicit mathematical expressions
in the model. In addition, hour-based step length was
applied in this model, which can not only simulate the
extreme low temperature of environment in which the
young ear lives but also obtain the duration of low
temperature. It is of great significance to the
monitoring of late frost injury just because the
occurrence of late frost injury can either be caused by
extreme low temperature or constant low temperature.
Therefore, it is feasible to apply SHAW model into the
monitoring of winter wheat late frost injury.

When the late frost injury occurs, air temperature is
the most important disaster-causing factor, while
humidity also has a great influence on the disaster-
causing degree. If the air humidity is relatively high,

the water vapor will present the saturation state,

condense into ice crystal and produce white frost. If
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the humidity is relatively low, water vapor can not
saturate or condense for latent heat release. In this
case, the frost injury of wheat may be aggravated,

31]

hence the name of black frost' In this study, the
applicability of SHAW model in the monitoring of late
frost injury of winter wheat was discussed from the
perspective of air temperature. In the follow-up
studies, air humidity factor may be supplemented to
better reflect the frost injury degree of winter wheat.
Single point simulation was applied in SHAW model.
In the follow-up studies, considerations may be made
to regionalize driving data and input parameters and
expand them as regionalized simulation, interpolate the
routine observation data of metrological station on the
basis of GIS’ spatial interpolation algorithm or obtain
the driving data required by surface model on the basis
of inverse method for remote sensing observation data

and apply SHAW model into the area monitoring of late

frost injury of winter wheat.
4 Conclusions

(1) During the late frost sensitive period of winter
wheat, SHAW presented better overall effect in the air
temperature simulation of young ear layer. To be
specific, the simulated young ear layer has a height of
20 ~60 c¢cm, an average of 44. 7% simulation error is
within 1°C, 72.5%
within 2°C and the simulation effect at night is better

simulation error is controlled

than that of daytime. The air temperature of young ear
layer simulated by SHAW model in combination with
the frost injury survey data of experimental field in
2015 was more suitable to be taken as the monitoring
indicator of late frost injury. As a result, the
monitoring accuracy of the occurrence of late frost
injury was improved.

(2) Due to the differences in daily air humidity,
wind speed & direction, cloud cover and crop layer
structure, during the observation of daily minimum air
temperature, the observed value at metrological station
was the highest, followed by the observation value
measured at the height of 2 m above wheat field and the
observation value of young ear layer. Moreover, there
are comparatively large diversities between the above
parameter values. The frost injury grade obtained by
taking the

daily minimum air temperature at

metrological stations as monitoring indicator through the

combination of SHAW model, metrological station data
from 8 counties and districts and filed survey of frost
injury in 2013 in Shangqiu was too light and failed to
situation.

agree with actual Compared with the

simulation method of directly substituting the
metrological data at metrological stations into SHAW
model, the grade of late frost injury determined by the
daily minimum air temperature of young ear layer
simulated by substituting the metrological data at the
height of 2 m above wheat field ( transformed from the
metrological data at metrological stations) into SHAW
model was more tally with the actual situation. For this
reason, whenever there is lack of measured air
temperature in young ear layer or metrological data at
the height of 2 m above wheat field, it may be a kind of
better alternative for the acquisition of air temperature
in young ear layer by transforming the metrological
station data into the metrological data at the height of
2 m above wheat field and substituting into SHAW
model.

(3) During the sensitive period of late frost injury of
winter wheat and low temperature, the model had
better simulation effect of air temperature in young ear
layer and it could better simulate the low temperature
Furthermore, the of late frost

duration. grade

determined by taking the daily minimum air
temperature as the monitoring indicator of late frost
injury was more tally with theactual survey data of frost
injury. Consequently, the application of SHAW model
in the monitoring of winter wheat frost injury is feasible
and applicable. It possesses greater advantage if
compared with the traditional monitoring method for

late frost injury.
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Applicability of Simultaneous Heat and Water Model for
Monitoring Late Frost Injury of Winter Wheat

Liu Junming' Wang Nian' Wang Pengxin' Hu Xin® Huang Jianxi' Pan Peizhu'
(1. College of Information and Electrical Engineering, China Agricultural University, Beijing 100083, China
2. Wheat Research Institute, Shangqiv Academy of Agriculture and Forestry Sciences, Shanggiu 476000, China)

Abstract; The late frost injury of winter wheat usually occurs during the jointing-heading stage and may
result in severe yield loss in large areas, thus it is of significant importance to monitor and assess late frost
injury of winter wheat real-timely and accurately. The simultaneous heat and water (SHAW ) model is a
detailed process model of heat and water movement in plant-snow-residue-soil system, and it has the
capability to simulate heat and water transfer within the canopy. The SHAW model was applied to
simulate air temperature within winter wheat young ear layer at the sensitive period after jointing stage in
Shangqiu City on the basis of field experiment in 2015, and it was also adopted to monitor occurrence and
damage level of late frost injury combining with the days after jointing stage. The results indicated that the
air temperature within young ear layer (20 ~60 cm) was accurately simulated as a whole, in which about
44.7% and 72.5% of the absolute errors of simulated value were less than 1°C and 2°C , respectively,
and the simulated air temperature at night was better than that in the daytime. Compared with the
minimum air temperature measured at the height of 1.5 m at the meteorological station, the simulated
minimum air temperature within the young ear layer of winter wheat and the low temperature duration can
well express the low temperature environment of young ear when late frost injury was occurred. There

were large differences among the minimum air temperature measured at the meteorological station, the
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minimum air temperature measured at 2 m height in the winter wheat fields and within the young ear layer

because of the influence of field microclimate. The method which transformed air temperature data from

the meteorological station into air temperature data at 2 m height in the winter wheat fields was better than

the method which used air temperature data from the meteorological station as driving data of SHAW

model directly, the minimum air temperature simulated by the former method was close to the measured

one, and the late frost injury level evaluated by using the former method was in good agreement with the

field surveyed one. Therefore, using SHAW model to monitor late frost injury of winter wheat is feasible

and applicable, and compared with the traditional monitoring index of air temperature data from the

meteorological station it can enhance the accuracy for monitoring the occurrence and damage level of late

frost injury.

Key words: SHAW model; winter wheat; late frost injury; applicability; air temperature simulation
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Fig.2 Comparsion of simulated and measured air

temperatures within winter wheat young ear layer



5 6 1) XY 2 . SHAW A BT A4 /N A2 W i R 3 5 00w Ao S P F 5 269

2.1.2 T 5 ) AR IR FR A e ] b A A 48 R SR
3 FIE 4 4350 SHAW A5 70 AR 41 114 52 56 H
(6] 2015 4F 4 H 8 H A9 A IR H B 4k B A IC iR Fr

IFE A, 24 H 0500 M%) <l f Ik, 14 : 00 1 2] <
B B B KA, IR 3 Hp S 4k A3 05:00—14:00
I Be AR, AR I 20 R T R R R

60 ¢ —— 05:00—14:008} Bt 4 - @ = 14:00—05:.000f B A
5 36 1 724 23222120 19 188 9 10 17 1611 12151314
50F L4 L I »
1 Eoar J v
\ Iy 4 il
L e ¢ 9
g \ []
=1 [} 1 P \ 1
8130 IR bede 4 e
74 1 i Vb % 1
X ] 1 P H ]
2t v TR S S
] ] [ H i
\ 1 il H \ §
10k ® b ¢ L] 1] L)
0 M L
-4 —3 =2 -1 0 1 4 6 7 B 9 10 11 1 1 14 1 16
Lifa/°C

M3 A/pNEEYRERRTEEEL

Fig.3  Air temperature profiles within winter wheat canopy

MRS AE B R (07 .00 — 18:00) FI#Z B (19 :00 —
K H 06:00) R E .

——S S

0 B M2 RIS T LA th, 45 26 1 7 G I oF 9 4
PRy o 2289/ T R 4915 0. 70°C , MO 2 1: 1
y —=- 20em 41 4 D PR 1 38 P B A B 75 1 K. X R o
N 218 6 B 5 7 A R0 i A S A5 7 R o Ok 2
01:00 0200 0300 G400 0500 0600 07:00 PRI 0 A 97 3 8 2 1A TR ok — 9 1 5%

4 VR R PG T 5 R R 40 5 2%, AN TR 9 2 P B 35, AT 1Y) 728 Ak i B
Fig.4 Simulation results of low air tempeature INFER BUE R MR BT

within winter wheat canopy £2 ENEPHEARNERNSETE A ZE LS
Tab.2 Comparison of mean absolute error of simulated

4 H 8 H s RN EI 22 /oy BLEF G, 1t
I A RSP 2 8 2 55 em, UKL 3 0] DUFE Y, die e Ul

and measured air temperatures in the daytime and

16 14.00 HH, %155/;\/1%75 05.00 H 3, %%Lﬁh:ﬂ% 1l at night within winter wheat young ear layer °C
S5 IR TR 24 ) PR 250 4 45 1 40 em A1 S0 em 5 .- IR i em

Rb o 33 TR P B2 S ST B 1K B % e R A 20 0 0 0 0
M LB I U 5 19 A L S
L2, ELACIR Py I A 16 b 16 T 338 D8, 1T M A I 7

AR 2 SR B R 7 2E AR A AR 2.1.4

G LI B 55 DL X E
A TINAE T A W R VR R ) S B B0 T R R i R
i PR R BT 2 m SR AR H RS
U P P Z () HEA T 22 (B AL B, 1ok 2 i 22 (B 22 W) 1Y 22
FPEL RN 3 B .
M3 AIE I, ARG LR I BT 2 m & B
H 5 IR 2 2. 08°C AT B 7 2 m 5 HE 4
FEJZ H A AR i 2. 67°C IR S L4 BEZ H
AR 4.75°C, H 2 H i Kb 3] 7.95C
B M  RE S B/ MEMZETES. 3 ~14.2 2
[ 5 GR35 A B2 foc AR IR Y 22 46 ) RE AR O 22 1
Bl 22 35 D de K, U 22 e d oK 2 22 (E Y
AR5 RRIYAE 30% UL b B R R T, R
Gl ACH EJ7 2 m @ A REE H AR TR Z 8] 22

MIE 4 T LU &N AR N T KR
MFRFZEZ) 6 h, B 01:00 JF4h, SR AW F B, T
05:00 F % 511k ,06:00—07:00 iy T4 JZ M 4532
FUKBHFR ST, =l i & AR R T, AN [
JEE A A A A B — B[R] — I 22 Y L B s R g
TR K, 7E 40 em F1 50 em Ry B2 AR A AR HL
BN o X H Gl B X AE 05 :00 i i /R it
W2 0°C , HoR it 203975 T 0°C, n A& B, SHAW £
T3z 1T & /N2 W R D P DA TR LA
AR LA B A 9y 2 AN () e 22 1 AS ] g 3 Y UL
[F] P A8 S e 2 AR ik 1) 45 52 6 1]

2.1.3  H R MR HERHCR
We J VR % 2 R AT by i BUR IR 4 5], 3 — 25



270 P S 1R A I 4 2016 4F
35 35
30 30 - o
i % ol Y
25 25 "
@] &)
_?é?-,o / 5@20 54
15 15
LE 10 w10
I~ I
r. .y
0 2 0
-
=5 0 5 10 15 20 25 30 35 —5 0O 5 10 15 20 25 30 35
HiRFERELeC et sl
(a) LB b BEx

5

MR R VR SRR N 1 R 4 B2 20 ~ 60 em it A A 401 {5 00 (X EE
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in the daytime at sensitive peroid of late frost injury of winter wheat
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Tab.4 Daily minimum air temperature from meteorological station and two SHAW simulation results

in three frost dates of Shangqiu City C
H 39 AL T [Eh £ HE K IR SRR o ik
EE 5 4.2 5.2 4.7 3.7 1.5 4.7 -0.1 5.1
4H7TH SHAW #5481 2.1 1.5 3.5 2.1 -0.6 1.9 -1.4 2.6
SHAW 4 11 0.2 -0.5 1.5 0.2 -2.5 -0.1 -3.2 0.6
KB 5.3 5.7 6.2 4.7 3.2 5.4 0 3.4
4 410 H SHAW #5481 1.8 3.2 3.5 3.3 0.6 2.2 -1.6 1.4
SHAW 4 1T -0.2 1.2 1.5 1.3 -1.3 0.2 -3.4 -0.5
K5k 0.7 1.0 0.3 -0.5 -0.4 4.8 -0.7 0.7
4 7421 H SHAW #5481 -2.9 -2.8 -3.0 -3.7 -3.7 -0.2 -3.8 -2.9
SHAW 4 1T -4.7 -4.6 -4.8 -5.5 -5.5 -2.2 -5.6 -4.7

R /N IR HF 2 0E 3 A 20 H A
A BT I B A A AR A

SNERGUIEEARTS AR

Wik o PRLHCHR $f C AT BIFFE B IR H S A Ll R 7 ) KK
BERAINT A /N2 R R g 5 TR

xRS ENERVTHBBEHEESKIER
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