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Abstract Based on the daily meteorological observation data of seven meteorological stations in southern Tibet from 1980 to 2021 ( April — October) , the temporal
and spatial variation characteristics and influencing factors of aridity index (Al) in the growing season of major grain producing areas in Tibet were studied by using
climate tendency rate, Mann-Kendal test, Morlet wavelet analysis, GIS hybrid interpolation method, Pearson correlation coefficient, contribution rate analysis and
other methods. The results showed that the average Al in the main grain producing areas of Tibet was 1.7, which belonged to the semi-arid area, and the overall
trend was decreasing (humidifying) ( —0.036/10 a). The linear decreasing trend was different in different regions, and the area around Lhatse County was the
most significant ( —0.26/10 a). Al had no obvious abrupt change, and had long- and medium-term fluctuation characteristics of 24 years, 6 years. The spatial dis-
tribution was uneven, and had the characteristics of ‘shrinking arid area and expanding humid area’. The contribution rates of the main climate influencing factors
of Al varied in different regions. In general, the contribution rates after quantification was as follows: precipitation (34.9% ) > relative humidity (28.4% ) > sun-

shine (19.9% ) > maximum temperature (12.4% ).
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Under the background of global climate change characterized
by global warming, the natural factors of water cycle and the tem-
poral and spatial distribution of water resources have changed ob-
viously. Some areas are getting humid, while others are getting ar-
id, that is, the dry-wet climate pattern has evolved to varying de-

[1-2]
grees

. The non-uniformity of this evolution is manifested in
the increased uncertainty of seasonal and regional drought disasters
in Tibet. Drought disaster has become one of the most serious ag-
ro-meteorological disasters in Tibet, and it is also the most serious
meteorological disaster in this region except snow disaster” ™

The dry-wet climate pattern not only determines the quality of crop
water conditions in this region, but also directly affects the local
agricultural production types and crop layout" . Under this
background, the research on dry-wet climate change has attracted
more and more attention from academic circles, and many scholars
at home and abroad have also carried out a lot of research in areas

"B The research method mainly

with obvious dry-wet changes’
uses Penman-Monteith model recommended by Food and Agricul-
ture Organization of the United Nations ( FAO) to calculate the

maximum potential evapotranspiration ET,,, and then obtains the
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surface dry-wet index ( moisture index MI, aridity index AI) , an-
alyzes its interannual variation trend, interdecadal variation char-
acteristics, seasonal differences and abrupt changes, and discus-
ses its relationship with influencing factors such as precipitation,
humidity, sunshine, temperature and wind speed. However, in
Tibet, Du et al. """ mainly conducted in-depth research in
northern Tibet'""" and Yajiang River Basin'™ with the moisture in-
dex MI in the early years. Since 2015, Shi et al. '™ perfected ET,
abrupt change and periodic fluctuation characteristics in Tibet.
Previous studies mainly focused on watershed desertification and
grassland degradation, and the breakthrough point was mainly po-
tential evapotranspiration. However, there are relatively few stud-
ies on identifying disaster risks, drawing the potential impact to
agriculture and putting forward adaptive countermeasures based on
the quantitative analysis on the change of dry-wet climate pattern
and the contribution of its influencing factors in main grain produ-
cing areas of the plateau. From 2020 to 2021, the calculation
methods of sensitivity coefficient and contribution rate were intro-
duced by Duan et al. "' and Qiao et al. """ in the analysis of the
dominant meteorological factors of plateau potential evapotranspi-
ration in Yarlung Zangbo River basin'' and Lhasa River ba-
sin'™'. Meanwhile, Yang et al. " applied this method to com-
plete a meteorological factor response analysis on the aridity index
(AT) in the Yangtze River basin. Tt can be seen the quantitative
contribution rate can be applied not only in the influencing factor
response analysis in plain areas and potential evapotranspiration
(ET,), but also in plateau areas and aridity index ( Al). There-

fore, in this study, focusing on taking the crop growing season as
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the time scale and the main grain producing areas in Tibet (south-
ern Tibet) as the research area, the temporal and spatial changes
of the aridity index ( AT) from 1980 to 2021 and the sensitivity co-
efficients and contribution rates of its main influencing factors were
calculated to discuss the characteristics of dry-wet climate change
in the growing season in main crop producing areas of the plateau
in depth and expound the quantitative contribution of key meteoro-
logical factors, aiming to provide some theoretical references for
local agricultural climate services and agricultural adaptation to

climate change.

Data and Methods

General situation of study area

Main grain producing areas in Tibet ( southern Tibet) was
chosen as the study area, which is known as the " Tibet granary"
and includes the middle reaches of the Yarlung Zangbo River.

Meanwhile, most of the counties within the jurisdiction are distrib-
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uted with fourth or fifth order streams as the mother river, and the
lower reaches of the river system are open fields with relatively low
altitude, which provides natural water and soil advantages for the
main crop producing areas of the plateau. The daily precipitation,
average temperature, average highest temperature, average lowest
temperature , sunshine hours, average wind speed and air relative
1980 — 2021 (that is,

growing season) in seven surrounding meteorological stations with

humidity from April to October, the crop
long data series in this area were selected, and meanwhile, with
reference to the basic topographic resource data such as the admin-
10 000) and DEM digital elevation

throughout Tibet, the location of the study area was cut out from

istrative vector boundary (1 :

the geographical information data of Tibet through GIS as the basic
data for regional analysis. The topography of the study area and
the distribution of selected meteorological stations, river systems,
cultivated land and water areas ( snow-capped mountains and

lakes) are shown in Fig. 1.
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A. Relief map; B. Distribution map of water system, cultivated land and stations; This map is drawn based on the standard map with the approval number of

Zang S(2021)007, and the base map has not been modified. The same below.

Fig. 1 Schematic diagram of location of the study area

Research methods
Calculation of aridity index The aridity index'"’ was calculated
by using the calculation method commonly used in the dry-wet
analysis in the production of previous climate zoning atlas in Chi-
na, as shown in Formula (1).
ET,

Al = > (1)

In the formula, Al stands for aridity; ET, represents potential
evapotranspiration in crop growing season calculated by the Pen-
man-Monteith method recommended by FAO; and P is the precipi-
tation in crop growing season.
Calculation of potential evapotranspiration Penman-Monteith
formula is a P-M model recommended and revised by FAO in
1998. Based on the theory of energy balance, water vapor diffusion
and aerodynamics, it uses water vapor pressure, net radiation, air
drying power at a certain temperature and wind speed to determine

the potential evapotranspiration, taking into account not only the

physiological characteristics of crops, but also the changes of
aerodynamic parameters. This model is suitable for humid and arid
areas, and has a solid theoretical foundation and clear physical sig-

nificance, and it is widely used in the classification and analysis of

climate and vegetation, as well as climate zoning in China*'""?!,
It is specifically shown in formula (2).
0.408A(R, - G) +y 7T202073 Uy (e, —e,)
ET, = (2)

A+y(1+0.340,)

In the formula, ET, is the potential evapotranspiration; R, is

the surface net radiation; G is the soil heat flux; vy is the hygrome-
ter constant, e, is the average saturated vapor pressure; e, is the
actual vapor pressure; U, is the average wind speed at a height of
2 m; and A is the slope of the saturated vapor pressure curve.
The calculation methods of R,, A, G, e,

l [9,11,13,17 - 18]

Zhang et al.

e, and U, referred to
, which will not be expanded in detail

here.
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Contribution rate of meteorological factors
. [14-16)
1es

In previous stud-
, the changes of ET;, Al and other parameters caused by a
meteorological factor is quantitatively calculated by multiplying the
sensitivity coefficient of the meteorological factor by the multi-year
relative change rate, that is, the contribution of the factor to the
change of ET;, Al, etc. The positive (negative) contribution rate
indicates the increase (decrease) in Al caused by the factor, and a
large (small) absolute value indicates that the influence of the mete-
orological factor on Al change is large (small). The calculation of

contribution rate!™ " is shown in formulas (3) to (5).
Con, =S, xRC, (3)
. [AAIZAIT Al v
S, _41:1%[ Av,/v, ] "o, % Al 4)
Av, nxTrend,
RC, =T=ﬁ'x100% (5)
: ‘ .

In the formulas, Con, is the contribution rate; S, is the sensi-
tivity coefficient of meteorological factor v;, and RC, is the relative
change rate of the meteorological factor for many years during the
research period. The calculation method of sensitivity coefficient a-
dopted the method of Duan et al. "', in which one of the main in-
fluencing factors determined by the correlation coefficient test re-
sults was changed by —1 to 1 in turn, and the amplitude of each

change was 0.1 times that of the factor, and the average value of

AAl

=— after each change was obtained as a coefficient, and the final

result was obtained after nondimensionalization by multiplying the
v.
coefficient by /TLI In the calculation of relative change rate,

Trend, is the climate tendency rate of the meteorological factor,
lv;1 is the multi-year average value of the meteorological factor,
and n is the study period (years).

Other methods

and abrupt change test of 42-year long series aridity index, and the
[ [18-19)

Mann-Kendall test was used for trend diagnosis
specific algorithm referred to Zhang et a . Morlet wavelet
analysis is very suitable for indicating the periodic change of aridity
index in a long historical series, which can not only accurately
identify the characteristics of main periods and periodic change,
but also predict the future periodic trend, and the algorithm re-
ferred to references| 20 — 21 ].

(‘three-dimensional quadratic trend surface + residual interpola-

The mixed interpolation method

tion) was adopted in the dry-wet zoning. This method builds an in-
terpolation model by stepwise regression of macro-geographical en-
vironmental factors such as latitude and longitude and altitude with
aridity index, and realizes the spatial interpolation of grid points
through ArcGIS technology. This method is often used to simulate
the spatial distribution law of resources, environment and other el-

ements. The specific algorithm referred to Shabiti et al. >

’

and other spatial interpolation adopted the Inverse Distance Weigh-
ted Method (IDW).

Results and Analysis
Interdecadal variation characteristics of climatic aridity and
humidity

Under the global climate change with the background of glob-

al warming, the aridity index in the growing season of major grain
producing areas in Tibet experienced various changes on the
interdecadal scale from 1980 to 2021. According to the temporal
variation trend of aridity index in the growing season of the main
grain producing areas in Tibet shown in Fig. 2, the multi-year av-
erage value of aridity index was 1.7 (semi-arid) ; the maximum
value was 3.2 (semi-arid) , which appeared in 2015 ; and the min-
imum value was 1. 0 ( semi-humid ), which appeared in 2000.
Overall, the aridity index showed a decreasing ( humidifying )
trend with time, and the decreasing trend was - 0. 036/10 a,
which failed the significance test. Judging from the multi-year av-
erage value, the aridity index was above the average value in
1980s and 1990s, and decreased to below the multi-year average
value since the 21" century, that is, the climate became obviously
wet in the 21" century. In 28 of the 42 years, the aridity was below
the average (1.67), accounting for 66% , that is, more than half
of the years showed values below the average. Meanwhile, we
could also see that the aridity had been lower than the average
since 2010, except for the extreme maximum in 2015, that is, the
climate was relatively wetter than before. According to the 10 a
moving average, the aridity index in the growing season of the main
grain producing areas in Tibet experienced two decreasing (humid-
ifying) trends from 1980s to 2000, and the two valleys respectively
corresponded to 1986 — 1992 and 1996 -2005.
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Fig. 2 Temporal variation trend of aridity index in the growing

season of main grain producing areas in Tibet

Abrupt change and periodic characteristics of climatic aridity
and humidity

The Mann-Kendall method was applied to conduct a 42-year
long series change trend analysis and abrupt change test on the
aridity index in the growing season of major grain producing areas
in Tibet, and two statistical curves of UF and UB were drawn on
the same graph under the condition of significance level a =0.05.
As can be seen from Fig. 3, there were obvious intersections be-
tween UF and UB curves in 1983 and 1994. After the intersec-
tions, the UF curve was less than O in both 1983 — 1993 and
1998 - 2021, but did not break through the critical line of 0. 05
(significant ) , indicating that Al did not have a turning point.
Specifically, after 1983, the Al sequence generally showed a
downward (‘humidifying) trend, and after experiencing a short-
term increase (short-term drying) in the early 1990s, it showed a
continuous downward (humidifying) trend from 1994. Since 2004,
the decreasing range (humidifying range) began to decrease, but

it was still in a decreasing state (humidifying state ).
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251 At the same time, Morlet wavelet analysis was adopted for a
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Fig. 3 Mann-Kendall variation trend and abrupt change test of

aridity index in the growing season of main grain produ-
cing areas in Tibet
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of 3 —4 years under the condition of 6-year time scale. Judging from
the overall fluctuation trend, in the long-term and medium-term fluc-
tuation which 2021 was involved in, the isoline of wavelet transform
was not closed, and it is speculated that the aridity index will main-
tain a decreasing trend (humidifying trend) after 2021.
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Fig. 4 Morlet wavelet real part distribution and wavelet variance of aridity index in the growing season of main grain producing areas in Tibet

Spatial pattern characteristics of climatic aridity and humidity

The spatial pattern of aridity index in major producing coun-
ties was analyzed, and the above-mentioned mixed interpolation
method was adopted to comprehensively consider topographic fac-
tors for zoning. It could be seen from Fig. 5 that the main grain
producing areas in Tibet were generally at the semi-arid climate
level, which is consistent with previous research results. The sub-
divided low-aridity zones (humid zones) were located in Nyalam
and Yadong in the western and southern marginal areas, Sangzhuzi
in the north-central part, southern namling county and other areas,
with aridity ranging from 0.5 to 1.5. The high-aridity zones (arid
zones) were located in most parts of Dingri and parts of Gyangtse,
Kangmar and Renbu counties, with aridity ranging from 2.5 to
3.5. The aridity in other areas was 1.8 —2.5.
Spatial distribution characteristics of linear variation trend in
climatic aridity and humidity

The aridity and humidity of climate fluctuate from decade to
decade, and the major producing counties also experience an in-
crease or a decrease in aridity (a humidifying or drying trend). It
can be seen from Fig. 6 showing the spatial distribution of the line-
ar variation trend in aridity index in the growing season of main
grain producing areas in Tibet that the aridity exhibited a decrea-
sing (humidifying) tend mostly, especially in the area of Lhatse
County, with a decreasing rate reaching —0.26/10 a. Meanwhile, it

showed a slight increasing ( drying) trend around Nyalam County,
with an increasing rate of 0. 09/10 a, and there was no obvious
change in the zone from Yadong to Sangzhuzi. However, in the past
42 years, the climate aridity index of major grain-producing counties
showed a relatively stable decrease (stable humidifying trend).

A

30°N
29°N
28°N b

Dry-wet grade

<Value>

mm Arid zone

1 Semi-arid zone

o [ Semi-humid zone 0 1530 60 90 120 m
27°N | Humid zone
86°E 87°E 88°E 89°E 90°E

Fig. 5 Spatial pattern and dry-wet grade zoning map of aridity in-
dex in the growing season of main grain producing areas in
Tibet (1980 —2021)
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Fig. 6 Spatial distribution of linear variation trend in aridity index
in the growing season of main grain producing areas in Ti-
bet (1980 —2021)

Variation characteristics of climate dry-wet pattern

According to the characteristics of abrupt change, 1994 was
taken as the demarcation year, and before 1980 — 1994 was defined
as before demarcation, and after 1994 —2021 was defined as after
demarcation. The analysis on the spatial distribution of aridity in-
dex before and after demarcation showed that the aridity index was
1.1 -2.7 before the demarcation in Fig. 7a, and the value de-
creased (‘humidifying) to 1. 1 — 2. 4 after the demarcation in
Fig. 7b, while the range was reduced, and the overall perform-
ance was characterized by " shrinking range of high-value areas
(arid areas) and expanding range of low-value areas (humid are-
as)". The value in the high-value areas decreased (humidifying)
from 2.2 =2.7 before the demarcation to 2.0 —2. 4 after the de-
marcation, and the specific changes were reflected in the Dingri
and Lhatse line in the west. Fig. 7c¢ shows the variation ranges of
aridity in different areas before and after the demarcation. After
the demarcation, the aridity index was mostly decreasing (humidif-
ying) , and the largest decrease range was located in the area of
Lhatse County, with a decrease reaching —0.62 (humidifying).
The second place was taken by the whole Dingri County, the west-
ern Dingjie County, the western Xietongmen and other areas, with
a decrease of —0.44 (humidifying). Moreover, the aridity index
of Pagri zone in Nyalam and Yadong exhibited a slight increase
(slight drying) , with an amplitude of 0. 09.
Main meteorological factors affecting aridity index
Pearson correlation coefficients of meteorological factors Anal-
ysis From Table 1, it could be seen that, on the whole, the aridity
index Al had a extremely strong negative correlation with precipita-
tion, a strong negative correlation with relative humidity and a
strong positive correlation with sunshine hours, passing the signifi-
cance test of the 0. 01 level.
weak positive correlation with the highest temperature and wind

The aridity index Al was also in a

speed, passing the significance test of the 0. 05 level. However,
the correlation with average temperature and the lowest temperature
was very weak or they were uncorrelated. The results showed that
Al was directly proportional to evapotranspiration and inversely
proportional to precipitation, and the correlation coefficient with
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Fig. 7 Spatial distribution of aridity index (1980 —2021)

precipitation reached —0. 88, indicating that precipitation was the
main factor affecting arid climate in the main grain producing areas
of Tibet. Sunshine, relative humidity, the highest temperature and
wind speed affected the changes in aridity and humidity by affect-
ing evapotranspiration. Sunshine and relative humidity were main
factors affecting evapotranspiration, while the highest temperature
and wind speed were secondary factors. The change in the lowest
temperature produced no obvious effect. Generally speaking, the
correlation degrees were ranked as precipitation > sunshine hours >
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relative humidity > highest temperature > wind speed > average
temperature > lowest temperature. It was determined that the first
four factors were main meteorological factors affecting the aridity
index.

Analysis on contribution rates of meteorological factors Ac-
cording to the above correlation analysis, the highest temperature,
precipitation, relative humidity and sunshine hours were the main
meteorological factors affecting Al in the growing season of main
grain producing areas in Tibet, so the contribution rates of these
four meteorological factors to Al were quantitatively analyzed.
From Fig. 8a, it can be seen that the contribution rates of the
highest temperature were in the range of 6.9% —15.4% , with an
average of 12.4% . The main grain producing areas in Tibet were
positive value areas overall, indicating that the increase of the
highest temperature caused an increase in Al (drying) in this re-
gion, and the high value area was in the north-central part. From
Figure 8b, it can be found that the contribution rates of precipitati-
on were in the range of —97.1% -0.3% , with an average of
—-78.1% . Except for Nyalam, most areas showed a negative val-
ue, indicating that the increase in precipitation caused a decrease
in Al (humidifying) in this region. From Figure 8c, it can be
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found that the contribution rates of relative humidity ranged from
-66.3% to —5.0% , with an average value of —28.4%. The
values were overall negative, indicating that an increase in relative
humidity caused a decrease in Al (humidifying), and the high-
value areas were located in the north-central and south. From Fig.
8d, it can be found that the contribution rates of sunshine were in
the range of 0% —47% , with an average of 19.9% . The values
were positive on the whole, indicating that an increase of sunshine
would cause an increase in Al (drying), and the high value areas
were in Dingri, Gyangtse and other places. It could be seen that
the contribution rates of various factors were different in different
regions. The highest temperature contributed the most (15.4% )
in the area from Lhatse to Sangzhuzi, while precipitation contribu-
ted the most (97% ) in the area from Lhatse to Shigatse to Nam-
ling in the north-central part, and relative humidity was the one
with the highest contribution (66% ) in Nyalam, and sunshine
hours contributed the most (47% ) in Dingri and Gyangtse. Gen-
erally speaking, the average absolute values of the contribution
rates, that is, the values of contribution degree, were ranked as
precipitation (34.9% ) > relative humidity (28.4% ) > sunshine
(19.9% ) > highest temperature (12.4% ).
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A. Highest temperature; B. Precipitation; C. Relative humidity; D. Sunshine hours.
Fig. 8 Spatial distribution of contribution rates of main meteorological factors to the change in aridity index in main grain producing areas of

Tibet (1980 —2021)
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Discussion on the potential impact of dry-wet climate change
on plateau agriculture and its adaptation countermeasures
Discussion on potential impact The main grain producing areas
in Tibet was located in the southwest of Qinghai — Tibet Plateau,
with high seasonal crop water shortage, low available water capaci-
ty and low irrigation rate™ . The degree of climate aridity and hu-
midity in this area has a huge potential impact on agriculture. At
present, the mainstream academic circles believe that the pattern
of water and heat resources in the Qinghai — Tibet Plateau has
changed under climate change, and that warming and wetting will
expand the planting area of crops and be beneficial to crop yield
(moderate confidence) ™. Meanwhile, it is pointed out that pre-
cipitation is generally increasing, which is a favorable factor for
prolonging the growth period of crops in Qinghai — Tibet Plat-
eau'*. Therefore, we believe that the overall dry and wet climate
change trend in the main grain producing area of Tibet is conducive
to crop growth.

Discussion on adaption strategy Through the analysis of the cli-
matic aridity index, it is clear that the climate of major grain-pro-
ducing counties in Tibet showed a slow humidifying trend from
1980 to 2021, with the characteristics of shrinking arid area and
expanding humid area. However, some main producing areas,
such as Dingri-Lhatse area in the west, were still in a situation of
relatively arid climate, while Nyalam area showed a weak drying
trend, so the spatial distribution of aridity index was extremely un-
even. The results of many frontier studies, especially the predic-
tion of future climate scenarios, relatively conformably show that
the annual/seasonal precipitation in the Qinghai — Tibet Plateau
will increase in the future, and the temporal and spatial distribu-
tion of the increasing trend of precipitation will be uneven, and the
uncertainty of seasonal and regional droughts in the future is still
great'*'. Therefore, it is necessary to strengthen drought monito-
ring, assessment and early warning based on complete irrigation fa-
cilities,, supplemented by natural precipitation, and we also should
make rational use of air water resources, carry out weather modifi-
cation in a timely manner, and adjust regional planting structure
and agricultural development model when necessary to better cope
with climate change.

Conclusions

(1) Inter-annual variation characteristics; During the grow-
ing season in major grain producing areas of Tibet from 1980 to
2021, the dry-wet grades remained at semi-arid, which was con-
sistent with the mainstream scientific cognition, and the overall
change showed a decreasing (humidifying) trend with time, with
the decreasing trend of 0. 036/10 a, but it failed the significance
test. Among these areas, Lhatse area was more obvious, with a de-
cline rate of 0.17 —0.26/10 a; and the Al abrupt change test did
not break through the 0. 05 significance test, and there was no ob-
vious turning point change. There were two main periods in the se-
ries, and the first main period of aridity index was 24 years, and
there was a periodic change of 16 — 18 years under the condition of
24-year time scale. The second main cycle of aridity index was 6
years, and there was a periodic change of 3 —4 years under the
condition of 6-year time scale. Judging from the overall fluctuation
trend, in the long- and medium-term fluctuation where 2021 was

located, the isoline of wavelet transform was not closed, and it is
speculated that the aridity index will maintain a decreasing trend
(humidifying trend) after 2021.

(2) Spatial pattern characteristics; The climate in the main
grain producing areas of Tibet was unevenly distributed, and the
low-aridity areas (humid areas) were located in Nyalam and Ya-
dong in the western and southern marginal areas, Sangzhuzi in the
north-central part, and southern Namling county, with aridity ran-
ging from 0.5 to 1.5; and the high-value areas (arid areas) were
located in most parts of Dingri and some counties such as Gyangtse
and Renbu, and the aridity was 2.5 —3.5. Meanwhile, taking
1994 as the demarcation year, the spatial distribution of aridity in-
dex before and after the demarcation was analyzed, and the varia-
tion range of aridity in different regions before and after the demar-
cation was clarified. After the demarcation, the maximum decrease
of aridity index (humidifying) was located in the area of Lhatse
County, with a decrease of 0.62 (humidifying) ; the second place
was taken by the whole Dingri County, the western Dingjie Coun-
ty, the western Xietongmen and other areas, with a decrease of
0.44 (humidifying) ; and the decline in most other places was
within 0. 1. The degree of climate aridity and humidity was still
semi-arid, and the range remained basically the same, but after
the demarcation, the overall performance was characterized by
"shrinking range of arid area and expanding range of humid area" .

(3) Analysis on main influencing factors of dry and wet cli-
mate ; Precipitation was the dominant factor affecting the arid cli-
mate in main grain producing areas of Tibet. The highest tempera-
ture, precipitation, relative humidity and sunshine hours were the
four main meteorological factors that affected the growing season Al
of main grain producing areas in Tibet, and their contribution rates
were different in different regions. Generally speaking, the average
absolute values of the contribution rates, that is, the values of con-
tribution degree, were ranked as precipitation (34.9% ) > relative
humidity (28.4% ) > sunshine (19.9% ) > highest temperature
(12.4% ).
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