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Cover letter
Dear Editor:

We herein submit our revised manuscript entitled “Changes in reference
evapotranspiration over Northwest China from 1957 to 2018: variation characteristics,
cause analysis and relationships with atmospheric circulation”, which we wish to be
considered for publication in Agricultural water management.

We believe the paper may be of particular interest to your readers, as it proposes a
new method to predict ETo, and its applications and results offer significant insights into
the agricultural irrigation management. This article (1) attempt to propose a new approach
for ETo analysis pattern over Northwest China; (2) quantifies the total solar radiation is the
main reason for the “evaporation paradox”; (3) can be used to predict changes in ETy at
annual and seasonal scale based on the four teleconnection indices (ENSO, PDO, I0OD, and
AO).

Thanks to Reviewer for the comments on the manuscript, these comments play an
important role in improving my paper. We have studied comments carefully and have made
correction which we hope meet with approval. According to the professional comments,
we have revised the manuscript using red color. Our modifications: (i) added the page
number and continuous line numbering throughout the manuscript; (ii) dropped the
Humidity Index parts altogether; (iii) added relevant references about the Northwest China;
(iv) added comparisons with similar regional studies and explored the possible reasons; (v)
added the calculation formula about net solar radiation; (vi) reworked all figures and tables;
(vii) revised other individual issues; and (viii) modified this paper and invited experts to
polish it.

All authors have read the revised manuscript and have approved submission to your
journal. Thank you very much for considering our manuscript for potential publication. We

are looking forward to hearing from you soon.

Sincerely yours,
Hongrui Wang
E-mail: henrywang@bnu.edu.cn



A list of responses to the comments:

Manuscript Number: AGWAT 2019 1293

Title: Changes in reference evapotranspiration over Northwest China from 1957 to
2018: variation characteristics, cause analysis and relationships with atmospheric
circulation

Initial Date Submitted: 08 Aug 2019

Reply to the reviewers:

Answer the comments of Reviewer #1 as follows:

General comments: The paper analyzes ET0 variations and its causes in Ningxia, PR
China. It also takes a marginal look at crop water availability. As such it is suitable for
AgWM. There are however numerous issues that need to be resolved prior to
publication. In the present form I consider the manuscript not suitable for publication.
Response: Thanks to Reviewer #1 for the comments on the manuscript, these
comments play an important role in improving my paper. We have studied comments
carefully and have made correction which we hope meet with approval. According to

the professional comments, we have revised the manuscript using red color as follows.

Major issues:

Comment 1: The lack of page numbers or continuous line numbers is making a review
very cumbersome. I have numbered the pages consecutively and refer to comments
such as 9/13 which means page 9, line 13. For future reviews I would like the authors
to add a continuous line numbering throughout the manuscript.

Response 1: We are very sorry for the lack of page numbers or continuous line numbers,
and we added the page number and continuous line numbering throughout the
manuscript.

Comment 2: The main part of the paper is the standard analysis of ETo trends and
attribution analysis, augmented by a teleconnection analysis. The part dealing with crop

water availability appears to be added more as an afterthought, with only a general and



very simple analysis approach. This is also shown by the lack of mentioning crop water
analysis results in the abstract.

The crop water analysis comes in the form of a Humidity Index (not Humid Index),
which is usually called Aridity Index. Using a simple annual precipitation/ETO-ratio it
is the most simple approach and is more or less unsuitable for a semiarid climate, where
begin and length of the rainy season are extremely variable. The Humidity Index trend
value of 0.0004/a means that actually the index has virtually remained constant over
the last 60 years. The conclusions drawn from a more or less constant Humidity Index
are contradictory: on 21/11 the authors claim the climate became more humid, while on
23/15 the authors state Ningxia has experienced a drying process! As a complete crop
water analysis (see e.g. Thomas 2008) would be worth a separate paper I would
propose to drop the Humidity Index parts altogether.

Response 2: We are very sorry for the analysis approach of Aridity Index, which is
more or less unsuitable for a semiarid climate. And the opposite conclusions on 21/11
and 23/15 is our mistake. What we want to express is that Ningxia has experienced a
drying process based on the downward trend of HI. This part mainly refers to Qi, who
conducted research of dry-wet variations and cause analysis in Northeast China at
multi-time scales(Qi et al., 2018). And we originally wanted to study the dry-wet
variations in Northwest China, which were affected by global climate change. This part
is added as an afterthought and is not coordinated with the main part of the paper. Thus,
we dropped the Humidity Index parts altogether.

Comment 3: There are a number of papers dealing with ETo changes that also present
data from Northwest China. The authors however cite only references that do not deal
directly with their study region.

Response 3: We are very sorry for the unreasonable references of mentioned by
reviewer. Thus, we removed the irrelevant references and added relevant research about
the Northwest China. Detail shown in lines 18-23 on page 2, lines 22-23 on page 17,
line 1 on page 18, and lines 9-14 on page 18.

Comment 4: In addition, it appears that attribution in arid regions is governed by other



factors than in humid regions; there are publications from Iran and Turkey as examples
from other arid regions outside China. In my opinion it is mandatory to discuss in how
far the results presented are in line with other similar results and what underlying causes
can be deduced.

Response 4: We are very sorry for the inappropriate discussion about the results and
underlying causes mentioned by reviewer. Thus, we added comparisons with similar
regional studies and explored the possible reasons. Detail shown in lines 15-19 on
page 18, lines 3-4 on page 19, and lines 11-20 on page 19.

Comment 5: The authors do not describe how sunshine duration has been converted
into net solar radiation. This usually requires a calibration of the Angstroem parameters
a and b. Without a suitable calibration of the individual stations the resulting ETo values
will likely be faulty.

Response 5: We are very sorry for the missing information about £, and R,
mentioned by reviewer. Thus, we added the calculation formula about R., a, and b,
are empirical coefficients with recommended values of 0.25 and 0.5, respectively.
Detail shown in lines 18-21 on page 6 and lines 1-3 on page 7.

Comment 5: The English has to be improved.

Response 5: We are very sorry for the poor English. Thus, we have modified the article

and invited experts to polish it.

Specific comments:

Abstract:

Comment 1: too long, 1/11-1/15 and 1/23-1/26 do not belong in an abstract and should
be deleted 1/9 complete ‘Ningxia Hui Autonomous region’.

Response 1: We are very sorry for the redundant expression of abstract mentioned by
reviewer, and we deleted the 1/11-1/15 and 1/23-1/26. Moreover, we completed the full

name of “Ningxia Hui Autonomous Region”, detail shown in line 9 on page 1..

Individual issues:



Comment 1: 2/7 60 years of data as in this paper and many other ETO-related
publications is not ‘very short’.

Response 1: We are very sorry for vague expressing of evapotranspiration (ET)
mentioned by reviewer. Due to lack of the observed evapotranspiration data, reference
evapotranspiration is generally used to estimate the actual evapotranspiration(Han et
al., 2018). What we want to express is that the data sequence of ET is short, and many
scholars use the long data sequence of ETy to study indirectly. And we revised this part
carefully. Detail shown in lines 6-7 on page 2.

Comment 2: 2/13 published, not proposed.

Response 2: We are very sorry for the imprecise expression of words mentioned by
reviewer. And we replaced “proposed” with “published”. Detail shown in line 13 on
page 2.

Comment 3: Original publication was Allen et al. 1998.

Response 3: We are very sorry for the inaccurate references of the concept of ETo
mentioned by reviewer. And we replaced “(Allen et al., 2005)” with “(Allen et al.,
1998)”. Detail shown in line 15 on page 2.

Comment 4: The publication is free of charge available over the internet, how can it
be a ‘best-selling’ publication?

Response 4: We are very sorry for the inappropriate expression of FAO56 mentioned
by reviewer. And the reason we expressed is that we referenced Pereira, who proposed
that “the FAO56 has become one of FAO’s best selling publication and, with more than
11,500 citations in research articles”(Pereira et al., 2015). And we rephrased this
sentence. Detail shown in lines 15-17 on page 2.

Comment 5: 2/18 on a global scale ETo is NOT dependent on air temperature but on
solar radiation and wind speed. This misconception is still carried on despite numerous
publications showing this fact. McVicar et al. 2012 show that on a global scale the
citations on 2/20ff pointing to increasing ETO are rather the exception. Particularly in
most parts of China ETO has decreased over the last decades with only recently

increasing again. So 3/4 should also be changed accordingly.



Response 5: Thank you very much for the suggestions of reviewer. We initially focused
on the “evaporation paradox”, not only cited some references that did not match the
study area, but also paid too much attention to the effects of air temperature. Our
modifications: (i) removed references that unrepresentative to Northwest China; (ii)
added references dealing with ETo changes from Northwest China; and (iii) added the
underlying causes of ETy changes. Detail shown in lines 18-23 on page 2 and lines 2-
6 on page 3.

Comment 6: please explain ‘Belt and Road’ or delete it.

Response 6: Thank you very much for the suggestions of reviewer. The Belt and Road,
which is a platform for regional cooperation between China and relevant countries to
build a community of politics, economics and culture. And we explained the “Belt and
Road” in detail. Detail shown in line 23 on page 3 and line 1 on page 4.

Comment 7: 4/3 not contradiction.

Response 7: We are very sorry for the inaccurate expression of the contradiction
between urban growth and water resources mentioned by reviewer. Thus, we removed
this content.

Comment 8: 3/18 This is not part of the objectives and should me moved e.g. to 3/12.
Response 8: We apologize for the inappropriate expression mentioned by reviewer.
And we moved this part to 3/12. Detail shown in lines 12-14 on page 3.

Comment 9: What is the reference for the zoning approach? Why was it chosen? Does
it reflect a suitable climatic zoning approach that has relevance to evaporative
conditions?

Response 9: We are very sorry for the rough zoning approach mentioned by reviewer.
In terms of topography and natural conditions, Ningxia is divided into three major
plates. The Northern Yellow River Irrigation Area (NYR) has flat terrain and fertile soil;
the Central Arid Zone (CAZ) is arid and windy; and the Southern Mountain Area (SMA)
is humid. We introduced related content in detail. Detail shown in line23 on page 4
and lines 1-2 on page 5.

Comment 10: 5/11, 5/12 ‘climate’ is double.



Response 10: Thank you very much to the reviewer, and we removed the duplicate
word.

Comment 11: 5/12 please rephrase the climate description: a climate cannot have sand
— and what is ‘sufficient’ sunshine?

Response 11: We are very sorry for the inaccurate expression of the climate description
mentioned by reviewer. And we rephrased the climate characteristics. Detail shown in
lines 5-6 on page 5.

Comment 12: 5/13 Significance paragraph does not appear to belong here.

Response 12: We are very sorry for the inappropriate position of significance paragraph
mentioned by reviewer. And we moved the significance paragraph to section 2.6. Detail
shown in lines 19-21 on page 10.

Comment 13: 5/19 It is not meaningful to analyze both Tmin, Tmax and Tmean together
as Tmean 1s just the average of the first two values and hence redundant. Delete any Tmean
results in your manuscript.

Response 13: We are very sorry for the meaningless analysis of Tmean mentioned by
reviewer. And we dropped the Tmean parts altogether.

Comment 14: 6/11 ref crop evap is does NUR allen et al?

Response 14: We are very sorry for the inappropriate references mentioned by reviewer.
And we revised related references.

Comment 15: 6/13 Shiri 2017 is not the FAO so referencing him in this context is not
reasonable. Please delete the reference.

Response 15: We are very sorry for the inappropriate references mentioned by reviewer.
And we deleted this reference.

Comment 16: 6/18 please change to monthly/seasonal/annual

Response 16: Thank you very much to the reviewer, and we changed “annual ETy” to
“monthly, seasonal, and annual ET¢”. Detail shown in line 10 on page 6.

Comment 17: 7/3 see my comments to the Humidity Index above. Please note also that
precipitation was not mentioned in your data section.

Response 17: We are very sorry for the analysis approach of Aridity Index, which is



more or less unsuitable for a semiarid climate. And this comment has been answered
above. Thus, we dropped the Humidity Index parts altogether.

Comment 18: 8/1-9/3 the complete section describing the test can be deleted as it
contains well-known information.

Response 18: Thank you very much to the reviewer, and we deleted the well-known
information of Mann-Kendall test altogether.

Comment 19: 9/9 what do you mean by ‘intertwined multiscale components’?
Response 19: We are very sorry for the inaccurate expression of continuous wavelet
analysis. What we want to express is that continuous wavelet analysis can perform both
time domain and frequency domain analysis, which is especially suitable for processing
non-stationary sequences. Thus, we revised the content in the corresponding places.
Detail shown in lines 17-18 on page 7.

Comment 20: 9/21 in the majority of cases a form of multivariate regression analysis
is used.

Response 20: We are very sorry for the incomplete expression of common method
mentioned by reviewer. Multivariate regression analysis is often used to quantitatively
describe the impact of climate factors on ET¢ (Fan and Thomas, 2018; Han et al., 2018),
while the sensitivity coefficient analysis and contribution rate assessment are also
generally used(Wang et al., 2019; Xu et al., 2019). Thus, we revised the content. Detail
shown in lines 8-10 on page 8.

Comment 21: what is meant by a ‘global’ sensitivity analysis? Please explain.
Response 21: We are very sorry for the inappropriate explanation about the sensitivity
analysis mentioned by reviewer. According to the characteristics of sensitivity analysis,
we can divide it into local sensitivity analysis and global sensitivity analysis. Local
sensitivity analysis only considers the impact of a single parameter, while the global
sensitivity analysis considers the impact of multiple parameters on the model(Yi et al.,
2008). Thus, we have already described the content in the corresponding places. Detail
shown in lines 16-18 on page 8.

Comment 22: 10/11 partial correlation analysis is usually a linear correlation analysis



and CAN NOT explain nonlinear relationships. Please explain.

Response 22: We are very sorry for the wrong expression of sensitivity analysis
mentioned by reviewer. We originally wanted to introduce “partial derivative sensitivity
coefficient”, not “partial correlation analysis”. The partial derivative sensitivity
coefficient of a climatic factor is able to reveal how the meteorological factors influence
the ETo intuitively(Qi et al., 2018; Wang et al., 2019). Thus, we have corrected this
wrong term. Detail shown in lines 19-21 on page 8.

Comment 23: 11/8 multi-year absolute average: do you mean a long-term average?
Please explain.

Response 23: We are very sorry for the confusing expression of 7 mentioned by
reviewer. 7 is the absolute average value over the study period of climate factors. And
we modified the expression. Detail shown in lines 17-18 on page 9.

Comment 24: 11/13 please correct the sentence to proper English.

Response 24: Thank you very much to the reviewer. And we modified the sentence to
“Take temperature as an example, to eliminate complex effects and differentiate the
contribution of each factor, we can use the following equation”. Detail shown in lines
21-23 on page 9.

Comment 25: 12/1 please define which months make up the seasons analyzed here.
Response 25: We are very sorry for the vague definition of seasonal scale mentioned
by reviewer. Spring is from March to May; summer is from June to August; autumn is
from September to November; and winter is from December to February. Detail shown
in lines 10-11 on page 10.

Comment 26: 12/19 Citing rising temperatures see also my comments for 2/18, it is
also no result so should not appear in the ‘Results’ section.

Response 26: Thank you very much to the reviewer. ETo is not dependent air
temperature but on radiative and aerodynamic components (combination of the effects
of wind speed and atmospheric humidity). Thus, we deleted this part of citing rising
temperatures.

Comment 27: 12/21 + 13/6-13/15 Presenting average ETo data should be moved to



12/14 as it helpful as a first information for the reader.

Response 27: Thank you very much to the reviewer for the important advice. And we
moved the content into the corresponding places. Detail shown in lines 5-16 on page
11.

Comment 28: 12/23 Please explain/define the ‘extremum ratio’. This is an unusual
word and I do not see what kind of useful information it reveals. Also ‘rations’ should
perhaps be ‘ratios’?

Response 28: We are very sorry for the confusing expression of extremum ratio
mentioned by reviewer. Extremum ratio, the ratio of the maximum value to the
minimum value, is used to analyze relative changing magnitude of variable(Sun et al.,
2018). In this study, we want to study the relative changing magnitude of ETo. Thus,
we added the concept and importance of extremum ratio, and corrected the wrong word.
Detail shown in lines 1-5 on page 12.

Comment 29: 14/11 other papers have already dealt with abrupt ETo changes so please
delete this sentence.

Response 29: Thank you very much to the reviewer for the important advice. And we
deleted this sentence.

Comment 30: 14/13 should better be moved to the ‘methods’ section.

Response 30: Thank you very much to the reviewer for the proposed changes. And we
moved this part to the corresponding places. Detail shown in lines 10-11 on page 7
and lines 19-21 on page 7.

Comment 31: 15/9 please correct the expression.

Response 31: We are very sorry for the inappropriate expression mentioned by reviewer.
And we revised this sentence. Detail shown in lines 4-5 on page 13.

Comment 32: 15/11-15/15 please change this section in one sentence with climatic
elements sorted according to the values.

Response 32: We are very sorry for the lengthy expression of sensitivity coefficient
mentioned by reviewer, and we rewritten this part carefully. Detail shown in lines 7-8

on page 13.



Comment 33: 18/13 This is an interesting result. Can you give an example how good
the prediction is?

Response 33: Thank you very much to reviewer, and we added the Mean Absolute
Percentage Error (MAPE) to verify the prediction accuracy. Detail shown in lines 7-
10 on page 16.

Comment 34: 20/4 there are fewer pan evaporation results that ETO results (see
McVicar et al 2012) but both show declining ETO rates.

Response 34: We are very sorry for the inappropriate expression of pan evaporation
mentioned by reviewer. We originally wanted to focus on the “evaporation
paradox”(Thomas, 2015), and we revised this part. Detail shown in lines 22-23 on
page 17 and line 1 on page 18.

Comment 35: 20/19 Yu 2007 analyzed only oceanic data, again McVicar et al. 2012 is
a more suitable reference.

Response 35: Thank you very much to reviewer for the recommended reference, and
we added this reference. Detail shown in line 14 on page 18.

Comment 36: 21/3 Where does this total radiation data come from? It is not introduced
in the ‘data’ section.

Response 36: We are very sorry for the incomplete data sources mentioned by reviewer,
and we added the data sources of total solar radiation. Detail shown in lines 12 on page
5.

Comment 37: 21/5 According to your results solar radiation is NOT an important driver
of ETO so you are contradicting yourself.

Response 37: We are very sorry for the inappropriate expression of underlying causes
of ETo mentioned by reviewer. Many scholars had conducted in-depth research on the
causes of “evaporation paradox” and had drawn different conclusions in the past few
decades in northwest China(Cong et al., 2009; Thomas, 2000). One explanation was
that the decreasing trend was the decline of solar radiation due to cloud optical thickness
(Liu and Binhui, 2004). Another explanation was that the wind speed controlled ETo by

affecting the atmospheric circulations(McVicar et al., 2012). ETo is weakly correlated

10



with Uz with r? value of 0.34, indicating that the wind speed is not the main reason of
the evaporation paradox in CAZ. And the total solar radiation is highly correlated with
ETo, with 1% value of -0.81, while the r* with cloud optical thickness is -0.84. This shows
that the total solar radiation is an important driver of ETo, but the cloud optical thickness
has a great influence on the total solar radiation. Detail shown in lines 9-19 on page
18, lines 3-4 on page 19.

Comment 38: 21/8 again see my comment above: this a major issue! I would propose
to delete this section entirely, otherwise a complete new crop water analysis would be
required.

Response 38: We are very sorry for the analysis of aridity index and agricultural water
management, and this comment has been answered above. Thus, we dropped this part
altogether.

Comment 39: 21/14 should be Thomas (2003).

Response 39: Thank you very much to the reviewer, and we dropped this part altogether.
Comment 40: 22/14 believes => assumes or predicts.

Response 40: Thank you very much to the reviewer for the carful wording, and we
modified the wording. Detail shown in lines 19 on page 19.

Comment 41: 23/1 this is no conclusions section but a summary.

Response 41: We are very sorry for the inappropriate expression of conclusions
mentioned by reviewer, and we deleted this part.

Comment 42: 23/15 as stated above your statement that Ningxia is getting drier
conflicts with 21/11 where you state that Ningxia is becoming more humid.

Response 42: We are very sorry for the analysis approach of Aridity Index, which is
more or less unsuitable for a semiarid climate. Thus, we dropped this part altogether.
Comment 43: 24/1 Remote sensing can only measure actual evapotranspiration. ETo
is a concept based on meteorological data that cannot be simply transferred to remote
sensing data.

Response 43: We are very sorry for the inappropriate expression of remote sensing

mentioned by reviewer. Our original intention is to analyze the actual evaporation based

11



on remote sensing. After all, ETo is also an indirect method for analyzing actual

evaporation. And we revised the content. Detail shown in lines 1-2 on page 21.

Figures:

Comment 1: Please delete north arrows from all maps.

Response 1: Thank you very much to the reviewer, and we deleted north arrows from
all maps.

Comment 2: Please delete 0°0” - latitude/longitude labels from all maps.

Response 2: We are very sorry for the inappropriate expression of latitude/longitude
labels mentioned by the reviewer, and we deleted 0°0” - latitude/longitude labels from
all maps.

Comment 3: Change ETO/mm to ETO (mm) in all figures and tables where necessary
Response 3: Thank you very much to the reviewer, and we changed ETo/mm to
ETo(mm) in all figures and tables.

Comment 4: Fig. 1 This is a nice diagram but certainly not necessary to understand the
contents of the paper. I would propose to delete it to not lengthen the paper
unnecessarily.

Response 4: Thank you very much to the reviewer, and we deleted Fig.1.

Comment 5: Fig. 2 a) What is the meaning of the red lines bordering parts of the
Chinese coastline? Please either explain or delete them. Please delete the South China
Sea inset — this is very confusing as the paper does not deal with this area. Please change
the scale bar to numerical even values, such as 500 km / 1000 km etc.

Response 5: Thank you very much for the suggestions of reviewer, and we revised the
contents to make Fig.2 clearer. Our modifications: (i) deleted the red lines bordering
parts of the Chinese coastline; (ii) deleted the South China Sea inset; and (iii) changed
the scale bar to numerical even values. Detail shown in Fig.1 a).

Comment 6: Fig. 2b) Please label the regions with the abbreviations used in the
manuscript. The legend is too small and barely readable. The DEM legend should carry

a meaningful title, such as ‘elevations (m)’. It would also help not just to accept the

12



ArcGIS-supplied stretched style for the DEM data but show elevation classes. Delete
‘climate stations ..." in the caption as this is shown in the legend.

Response 6: We are very sorry for the inappropriate contents in Fig.2 b) mentioned by
reviewer. Our modifications: (i) added the abbreviations of three regions; (ii) revised
the legend; (iii) added the meaningful title of “Elevations (m)”; and (iv) deleted the
“climate stations” in the legend. Detail shown in Fig.1 b).

Comment 7: Fig. 3 As with Fig. 2B please supply reasonable classes (e.g. 700 — 900
mm, etc.) for annual ETO values. Obviously the spatial interpolation of ETO0 values does
not take topography into account. Please add this fact to the caption.

Response 7: Thank you very much to reviewer for the suggestions of Fig.3, but we
think what the reviewer wants to express is the previous Fig.4. And we revised the
contents to make Fig.4 clearer. Our modifications: (i) supplied the reasonable classes
for annual ETy values; (i1) added the caption for the spatial interpolation of annual ETg
values; and (iii) added the abbreviations of three regions. Detail shown in Fig.2.
Comment 8: Fig 7 y-axis label should be ‘years’.

Response 8: Thank you very much for the suggestions of reviewer, and we revised the
y-axis label. Detail shown in Fig.5.

Comment 9: Fig. 8 delete / after rate in y-axis label.

Response 9: We are very sorry for the inappropriate label mentioned by reviewer, and
we deleted “/” after “contribution rate” in y-axis label. Detail shown in Fig.6.
Comment 10: Fig. 9/ 10 add to caption that black lines correspond to regions as shown
in Fig. 2B.

Response 10: We are very sorry for the inadequate contents in Fig.9/10 mentioned by
reviewer, and we added the abbreviations of three regions. Detail shown in Fig.7 and

Fig.8.

Tables:
Comment 1: Delete Tmean column from all tables (see 5/19 above).

Response 1: Thank you very much for the suggestions of reviewer, and we deleted

13



Tmean column form all tables.

Comment 2: Table 2 Please define SST in the caption

Response 2: We are very sorry for the inadequate expression about SST mentioned by
reviewer. SST represents Sea Surface Temperature, and we added this content in the

corresponding places. Detail shown in Table 2.
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Changes in reference evapotranspiration over Northwest China from
1957 to 2018: variation characteristics, cause analysis and relationships

with atmospheric circulation
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Abstract: The Ningxia Hui Autonomous Region (NX) in Northwest China has been challenged by
water scarcity and drought for decades. In this study, to understand the spatio-temporal variation, cause
analysis and relationship with atmospheric circulation of ETo in Ningxia, ETo and other climate factors
at 20 national climate stations from 1957 to 2018 were analyzed. Results showed that ETo in NX
(Ningxia), NYR (Northern Yellow River Irrigation Area) and SMA (Southern Mountain Area) had
increased significantly at annual scale, whilst the CAZ (Central Arid Zone) was the opposite trend, and
ETo had a trend of first rise and then decline from north to south in spatial distribution. ETo was most
sensitive to RH and Tmax at annual scale in Ningxia, while the greatest contribution rates were Tmax and
SD. Ningxia was becoming drier in the past decades. The abrupt change in ETy at approximately 1990,
and it’s long and short period were 25a(15a) and 10a(5a) at annual scale, respectively. The four
teleconnection indices could be used to predict changes in ETg at annual and autumn scale, while the
ENSO and PDO could predict changes in ETo of summer and 10D and AO could predict changes in

ETo of spring and winter.

Keywords: Reference evapotranspiration; Spatio-temporal distribution; Dominant factors;

Teleconnection indices; Ningxia



10

11

12

13

14

15

16

17

18

19

20

21

22

23

1. Introduction

Evapotranspiration, ET, is the process that water transferred from the land surface to
the atmosphere (Xu et al., 2018). It is a key element of the hydrologic cycle, because it
affects the basic characteristics of ecosystems, such as run-off, soil moisture, and plant
growth, which are important to the water supply (Lin et al., 2018b; McVicar et al., 2012).
However, the data of ET is still limited and the time series is very short due to lack of the
monitoring, thus, many scholars used different terms to study ET. Reference crop
evapotranspiration (ETo) is one of the most used to describe ET, which represents
atmospheric evaporation capacity at specific locations and times of the year regardless of
crop characteristics and soil factors, and thus exerts significant impact on the growth and
yield of crop plants (Fan et al., 2016b). In order to revise the criteria for reference crop
evapotranspiration (ETo), the FAO Irrigation and Drainage Paper No.56 “Crop
Evapotranspiration” was published in 1998, it was defined as “the rate of
evapotranspiration from a hypothetical reference crop with an assumed crop height of
0.12m, a fixed surface resistance of 70 s/m, and an albedo of 0.23” (Allen et al., 1998). Up
to now, the FAO56 has become one of the most cited publications in the field of crop water
relationships(Pereira et al., 2015).

ETo is likely to be affected by global warming because it is highly dependent on air
temperature. In northwest China, the air temperature had increased over the past 50 years
and reported in Xinjiang(Xue et al., 2003), Gansu(Dou et al., 2015) and Mongolia(Ma et
al., 2019). However, a declining trend in ETo was reported in the same period, such as
Loess Plateau(Mcvicar et al., 2005), Qilian Mountain (Deng et al., 2017) and the arid

region(Shen et al., 2010). Therefore, the rising global temperatures may not lead to an
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increase in ETo in all cases, which is known as the “evaporation paradox” (Brutsaert and
Parlange, 1998). Additionally, many scholars have investigated the underlying causes of
ETo changes, and McVicar showed that ETo is not dependent air temperature but on
radiative and aerodynamic components (combination of the effects of wind speed and
atmospheric humidity)(McVicar et al., 2012). Thus, it is necessary to further study the
relationship between ETo and climate factors.

In addition, there are a large number of atmospheric teleconnections patterns in the
climate system. These atmospheric circulation changes and anomalies can be far apart in
space, and they can be simultaneously or sequentially in time. The teleconnection patterns
(i.e., Atlantic Oscillation (AO), the Indian Ocean Dipole (I0OD), Pacific Decadal Oscillation
(PDO), and EI Nifb-Southern Oscillation indices (ENSQ)) can be linked to ETo by
influencing climate factors (Chai et al., 2018; Yu et al., 2015; Zhu et al., 2017). However,
the current relationship between teleconnection patterns and ETo is still relatively rare in
China. With the understanding of future atmospheric system processes and the
improvement of future teleconnection patterns prediction capabilities(Chai et al., 2018; Fei
et al., 2016), it is possible to use historical data and teleconnection patterns to predict the
future ETo. Therefore, understanding and analyzing the relationship between ETo and
teleconnection patterns is of great value to the reasonable prediction of ETo in the future.
For example, Chai found that near half of China show significant and maximum correlation
coefficients of ETo with PDO in spring and summer, ENSO in autumn, and AO in
winter(Chai et al., 2018).

The Ningxia Hui Autonomous Region, as an important node of “the Belt and Road”

(Regional cooperation platforms between China and relevant countries to build a



10

11

12

13

14

15

16

17

18

19

20

21

22

23

community of politics, economics and culture.), is located in the northwest inland of China
and the upper-middle reaches of the Yellow River Basin (Guan et al., 2017). With the
development of social economy, the water demand in this area has increased sharply.
According to the Ningxia Water Resources Bulletin from 2001 to 2017, the consumption
of water resources increased by 1.6 times. Agricultural irrigation is the largest water sector,
more than 85% of the water supply is consumed by agriculture, and industry and other
sectors is squeezing agricultural water consumption space increasingly. Therefore, water
security and food security in Ningxia are facing severe challenges. The study of ETo
provides a scientific basis for calculating the water requirement of various crops in Ningxia,
and then formulates a reasonable irrigation system to achieve the goal of water saving.

In general, the main objectives of this study based on the climate data across Ningxia
from1957 to 2018 are as follows:(1) to analyze the spatio-temporal changes of annual ETo;
(2) to quantify the impact of climate factors on ETo change and identify dominant factors;
(3) to detect abrupt changes and periodic analysis of ETo series; (4) to explore the
relationships between teleconnection patterns (i.e. AO, 10D, PDO, and ENSO) and ETo.
This study will help to improve the understanding of climate change and provide reference
for researchers and decision makers to guide water resources management, agricultural

development and protect the ecological environment.

2. Materials and methods

2.1. Study area and data
The Ningxia Hui Autonomous Region (NX) (104°17'~107°39'E, 35°14'~39°23'N),
covering an area of 6.6><10*km? with complex topography and elevations above 1000m,

includes three regions in terms of topography and natural conditions, i.e., Northern Yellow
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River Irrigation Area (NYR, flat terrain and fertile soil), Central Arid Zone (CAZ, arid and
windy), and Southern Mountain Area (SMA, humid) (Fig.1). It is situated among the North
China Plateau, the Alxa Plateau and the Qilian Mountains folds, which is connected by the
Tengger Desert from the west, the Ulanbuh Desert from the north and the Maowusu Desert
from the east, respectively. Generally, Ningxia is the semi-arid climate, which is arid and
windy(Lyu et al., 2018).

(Fig.1 is here)

In this study, 20 climate stations with a 62-year climate data record (from 1957 to
2018) were chosen among more than 24 stations (Table 1). The climate data, including
daily average air temperature (Tmean ,°C), minimum air temperature (Tmin,°C), maximum
air temperature (Tmax, °C), relative humidity(RH , %), sunshine duration(SD, h), wind speed
at 2-m height(U., m/s), and total solar radiation (Yin chuan station) were downloaded from

the National Climate Center, China Climate Administration(CMA)(http://data.cma.cn).

The datasets are available and have been processed with quality control by the National
Climate Information Center with missing data rate of less than 0.1%. A few missing data
points were interpolated based on the neighbouring stations (Lin et al., 2018a). For the four
teleconnection indices, 10D were downloaded from the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) (http://www.jamstec.go.jp/j/), AO, PDO, and ENSO
were downloaded from the Earth System Research Laboratory of NOAA

(https://www.noaa.gov/). The sequence lengths of the four teleconnection indices are

different, and the definitions and sequence lengths of the four teleconnection indices are
shown in Table 2.

(Table 1 is here)
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(Table 2 is here)

2.2. ETo estimation

There are many ways to calculate the reference crop evapotranspiration (ETo), and the
most widely used is the Penman-Monteith (PM) model recommended by the Food and
Agriculture Organization (FAO)56. This model is based on the theory of energy balance
and water vapor diffusion, that is, considering the physiological characteristics of crops
and the changes of aerodynamic parameters. It can adapt to different climate regions, which
is often used as a standard formula to verify the applicability of other formulas (Tahasbildar
et al., 2017; Valiantzas, 2018). We used this model to calculate the daily reference crop

evapotranspiration, and accumulated the monthly, seasonal, and annual ETo:

. 0.408A(Ry, 7(1')+'7%1.‘3(f:57€a)

KTy = A+~ (140.34uz2) W

Where E7} is the daily reference crop evapotranspiration (mm day™'), A is the slope of
vapour pressure curve (KPa °C~1), R,, isthe net radiation at crop surface (M.J m =2 day™"),
¢; is the soil heat flux density (M.J m~2day'), v is the psychrometric constant
(KPa °C™1), T is the average daily air temperature (°¢?), . is the wind speed at 2 m
(m s7'), e, is the saturation vapour pressure (K ’a), ¢, is the actual vapour pressure
(K Pa).

Net radiation at the crop surface £, is a function of solar radiation £2,. Solar
radiation (I2,, MJ/m?/day) is an infrequently measured climatic variable, and is often
estimated form sunshine data(Fan and Thomas, 2018).

Rs — (UJs + bsr\,_l) Ra (2)
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Where R, is the extraterrestrial radiation (MJ/m?%day), N is the maximum possible
sunshine duration(h) and n is the actual sunshine duration(h), a, and b, are empirical

coefficients with recommended values of 0.25 and 0.5, respectively.
2.3. Mann-Kendall test for trend analysis

Manner-Kendall non-parametric test is often used to analyze the trend of time series
of precipitation, runoff, and other factors(Zhen et al., 2017). The advantage is that the
sample doesn’t need to follow a certain distribution, and it is rarely interfered by abnormal
values. Therefore, it is highly recommended for general use by the World Climate
Organization, and it has been widely used for the analysis of climate trends (Liu et al., 2016;
Zhang et al., 2017). In this study, to discuss the intrinsic changes of Ningxia at the annual

scales from 1957 to 2018, the MK test was used for the abrupt change point analysis.
2.4. Continuous wavelet analysis

In the past decades, continuous wavelet based on Morlet function has been widely
used in identifying periodic oscillations of signals (Morlet et al., 1982; Tongal et al., 2016).
With the development of interdisciplinary research, many scholars have applied continuous
wavelet analysis to multi-time scale feature analysis in hydrological and climate research.
This method can clearly reveal a variety of changes in the time series and fully reflect the
change trend of hydrological and meteorological data in different timescales (Chen et al.,
2018; Torrence and Compo, 1998). In this study, to discuss the intrinsic changes of Ningxia
at the annual scales from 1957 to 2018, the wavelet analysis was used for the periodic

analysis. Its function is as follows:

2

P(t) = ele = (3)

Wi(

[t R JOP(5)d (4)



10

11

12

13

14

15

16

17

18

19

20

21

22

Var(a) = [, |Wy(a,b) db (5)
Where 1(¢) is the wavelet basic function; 1, (. b) is the wavelet variation coefficient,
Var(a) is the wavelet variance, « is the scale factor of the wavelet period length, 5 is the
time factor of time translation, « is time, f(¢) is the time series number, R is the real
number field.
2.5. Sensitivity analysis and contribution rate assessment

The relationship between ETo and climate factors is very close. In order to
quantitatively describe the impact of climate factors on ETo, multivariate regression
analysis, sensitivity coefficient analysis method and contribution rate assessment are
generally used. And many scholars use different methods (i.e., separation method (Sun et
al., 2017), the partial derivatives (Lin et al., 2018a)) to study the sensitivity and contribution
of climate factors. However, due to the complexity of climate factors affecting ETo,
different methods often have different results. In order to make the results more credible,
average value was obtained in this study using different methods.

(1) Sensitivity analysis

Partial derivative sensitivity coefficient analysis is a method of global sensitivity
analysis that controls the influence of other parameters and obtains the correlation between
input factors and output results(Yi et al., 2008). Compared with other global sensitivity
analysis methods, partial derivative sensitivity coefficient can control the influence of other
factors and analyze the complex nonlinear relationship, which is suitable for nonlinear

dynamics problems (Lin et al., 2018a).

S, =lima,o(—52) = 0‘330 . E‘_’TU (6)

@
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Where S is the sensitivity coefficient, A £T;, and Az are the change values of ETo and
climate factors respectively, and positive or negative of Sy respectively indicate that ETo
increase or decrease with the increase of climate factors.
(2) Contribution rate assessment

The change in ETo is not only affected by the sensitivity of its climate factors, but also
related to the change degree of each climate factor. To determine the cause of the change
in ETo, it is necessary to combine the sensitivity analysis with the actual changes in climate
elements. Thus, it’s significant to find the contribution rate of a single climate factor to ETo.

(DPartial derivative method

Yin proposed multiplying the sensitivity coefficient of a single climate factor by the
multi-year relative change rate of the factor to obtain the change of ETo caused by this
factor, that is, the contribution rate of the factor to the change of ETo (Yin et al., 2010).

C.=3S,  Rec, (7

Re, = norends . 100% (8)
Where Sy is the sensitivity coefficient, .. is the contribution rate of climate factors to ETo
changes. R¢,. is the multi-year rate of change of climate factors, I'rend,. is the climate
tendency rate of climate factor =, 7 is the absolute average value over the study period of
climate factors, n is the length of the time series.

(2 Separation method

Due to the interaction among driver factors, it is possible to introduce some
uncertainty into the attribution of ETo changes. Take temperature as an example, to
eliminate complex effects and differentiate the contribution of each factor, we can use the

following equation(Chai et al., 2018):
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Where .. represents the contribution of the :«-factor to ETo change, and 7 represents the
accumulative contributions of all of the driving factors (except for the ;-factor). ¢,

represents the contribution of ;-factor alone regardless of other factors.
2.6. Relationships between ETo and teleconnection indices

In this study, the relationship between ETo and teleconnection patterns is determined
by correlation coefficients. Since the impact of the teleconnection patterns in China is
mainly reflected in the current year and the following year, this study is considered from
the seasonal scale(spring is from March to May; summer is from June to August; autumn
is from September to November; and winter is from December to February) and the annual
scale (Trenberth and Hurrell, 1994; Yeh et al., 2009). At the seasonal scale, the correlation
coefficients were calculated four times, that is, the correlation coefficient between ETo and
teleconnection indexes with lead times of 0~3 seasons, which were named SR_0, SR_1,
SR_2, SR_3, respectively. At the annual scale, the correlation coefficient between ETo and
teleconnection indexes were calculated twice. One was that the ETo from 1957 to 2018
with the teleconnection indexes during the same period (named AR _0), the other was that
the ETo from 1957 to 2018 with the teleconnection indexes from 1956 to 2017 (named
AR_1)(Chai et al., 2018). Furthermore, the statistical significance in the analysis of linear
trends and correlations in this study corresponded to a significance level of p < 0.05(*) and

p<0.01(**), unless otherwise stated.
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3. Results

3.1. Temporal trends and spatial distribution in ETo

Due to the complexity of various climate factors and the differences in geographical
environment, ETo has significant differences in time and space. In this study, the time was
divided into annual scale, and the spatial scale was divided into NYR, CAZ and SMA. The
annual average ETo was sorted as CAZ (1296.67mm)> NYR (1268.34mm)> NX
(1222.41mm)> SMA (996.19mm) (Table 3). The spatial distribution of annual average ETo
in Ningxia had obvious regional characteristics. Climate and topography changed from
north to south, ETo showed a trend of first falling, then rising, and finally falling (Fig.2).
SMA is at the southernmost tip of Ningxia, which the climate is cool and humid, thus, the
ETo in SMA was smaller than NYR and CAZ. CAZ belongs to the middle temperate and
semi-arid zone, which is characterized by a typical continental climate with drought and
little rain, thus, the ETo in CAZ was larger than NYR and SMA. NYR was relatively special,
which the ETo was larger in the north and the other climate stations were smaller. This was
mainly due to the long sunshine duration and a large wind speed in Huinong and Shitanjing
compared with other climate stations.

(Fig.2 is here)

(Table 3 is here)

Temporal variations of annual ETo from each climate region from 1957 to 2018
exhibit similar fluctuations (Fig.3). The regional annual average ETo showed significantly
increasing trends over the NX, NYR, and SMA (p<0.01) from 1957 to 2018, with
increasing at 5.19mm/10a, 12.12mm/10a, and 5.09mm/10a, respectively. And ETo in CAZ,

on the contrary, decreased at the tendency rate of 4.52mm/10a. The order of change rates
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in different regions was NYR>NX>SMA>CAZ. Furthermore, Extremum ratio, the ratio of
the maximum value to the minimum value, is used to analyze relative changing magnitude
of variable (Sun et al., 2018). In this study, we want to study the relative changing
magnitude of ETo. The ETo ranged from 1105.30mm to 1434.91mm over the NX, while
the extremum ratio was 1.30. And the values of extremum ratios were close, which the
order was NYR (1.30)>SMA (1.29)>CAZ (1.28)>NX (1.27). Whether the maximum or
minimum of multi-year average ETo, the NYR and CAZ were greater than NX, and the
CAZ was opposite.

(Fig.3 is here)

3.2. Mann-Kendall test and wavelet analysis of ETo

Through the analysis of section 3.1, we have a detailed understanding of the overall
spatial and temporal distribution of ETo in Ningxia. From 1957 to 2018, ETo all showed a
trend of decreasing first and then rising in NX, NYR, CAZ and SMA. The abrupt change
points were 1990, 1990, 1991 and 1989, respectively (Fig.4). In NX and NYR, there was
an obvious upward trend in the 21st century (z>1.96), and CAZ showed a significant
downward trend in 1970s (z<-1.96), while SMA didn’t show a significant upward and
downward trend. ETo had a long period of 25a and a short period of 10a over the entire
time domain in NX and NYR, of which 10a was the most significant (Fig.5). Furthermore,
the period of CAZ was 15a, while the period of SMA was 5a and 10a. Take the 25a period
in NYR as an example, the time point of larger ETo was the late 1960s, 1980s and late
1990s, while the time point of smaller ETo was the early 1960s, 1970s and early 1990s.

(Fig.4 is here)

(Fig.5 is here)
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3.3. Sensitivity coefficient and contribution rate analysis

The sensitivity coefficients between ETo and other five climate factors were calculated
based on Eg. (14) and detailed in Table 4. And the results showed a similar trend in NYR,
CAZ, SMA and NX. Tmax, Tmin, SD, and U, were positive values, indicating the increase in
temperature, sunshine hours and wind speed could cause ETo augment. Among all 20
stations, the climate factors with the smallest sensitivity to ETo was the Tmin With an average
value of 0.08. Overall, the Sensitivity coefficient of five climate factors in Ningxia was
sorted as RH(0.46)> Tmax(0.35)> U2(0.28)> SD(0.15) > Tmin(0.08). In addition, there were
two trends in the spatial distribution of sensitivity coefficient. The Tmax and RH increased
from north to south first and then decreased, while the Tmin, SD and U2 showed the opposite
trend. Therefore, the CAZ was a special area for sensitivity coefficient, where the Tmax and
RH were the largest and the Tmin, SD and Uz was the smallest.

(Table 4 is here)

For the contribution rate of five climate factors (Table 5 and Fig.6), although the
calculation results of the two methods (partial derivative and separation) were similar, the
partial derivative method was larger than the separation method. And the contribution rate
of five climate factors also showed a similar trend in NYR, CAZ, SMA and NX. The
contribution rate of Tmax, Tmin and RH were positive values, indicating that they had caused
an increase in ETo from 1957 to 2018. However, the reason they caused ETo changes was
the opposite. The positive contribution rate of Tmax and Tmin Were mainly due to its positive
climate tendency rate and sensitivity coefficient. On the contrary, the positive contribution
rate of RH was precisely because both the climate tendency rate and sensitivity coefficient

were negative values. As for SD and U, the contribution rate were negative values,
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indicating that they had caused a decrease in ETo, which was because they had positive
sensitivity coefficient and negative climate tendency. In addition, the largest contribution
rate of climate factors for different climate regions were different, which were Tmin, Tmax
and Uz in NYR, CAZ and SMA, respectively. As for Ningxia, the largest factor was T min.
Meanwhile, the SD was the smallest contribution rate regardless of the region.

(Fig.6 is here)

(Table 5 is here)

3.4. The relationships between teleconnection patterns and ETo

3.4.1. Analysis at annual scale

The correlation coefficients of each climate stations and regions between
teleconnection indices and ETo in Ningxia were calculated (Table 6). Although the annual
correlation coefficients were weak, which ranged from -0.40 to 0.49, they were all
significant. As for the ARao and ARao_1, ARao were all positive and ARao_1 were negative,
suggesting that the AO caused a decrease of ETo in the same year and caused it to increase
in the following year. However, the ARao 1 was very small, which means that the impact
of AO on Ningxia was mainly reflected in the negative impact of the same year. The
influence of AO was the largest in CAZ and the smallest in NYR, which was sorted as
CAZ> NX>SMA > NYR.

(Table 6 is here)

The impact of 10D in Ningxia was just the opposite, the ARiop were all negative and
AR\op_1 were positive, implying that the 10D could suppress the ETo in the current year
and promote it in the second year. In NYR and SMA, ARiop 1 was close to 0, indicating

that the impact of IOD was mainly the positive in the same year. The CAZ’s performance
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was special, the ARjop_1 was much larger than ARiop, meaning that the impact of IOD was
mainly the negative in the following year. The ARiop 1 in CAZ was the largest and the
ARop in NYR was the smallest, which was sorted as CAZ(ARiop_1)> SMA> NX> NYR.
Seen from the ENSO and PDO, they both had the similar trends. Although the ARenso
(ARenso 1) and ARprpo (ARppo 1) Were almost positive, the ARenso (ARppo) Was much
larger than ARenso 1 (ARppo_1), Which means the ENSO and PDO could strongly change
ETo in Ningxia in the same year. However, the correlation coefficients order was different,
the PDO was sorted as CAZ> NX> NYR> SMA, while the ENSO was sorted as NYR>
NX > CAZ> SMA.

The spatial distributions of the correlation coefficients between teleconnection indices
and ETo was shown in Fig.7. The ARao from south to north gradually decreased, while the
positive correlation of ARao 1 became larger. In addition, the ARijop was not obvious
regularity due to the positive correlation was closer, but the negative correlation of ARop 1
gradually decreased from south to north. In particular, the ARppo gradually increased from
south to north, while the ARenso first decreased and then increased from west to east. From
the perspective of ARppo 1 and ARenso_1, sSmaller in the south and larger in the west, but
this trend was not obvious. In general, although the correlation coefficients in Ningxia were
weak, the teleconnection indices could provide insights into the prediction of spatial
distribution of ETo.

(Fig.7 is here)

15



10

11

12

13

14

15

16

17

18

19

20

21

22

23

3.4.2. Analysis at seasonal scale

The correlation coefficients between teleconnection indices and ETo in Ningxia at
seasonal scale was calculated and we got the maximum (Table 7). Overall, the seasonal
correlation coefficients were greater than the annual scale, which ranged from -0.44 to 0.50.

In spring, the influence of teleconnection patterns was special, which the lead seasons
of AO, 10D, ENSO and PDO were SR_0, SR_1, SR_2 and SR_3, respectively. And the
SR_0 of AO was negative, while the others were positive. Particularly, only the SR_1 of
10D was significant, suggesting that this pattern could effectively predict the ETo of spring
in Ningxia. And taking ETo in 2018 as an example, the Mean Absolute Percentage Error
(MAPE) predicted by SR_1 of 10D is 58.52%. In summer, it was difficult to find the stable
lead seasons with AO and IOD. Therefore, while the IOD was significant, this pattern was
limited to predict the summer ETo in Ningxia. On the contrary, the ENSO and PDO were
consistent and significant, which were SR_0 and SR_1, respectively. This indicated that
the ENSO and PDO were effectively indicators for the summer ETo in Ningxia. In autumn,
it was special that the four teleconnection indices were all significant. Compared to the
spring, it was similar that the AO was negative and the others were positive. Additionally,
the lead season of four teleconnection indices were all SR_0, implying that all
teleconnection indices were able to predict the autumn ETo in Ningxia. In winter, the lead
seasons were divided into two situations, which the PDO was SR_0 and the others were
SR_2. Moreover, the correlation coefficients were similar that the ENSO was negative and
the others were positive. However, only the SR_2 of AO was significant, suggesting that
the AO could be used to analyze the winter ETo in Ningxia.

(Table 7 is here)
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The spatial distributions of the lead seasons between teleconnection indices and ETo
was shown in Fig.8. Overall, more than 38.6% of the correlation coefficients were
significant. The lead seasons of AO gradually increased from south to north in spring,
summer and winter, while the autumn was always SR_0. And about 34.8% was most
significant for predicting the ETo. Furthermore, the lead seasons first decreased and then
increased from spring to winter. As depicted in the 10D, there were two opposite trends.
The lead seasons raised from south to north in spring, while it descend in summer.
Additionally, the lead seasons was large in the north and south of winter, while the autumn
was the contrary. From the time trend, the lead seasons had alternating changes in rising
and falling from spring to winter, which correspond to the significant percentages of 42.5%.
Furthermore, it was evident that the PDO also had two situations. The lead seasons
gradually increased in spring from north to south, while the opposite trend in winter. As
for the summer and autumn, it was always in a stable state, which were SR_1 and SR_0,
respectively. Similar to the AO, the lead seasons of PDO first decreased and then increased
from spring to winter. The trend of ENSO was basically the same as that of PDO, excepting
that the lead season was larger in the south and north than middle in winter. Moreover, the
significant percentages of PDO and ENSO were 32.6% and 41.2%, respectively.

(Fig.8 is here)

4. Discussion
4.1. ETo trends and “evaporation paradox”

It’s generally considered that the ETo will show an upward trend due to the rise in T

as well as the decrease in RH, U, and SD. However, some studies found that the pan

evaporation has shown a downward trend in the past few decades in northwest China (Cong
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et al., 2009; Thomas, 2015). This is called “evaporation paradox”, which is opposite
between observation and expectation. In this study, we found that the ETo in Ningxia from
1957 to 2018 had different trends under the influence of climate change, of which an
increasing trend in NX (5.79mm/10a), NYR (12.24mm/10a) and SMA (5.09mm/10a), and
a decreasing trend in CAZ (4.52mm/10a). And this means that there was “evaporation
paradox” in CAZ of Ningxia, which is higher than that estimated in the entire China
(3.5mm/10a)(Fan et al., 2016a) and the upper reaches of Yellow River Basin (3.2mm/10a)
(Shigin et al.).

Many scholars had conducted in-depth research on the causes of “evaporation paradox”
and had drawn different conclusions in the past few decades in northwest China(Cong et
al., 2009; Thomas, 2000). One explanation was that the decreasing trend was the decline
of solar radiation due to cloud optical thickness.(Liu and Binhui, 2004). Another
explanation was that the wind speed controlled ETo by affecting the atmospheric
circulations(McVicar et al., 2012).

To obtain the main reason of the evaporation paradox in CAZ of Ningxia, this study
used two methods for verification analysis. First, the coefficient of determination (r?)
between ETo and Uz in CAZ was obtained based on the regression analysis. And the ETg
is weakly correlated with U, with r? value of 0.34, indicating that the wind speed is not the
main reason of the evaporation paradox in the CAZ. Second, the MODIS satellite data
(MODO08) from 2000 to 2018 was selected to analyze the distribution and variation of cloud
optical thickness. As depicted in the Fig.9, the CAZ’s annual average cloud optical
thickness is 24 in 2018, and the upward trend is very significant compared to 16 in 2000.

Additionally, the increase in the cloud optical thickness reduces the total amount of
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radiation reaching the ground. This study analyzed the total solar radiation variation of
CAZ since 1957. The total solar radiation of CAZ had a significant downward trend from
1957 to 2018 (-13.418MJ/m?/a). And the total solar radiation is highly correlated with ETo,
with r? value of -0.81, while the r? with cloud optical thickness is -0.84. In general, the
increase in cloud optical thickness in CAZ led to a decrease in total solar radiation, which
is the main reason for the decline in ETo.

(Fig.9 is here)

4.2. Implications of the teleconnection patterns on ETo

This study calculated the relationship between ETo and the four teleconnection indices
to explore the connection between them. The four teleconnection indices can be used to
predict changes in ETo at annual and seasonal scale. Among them, AO has a good
prediction effect in the current year, IOD, ENSO and PDO have better prediction results in
the following year, and it is consistent with the previous research(Chai et al., 2018). This
is because Ningxia is located in the northwestern region and is more sensitive to the
changes in AO. This study also found that the ENSO and PDO had a good correlation with
ETo in spring and summer. Additionally, the AO plays an important role in the prediction
of ETo in winter, which is due to the close relationship between AO and winter surface air
temperature. Although the correlation coefficient is small, they all pass the given
significance test. Thus, this study found that the four teleconnection patterns can be used
to predict ETo in the fall, which is different from other studies (Yan et al., 2015). In general,
the teleconnection patterns can be considered to be significantly correlated with ETo at
different timescale based on previous studies. Nevertheless, we must realize that the

relationship between teleconnection patterns and ETo is complex and variable, thus, it is
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not sufficient to use linear relationships to analyze the links between them. We hope to use
this more suitable model to conduct an in-depth study of this issue in the future and improve

the credibility of our conclusions.

5. Conclusions

With the development of social economy, the water demand in Ningxia has increased
sharply. Therefore, based on daily data of 20 climate stations across Ningxia from 1957 to
2018, the ETo variation characteristics, cause analysis and relationships with atmospheric
circulation, was analyzed for water resources management, agricultural development and
conservation of ecological environment. Important findings are summarized as following:

(1) ETo series at annual scale in NX, NYR and SMA have increased significantly,
while the CAZ is opposite. The annual ETo in Ningxia decrease significantly before 1990,
while increase significantly after 1990, and it has a long period of 25a and a short period
of 10a. As for spatial distribution, it shows a trend of increase first and then decrease from
north to south.

(2) The most sensitive climate factors are RH and Tmax, and the contribution rate of
Tmax and SD are greater than the other climate factors.

(3) The four teleconnection indices all can be used to predict changes in ETo at annual
and autumn scale. For each season, the ENSO and PDO have greater significance for
predicting summer ETo, while the IOD and AO are more significant for predicting spring
and winter ETo, respectively.

The results of this study can not only help to understand the hydrological cycle in

Ningxia, but also have important implications for improving local agricultural water
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management. In the future, remote sensing can be used for actual evapotranspiration, which

are convenient to data acquisition and calculation.
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A new approach for ETo analysis pattern is proposed over Northwest China.
The total solar radiation is the main reason for the “evaporation paradox”.

The four teleconnection indices (ENSO, PDO, 10D, and AO) all can be used to
predict changes in ETo at annual and seasonal scale.
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Changes in reference evapotranspiration over Northwest China from
1957 to 2018: variation characteristics, cause analysis and relationships

with atmospheric circulation
Ziyang Zhao!, Hongrui Wang"*, Cheng Wang?, Wangcheng Li3, Hao Chen!, and Caiyun Deng!

! Beijing Key Laboratory of Urban Hydrological Cycle and Sponge City Technology, College of Water Sciences,
Beijing Normal University, Beijing 100875, China.
2 Environment Science Division, Argonne National Laboratory, Lemont, IL 60439, USA.

3 School of Civil and Hydraulic Engineering, Ningxia University, Yinchuan 750021, China.

Abstract: The Ningxia Hui Autonomous Region (NX) in Northwest China has been challenged by
water scarcity and drought for decades. In this study, to understand the spatio-temporal variation, cause
analysis and relationship with atmospheric circulation of ETy in Ningxia, ETy and other climate factors
at 20 national climate stations from 1957 to 2018 were analyzed. Results showed that ETo in NX
(Ningxia), NYR (Northern Yellow River Irrigation Area) and SMA (Southern Mountain Area) had
increased significantly at annual scale, whilst the CAZ (Central Arid Zone) was the opposite trend, and
ETy had a trend of first rise and then decline from north to south in spatial distribution. ET¢ was most
sensitive to RH and Tmax at annual scale in Ningxia, while the greatest contribution rates were Tmax and
SD. Ningxia was becoming drier in the past decades. The abrupt change in ETy at approximately 1990,
and it’s long and short period were 25a(15a) and 10a(5a) at annual scale, respectively. The four
teleconnection indices could be used to predict changes in ETy at annual and autumn scale, while the
ENSO and PDO could predict changes in ETy of summer and IOD and AO could predict changes in

ET)y of spring and winter.

Keywords: Reference evapotranspiration; Spatio-temporal distribution; Dominant factors;

Teleconnection indices; Ningxia
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1. Introduction

Evapotranspiration, ET, is the process that water transferred from the land surface to
the atmosphere (Xu et al., 2018). It is a key element of the hydrologic cycle, because it
affects the basic characteristics of ecosystems, such as run-off, soil moisture, and plant
growth, which are important to the water supply (Lin et al., 2018b; McVicar et al., 2012).
However, the data of ET is still limited and the time series is very short due to lack of the
monitoring, thus, many scholars used different terms to study ET. Reference crop
evapotranspiration (ETo) is one of the most used to describe ET, which represents
atmospheric evaporation capacity at specific locations and times of the year regardless of
crop characteristics and soil factors, and thus exerts significant impact on the growth and
yield of crop plants (Fan et al., 2016b). In order to revise the criteria for reference crop
evapotranspiration (ETo), the FAO Irrigation and Drainage Paper No.56 “Crop
Evapotranspiration” was published in 1998, it was defined as “the rate of
evapotranspiration from a hypothetical reference crop with an assumed crop height of
0.12m, a fixed surface resistance of 70 s/m, and an albedo of 0.23” (Allen et al., 1998). Up
to now, the FAOS56 has become one of the most cited publications in the field of crop water
relationships(Pereira et al., 2015).

ETy is likely to be affected by global warming because it is highly dependent on air
temperature. In northwest China, the air temperature had increased over the past 50 years
and reported in Xinjiang(Xue et al., 2003), Gansu(Dou et al., 2015) and Mongolia(Ma et
al., 2019). However, a declining trend in ET¢ was reported in the same period, such as
Loess Plateau(Mcvicar et al., 2005), Qilian Mountain (Deng et al., 2017) and the arid

region(Shen et al., 2010). Therefore, the rising global temperatures may not lead to an
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increase in ETy in all cases, which is known as the “evaporation paradox” (Brutsaert and
Parlange, 1998). Additionally, many scholars have investigated the underlying causes of
ETo changes, and McVicar showed that ETy is not dependent air temperature but on
radiative and aerodynamic components (combination of the effects of wind speed and
atmospheric humidity)(McVicar et al., 2012). Thus, it is necessary to further study the
relationship between ETy and climate factors.

In addition, there are a large number of atmospheric teleconnections patterns in the
climate system. These atmospheric circulation changes and anomalies can be far apart in
space, and they can be simultaneously or sequentially in time. The teleconnection patterns
(i.e., Atlantic Oscillation (AO), the Indian Ocean Dipole (I0D), Pacific Decadal Oscillation
(PDO), and El Nino-Southern Oscillation indices (ENSO)) can be linked to ETo by
influencing climate factors (Chai et al., 2018; Yu et al., 2015; Zhu et al., 2017). However,
the current relationship between teleconnection patterns and ETy is still relatively rare in
China. With the understanding of future atmospheric system processes and the
improvement of future teleconnection patterns prediction capabilities(Chai et al., 2018; Fei
et al., 2016), it is possible to use historical data and teleconnection patterns to predict the
future ETo. Therefore, understanding and analyzing the relationship between ETo and
teleconnection patterns is of great value to the reasonable prediction of ETy in the future.
For example, Chai found that near half of China show significant and maximum correlation
coefficients of ETo with PDO in spring and summer, ENSO in autumn, and AO in
winter(Chai et al., 2018).

The Ningxia Hui Autonomous Region, as an important node of “the Belt and Road”

(Regional cooperation platforms between China and relevant countries to build a
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community of politics, economics and culture.), is located in the northwest inland of China
and the upper-middle reaches of the Yellow River Basin (Guan et al., 2017). With the
development of social economy, the water demand in this area has increased sharply.
According to the Ningxia Water Resources Bulletin from 2001 to 2017, the consumption
of water resources increased by 1.6 times. Agricultural irrigation is the largest water sector,
more than 85% of the water supply is consumed by agriculture, and industry and other
sectors is squeezing agricultural water consumption space increasingly. Therefore, water
security and food security in Ningxia are facing severe challenges. The study of ETo
provides a scientific basis for calculating the water requirement of various crops in Ningxia,
and then formulates a reasonable irrigation system to achieve the goal of water saving.

In general, the main objectives of this study based on the climate data across Ningxia
from1957 to 2018 are as follows:(1) to analyze the spatio-temporal changes of annual ETo;
(2) to quantify the impact of climate factors on ETo change and identify dominant factors;
(3) to detect abrupt changes and periodic analysis of ETo series; (4) to explore the
relationships between teleconnection patterns (i.e. AO, 10D, PDO, and ENSO) and ETo.
This study will help to improve the understanding of climate change and provide reference
for researchers and decision makers to guide water resources management, agricultural

development and protect the ecological environment.

2. Materials and methods

2.1. Study area and data
The Ningxia Hui Autonomous Region (NX) (104°17'~107°39'E, 35°14'~39°23'N),
covering an area of 6.6x10%*km? with complex topography and elevations above 1000m,

includes three regions in terms of topography and natural conditions, i.e., Northern Yellow
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River Irrigation Area (NYR, flat terrain and fertile soil), Central Arid Zone (CAZ, arid and
windy), and Southern Mountain Area (SMA, humid) (Fig.1). It is situated among the North
China Plateau, the Alxa Plateau and the Qilian Mountains folds, which is connected by the
Tengger Desert from the west, the Ulanbuh Desert from the north and the Maowusu Desert
from the east, respectively. Generally, Ningxia is the semi-arid climate, which is arid and
windy(Lyu et al., 2018).

(Fig.1 is here)

In this study, 20 climate stations with a 62-year climate data record (from 1957 to
2018) were chosen among more than 24 stations (Table 1). The climate data, including
daily average air temperature (Tnean , °C), minimum air temperature (7, °C), maximum
air temperature (7max, °C), relative humidity(RH, %), sunshine duration(SD, /), wind speed
at 2-m height(U>, m/s), and total solar radiation (Yin chuan station) were downloaded from

the National Climate Center, China Climate Administration(CMA)(http://data.cma.cn).

The datasets are available and have been processed with quality control by the National
Climate Information Center with missing data rate of less than 0.1%. A few missing data
points were interpolated based on the neighbouring stations (Lin et al., 2018a). For the four
teleconnection indices, IOD were downloaded from the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) (http://www.jamstec.go.jp/j/), AO, PDO, and ENSO
were downloaded from the Earth System Research Laboratory of NOAA

(https://www.noaa.gov/). The sequence lengths of the four teleconnection indices are

different, and the definitions and sequence lengths of the four teleconnection indices are
shown in Table 2.

(Table 1 is here)
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(Table 2 is here)

2.2. ETy estimation

There are many ways to calculate the reference crop evapotranspiration (E7)), and the
most widely used is the Penman-Monteith (PM) model recommended by the Food and
Agriculture Organization (FAO)56. This model is based on the theory of energy balance
and water vapor diffusion, that is, considering the physiological characteristics of crops
and the changes of acrodynamic parameters. It can adapt to different climate regions, which
is often used as a standard formula to verify the applicability of other formulas (Tahasbildar
et al., 2017; Valiantzas, 2018). We used this model to calculate the daily reference crop

evapotranspiration, and accumulated the monthly, seasonal, and annual E7):

0.408A (R —G)+7 75555 u2(es—ca) (1)
A+~ (140.34u2)

Ely =
Where E'1}, is the daily reference crop evapotranspiration (mm day '), A is the slope of
vapour pressure curve (KPa °C™1), R,, is the net radiation at crop surface (M.J m =2 day 1),
(; is the soil heat flux density ( M.J m=2 day™'), v is the psychrometric constant
(KPa °C™1), T is the average daily air temperature (°¢”'), u, is the wind speed at 2 m
(m s71), . is the saturation vapour pressure (K a), ¢, is the actual vapour pressure
(K Pa).

Net radiation at the crop surface [7,, is a function of solar radiation /?,. Solar

radiation ([2,, MJ/m?/day) is an infrequently measured climatic variable, and is often

estimated form sunshine data(Fan and Thomas, 2018).
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Where R, is the extraterrestrial radiation (MJ/m?%day), N is the maximum possible
sunshine duration(h) and n is the actual sunshine duration(h), @, and b, are empirical
coefficients with recommended values of 0.25 and 0.5, respectively.

2.3. Mann-Kendall test for trend analysis

Manner-Kendall non-parametric test is often used to analyze the trend of time series
of precipitation, runoff, and other factors(Zhen et al., 2017). The advantage is that the
sample doesn’t need to follow a certain distribution, and it is rarely interfered by abnormal
values. Therefore, it is highly recommended for general use by the World Climate
Organization, and it has been widely used for the analysis of climate trends (Liu et al., 2016;
Zhang et al., 2017). In this study, to discuss the intrinsic changes of Ningxia at the annual

scales from 1957 to 2018, the MK test was used for the abrupt change point analysis.
2.4. Continuous wavelet analysis

In the past decades, continuous wavelet based on Morlet function has been widely
used in identifying periodic oscillations of signals (Morlet et al., 1982; Tongal et al., 2016).
With the development of interdisciplinary research, many scholars have applied continuous
wavelet analysis to multi-time scale feature analysis in hydrological and climate research.
This method can clearly reveal a variety of changes in the time series and fully reflect the
change trend of hydrological and meteorological data in different timescales (Chen et al.,
2018; Torrence and Compo, 1998). In this study, to discuss the intrinsic changes of Ningxia
at the annual scales from 1957 to 2018, the wavelet analysis was used for the periodic

analysis. Its function is as follows:
) 2
P(t) = ete= 3)

Wi(a,b) = |a| ™% [, F(E0(EL)d (4)
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Var(a) = [, |W s (a, b)) db (5)
Where 4/(t) is the wavelet basic function; W, (a, ) is the wavelet variation coefficient,
Var(a)is the wavelet variance, « is the scale factor of the wavelet period length, 5 is the
time factor of time translation, ¢ is time, f(#) is the time series number, R is the real
number field.
2.5. Sensitivity analysis and contribution rate assessment

The relationship between ETo and climate factors is very close. In order to
quantitatively describe the impact of climate factors on ETo, multivariate regression
analysis, sensitivity coefficient analysis method and contribution rate assessment are
generally used. And many scholars use different methods (i.e., separation method (Sun et
al.,2017), the partial derivatives (Lin et al., 2018a)) to study the sensitivity and contribution
of climate factors. However, due to the complexity of climate factors affecting ETo,
different methods often have different results. In order to make the results more credible,
average value was obtained in this study using different methods.

(1) Sensitivity analysis

Partial derivative sensitivity coefficient analysis is a method of global sensitivity
analysis that controls the influence of other parameters and obtains the correlation between
input factors and output results(Yi et al., 2008). Compared with other global sensitivity
analysis methods, partial derivative sensitivity coefficient can control the influence of other
factors and analyze the complex nonlinear relationship, which is suitable for nonlinear

dynamics problems (Lin et al., 2018a).

S.;: = lilnAJ‘%O( }.il_lzn ) = C)S‘fﬂ ) E]_TU (6)

@
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Where Sy is the sensitivity coefficient, A /7, and Az are the change values of ETy and
climate factors respectively, and positive or negative of Sy respectively indicate that ETo
increase or decrease with the increase of climate factors.
(2) Contribution rate assessment

The change in ETy is not only affected by the sensitivity of its climate factors, but also
related to the change degree of each climate factor. To determine the cause of the change
in ETo, it is necessary to combine the sensitivity analysis with the actual changes in climate
elements. Thus, it’s significant to find the contribution rate of a single climate factor to ETo.

(DPartial derivative method

Yin proposed multiplying the sensitivity coefficient of a single climate factor by the
multi-year relative change rate of the factor to obtain the change of ETo caused by this
factor, that is, the contribution rate of the factor to the change of ETo (Yin et al., 2010).

Cy =S, - Re, (7)

Re, = wlrende . 100%, (8)
Where Sy is the sensitivity coefficient, ¢, is the contribution rate of climate factors to ETo
changes. ¢, is the multi-year rate of change of climate factors, Trend, is the climate
tendency rate of climate factor , 7 is the absolute average value over the study period of
climate factors, n is the length of the time series.

(2) Separation method

Due to the interaction among driver factors, it is possible to introduce some
uncertainty into the attribution of E7) changes. Take temperature as an example, to
eliminate complex effects and differentiate the contribution of each factor, we can use the

following equation(Chai et al., 2018):
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n—1
Where (', represents the contribution of the x-factor to ETo change, and 7; represents the
accumulative contributions of all of the driving factors (except for the ;-factor). C

represents the contribution of ;-factor alone regardless of other factors.
2.6. Relationships between ETy and teleconnection indices

In this study, the relationship between ETo and teleconnection patterns is determined
by correlation coefficients. Since the impact of the teleconnection patterns in China is
mainly reflected in the current year and the following year, this study is considered from
the seasonal scale(spring is from March to May; summer is from June to August; autumn
is from September to November; and winter is from December to February) and the annual
scale (Trenberth and Hurrell, 1994; Yeh et al., 2009). At the seasonal scale, the correlation
coefficients were calculated four times, that is, the correlation coefficient between ETo and
teleconnection indexes with lead times of 0~3 seasons, which were named SR 0, SR 1,
SR 2, SR 3, respectively. At the annual scale, the correlation coefficient between ETo and
teleconnection indexes were calculated twice. One was that the ETy from 1957 to 2018
with the teleconnection indexes during the same period (named AR _0), the other was that
the ETo from 1957 to 2018 with the teleconnection indexes from 1956 to 2017 (named
AR _1)(Chai et al., 2018). Furthermore, the statistical significance in the analysis of linear
trends and correlations in this study corresponded to a significance level of p < 0.05(*) and

p<0.01(**), unless otherwise stated.
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3. Results

3.1. Temporal trends and spatial distribution in ET)

Due to the complexity of various climate factors and the differences in geographical
environment, ETo has significant differences in time and space. In this study, the time was
divided into annual scale, and the spatial scale was divided into NYR, CAZ and SMA. The
annual average ETo was sorted as CAZ (1296.67mm)> NYR (1268.34mm)> NX
(1222.41mm)> SMA (996.19mm) (Table 3). The spatial distribution of annual average ETo
in Ningxia had obvious regional characteristics. Climate and topography changed from
north to south, ETo showed a trend of first falling, then rising, and finally falling (Fig.2).
SMA is at the southernmost tip of Ningxia, which the climate is cool and humid, thus, the
ETo in SMA was smaller than NYR and CAZ. CAZ belongs to the middle temperate and
semi-arid zone, which is characterized by a typical continental climate with drought and
little rain, thus, the ETo in CAZ was larger than NYR and SMA. NYR was relatively special,
which the ETo was larger in the north and the other climate stations were smaller. This was
mainly due to the long sunshine duration and a large wind speed in Huinong and Shitanjing
compared with other climate stations.

(Fig.2 is here)

(Table 3 is here)

Temporal variations of annual ETo from each climate region from 1957 to 2018
exhibit similar fluctuations (Fig.3). The regional annual average ETo showed significantly
increasing trends over the NX, NYR, and SMA (p<0.01) from 1957 to 2018, with
increasing at 5.19mm/10a, 12.12mm/10a, and 5.09mm/10a, respectively. And ETo in CAZ,

on the contrary, decreased at the tendency rate of 4.52mm/10a. The order of change rates
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in different regions was NYR>NX>SMA>CAZ. Furthermore, Extremum ratio, the ratio of
the maximum value to the minimum value, is used to analyze relative changing magnitude
of variable (Sun et al., 2018). In this study, we want to study the relative changing
magnitude of ETo. The ETo ranged from 1105.30mm to 1434.91mm over the NX, while
the extremum ratio was 1.30. And the values of extremum ratios were close, which the
order was NYR (1.30)>SMA (1.29)>CAZ (1.28)>NX (1.27). Whether the maximum or
minimum of multi-year average ETo, the NYR and CAZ were greater than NX, and the
CAZ was opposite.

(Fig.3 is here)
3.2. Mann-Kendall test and wavelet analysis of ET)

Through the analysis of section 3.1, we have a detailed understanding of the overall
spatial and temporal distribution of ETo in Ningxia. From 1957 to 2018, ETy all showed a
trend of decreasing first and then rising in NX, NYR, CAZ and SMA. The abrupt change
points were 1990, 1990, 1991 and 1989, respectively (Fig.4). In NX and NYR, there was
an obvious upward trend in the 21st century (z>1.96), and CAZ showed a significant
downward trend in 1970s (z<-1.96), while SMA didn’t show a significant upward and
downward trend. ETo had a long period of 25a and a short period of 10a over the entire
time domain in NX and NYR, of which 10a was the most significant (Fig.5). Furthermore,
the period of CAZ was 15a, while the period of SMA was 5a and 10a. Take the 25a period
in NYR as an example, the time point of larger ETo was the late 1960s, 1980s and late
1990s, while the time point of smaller ETo was the early 1960s, 1970s and early 1990s.

(Fig.4 is here)

(Fig.5 is here)
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3.3. Sensitivity coefficient and contribution rate analysis

The sensitivity coefficients between ETo and other five climate factors were calculated
based on Eq. (14) and detailed in Table 4. And the results showed a similar trend in NYR,
CAZ, SMA and NX. Tmax, Tmin, SD, and U, were positive values, indicating the increase in
temperature, sunshine hours and wind speed could cause ETo augment. Among all 20
stations, the climate factors with the smallest sensitivity to ETo was the Tmin with an average
value of 0.08. Overall, the Sensitivity coefficient of five climate factors in Ningxia was
sorted as RH(0.46)> Tmax(0.35)> U2(0.28)> SD(0.15) > Tuin(0.08). In addition, there were
two trends in the spatial distribution of sensitivity coefficient. The Tmax and RH increased
from north to south first and then decreased, while the Tmin, SD and U showed the opposite
trend. Therefore, the CAZ was a special area for sensitivity coefficient, where the Tmax and
RH were the largest and the Tmin, SD and U> was the smallest.

(Table 4 is here)

For the contribution rate of five climate factors (Table 5 and Fig.6), although the
calculation results of the two methods (partial derivative and separation) were similar, the
partial derivative method was larger than the separation method. And the contribution rate
of five climate factors also showed a similar trend in NYR, CAZ, SMA and NX. The
contribution rate of Tmax, Tmin and RH were positive values, indicating that they had caused
an increase in ETo from 1957 to 2018. However, the reason they caused ETo changes was
the opposite. The positive contribution rate of Tmax and Tmin were mainly due to its positive
climate tendency rate and sensitivity coefficient. On the contrary, the positive contribution
rate of RH was precisely because both the climate tendency rate and sensitivity coefficient

were negative values. As for SD and U», the contribution rate were negative values,
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indicating that they had caused a decrease in ETo, which was because they had positive
sensitivity coefficient and negative climate tendency. In addition, the largest contribution
rate of climate factors for different climate regions were different, which were Tmin, Tmax
and Uz in NYR, CAZ and SMA, respectively. As for Ningxia, the largest factor was Tmin.
Meanwhile, the SD was the smallest contribution rate regardless of the region.

(Fig.6 is here)

(Table 5 is here)

3.4. The relationships between teleconnection patterns and ET)

3.4.1. Analysis at annual scale

The correlation coefficients of each climate stations and regions between
teleconnection indices and ETy in Ningxia were calculated (Table 6). Although the annual
correlation coefficients were weak, which ranged from -0.40 to 0.49, they were all
significant. As for the ARao and ARao 1, ARao were all positive and ARao 1 were negative,
suggesting that the AO caused a decrease of ETy in the same year and caused it to increase
in the following year. However, the ARao 1 was very small, which means that the impact
of AO on Ningxia was mainly reflected in the negative impact of the same year. The
influence of AO was the largest in CAZ and the smallest in NYR, which was sorted as
CAZ> NX> SMA > NYR.

(Table 6 is here)

The impact of IOD in Ningxia was just the opposite, the ARiop were all negative and
ARjop 1 were positive, implying that the IOD could suppress the ETy in the current year
and promote it in the second year. In NYR and SMA, ARiop 1 was close to 0, indicating

that the impact of IOD was mainly the positive in the same year. The CAZ’s performance
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was special, the ARjop 1 was much larger than ARiop, meaning that the impact of [IOD was
mainly the negative in the following year. The ARjop 1 in CAZ was the largest and the
ARjop in NYR was the smallest, which was sorted as CAZ(ARiop 1)> SMA> NX> NYR.
Seen from the ENSO and PDO, they both had the similar trends. Although the ARgnso
(ARgnso 1) and ARppo (ARppo 1) were almost positive, the ARenso (ARppo) was much
larger than ARgnso 1 (ARppo 1), which means the ENSO and PDO could strongly change
ETo in Ningxia in the same year. However, the correlation coefficients order was different,
the PDO was sorted as CAZ> NX> NYR> SMA, while the ENSO was sorted as NYR>
NX>CAZ> SMA.

The spatial distributions of the correlation coefficients between teleconnection indices
and ETo was shown in Fig.7. The ARao from south to north gradually decreased, while the
positive correlation of ARao 1 became larger. In addition, the ARjop was not obvious
regularity due to the positive correlation was closer, but the negative correlation of ARjop 1
gradually decreased from south to north. In particular, the ARppo gradually increased from
south to north, while the ARgnso first decreased and then increased from west to east. From
the perspective of ARppo 1 and ARgnso 1, smaller in the south and larger in the west, but
this trend was not obvious. In general, although the correlation coefficients in Ningxia were
weak, the teleconnection indices could provide insights into the prediction of spatial
distribution of ETo.

(Fig.7 is here)
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3.4.2. Analysis at seasonal scale

The correlation coefficients between teleconnection indices and ETo in Ningxia at
seasonal scale was calculated and we got the maximum (Table 7). Overall, the seasonal
correlation coefficients were greater than the annual scale, which ranged from -0.44 to 0.50.

In spring, the influence of teleconnection patterns was special, which the lead seasons
of AO, I0OD, ENSO and PDO were SR _0, SR 1, SR 2 and SR_3, respectively. And the
SR _0 of AO was negative, while the others were positive. Particularly, only the SR 1 of
IOD was significant, suggesting that this pattern could effectively predict the ETo of spring
in Ningxia. And taking ETo in 2018 as an example, the Mean Absolute Percentage Error
(MAPE) predicted by SR 1 of IOD is 58.52%. In summer, it was difficult to find the stable
lead seasons with AO and IOD. Therefore, while the IOD was significant, this pattern was
limited to predict the summer ETo in Ningxia. On the contrary, the ENSO and PDO were
consistent and significant, which were SR_0 and SR 1, respectively. This indicated that
the ENSO and PDO were effectively indicators for the summer ETp in Ningxia. In autumn,
it was special that the four teleconnection indices were all significant. Compared to the
spring, it was similar that the AO was negative and the others were positive. Additionally,
the lead season of four teleconnection indices were all SR 0, implying that all
teleconnection indices were able to predict the autumn ETy in Ningxia. In winter, the lead
seasons were divided into two situations, which the PDO was SR 0 and the others were
SR 2. Moreover, the correlation coefficients were similar that the ENSO was negative and
the others were positive. However, only the SR 2 of AO was significant, suggesting that
the AO could be used to analyze the winter ETo in Ningxia.

(Table 7 is here)
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The spatial distributions of the lead seasons between teleconnection indices and ETo
was shown in Fig.8. Overall, more than 38.6% of the correlation coefficients were
significant. The lead seasons of AO gradually increased from south to north in spring,
summer and winter, while the autumn was always SR 0. And about 34.8% was most
significant for predicting the ETo. Furthermore, the lead seasons first decreased and then
increased from spring to winter. As depicted in the IOD, there were two opposite trends.
The lead seasons raised from south to north in spring, while it descend in summer.
Additionally, the lead seasons was large in the north and south of winter, while the autumn
was the contrary. From the time trend, the lead seasons had alternating changes in rising
and falling from spring to winter, which correspond to the significant percentages of 42.5%.
Furthermore, it was evident that the PDO also had two situations. The lead seasons
gradually increased in spring from north to south, while the opposite trend in winter. As
for the summer and autumn, it was always in a stable state, which were SR 1 and SR 0,
respectively. Similar to the AO, the lead seasons of PDO first decreased and then increased
from spring to winter. The trend of ENSO was basically the same as that of PDO, excepting
that the lead season was larger in the south and north than middle in winter. Moreover, the
significant percentages of PDO and ENSO were 32.6% and 41.2%, respectively.

(Fig.8 is here)

4. Discussion
4.1. ET) trends and “evaporation paradox”

It’s generally considered that the ETo will show an upward trend due to the rise in T

as well as the decrease in RH, U> and SD. However, some studies found that the pan

evaporation has shown a downward trend in the past few decades in northwest China (Cong
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et al., 2009; Thomas, 2015). This is called “evaporation paradox”, which is opposite
between observation and expectation. In this study, we found that the ETo in Ningxia from
1957 to 2018 had different trends under the influence of climate change, of which an
increasing trend in NX (5.79mm/10a), NYR (12.24mm/10a) and SMA (5.09mm/10a), and
a decreasing trend in CAZ (4.52mm/10a). And this means that there was “evaporation
paradox” in CAZ of Ningxia, which is higher than that estimated in the entire China
(3.5mm/10a)(Fan et al., 2016a) and the upper reaches of Yellow River Basin (3.2mm/10a)
(Shiqin et al.).

Many scholars had conducted in-depth research on the causes of “evaporation paradox”
and had drawn different conclusions in the past few decades in northwest China(Cong et
al., 2009; Thomas, 2000). One explanation was that the decreasing trend was the decline
of solar radiation due to cloud optical thickness.(Liu and Binhui, 2004). Another
explanation was that the wind speed controlled ETo by affecting the atmospheric
circulations(McVicar et al., 2012).

To obtain the main reason of the evaporation paradox in CAZ of Ningxia, this study
used two methods for verification analysis. First, the coefficient of determination (1?)
between ETo and U, in CAZ was obtained based on the regression analysis. And the ETo
is weakly correlated with U, with 1? value of 0.34, indicating that the wind speed is not the
main reason of the evaporation paradox in the CAZ. Second, the MODIS satellite data
(MODO08) from 2000 to 2018 was selected to analyze the distribution and variation of cloud
optical thickness. As depicted in the Fig.9, the CAZ’s annual average cloud optical
thickness is 24 in 2018, and the upward trend is very significant compared to 16 in 2000.

Additionally, the increase in the cloud optical thickness reduces the total amount of
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radiation reaching the ground. This study analyzed the total solar radiation variation of
CAZ since 1957. The total solar radiation of CAZ had a significant downward trend from
1957 to 2018 (-13.418MJ/m?/a). And the total solar radiation is highly correlated with ETy,
with 1? value of -0.81, while the 1* with cloud optical thickness is -0.84. In general, the
increase in cloud optical thickness in CAZ led to a decrease in total solar radiation, which
is the main reason for the decline in ETo.

(Fig.9 is here)

4.2. Implications of the teleconnection patterns on ET)

This study calculated the relationship between ETo and the four teleconnection indices
to explore the connection between them. The four teleconnection indices can be used to
predict changes in ETo at annual and seasonal scale. Among them, AO has a good
prediction effect in the current year, IOD, ENSO and PDO have better prediction results in
the following year, and it is consistent with the previous research(Chai et al., 2018). This
is because Ningxia is located in the northwestern region and is more sensitive to the
changes in AO. This study also found that the ENSO and PDO had a good correlation with
ETo in spring and summer. Additionally, the AO plays an important role in the prediction
of ETo in winter, which is due to the close relationship between AO and winter surface air
temperature. Although the correlation coefficient is small, they all pass the given
significance test. Thus, this study found that the four teleconnection patterns can be used
to predict ETy in the fall, which is different from other studies (Yan et al., 2015). In general,
the teleconnection patterns can be considered to be significantly correlated with ETy at
different timescale based on previous studies. Nevertheless, we must realize that the

relationship between teleconnection patterns and ETo is complex and variable, thus, it is
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not sufficient to use linear relationships to analyze the links between them. We hope to use
this more suitable model to conduct an in-depth study of this issue in the future and improve

the credibility of our conclusions.

5. Conclusions

With the development of social economy, the water demand in Ningxia has increased
sharply. Therefore, based on daily data of 20 climate stations across Ningxia from 1957 to
2018, the ETy variation characteristics, cause analysis and relationships with atmospheric
circulation, was analyzed for water resources management, agricultural development and
conservation of ecological environment. Important findings are summarized as following:

(1) ETo series at annual scale in NX, NYR and SMA have increased significantly,
while the CAZ is opposite. The annual ETo in Ningxia decrease significantly before 1990,
while increase significantly after 1990, and it has a long period of 25a and a short period
of 10a. As for spatial distribution, it shows a trend of increase first and then decrease from
north to south.

(2) The most sensitive climate factors are RH and Tiax, and the contribution rate of
Tmax and SD are greater than the other climate factors.

(3) The four teleconnection indices all can be used to predict changes in ETo at annual
and autumn scale. For each season, the ENSO and PDO have greater significance for
predicting summer ETo, while the IOD and AO are more significant for predicting spring
and winter ET), respectively.

The results of this study can not only help to understand the hydrological cycle in

Ningxia, but also have important implications for improving local agricultural water
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management. In the future, remote sensing can be used for actual evapotranspiration, which

are convenient to data acquisition and calculation.
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Table 1

Basic information for the national climate stations used in the study area.

Region Station code Name Longitude(°E)  Latitude(°N)  Altitude(m)
53518 Shitanjing 106.45 39.27 1466.4
53519 Huinong 106.46 39.13 1093.1
53615 Taole 106.42 38.48 1102.9
53614 Yinchuan 106.12 38.28 1111.6
NYR 53619 Lingwu 106.18 38.12 1117.3
53617 Qingtongxia 106.04 38.02 1132.2
53612 Wuzhong 106.11 37.98 1129.0
53704 Zhongwei 105.11 37.32 1226.6
53705 Zhongning 105.41 37.29 1184.4
53723 Yanchi 107.23 37.48 1350.4
53881 Weizhou 106.29 37.28 1382.9
CAZ 53727 Mahuangshan 107.07 37.17 1713.0
53810 Tongxin 105.54 36.58 1340.7
53707 Xingren 105.15 36.93 1698.8
53806 Haiyuan 105.39 36.34 1854.8
53817 Guyuan 106.16 36 1754.2
53903 Xiji 105.43 35.58 1917.9
SMA 53910 Liupanshan 106.12 35.67 2842.8
53914 Longde 106.06 35.62 2079.5
53916 Jingyuan 106.2 35.5 1949.0




Table 2

Definitions and sequence length of the teleconnection indices.

Indices Definition Sequence length

AO The Arctic Oscillator Index is used to measure changes in air 1957~2018
pressure of average height anomalies at 1000hPa.

10D Indian Ocean Dipole (IOD) is the difference between Sea Surface 1958~2012
Temperature (SST) anomalous of the south eastern equatorial
Indian Ocean and the western equatorial Indian Ocean.

PDO The Pacific Decadal Oscillation (PDO) Index is defined as the 1957~2018
leading principal component of North Pacific monthly SST
variability.

ENSO The El Nifio-Southern Oscillation (ENSO) is the changes in the 1957~2018

SST of the central and eastern tropical Pacific Ocean, and it’s

indicated by the Nifio-3.4 indices.




Table 3

Multi-year average statistic value of ETo(mm).

Region Minimum Maximum Average
NYR 1105.30 143491 1268.34
CAZ 1123.86 1434.19 1296.67
SMA 843.99 1091.92 996.19
NX(whole) 1063.42 1356.42 1222.41




Table 4

Sensitivity coefficient of the main climate factors to ETo from 1957 to 2018 in Ningxia at annual

scale.
Region Tmax Tmin SD Uz RH
NYR 0.37 0.09 0.15 0.29 -0.45
CAZ 0.44 0.04 0.14 0.20 -0.56
SMA 0.32 0.09 0.15 0.30 -0.42
NX 0.35 0.08 0.15 0.28 -0.46




Table 5

Contribution rate of the main climate factors to ETo from 1957 to 2018 in Ningxia at annual scale.

region method Tmax Tmin SD U, RH
PD 0.67 0.98 -0.02 -0.20 0.18

NYR SE 0.55 0.93 -0.07 -0.23 0.11
average 0.61 0.96 -0.05 -0.21 0.14

PD 1.02 0.28 -0.02 -0.54 0.07

CAZ SE 0.87 0.30 -0.07 -0.53 0.01
average 0.94 0.29 -0.05 -0.53 0.04

PD 0.71 1.32 -0.13 -0.67 0.56

SMA SE 0.59 1.24 -0.17 -0.65 0.45
average 0.65 1.28 -0.15 -0.66 0.50

PD 0.56 0.98 -0.06 -0.43 0.29

NX SE 0.45 0.93 -0.11 -0.44 0.22
average 0.50 0.95 -0.08 -0.43 0.26




Table 6

The annual correlation coefficients between ETy and teleconnection indices.

Index NYR CAZ SMA NX(whole)
ARuao -0.29** -0.40%* -0.35%* -0.36**
ARxo 1 0.02 0.01 0.01 0.01
ARjop 0.16%* 0.14** 0.25** 0.18%*
ARjop 1 -0.03 -0.27%* 0.08 -0.09%*
AREgnso 0.23%* 0.49** 0.22** 0.32%*
ARENsO 1 0.01 0.11** -0.06 0.02
ARppo 0.22%* 0.18** 0.13** 0.19%*

ARppo 1 0.08** 0.07 -0.04 0.06




Table 7

Maximums of seasonal correlation between ETg and teleconnection indices with a lead time of 0-3

seasons.
Season Index NYR CAZ SMA NX(whole)
AO SR_0(-0.34) SR _0(-0.44) * SR _0(-0.35) SR _0(-0.38)
Spring 10D SR_1(0.43)** SR_1(0.28) ** SR_1(0.50)* SR _1(0.44) **
ENSO SR 2(0.26) SR _2(0.41) * SR _2(0.31) SR _2(0.33)
PDO SR _3(0.31) * SR _3(0.28) SR _3(0.23) SR _3(0.30)
AO SR_0(-0.22) SR _1(-0.26) * SR _0(-0.19) SR _1(-0.23)
Summer 10D SR _2(-0.20) ** SR_0(0.20)* SR _0(0.31) ** SR_0(0.19) **
ENSO SR _0(0.37) ** SR_0(0.50) ** SR _0(0.36) ** SR _0(0.45) **
PDO SR _1(0.30) ** SR_1(0.34) ** SR _1(0.29) ** SR _1(0.33) **
AO SR 0(-0.35) ** SR _0(-0.35) **  SR_0(-0.39) ** SR_0(-0.37) **
Auturmn 10D SR _0(0.19) * SR _0(0.12) * SR _0(0.22) ** SR _0(0.18) *
ENSO SR _0(0.20) ** SR _0(0.28) ** SR _0(0.36) ** SR _0(0.26) **
PDO SR _0(0.31) SR _0(0.44) * SR _0(0.42)* SR _0(0.39)*
AO SR 2(0.14) ** SR 2(0.21) ** SR 2(0.36) ** SR _2(0.23) **
Winter 10D SR 2(0.31)* SR 2(0.14) SR 2(0.24) SR 2(0.27)
ENSO SR 2(-0.18) SR 2(-0.17) SR _2(-0.24) * SR _2(-0.19)
PDO SR _0(0.24) SR _0(0.26) * SR _0(0.25) SR _0(0.26)
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