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Response to comments of Anonymous Referees
Our responses to these two referees’ comments are shown below in BLUE, with the referees’

comments shown as BLACK text. The relevant parts in the revised version are highlighted with
YELLOW.

Overall assessments:

The manuscript illustrates a prediction model of seasonal droughts based on atmospheric/oceanic standard
anomalies (SA). In particular, the model is based on synchronous relationship between SPI3 and 90-day
accumulated SA anomalies.

Although the paper addresses an interesting topic within the scope of the journal, by proposing a novel
methodology, | believe it cannot be published in its current form. My main criticisms are related to the
fact that the proposed methods are poorly described or are unclear in several parts of the manuscript.
RESPONSE:

Thank you for your feedback about this manuscript. Actually, the synchronous predictor-SPI3 statistical
relationship forced by dynamical products, together with process prediction, are new and valuable attempt
in the field of drought prediction. Besides, the process prediction model performs well at predicting
seasonal drought development, despite its weakness in predicting drought severity. It is also an important
result. As a whole, the paper actually addresses an important topic with a novel methodology.

Since it is a complete drought process prediction model, the procedure of model construction contains
adequate but necessary information. Although we tried our best to illustrate it, the original manuscript
still lack clarity. With comments you and Referee#2 made, we have realized the problems to solve. Large
amounts of work have been conducted to improve it, especially in the structure of the manuscript. In the
revised version, we will give up the expression pattern of methodology and result section. Instead, we
will choose the “theme-workstep” pattern for clarity, which is the comment from Referee #2. By doing
S0, the continuity between the steps could be easier to follow. For example, a flow diagram map of model
construction will be inserted in the end of the Introduction section. Accordingly, a brief but general

introduction about the sequential procedures will also be given. Sections and sub-sections will be adjusted,
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following the sequential procedures of model construction. Additionally, brief but necessary text
description, tables and figures will be added in the feasible position. We hope the quality of the manuscript

will be improved as much as possible, and it can be more readable and easily understood.

Major comments:

- in Section 3.1,

details on SP1 computation (which seems to be different from the approach originally proposed by McKee
et al., 1993) are lacking;

RESPONSE:

Thank you for pointing out this problem. We have added a flow chart to illustrate the steps of calculating
SPI3 updated daily in detail. Besides, we have also made text description clear and simple. The revised
text description and flow chart (Fig. 3 in the revised version) are shown in Line 115-124 of the revised

version. Additionally, Fig. 4 in the revised version can partly indicate the daily calculation of SPI3.

- in Section 3.2,

division of drought processes is rather obscure. Why do you need to split years in dry/wet periods? SPI
is computed on a 90-day period, but some of the identified spells (see table 2) cover a shorter period. How
do you deal with this issue? What do you mean with initial-segment days (see lines 125-129)? Figure 3
is unintelligible.

RESPONSE:

Thank for your valuable and advisable feedback, which help me realize the problems and make the
description clearer. Corresponding responses are organized as follows:

(1) Why to split years into dry/wet periods

RESPONSE: Essentially, it serves the following step of predictor construction, in which drought-related
atmospheric/oceanic anomalies within the same dry/wet spells are extracted and used for anomaly-based
predictor construction. The main reason is that drought-related circulation patterns during different
dry/wet periods are different. As illustrated in Lines 108-111 in the original version, one complete drought

process usually goes through one or several dry/wet spells. Different dry/wet spells usually correspond to
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various precipitation deficit characteristics and circulation patterns. Therefore, it is appropriate to divide
drought processes into different segments and assign these segments into different dry/wet spells.

(2) “SPI is computed on a 90-day period, but some of the identified spells (see table 2) cover a shorter
period.”

RESPONSE: Actually, connections among timescale of SP13, drought processes and dry/wet spells need
to be illustrated indeed. SPI is computed on a 90-day period (SP13), used to identify seasonal (90-day
timescale) drought processes. Dry/wet spells are used to split identified complete drought processes.
However, timescale of SPI13 and dry/wet spells have no relationship with each other. We think that the
cause of confusion lies in the originally implicit description about SP13 calculation and its application in
seasonal drought process identification. In the revised version, the explicit description and two feasible
sketch maps have been provided in Line 115-124 of the revised version.

(3) the expression of initial-segment days

RESPONSE: Initial segments are actually the split drought process segments according to dry/wet spells,
which are used to compute Intersection Proportion (IP). The previous description about these two terms
are confusing. In the revised paper, we have replaced “Herein, IP is the proportion of initial-segment days
in days of involved spells.” with the new expression “Herein, IP is the proportion of initial segments
accounting for relevant dry/wet spells, and the initial segments (e.g., D1, D3 and D4 in Fig. 6) refer to
parts of one drought process split with dry/wet spells. As shown in Fig. 6, one complete process is first
transformed into several initial segments according to dry/wet spells” (Line 165-167 of the revised
version).

(4) Figure 3 is unintelligible

RESPONSE: The original expression is implicit and unintelligible indeed. We think two places need to
be revised. On one hand, it lacks calculation expression of IP[0] and IP[-1]. In the revised version, we
have take the processes through two dry/wet spells as an example, and add the simple information of IP[0]
and IP[-1] calculation. On the other hand, the original sketch maps about processes through more than
two dry/wet spells lack the information before assignment. In the revised version, this problem have been
solved. To sum up, necessary labels have been added in Fig. 6 of the revised version (Corresponding to

Fig. 3 in the original version) for clarity.
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- in Section 3.6,

the description of the angle comparison approach is rather messy. Please clarify and check the correctness
of mathematical notations (i.e. subscripts of the angles). What is R2 in Table 3 and how is it calculated?
RESPONSE:

Actually, the implicit description of the angle comparison approach is also pointed out in the comments
Referee #2 made. In the revised version, we have transformed the original text into three sub issues. They
are namely “how to describe drought development”, “general classifications of drought outlook™ and
“how to calculate angles and conduct angle-based drought outlook”. By doing so, we hope that it can be
explicit and easily understood. Relevant contents can be found in Line 304-327 of the revised version.
We have also checked mathematical notations (i.e. subscripts of the angles). Currently, we have found
two errors. One is a mathematical notation in the caption of original Table 3 (Corresponding to Table 8
in the revised version). We have changed “ai is greater than critical angle a2i” into “ai IS greater than
critical angle osi” (Line 330 in the revised version). The other is the reversal of “ai” and “oai” in the
original fig. 5 (b). It has been corrected in the revised version. Besides, the original description about
mathematical notations is confusing indeed. In the revised version, it has been clarified in the sub issue
of “how to calculate angles and conduct angle-based drought outlook™.

Finally, R2 represents the ratio of specific days in the period of the predicted prospective 46—90 days.
These specific days meet the criteria that i is greater than critical angle asi. It is dividing selected specific
days by 45 (the 46" - 90™" day) days, which can be found in the definition of R2. Illustration about R2

calculation can be found in Line 329-330 of the revised version.

- in Section 4.1,

please add further information on the content of Table 5.

[Supplementary comment: | guess that Table 5 is coherent with Table 1 (drought classification) and Table
2 (division of annual period). What is unclear to me is the division of drought process (initial segment
days?) illustrated at lines 125-129 and in Figure 3 and its application.]

RESPONSE:
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Thank you for this feedback. Actually, results in original Table 5 follow the division rules in original
Figure 3 and the dry/wet spells in original Table 2. However, it is incoherent with original Table 1. (Table
1 is used to assign dry/wet grades to every daily SPI3 value of an identified complete drought process. It
will be further illustrated in the potentially major version.)

We have to admit that the original division rules itself (original Figure 3) are actually incomplete. In the
revision version, we have added a new figure (Figure 7 in the revised version) as an intermediate result
of drought process division. Additionally, detailed but necessary labels will be inserted into the feasible
positions in original Figure 3 (Corresponding to Fig. 6 in the revised version), which help people

understand the process division rules.

- in Section 4.3,

the model calibration procedure is also ambiguous What is F in Table 7? Please provide a list of the initial
43 predictors and the selected ones.

RESPONSE:

Actually, in original Table 7, F represents values of the constructed F-test statistic in the final stepwise
regression, while Fq=0.05 refer to F-test critical values at 5% significance level. Considering F and Fe=o.05
are included in the details of procedures, we tend to delete these two columns of F and Fe-0.05 in original
Table 7. The new table corresponds to Table 6 in the revised version.

Besides, a list of the initial 43 predictors and the selected ones have also been shown as Table 7 in the
revised version. Since all the initial 43 predictors are shown, we have also added the information of
predictor construction in the 200 hPa HGT field into the manuscript (Table 5 in the revised version).
Accordingly, the first leading EOF modes of SA for 200 hPa HGT have been also shown as Fig. 9 in the

revised version.

- in Section 4.4,
the synchronous stepwise-regression relationship should be described in-depth.

[I suggest to better clarify:
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- the structure of the multiple regression models (linear or not?);

- the explained variables

(the first PCs of SA predictors reported in Table 6?) and which criterion is used

to select the most significant ones;

- how the calibration and validation periods have been chosen (see Table 7) and which of them is finally
applied.]

RESPONSE:

Thank you for pointing out this problem about clarity. Stepwise regression is also multiple and linear.
Essentially, stepwise regression selects a best subset of explanatory variables used for model construction
while all the explanatory variables are used to build multiple linear regression model. Additionally,
positive and negative pattern areas on the first leading EOF modes are used to build SA predictors in our
study. SA predictors reported in original Table 6 is actually explanatory variables, instead of the first PCs
(Principal Component) of SA predictors.

The general description about criterion used to select the most significant ones (Afifi and Azen, 1972) is
as follows. “The technique of stepwise regression which selects a best subset according to the following
procedure: The first step selects the single variable which best predicts Y. The second step finds the
variable which best predicts Y given the first variable entered. In the steps that follow, either: (a) a variable
is entered which best improved the prediction of Y given all the variables entered from the previous steps;
or (b) a variable is removed from the set of predictors if its predictive ability falls below a given level.
The process is terminated when no further variable improves the prediction of Y.

However, these aforementioned information is detailed. Considering large amounts of information this
manuscript contains, we tend to give a brief but important introduction about the structure, explanatory
variables and criterion of stepwise regression in the revised version (Line 238-240 in the revised version).
Additionally, the citation of the introduction about stepwise regression (Afifi and Azen, 1972) will be
also provided.

References:

Afifi, A. A., and Azen, S. P.: Statistical analysis: a computer oriented approach, Academic press, 1972.
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In terms of selection approaches of calibration and validation periods, two reasons are responsible for it.
First, we want to examine model performance on the 2009/2010 Southwest China drought. Therefore, the
end of the first calibration period is 31 December 2008. Second, consistent with the drought prediction
year by year, the calibration period is running and extended to the day before the new year. For example,
the seasonal drought prediction model calibrated from 1 Jan 1983 to 31 Dec 2011, is used for everyday
initial prediction time in the whole year of 2012. When it comes to every initial drought prediction in the
year of 2013, the corresponding drought model is calibrated from 1 Jan 1983 to 31 Dec 2012. Accordingly,
every SPI3 value in original Fig.9 and original Fig.10 is simulated or predicted, using the drought
prediction model with corresponding calibration period. We think the original description in original
section 4.3 is unclear and confusing. We have make a brief but necessary explanation about the selection

of calibration in Line 245-254 of the revised version.

Overall, the lack of clarity in the methodology makes difficult to verify the quality of the derived results.
RESPONSE:
Thank you for pointing out the lack of clarity. Actually, large amounts of revision work is being conducted
to improve it. For example, a general flow diagram of model construction have been provided at the end
part of the Introduction section, aiming at a brief instruction about sub-sections. Besides, Fig. 6 in the
revised version (Corresponding to the original Figure 3) has become readable, by means of adding some
necessary labels. As an important revision designed for revised version, three measures of general
introduction to the sequential procedures of model construction is as follows:
(1) Descriptive texts in the end of the Introduction section (Line 75-90 in the revised version)
(2) General flow chart (Fig. 1 in the revised version)
(3) Section assignments
3 Identification of drought processes

3.1 Three-month SPI updated daily

3.2 Drought process identification and grade classification

4 Drought process division according to dry/wet spells
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5 Predictor construction
5.1 Atmospheric and oceanic standardized anomalies
5.2 The first EOF leading modes of SA
5.3 Pattern-based predictor construction
6 Model calibration
6.1 Synchronous statistical relationship
6.2 Rolling calibration year to year
7 Drought process simulation and prediction
7.1 Model forcing
7.2 Drought processes simulated by the NCEP/NCAR reanalysis datasets
7.3 Drought Processes predicted by the CFSv2 forecast datasets
8 Drought outlook
8.1 Angle-based rules
8.2 Simulated and predicted results

Finally, I would also suggest the authors to revise the language of the manuscript in order to make it more
fluid and comprehensible.

RESPONSE:

Thank you for this comment. We have followed almost all the comments, and this manuscript had been
revised as much as possible by ourselves. Subsequently, we have further invited professional editors at
Editage, a division of Cactus Communications to revise it and improve the language quality (). We try

our best to make this manuscript more fluid, readable and comprehensible.
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This paper proposes a statistical drought prediction model based on atmospheric and oceanic variables.
The authors first identify severe and extreme drought events based on the SP13 and identify predictors for
these events. Based on these, they build a drought prediction model and propose a drought outlook. The

performance of the full chain is then illustrated in the case of four drought events in China.

*General comment*

| believe that this paper is a valuable contribution to the special issue. However, | believe that, in its
current form, it is hard for the reader to follow and process the large amount of information it contains.
For clarification, | would suggest reorganizing the paper. Indeed, some of the subsections in the Methods
section bring little to the paper in their current state (especially subsections 3.4 and 3.5). I could suggest
two ways (non-restrictive) to reorganize the Methods and Results sections. (1) The first suggestion would
be to keep the current structure but making sure that the Methods section (a) is more detailed and explains
even briefly all methods, including the computation of the SPI, the step-wise regression and the EOF
analysis, and (b) excludes statements on what has been done (move to the Results section). (2) The second
way could be to separate the paper by “themes” or “work steps” as listed at the end of the introduction:
this way, the continuity between the steps could be easier to follow, and, for instance, the drought periods
and predictors would be available to the reader to understand the steps of “structuring predictors” and
“building the prediction model”.

RESPONSE:

Thanks for your admiration about the scientific values of this manuscript. Actually, it is a new and
valuable attempt of seasonal drought process prediction, which hardly appear in the previous study.

The most important issue to solve is the lack of clarification, especially in the Methods section and Results
section. In the revised version, we tend to choose the second way you recommended, which separate the

paper by “themes” or “work steps”.
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To achieve it, we have added a flow diagram map of model construction (Fig. 1 in the revised version) at
the end of the Introduction section and give a brief introduction about the sequential procedures (Line
75-90 in the revised version).
Accordingly, specified sections are as follows:
3 Identification of drought processes
3.1 Three-month SPI updated everyday
3.2 Drought process identification and grade classification
4 Drought process division according to dry/wet spells
5 Predictor construction
5.1 Atmospheric and oceanic standardized anomalies
5.2 The first EOF leading modes of SA
5.3 Pattern-based predictor construction
6 Model calibration
6.1 Synchronous statistical relationship
6.2 Rolling calibration year by year
7 Drought process simulation and prediction
7.1 Model forcing
7.2 Drought processes simulated with the NCEP/NCAR reanalysis datasets
7.3 Drought Processes predicted with the CFSv2 forecast datasets
8 Drought outlook
8.1 Angle-based rules
8.2 Simulated and predicted results
Additionally, the original subsections 3.4 and 3.5, which bring little to the original version, have been
simplified and illustrated in section 5.1 and section 6.1 in the revision paper.

Overall, we think the revised version will be improved a lot and easy for readers to follow and process it.

*Major comments and general questions*
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- Introduction: Even if it becomes clear early in the paper, | think it should be stated that the droughts
studied are restricted to meteorological droughts.

RESPONSE:

We have added illustration about drought types in the first paragraph of the Introduction section (Line
30-31 in the revised version), which are as follows: “In the present study, drought prediction is restricted

to meteorological drought, which is associated with long-term precipitation deficit.”

- Section Methods: | was missing descriptions of the computation of the SPI, the EOF analysis, as well
as of the step-wise regression used to build the prediction model. These could simply be described in very
brief sentences.

RESPONSE:

Thank you for this comment. Actually, lacking the description of SPI3 computation is also pointed out
by Referee #1. In the revised version, we have added brief but important description about the
computation of the SPI, the EOF analysis and the step-wise regression where necessary. Relevant main
description in the revised version is as follows.

(1) The brief description of SPI3 calculation can be found in Line 115-121 and Fig. 3 of the revised
version.

(2) The method of the EOF analysis can be found in Line 196-198 of the revised version.

(3) The method of the step-wise regression can be found in Line 238-240 of the revised version.

- Lines 112-114: Could you please explain why you chose the first date of the period as the beginning for
the drought period? Couldn’t that lead to overestimating the duration of the droughts, and subsequently
influence the selection/use of predictors?

RESPONSE:

Yes, we could explain the reason for extended drought processes. Actually, due to the timescale of SPI3,
the SPI3 value on the start date of an identified drought process actually reflects drought-inducing
precipitation information 90 days before it. It also corresponds to the situation that the SPI3 value is firstly

less than -0.5 and the severe drought indeed comes, which is as much as important as those during the
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identified drought processes. Therefore, to extract drought-related atmospheric/oceanic anomalies more
comprehensively, the start date of the drought process is extended to 90 days before it, prior to the drought
process division. We think it is also necessary and is important part of extended drought processes, despite
the overestimated drought duration and subsequently influence on the selection of predictors.

Originally, Lines 112-114 are unclear and easily result in misunderstanding. To make it clear and logically
improved, we have rewritten relevant sentences (Line 149-153 in the revised version) for clarity.

- Line 142: Are these the circulation pattern variables used in the building of the model? If so, it could be
worth emphasizing them throughout the Methods section when appropriate.

RESPONSE:

Yes, they are. Actually, the term “atmospheric and oceanic anomalies”, which is also expressed as “large-
scale circulation patterns”, is specified as “200 hPa/500 hPa HGT and SST”. Since these three terms
express the same meanings, we have emphasized them throughout the Methods section where appropriate.

- Lines 148-150: in my opinion, these lines state analyses that have been carried out and do not really
inform on the methodology itself. A brief sentence describing the EOF analysis could be useful here.
Knowing the severe and extreme drought process segments at this stage could help towards a more
pragmatic description of the method.

RESPONSE:

The descriptive text in Lines 148-150 was used to explain reasons rather than describe methods and
approaches. We have removed the statement components in the revised version. Besides, brief
introduction and application about the EOF analysis have been also added in Line 196-198 of the
revised version.

In terms of “Knowing the severe and extreme drought process segments at this stage”, we took two
measures to show this information. First, we have added a general flow diagram (Fig. 1 in the revised
version), in which “Knowing process segments is previous to the EOF analysis” have been expressed.

Second, in the revised version, Sect. 4 “Drought process division according to dry/wet spells” will be
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prior to Sect. 5 “Predictor construction”. This measure followed the comment of “Theme-work steps”,

in which the continuity between the steps could be easier to follow.

- Lines 162-163 (also see previous comment): The sentence “All the atmospheric and oceanic predictors
from all the dry/wet spells were adequately used for model calibration, which reflected drought-related
information as integrally as possible.” Does not seem to be supported by anything at this stage. | would
suggest moving it to the Results section if appropriate, or reformulating the sentence.

RESPONSE:

Thank you for pointing out it. The original idea is to express that it involves drought-related information
as integrally as possible, despite one simple stepwise regression equation. Actually, this sentence is not
supported and seems unnecessary in this part. We have removed this sentence in the revised version.

Additionally, in Line 366-372 of the revised version, we have also expressed it.

- Section 3.6: | would have liked the authors to explain the advantage of this method over the methods
found in the literature. In addition, I think this subsection needs some clarifications.

RESPONSE:

Compared with methods of drought outlook in the literature, the method itself does not show extremely
obvious or significant advantages. However, in the present study, the angle-based drought outlook is an
innovative and valuable attachment product for water resource managers, because it is more convenient
and comprehensive compared with predicted prospective SPI3 time series.

From another aspect, the extended moving window of SPI3 calculation contributes to the application of
drought outlook. In the previous studies on drought outlook, a common but distinct feature is the one-
month moving window of drought indices, resulting in loss of sub-month drought information. However,
in the present study, partly beneficial from the one-day moving window of SPI3, prospective 90-day SP13
time series can be predicted. Accordingly, drought outlook can be performed. It can be updated real-time
and provide more accurate discriminations about drought development. It is hard for previous methods of

drought outlook to provide similar prospective drought prediction information.
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Last but important, drought outlook in the original subsection needs deep clarifications. Similar
comments were also made by Referee #1. In the revised version, we have made considerably important
changes to make it brief and clear. Despite no much revisions on the original Figure 5 and Table 3 in the
subsection (Corresponding to Fig. 14 and Table 8 of the revised version, respectively), the original text
has been reorganized into three paragraphs, which are namely “how to describe drought development”,
“general classifications of drought outlook” and “how to calculate angles and conduct angle-based
drought outlook™ (Line 304-327 in the revised version). By doing so, we hope to make readers easily

understand the method.

- Figure 8: could you please further detail the legend for Table 8? I believe “above table” should be
changed to below. Could you describe what should be read in each column? More specifically, the
column “Asses.” seems to indicate when the simulation and observation agree. If this is correct, the
“yes” entry for 30/6/2009 should be “-”, and the “-” for 11/4/2011 should be “yes”.

RESPONSE:

Yes, we can. We have followed your comments and made relevant changes in the revised version. We
have also replaced “above table” with “below table”. We have added relevant brief illustrations about
the abbreviation “Simul.”, “Obs.” and “Asses.” in the table caption. Besides, the column “Asses.”
actually indicate when the simulation and observation agree, and the assessments on 30/6/2009 and
11/4/2011 have been corrected in the potentially revised version. Corresponding revision can be found

in Table 9 of the revised version.

- Lines 287-288: Is this observation based on a visual inspection of Figure 10?

RESPONSE:

Yes, this is. The original description is not rigorous indeed. In the revised version, it has been described
in a more rigorous approach (see Line 291-295 in the revised version).

However, only the visual inspection is not enough. In addition to this qualitative comparison,
quantitative comparison of drought outlook has been shown in Sect. 8 “Drought outlook™ of the revised

version. Additionally, comparison of predicted, simulated and observed SPI13 curves with the evolution
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of predicted prospective periods are also shown in the third issue of Discussion section (Line 373-386

in the revised version).

385 - Tables 8 and 9: It seems that the prediction model performs better when forecasting the 2009/2010

drought in Southwest China than in simulating it. Why do you think this happens?

RESPONSE:

We think it lies in uncertainties of forecast errors. The difference between simulated and predicted
results is forced by reanalysis data or operationally forecast data. Essentially, the results based on

390 reanalysis data are more accurate than those based on operationally forecast products. However, due to
uncertainties of forecast errors, forecasted results may perform better or worse than simulated ones, or
resemble the simulated ones. All of these three situations are possible to occur. For example, the
prediction model performs worse when forecasting the 2014 North China drought than in simulating it
in the original table 8 and 9 (Table 9 and Table 10 in the revised version).

395 Additionally, there may exist another possibility that uncertainties of synchronous statistical
relationship and forecast errors are mutually eliminated. The synchronous statistical relationship can not
describe the essential predictor-SP13 connection absolutely, which surely bring errors. When it came
across errors of dynamical products, errors of the “whole” model (synchronous statistical relationship +
dynamical force) may be eliminated.

400

*Minor comments*
- Throughout the paper, citations were sometimes organized based on alphabetical order and sometimes
based on year of publication. These should be consistent.

405 RESPONSE:
Thank you for pointing out this problem. We have made them uniform on the basis of alphabetical order
(first) and year ascending order (secondary). For example, “(Yoon et al., 2012;Mo and Lyon,
2015;Dutra et al., 2013;Dutra et al., 2014)”, which is the citation in Lines 33-34 of the original version,
has been adjusted into “(Dutra et al., 2013;Dutra et al., 2014;Mo and Lyon, 2015;Yoon et al., 2012)”.
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- L.32: The full name of SPI is “Standardized Precipitation Index”.
RESPONSE:

We have replaced the previous term with “Standardized Precipitation Index”.

- L.69: Please explain the abbreviation “SA”, as it has not been explained before in the text (only in the
abstract).
RESPONSE:

We have added the full name “Standardized Anomalies” as a brief explanation in this position.

- Section 3 Methods: | would recommend changing the titles of subsections 3.1 to 3.6. The titles should
reflect what is presented in the sections, i.e. here methods and techniques, and therefore should avoid
action verbs (using, divide, apply,...). In my opinion, action verbs can be misleading and can make the
reader expect results.
RESPONSE:
Thank you for pointing out these inappropriate expression. We have followed your comments to avoid
action verbs and made description clear and simple. The sub sections designed for the revised version
are as follows:
3 Identification of drought processes

3.1 Three-month SPI updated everyday

3.2 Drought process identification and grade classification
4 Drought process division according to dry/wet spells
5 Predictor construction

5.1 Atmospheric and oceanic standardized anomalies

5.2 The first EOF leading modes of SA

5.3 Pattern-based predictor construction

6 Model calibration

17



6.1 Synchronous statistical relationship
6.2 Rolling calibration year by year
440 7 Drought process simulation and prediction
7.1 Model forcing
7.2 Drought processes simulated with the NCEP/NCAR reanalysis datasets
7.3 Drought Processes predicted with the CFSv2 forecast datasets
8 Drought outlook
445 8.1 Angle-based rules
8.2 Simulated and predicted results

- Lines 147 and 303: “spatial-temporal” and “spatio-temporal” are used in these two sentences.

RESPONSE:

450 We have replaced the term “spatial-temporal” with the term “spatio-temporal” in the revised version.
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A conceptual prediction model for seasonal drought processes using

atmospheric and oceanic Standardized Anomalies and its application
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1o four recent severe drought events in China
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Abstract. Reliable drought prediction is fundamental for water_resource managers to develop and implement drought

mitigation measures. Considering that drought development is closely related to the spatio-temporal evolution of large-scale /

circulation patterns, we develop a conceptual prediction model of seasonal drought processes based on atmospheric/oceanic

hPa/500 hPa geo-potential height (HGT) and sea surface temperature (SST), Subsequently, SA-based predictors are built based

on the spatial pattern, of the first EOF modes. This drought prediction model is essentially the synchronous statistical

System Version 2 (CFSv2). It can make seamless drought prediction for operational use after g year<toyear calibration, Model
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application {o, four recent severe drought events in China indicates its good performance jn, predicting seasonal drought

development, despite its weakness in predicting drought severity. Therefore, it can provide some valuable information and is \

a worthy reference for seasonal water resource management.

1 Introduction

Drought is an economically and ecologically disruptive natural hazard that profoundly impacts water resources, agriculture,
ecosystems, and basic human welfare (Dai, 2011), In recent years, extreme drought events have caused disastrous impacts,
worldwide. The 2011 East Africa drought led to famine and severe food crises in several countries, affecting over nine million
people (Funk, 2011), As part of the 2011-14 California Drought, the drought in 2014 alone cost California $2.2 billion in
damages and 17000 agricultural jobs (Howitt et al., 2014), China has also suffered from extreme drought events, such as the
2009/2010 severe drought in southwest China(Yang et al., 2012),2011 spring drought in the Yangtze River basin(Lu et al.
2014), and 2014 summer drought in North China (Wang and He, 2015), Because drought is a costly and disruptive natural

hazard, reliable drought prediction is fundamental for

ater_resource, managers to develop and implement feasible drought
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mitigation measures. In the present study, drought prediction is restricted to meteorological drought, which is associated with SRR 1175 corresponding

|
long-term precipitation deficits, [mﬂﬁz&qwg: like
(
(
(

Drought is generally predicted using two types of methods: model-based dynamical forecasting and statistical prediction. | MBR R P28 Standard

rimaril

Dynamical forecasting relies on computed drought indicators, such as, the Standardized, Precipitation Index (SPI;

McKee and Kleist, 1993), based on forecasted precipitation retrieved from seasonal climate forecast models (Dutra et al., 2013;

Dutra et al., 2014; Mo and Lyon, 2015; Yoon et al., 2012), Although dynamically predicted precipitation is useful information \{ BN

Jor, drought situations, especially for short-term forecasting, it also contains high levels of uncertainty and limited skill with TR B 28 McKee and Kleist, 1993

respect to long lead times (Wood et al., 2015; Yoon et al., 2012; Yuan et al., 2013), Jn contrast, statistical, drought prediction, '

is, an additional source of prospective drought information (Behrangi et al., 2015; Hao et al., 2014), Different from the |\

MR A2 (Yoon et al., 2012;Mo and Lyon, 2015;Dutra et al.,

physically complex processes jn, coupled atmosphere-ocean models used for dynamical prediction, statistical drought |
\

prediction models are relatively simple but also perform well. They consist of input variables, methodology, and prediction \
targets (Mishra and Singh, 2011),
Reasons for good and effective performance of statistical models include methodology improvements and drought-related

TR B P 252 about

B 5 P 251 situation
TR
MR BT 25 (Wood et al., 2015;Yoon et al., 2012;Yuan et al., 2013)

U DR R )

climate indices used as input variables. To date, much attention has been paid to methodology improvements. Taking advantage

)

of probabilistic and temporal-evolution features of input variables, statistical drought prediction models are primarily, forced

+ Statistical

\
with, probability or machine-learning methods, such as the ensemble streamflow prediction (ESP) method (AghaKouchak, |
2014), Markov Chain- and Bayesian Network-Based Models (Aviles et al., 2015; Aviles et al., 2016; Shin et al., 2016), neural |\
network, and support vector models (Belayneh et al.

In addition to method improvement, climate indices yepresen +, on the other hand, can be seen as

large-scale atmospheric or oceanic drivers of precipitation, partly responsible for effective model performance. These climate
: (Behrangi et al., 2015;Hao et al., 2014)

indices include typical atmospheric and oceanic circulation patterns, such as the North Atlantic Oscillation (NAO; Hurrell

opelewski and Halpert, 1987), which have been widely used for drought

prediction in different seasons and regions(Behrangi et al., 2015; Bonaccorso et al., 2015; Chen et al., 2013; Mehr et al., 2014;
Moreira et al., 2016),

These inherent climate indices, such as the NAO index and NINO 3.4 index,are simple, explicit, and widely used, therefore,

1 of

+ (Mishra and Singh, 2011)

1 mainly

they are, the primary indices used for drought prediction. Additionally, based on the relationship between drought indices and

potential atmospheric or oceanic circulation patterns, some researches have also discovered large-scale circulation patterns tby

£losely related to regional droughts or have structured new drought predictors (Funk et al., 2014; Kingston et al., 2015), For |

instance, after discovering, the two dominant modes of the East African boreal spring rainfall variability that are tied to SST \ * (AghaKouchak, 2014)

fluctuations, Funk et al. (2014) further determined that the first- and second-mode SST correlation structures were related to |

: (Aviles et al., 2015;Aviles et al., 2016;Shin et al.,

two SST indices that could be used to predict East African spring droughts.

I
Similarly, potential atmospheric and oceanic circulation patterns, which are closely related to regional droughts, are also used || | : (Belayneh et al., 2014)

to construct drought predictors in the present study. Considering that the development of drought processes is closely related

to the spatio-temporal evolution of large-scale circulation patterns, we constructed predictors based on anomalous spatial i act as representatives of

patterns, Because precipitation-inducing circulation patterns usually occur in the troposphere, predictors can be built based on |

: Hurrell, 1995)

2

+ Ropelewski and Halpert, 1987

+ (Behrangi et al., 2015;Bonaccorso et al., 2015;Chen
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sea surface temperature (SST) and 200 hPa/500 hPa geopotential height (HGT), reflecting information from different levels
of the troposphere. Subsequently, all predictors during different drought processes and 3-month SPI updated daily (hereafter -

predicted SST and 200 hPa/500 hPa HGT conditions, indicating that fhe, lead;time depends on that of the climate prediction
models. Based on predicted prospective 90-day SPI3 curves, we developed angle-based yules for the drought outlook, which \
can make the drought outlook easily accessible to water resource managers, \
Overall, the pbjective, of this studyJs to build a conceptual prediction model of seasonal drought processes. The essential and

uild

an objective angle-based method for, drought outlook; and (4) simulate and predict four severe seasonal drought processes in

China,to investigate model performance.

Considering the proposed conceptual model consists of several important parts, a brief but general introduction with sequential

procedures are shown (Fig. 1), prior to specific descriptions in Sect. 3 to Sect. 8. In Sect. 3, historical extreme and severe

drought processes are identified with 3-month SPI updated daily (SPI3). These drought processes usually go through one or

several dry/wet spells, in which precipitation deficit characteristics and circulation patterns vary. Therefore, process-split rules

according to dry/wet spells in Sect. 4 are designed to assign drought process segments to different dry/wet spells. Meanwhile,
gridded values in the fields of 200 hPa/500 hPa HGT and SST are transformed into gridded values of Standardized Anomalies
(SA) in Sect. 5. Maps of atmospheric/oceanic SA during drought process segments within the same dry/wet spells are important

inputs of predictor construction. After Empirical Orthogonal Function (EOF) analyses are conducted on these SA-based maps

the first leading EOF modes are used to generate predictors (Sect. 5). Further, synchronous statistical relationships between

SA-based predictors and SPI3 are calibrated with the stepwise regression method in Sect. 6. The, National Centers for
Environmental Prediction / National Center for Atmospheric Research (NCEP/NCAR) Reanalysis datasets and NCEP Climate

|| BRI PIZ: 200 hPa/500 hPa HGT and SST and then structure S[_i

DR B )

respectively. Simulated and predicted 90-day prospective SPI3 time series products are presented in Sect. 7. With the aid of

)

BRI A 28 between 90-day-accumulated SA-based predictors a(_‘ﬂ

angle-based rules for drought outlook, simulated and predicted SPI3 time series are transformed to five types of drought

outlooks, which are easily accessible to water resource managers.

3

)
o

-

MIBRBIA 2 based on angle comparison of predicted prospectivﬁ

=T )
[mﬂ%mmg: , using the ]
e )
(Mgt the )
IEEET [
[ MBRAIPAZS: | to investigate the perfomance of the proposed model




Sect. 4 Drought process division
Rule: process-split rules according to dry/wet spells
Output: drought process segments assigned to different dry/wet spells

Sect. 3 Identification of historical drought
Tool: 3-month SPI updated daily (SPI3)

Output: identified severe and extreme drought processes

i

Maps of atmospheric/oceanic SA during drought proces

Output:

gments Id—

Atmospheric/oceanic anomalies
Input: gridded values of 200 hPa/500 hPa HGT. SST
Output: gridded standardized anomalies (SA)

SA-based predictors ‘—| Spatial patterns of the first leading EOF modes

Sect. 5 Predictor construction

MudelL'tllbﬂuon H Target: SPI3 ‘

Seet, 6 Model calibration

Sect. 7 Process simulation and prediction

Sect. 8 Drought outlook

: | | Model Simulation simulated and

synchronous statistical relationship Pf"'d’clf#

between SA-based predictors and SPI3  —H—+| Model Prediction ng;l“b;“‘ €
-day

SPI3 time series

no drought
Rules based on drought occurrence
angles of a ' X
. cht persistence
prospective rought persistence
90-day SPI3 drought recession
curves drought relief

245 Figure 1. Brief introduction of the sequential procedures for drought prediction model construction

250

255

260

Additionally, historical drought events in North China were used to introduce the model construction and calibration in Sect.

AR S L)

BRI is

| HReR: v0E L)

| MBR KPS ZE: during

(#RRm: 208 )

T

=TT

WM S (L)

| ey 1

3-6. SPI3 time series during the period extending from 2009 to 2014 in North China, East China, and Southwest China were

used in the process simulation. Finally, recent severe drought processes in these three regions were used to verify model

performance,

2 Data

The precipitation data used were, the second-version Dataset of Observed Daily Precipitation Amounts at each 0.5°%0.5°

I |

WM S L)

R il (GEE)

MBI A 22 study

WM S L)

TR i A 25 to investigate

HRERM: JEE GLE)

kR i (L)

grid point in China for, 1961-2014 (http://data.cma.cn/data/detail/dataCode/SURF_CLI_CHN_PRE_DAY_GRID_0.5.html),

MIBR A A 2E: (Kalnay et al., 1996)

which was kindly provided by the Climate Data Center (CDC) of the National Meteorological Information Center, China

Meteorological Administration (CMA). It was initially used to calculate area-averaged precipitation and SPI3 in North

China, East China, and Southwest China (Fig.2), which are the three Chinese drought yegions jnvestigated, in this study.

Atmospheric anomalies were diagnosed with respect to the NCEP/NCAR Reanalysis datasets, which has a resolution of 2.5°

Atmospheric Administration (NOAA) High Resolution SST dataset, with, a spatial resolution of 0.25<>0.25and extends

WRERM: JEE L)

WIBR I I 25 which has

R i (L)

WRERM: JEE (L)

BRI 2 (Reynolds et al., 2007)

R 985 GEE)

AR i (GEE)

from September 1981 to present (Reynolds et al., 2007), were used for SST anomaly analysis. Additionally, the NCEP

Climate Forecast System Version 2 (CFSv2; Saha et al., 2014) was introduced to verify operational performance of the

forced with the CFS reforecast output. All the reforecast and forecasted datasets are accessible on the website

(https://nomads.ncdc.noaa.gov/modeldata/).

| MIBR B2 Sahaetal., 2014
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T B A 2

JFigure 2. The geographical distribution of China’s nine drought study regions (black solid curves) and provinces (light grey curves).

3 Identification of drought processes

3.1 Three-month SPI updated daily

SPI13 was used as the drought index for seasonal drought recognition and prediction in this study, and the calculation period is

1979-2014. Traditionally, the SP13 set varies with a monthly timescale; each month a new value was determined from the

previous 3 months (McKee and Kleist, 1993). To obtain seasonal drought processes at the 1-day timescale, we chose to update

SPI3 daily, which was also recommended by the World Metrological Organization (2012). Compared with the traditional
method, the essential difference is that the interval for SPI3 calculation has been extended from 1 month to 1 day. However,

no other changes occur relevant to mathematic procedures. Specified illustrations and details for calculating SPI3 updated

daily are shown as Fig. 3.

(R suE )




290

295

No.l Original precipitation data

Date

1 Jan ... 28 Feb 29 Feb ... 31 Dec
"N E .. E. N ... E

NO.3 Calculating 90-day-mean precipitation data

and calculating SPI3 time series

Day Number 1

980 E ... F F Date
Year " T
2012 E K 1988
2013 E N
2014 E N Year 2012
2013
2004

1 59 [ %0 9 365
1dan 2Jan ... 28Feb 1Mar ... 31Mar 1Apr ... 31Dec
N N |. N N E E - E
E E . E E .. E E .. £ Note: 90-day-
w e e - we ww .. mean value
E E E .. E E .. E  from 2 Jan 1980
E E B .. E E .. E folAprl980)
E E E E E E

¥
No.2 Deleting 29 Feb

Note: for values with the same day number, fit the gamma function to
a normal distribution ( i
the method proposed in McKee et al. (1993)).

are the same as

|

Day Number 1 E] 0 365
Date  LJan ... 28Feb IMar .. 31Dec

1979 E .. E E .. E

Y80 B .. E E . E

Year omz k.. E E E

M3 E .. E E . E

WA B .. E E_ .. E

Goal:

Complete SP13 time series updated daily

NO.4 Restoring the value on 29 Feb of every leap year

[t

Year

Note: Assign the mean value of 28 Feb and 1 March to the value on 29

Feb i

ate  1Jan ... 28 Fcb 29 Feb | Mar ... 3 Mar I Apr 31 Dec
"M N N N N E E E
190 E .. ® s L ® .. E E . E
w2 E E) - E E E . E
w3 E .. E N E E E .. E
W14 E E N E E E E
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B F# [2]: recognized drought process was assigned to the

WM S L)

MR 25 Subsequently, we calculated the ratio of total days

WRERM: JEE L)

AR i G

Figure 3, Jllustration indicating the steps for calculating SPI3 updated daily. The letter “E” represents value existence, while the letter “N” | | i [ TR 175 5 of
| —
represents no relevant data. | Ei‘ﬁ&iﬂﬂﬂ. YEiE ()
| AR
3.2 Drought process identification and grade classification %%ﬁﬁm: Jei GEH)
‘ BRI 2 Grade
Similar to the rules for, SP1 grade division recommended by the World Metrological Organization (2012), the, rules in our study [ R B GEE)
are shown in Table 1. Drought processes are, identified when the daily SP13 values are, below -0.50 for more than 30 consecutive /’;‘j (#rmeRey: 9im G
days. / R
/ —
Table 1. Rulesfor, SPI3 grade classification. / [ﬁﬁﬁm' St GEE)
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x C China averaged from 1961 to 2010.
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BRI P25 2. Dates of dry/wet spells and their associated
proportions in annual total precipitation in North China.
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total days of the entire drought process is calculated. When the ratio increases beyond 35%, the corresponding grade is a55|gned B E# [1]: Figure 3
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BR8P 25 Rules of dividing a drought process into segments ai

365 to the entire drought process. For example, as shown in Fig. 4, the proportion of the severely dry days is beyond 35%.

Accordingly, the 2001 summer drought in North China corresponded to the severe grade.
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490 Therefore, we identified severe and extreme drought processes for, 1979;2008in North Ching, As shown in Table
drought periods from 1997 to 2002 in North China were found, in agreement with other associated studies (Rong et al.,
2008;Wei et al., 2004).

Table 2. Identified severe and extreme drought processes from 1979 to 2008 in North China.

(At stiss () )
o (eRe: s o) )

| MBRBIPIZ: in these three drought study regions were used to verify
the operational application of the conceptual model proposed.
4.1 Process Division of seasonal drought events
Following the methodology presented in Sect. 3.1, we have extracted
complete seasonal drought processes with severe and extreme grades

Extreme 12/6/1997-28/11/1997 from the entire SPI3 series during
Drought 2/11/1998-11/4/1999 (HmAm: o el )
15/1/1984-14/5/1984 e ]
9/11/1988-9/1/1989 BRH: J0E GEE) ]
17/7/1999-1/11/1999
Severe MBI 28 . Identified severe and extreme drought processes ]
Drought  23/3/2000-27/6/2000 BRI FiE GE) )
14/4/2001-1/8/2001 i
3/8/2002-4/12/2002 TgR eI P2 are )
o EE (3
26/12/2005-2/2/2006 (AR S48 GE) )
BRI PI2%: 4. Relatively ]
W Bk O )
| MIBRIfIPIZR: are involved, which have also been acknowledged in ]
- ) | s Y (I
495 4 Drought process division,according to dry/wet spells « |\ bRy i GEE) ]
\ | BB P32 (Rong et al., 2008;Wei et al., 2004) ]

Identified drought processes usually go through one or several dry/wet spells. Different dry/wet spells usually correspond to \

MIBX P32 As illustrated in Sect. 3.2, the start date of the drought

|| | process was shifted three months in advance, prior to the drought

|| process division. Essentially, the joint complete process of these
drought process segments during different dry/wet spells (Table 5) is
slightly distinguished from the identified drought processes (Table 4).

[mrestan: s GeR)

various precipitation deficit characteristics and atmospheric/oceanic circulation patterns. Therefore, we divided drought

processes into different segments according to dry/wet spells, to further analyse atmospheric/oceanic anomalies during drought

segments within the same dry/wet spells. Additionally, SPI3 on the start date also indicates that SP13 is initially less than -0.5

500 and a severe drought process indeed follows. Due to its implication, SPI3 on the start date of an identified drought process

actually reflects drought-inducing precipitation information for the previous 90 days. Therefore, the start date of the drought

process is advanced to the past 90" day, preceding the drought process division. This measure can contribute to introducing

drought-inducing information to the drought-related predictor construction.

R b1
(EBz@EEA) (8]
[ wHeRb: i ()

Using North China as an example, the specified procedures for the division process are as follows. Similar to general seasonal

=
3
b
3
o
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: bis3
B

505 classification, we divided the annual period into four dry/wet spells (Table 3) according to the temporal evolution of the daily
precipitation rate in North China (Fig. 5). It is evident that the wet spell (one-fourth of the annual duration) accounts for over

50% of jotal precipitation, while the dry spell (one-third of the annual duration) accounts for about 6%. (eBg@N) 4 )
(wwRm: 08 KR )
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Precipitation Rate (mm/d)

?an. Feb.Mar. Apr. May Jun. Jul. Aug. Sep. Oct. Nov.Dec.
Date (day)

Eigure 5, Temporal evolution of daily precipitation rate in North China averaged from 1961 to 2010.

Table 3. Dates of dry/wet spells and their associated proportions of annual total precipitation in North China. Both Wet-Dry and Drg—Wet
represent corresponding transition spells.

Spell Period Precipitation Proportion (%) D —
Wet 21 June—10 September 56.4

Wet-Dry 11 September—20 November 14.9
by 21 November—20 March 6.3

Dry-Wet 21 March-20 June 224

A

Based on these dry/wet spells, process-split rules (Fig. 6) are constructed using the Intersection Proportion (IP) and critical

Proportion (P, set as 40%). Herein, IP is the proportion of initial segments accounting for relevant dry/wet spells, and the initial

segments (e.g., D1, D3 and D4 in Fig. 6) refer to parts of one drought process split with dry/wet spells,As shown in Fig. 6, one

complete process is first transformed into several initial segments according to dry/wet spells. Second, “IP[0]” and “IP[-1]"
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are calculated, which express IP at the start and end segments respectively. Third, based on a comparison of IP and P results,
these initial segments can be assigned to different dry/wet spells.
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Process goes through one spell: rousght process

|=| s AsSign process to this spell directly. |—| (Dry/Wet) spells
Process goes through two dry/wet spells: D,
D -
When IP[-1] (equal to ﬁf ) is not more than P, |=%| — |=r-
assign the complete process to the former spell. 1 | |
2 plete pi P | qF | I
When IP[0] (equal to % ) and IP[-1] (equal to -2 ) L
are both more than P, divide the process into two I$| — %F{
segments and assign them to corresponding spells. D, D,

When IP[0] (equ?)l to —:}:— ) is not more than P and s .
IP[-1] (equal to—D': ) is more than P, assign the complete I$| —r

- D, Db
process to the latter Spell. D, Dy
Process goes through more than two dry/wet spells:
Except the first and last segments of the process, assign middle segments to corresponding spells.

When IP[0] is not more than P ,l#n: ; 1=F s
When IP[0] is more than P, |=“=“='.'. " —_— |= ;F’.'.'.

When IP[-1] is not more than P, _'||=n'_| —_ _'||=r- 5
When IP[-1] is more than P, -'-'-q _..'.‘.’_1%;1

Consider the first segment

Consider the last segment {

Figure 6. Process-split rules for one drought process according to dry/wet spells, IP represents Intersection Proportion, while P refers to [ EBIEEAN) (7]

540  critical Proportion. The terms “IP[0]” and “IP[-1]” express the IP at the start and end segments respectively. [#?&ﬁﬂ@' Jom GEE)

In practice, the start dates of identified drought processes (Table 2) were first shifted 90 days in advance. Following the process-
split rules shown in Fig. 6, we divided these drought processes according to dry/wet spells in North China (Table 3). Relevant

IP calculations and comparisons can be found in Fig. 7, while final assignments of initial drought segments are shown in Table

4. In addition, to highlight the importance of extreme droughts, severe and extreme drought segments are considered

545  respectively.
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Figure 7. Comparison results of P, “IP[0]” and “IP[-1]” for drought processes during 1979-2008 in North China. The start dates of these

drought processes have been shifted 90 days in advance. IP represents Intersection Proportion, while P refers to critical Proportion. The

terms “IP[0]” and “IP[-1]” express IP of the start and end segments, respectively.

550

Table 4, Drought process segments assigned to dry/wet spells during 1979-2008 in North China.

| WA Sn

(FE[H)

| R E UM E AN A A, RSB

DGrg:g;t Dry Spell Dry-Wet Spell Wet Spell Wet-Dry Spell -
Extreme 21/11/1998-11/4/1999  14/3/1997-20/6/1997  21/6/1997-10/9/1997 11/9/1997-28/11/1997 .

- E 4/8/1998-10/9/1998 11/9/1998-20/11/1998
21/11/1983-20/3/1984  21/3/1984-14/5/1984  21/6/1999-10/9/1999  17/10/1983-20/11/1983
21/11/1988-9/1/1989 18/4/1999-20/6/1999 21/6/2001-1/8/2001 11/8/1988-20/11/1988

Severe  24/12/1999-20/3/2000  21/3/2000-27/6/2000  21/6/2002-10/9/2002 11/9/1999-1/11/1999 .«

14/1/2001-20/3/2001

21/3/2001-20/6/2001

21/11/2005-2/2/2006 5/5/2002-20/6/2002

11/9/2002-4/12/2002
27/9/2005-20/11/2005

5, Predictor gonstruction,
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5.1 Atmospheric and oceanic standardized anomalies

555 To describe atmospheric and oceanic anomalies objectively, we chose the Standardized Anomalies (SA) method. It was first

used to effectively identify high-impact weather events (Grumm and Hart, 2001; Hart and Grumm, 2001). Subsequently, the
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SA method has also provided significant values for the analysis of extreme precipitation events (Duan et al., 2014; Jiang et al.

2016). In the present study, the SA of a meteorological variable was defined in Hart and Grumm (2001), described as

X—p BB GBA) 8]

_ A
'SA = ) () e

440 a

AR i (L)

(R 08 KE)

(e s O

SST. u and o are the daily grid-point mean value and daily grid-point standard deviation, respectively. The climatological { RN FE (LE)

D U W

periods are 1979-2008 for 200 hPa/500 hPa HGT and 1982-2008 for SST, respectively. JHBXEI P37 Considering that the development of drought processes
is closely related to the spatio-temporal evolution of large-scale
circulation patterns, it is feasible that predictors can be constructed
5.2 The first EOF leading modes of SA based on the first EOF modes of atmospheric and oceanic SA. All the
drought process segments during different dry/wet spells were
involved in the EOF analysis.

Empirical Orthogonal Function (EOF) analysis (Wilks, 2011) is introduced to decompose spatio-temporal dataset of drought-

related atmospheric/oceanic SA into spatially stationary coefficients (leading modes) and time-varying coefficients (principal

component). Considering the first leading EOF modes reflect the largest fraction of drought-related atmospheric/oceanic

spatial variability, we focus on them. In addition, to highlight the importance of extreme droughts, EOF analysis is conducted

on atmospheric/oceanic SA during severe and extreme drought segments. With the same dry/wet spells and drought grade,

SA-based maps during all drought process segments are used for EOF analysis. For example, SA-based maps of 500hPa HGT

during all three severe segments in wet spells (Table 4) are analysed with the EOF method, and the first EOF lead mode is

shown in Fig. 8 (h). Identical EOF analysis is conducted on atmospheric/oceanic SA of 200/500 hPa HGT and SST during all

four dry/wet spells. Relevant results are found in Fig. 8-10.
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(a) dry & extreme

(b) dry & severe

(c) dry—wet & extreme
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JFigure 8. The first leading Empirical Orthogonal Function (EOF) modes of Standardized Anomalies (SA) for 500 hPa geo-potential height /

[ B F# [10]: As shown in Fig. ]
(AR seim 9em) )

BRI 22 6, the spatial configuration of different phases in the

"| 500 hPa HGT fields were adequately considered, including low/high
latitude differences (e.g., Puetsoooin Table 6) and ocean/continent
differences (e.g., Puersooz in Table 6). Besides, the spatial
configuration of different phases surrounding the prediction-targeted
region (e.g., Region R/S/T in Fig. 6g) was intentionally used to
construct predictors, such as Pucrsoo,s and PrgTsoo,10 in Table 6. This

fields (HGT) during all severe and extreme drought process segments in different dry/wet spells. The black boxes putline the, selected areas

may be a feasible approach that relates large-scale circulation

Jused to structure predictors, while capital letters refer to the selected area codes

13

patterns to the development of drought process effectively and
directly. Since the first EOF modes of 200 hPa HGT were similar to

those of 500 hPa HGT, the corresponding figures and predictor
construction were not presented herein. Additionally, the spatial
configuration of different phases in the Pacific SST fields were used,
especially in the subtropical gyre zone (Fig. 7 (a)-(d)) and El Nifp
region (Fig. 7 () and (f)). Furthermore, some regions like the EI
Nifb regions R/Q/S were used for construction separately.
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Figure 9. Same as Fig. 8, but for Standardized Anomalies (SA) of 200 hPa geo-potential height fields (HGT). | [#ﬁgﬂm YoiE (PeE)
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Figure 10. Same as Fig. 8, but for Standardized Anomalies (SA) of SST fields.

5.3 Pattern-based predictor construction

Positive and negative pattern areas in the first EOF leading modes are used to build predictors, which resemble the pattern-
based definition of atmospheric teleconnection indices (Wallace and Gutzler, 1981). As shown in Fig. 8 (a), a large area of

positive pattern area (Region B) occurs over southeast China, while a negative pattern area (Region A) appears to the north of

Eurasia. Generally, the predictor is area-averaged over all gridded SA-based variables in selected areas, such as A and B

considering the positive and negative signs indicated with different colours. Results from the pattern-based predictor

construction are shown in Table 5.

JAs shown in Fig. 8, the spatial pattern of different phases in the 500 hPa HGT fields were adequately considered, including

)

—(EEmdE@N) (0]

low/high latitude differences (e.g., Pretsoooin Table 5) and ocean/continent differences (e.q., Pretsoos in Table 5). In addition,

T

the spatial pattern of different phases surrounding the prediction-targeted region (e.g., Region R, S and T in Fig. 8(g)) was

intentionally used to construct predictors, such as Pugtsooge_and PrcTsoo,10in Table 5. Because the first EOF modes of 200 hPa

HGT (Fig. 9) were similar to those of 500 hPa HGT, the specified illustrations were ignored. Additionally, the positive and

negative pattern areas in the Pacific SST SA fields were also used, especially in the subtropical gyre zone (Fig. 10 (a)—(d)) and
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665 drought prediction in the 2013 year, the corresponding drought model is calibrated from 1 Jan 1983 to 31 Dec 2012.
16

El NifD region (Fig. 10 (e) and (f)). Furthermore, some regions, such as the El Nifb Regions R, Q and S, were separately used

for predictor construction.

A

Table 5, Predictor-structured results based on the first leading Empirical Orthogonal Function (EOF) modes for SA of 200 hPa HGT, 500

hPa HGT and SST fields during different dry/wet spells in North China. Capital letters refer to the code for, selected areas in Fig. 8-10, In
the term “Pxxx.y”, P, XXX, and Y refer to predictor, atmospheric or, oceanic elements, and the code, of new predictors, respectively,
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6, Model calibration,

6.1 Synchronous statistical relationship

Stepwise regression (Afifi and Azen, 1972) is a method for fitting multiple linear regression models, in which a predictive |
variable is considered for addition to or subtraction from a set of explanatory variables according to statistically significant |

extent or loss. It is used to build the synchronous statistical relationship between all 90-day-accumulated SA-based predictors

and prediction target SP13. SA-based predictors are calculated with the NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996).

Essentially, the conceptual model, aimed at seasonal drought process prediction, is a synchronous stepwise relationship.

6.2 Rolling calibration year to year

To meet the practical requirements of operational service departments, model calibration is also running year to year. Six

(#H=Rm

(B #P%8: P orson1=C-D

(#HRm

(mismpy: =G

experiments of seasonal drought prediction are conducted (Table 6 and 7). For example, the seasonal drought prediction model,

calibrated from 1 Jan 1983 to 31 Dec 2011, is used for initial daily prediction time in the entire 2012 year. For every initial

DD D D D D U D O R R Y
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correlation coefficients in six drought prediction models are no less than 0.75. Statistical parameters and their total numbers (M%E‘JW@ 345.9 ]
765 show slight changes across the six calibration experiments (Table 6 and Table 7). Furthermore, calibrated SPI3 curves are (M%WW@ 14 ]
; : - - . . . - s Y (K
almost consistent with the observation data (Fig. 11), especially with respect to the key turning points and trends. \ [#*@f‘m St GEm) ]
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Table 7. List of the selected predictors and relevant coefficients during different calibration periods in North China. Types and codes (mn%mg ]
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2
3
4
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11 - - -0.002 -0.001 - - a0 -
12 -0002 -0.001 -0.001 -0.001 0000 -0.001 4
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Because the conceptual model is essentially a synchronous statistical relationship, the model itself has no lead time. Therefore, . [ ##sR: s G

model simulation and prediction have to be further forced with different forecasted datasets. During the periods of model {ﬂﬁsﬁfﬁ: outlook forced by the NCEP/NCAR Reanalysis

simulation, the synchronous statistical relationship is forced with the NCEP/NCAR Reanalysis dataset (Kalnay et al., 1996). \ JHIER 1% The synchronous stepwise-regression relationship

P P : : : PRI : between all the 90-day-accumulated SA-based predictors and the

For model prediction, SPI3 prediction is operationally forced with CFSv2 (Saha et al., 2014), which is a type of climate predictive target SPI3 was calibrated. Essentially, SPI3

prediction model. Therefore, the lead time for the conceptual model depends on that of the climate prediction models. simulation can be forced by the NCEP/NCAR Reanalysis
datasets. To assess model performance of severe seasonal

In the present study, we focus on the prospective 90 day seasonal drought process prediction. That is, 90 daily SPI3 values in droughts, we took

the future will be predicted and they will compose a prospective SPI3 curve with 90 points. To achieve it, prospective 90 day
forecasted data subsets for 200 hPa/500 hPa HGT and SST are retrieved from CFSv2, which are used for the predictor
calculation.
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7.2 Drought processes simulated with the NCEP/NCAR reanalysis datasets

To assess model performance of severe seasonal droughts, we take, recent drought events in Southwest China, East China, and

North China as examples. First, Southwest China experienced jwo severe droughts, (the black boxes in Fig. 12 (c)). Although

AR S (L)

MBS B P9 252 the 2009/2010 drought and the 2011 summer drought

AR S (L)

\

observations, Nevertheless, during the phase of drought recession, the simulated development js quite similar to the observed \v

rrrrrrrrrrrrrrrrrrrrrrrrrrrr W\

distinct feature also appears in the simulation of the 2011 drought in East China (the black box in Fig.,12, (b)) and 2014 drought \“:
in North China (the black box in Fig. 12, (a)).
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JFigure 12. Temporal evolution of observed and simulated SPI3 processes during the period from 1 Jan 2009 jo 31 Dec 2014, The black [ WA : oA i)
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7.3 Drought processes predicted with the CFSv2 forecast datasets

870 Compared with drought simulation, operationally predicted results may bring some different uncertainties into the prospective

N

drought processes, As shown in Fig.,13 (b), predicted curves perform worse than the simulated curves near the peak of the (eBz@N 07l
2011 East China drought, as the prospective observation tendency is rising rather than decreasing. However, in the other three [##&iﬂﬂfj: YEE (EE)
droughts, the predicted curves are well indicating drought development to different degree, resembling the simulated results {M%Fﬁmg:

quite well. For example, the presented operationally reforecast curves indicate drought occurrence, persistence, and relief
875 during the 2009/2010 drought in Southwest China (Fig. 13 (a)).

5[(a) The 2009/2010 Drought in Southwest China 5 [(b) The 2011 Drought in East China
4 NCEP 4 — NCEP
— CFS refest ~— CFSv2 fest
3 . Obs 3 — CFS refcst
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Figure 13. Simulation and prediction results of four recent severe drought events in China. Every unfilled curve represents simulated or

predicted prospective 90 day SPI3, with an interval of initial prediction time of about 10 days. The curves filled with blue refer to observed
880 SPI3. Dark and bright red curves refer to SPI3 predicted with CFSv2 and CFS products, respectively. Light green curves represent SPI3

simulated with the NCEP/NCAR reanalysis datasets. Every simulated or predicted curve consists of daily SPI3 time series with 90 points.
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8 Drought outlook
8.1 Angle-based rules

Compared with the predicted prospective SP13 time series, the drought outlook is a convenient and valuable attachment product

for water resource managers. To create the drought outlook, angle-based rules are developed to transform the predicted

prospective 90-day SPI3 curves into different drought tendencies. Three essential technical points are as follows.

First, the variables must be defined to describe drought development. Similar to the slope of curves, angles of predicted 90 day

SPI3 curves are used to describe the prospective drought situation. Generally, positive angles of SPI3 curves indicate wetter

tendencies, while negative angles represent drier tendencies.
The second is that there are two general classifications of drought outlook on the basis of the current drought situation. For no

current drought (see sketch map | in Fig. 14), the prospective situation tends to be no drought or drought occurrence. In this

case, a critical angle a; can be used to help distinguish between these two types of drought outlook. A calculated SP13 curve

angle a that is less than o, results in the prospective development of drought occurrence; otherwise, the non-drought situation

persists. Similarly, for a current condition of being in drought (see sketch map I in Fig. 14), a comparison of critical angles o,

(equal to zero) and oz defines the other three types of drought outlook, which are drought persistence (o less than ay), drought

recession (o more than ay, but less than oz), and drought relief (o more than az).
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Figure 14. Rules of drought outlook based on angle comparison of prospective 90 day SP13 curves. Sketch maps | and 11 show general
drought outlook based on current drought situation. (a)-(b) and (c)—(e) express different results of drought outlook according to the rules
regarding critical angles in Table 8.

Third, it is necessary to explain the practical calculation for curve angles and conduct an angle-based drought outlook. Except

the constant critical angle o, (equal to zero), both oy and o3 represent angles between the horizontal line and arrow from the
original point (initial prediction time) to the points on the time axis (see red dashed arrowed lines in Fig. 14(a)—(e)). Similarly,

a represents angles between the horizontal line and arrow from the original point to the points on the predicted SPI3 curve (see

green solid arrowed lines in Fig. 14(a)—(e)). However, considering the predicted period of SP13 time series is prospective 90

days, curve angle o; and critical angles oui, api and as; (i=1, 2...., 90) can be calculated. Finally, according to the angle-based
rules shown in Table 8, a drought outlook can eventually be performed.

Table 8. Specific rules for drought outlook based on angle comparison. R1 represents the ratio of days when ai is less than the critical
angle a1i (03i) to the total 90 days. R2 represents the ratio of specific days in the period of the predicted prospective 46-90 days. In R2
calculation, these specific days meet the criteria that i is greater than critical angle osi.

Current SP13 Current condition R1 R2 Drought outlook
greater than -0.5 no drought less than 10% - no drought

24



915

920

925

MBR A 25 3.6, the prospective 90 day

greater than 10% - drought occurrence

greater than 90% less than 90% drought persistence IR IR was

less than 90% - drought relief

MR F P9 2 SPI3 curve (Table 8). Similar to operational use, the(”

(
|
less than -0.5 in drought greater than 90% greater than 90% drought recession [ ]

MBI A 28: prediction

8.2 Simulated and predicted results

Hi

Following the method in Sect. 8.1, drought outlook calculations are, conducted based on angle comparison of the simulated / [ g s
Jbrospective 90;day SP13 curve (Table 9). Simulations at every initial fime are, real-time corrected,with the current situation,, In [mn%m: .

terms of the 2009/2010 drought in Southwest China and 2011 summer drought in East China, the simulated drought outlook ; E:ii:

Jperform, well with respect to drought occurrence, persistence, and recession before 2/12/2009 and 1/5/2011 respectively. Jn (#mAm

addition, the simulation of the 2011 drought in Southwest China performs well in August,2011. The 2014 summer drought in 2T

North China Jasts, for a relatively short time, resulting in an observed drought outlook that maintains, a state of drought relief { TERHIPI % the
during the first month of the drought process. Even so, the simulation can also capture it. Additionally, these four drought \ %:Z::ﬁ erformed
outlooks remain weak in simulating the development of drought relief after 31/1/2010, 11/5/2011, 11/9/2011, and 21/7/2014, [%i&iﬁﬂ{l
respectively. Weak performance in simulating severity leads to the development of drought recession rather than drought relief. [ MBI A2 Simulation
JJable 9. Simulation assessment of recent severe drought events in China forced wvith the NCEP/NCAR Reanalysis datasets. The numbers [%FS:‘&B‘J

25

0-4in thebeﬂv‘taple represept different drogght statgs:no drought, (0), drought occurrence, (1), drought persistence, (2), drought rece{ss:mrL‘ WHES i1 Pa s performed. ..erforms well in August,
(3), anddrought relief, (4). Besides, the abbreviation “Simul.” and “Obs.” represent the simulated and observed drought outlook, respectively.
The abbreviation “Asses.” in the column refers to whether the simulation and observation agree or not,, fiigi )
BRI P2 lasted
DErs:rizt I‘Ir']llrtr:ii Simul, Obs, Asses, Initial Time Simul, Obs, Asses, Initial Time Simul, Obs, Asses, R _
30/6/2009 1 2 o 28/9/2009 3 2 - 112000 2 3 - BEE 079252 maintained
10/7/2009 2 2 yes 18/10/2009 3 2 - 21/1/2010 2 3 - “ et
20712000 2 3 - 2112000 3 3 yes 3112010 3 4 ; M A9 Fy%: outlook remained
200‘3};010 30/7/2009 2 3 - 12/11/2009 3 3 yes 10/2/2010 3 4 -
droughtin  9/8/2009 2 2 yes 22/11/2009 3 3 yes 20/2/2010 3 4 -
Sogm‘r’:“ 19/8/2009 2 2 yes  2/12/2009 3 3 yes 2/3/2010 3 4 -
29/8/2009 2 2 yes 12/12/2009 2 3 - 12/3/2010 3 4 -
8/9/2009 2 2 yes 22/12/2009 2 3 - 22/3/2010 3 4 -
18/9/2009 2 2 yes 1/1/2010 2 3 - -
1/1/2011 1 1 yes 2/3/2011 1 1 yes 1/5/2011 3 3 yes
the 2011 11/1/2011 1 1 yes 12/3/2011 3 2 - 11/5/2011 3 4 - * No Drought
summer 21/1/2011 1 1 yes 22/3/2011 3 2 - 21/5/2011 3 4 -
droughtin  31/1/2011 1 1 yes 1/4/2011 3 3 yes 1/6/2011 3 4 - : Drought Occurrence
BastChina 150011 0 1 - 1401l 3 3 yes 11672011 3 4 ;
20/2/2011 1 1 yes 21/4/2011 3 3 yes 21/6/2011 3 4 - : Drought Persistence
the 2011 11/4/2011 1 1 yes, 1/7/2011 3 2 - 21/9/2011 3 4 -
summer - 21/4/2011 2 2 yes  11/7/2011 3 2 - 1/10/2011 3 4 - : Drought Recession

+ Drought Relief

Lllllwlwlwlwlulwllwllwlwlwlllwlwlwllllwwlwwllwllw




985

in North China_performs worse than simulated results,

droughtin  1/5/2011 2 2 yes 21/7/2011 3 2 - 11/10/2011 3 4 - [ R VOE QLE)
S°(‘§E}‘r’]f3t 152011 2 2 yes  18/2011 3 3 yes 211072011 3 4 - (i 505 ()
21/5/2011 4 2 - 11/8/2011 3 3 yes 1/11/2011 3 4 - [ B_E# [17]: . As shown in Fig.
1/6/2011 3 2 : 21/8/2011 3 3 yes 11/11/2011 3 4 - { MR AT 25 4.5 Process prediction and outlook forced by the
11/6/2011 3 2 - 1/9/2011 3 3 yes 21/11/2011 2 4 - CFSv2 operationally forecasted datasets
21/6/2011 3 2 - 11/9/2011 3 4 - - [mnmqwg: simulation
the 2014 1/6/2014 4 4 yes 11/7/2014 3 3 yes 21/8/2014 3 4 - [ BRI PIZS: | predicted curves forced by the CFSv2 and CFS
dfg{gpte:n 11/6/2014 4 4 yes  21/7/2014 3 4 - 1/9/2014 3 4 - (#rRm
North 21/6/2014 4 4 yes 1/8/2014 3 4 - 11/9/2014 3 4 - i
China 1/7/2014 1 1 yes 11/8/2014 3 4 - 21/9/2014 4 4 yes [ JHBRE P12 may bring some uncertainties into prospective droug’™—
A /{ ke RH
JFor predicted drought putlooks, operationally predicted results (Table 10), in Southwest China and East China are, relatively | [%t&iﬂﬂb
similar to the simulated ones,(Table 9). In comparison, p: redicted, drought outlook during the first month of the 2014 drought BRI Py 25 were
FHRA

JJable10. Same as Table g but for predicted results forced with, the operational output from CFSv2. The abbreviation “Predi.” represents

the predicted drought outlook. The abbreviation “Asses.” in the column refers to whether the prediction and observation agree or not, \

B A A2 . Simulation and prediction results of

MBS ¥ P9 2% were different from each other

N

DEr\(/J:r?trs]t ?:ft:‘il Predi, Obs, Asses, Initial Timg Predi, Obs, Asses, Initial Time Predi, Obs, Asses,\

30/6/2009 1 2 - 28/9/2009 3 2 - 11/1/2010 3 3 yes

10/7/2009 2 2 yes  18/10/2009 2 2 yes 21/1/2010 3 3 yes

20/7/2009 3 3 yes 2/11/2009 3 3 yes 31/1/2010 3 4 -
200‘3;2010 30/7/2009 3 3 yes 12/11/2009 3 3 yes 10/2/2010 4 4 yes
droughtin  9/8/2009 2 2 yes  22/11/2009 3 3 yes 20/2/2010 3 4 -
Sog:;‘g’:m 19/8/2009 2 2 yes 2/12/2009 3 3 yes 2/3/2010 3 4 -

29/8/2009 2 2 yes  12/12/2009 3 3 yes 12/3/2010 3 4 -

8/9/2009 3 2 - 22/12/2009 3 3 yes 22/3/2010 3 4

18/9/2009 2 2 yes 1/1/2010 3 3 yes -

1/1/2011 1 1 yes 2/3/2011 1 1 yes 1/5/2011 2 3 -
the 2011 11/1/2011 1 1 yes 12/3/2011 2 2 yes 11/5/2011 2 4 -
summer 217172011 1 1 yes 22312011 2 2 yes 217512011 2 4 -
droughtin  31/1/2011 1 1 yes 1/4/2011 2 3 - 1/6/2011 2 4 -
BastChina 0nmo11 1 1 yes 1142011 2 3 - 11/6/2011 3 4 .

20/2/2011 1 1 yes 21/4/2011 2 3 - 21/6/2011 3 4 -

11/4/2011 0 1 - 1/7/2011 4 2 - 21/9/2011 3 4 -

21/4/2011 3 2 - 11/7/2011 3 2 - 1/10/2011 3 4 -
the 2011 1/5/2011 3 2 - 21/7/2011 3 2 - 11/10/2011 3 4 -
dﬁggﬁﬂn 11/5/2011 3 2 - 1/8/2011 3 3 yes  21/10/2011 3 4 -
Southwest  21/5/2011 4 2 - 11/8/2011 3 3 yes 1/11/2011 3 4 -
China 1/6/2011 4 2 - 21/8/2011 3 3 yes  11/11/2011 4 4 yes

11/6/2011 4 2 - 1/9/2011 3 3 yes  21/11/2011 2 4 -

21/6/2011 3 2 - 11/9/2011 3 4 - -
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B BIP 28 Since this model

(st
(mismpez: 5
the 2014 1/6/2014 0 4 - 11/7/2014 1 3 - 21/8/2014 3 4 - [ FHeR A
summer
drought in 11/6/2014 1 4 - 21/7/12014 2 4 - 1/9/2014 4 4 yes [iﬂﬂl‘ﬁﬂ‘]ﬁg: the idea
North 21/6/2014 1 4 - 1/8/2014 3 4 - 11/9/2014 3 4 - =
China 1/7/2014 1 1 yes 11/8/2014 2 4 - 21/9/2014 4 4 yes [

9,Discussion

MERBIA 2 to discuss

Considering, that the development of drought processes is closely related to spatio-temporal evolution of atmospheric and /

oceanic anomalies, a conceptual prediction model of seasonal drought processes is proposed in our study. Despite its weakness TER TP in

in predicting, drought severity, the model performs well in simulating and predicting drought development. Because the /

IR i1 4 282 prediction of
BRI 2 (Aviles et al., 2016;Bonaccorso et al., 2015;Chen et (

proposed model js a new attempt, several associated discussion |ssue§,are as follows.

have focused on predicting discrete drought classes {Aviles et al., 2016; Bonaccorso et al., 2015; Chen et al., 2013; Moreira et / H AR
al., 2016), and the probability of drought occurrence within certain classes (AghaKouchak, 2014, 2015; Hao et al., 2014), [M%WW§: (AghaKouchak, 2014, 2015;Hao et al., 2014)

Compared with these studies, processes prediction of regional drought events is another valuable attempt, which is beneficial

THIER B P4 252 to take seasonal drought

from the moving window of SPI3 extended from 1 month to 1 day. It performs relatively well in predicting the development

of seasonal drought processes (Fig.,13). In addition, it can indicate drought occurrence, persistence, and relief very well (Table

9,and Table 10), which is meaningful for seasonal water resource management.

\

the proposed model, is essentially one stepwise-regression equation, which makes drought prediction for operational |

use year—,t_o;year seamless, Despite jts simplicity, itjncoroorat_egdrought—related spatial and temporal information as integrally

== 9%

L D D D U L )

-

B &I A 28: . The conceptual drought model proposed in our study

Therefore, adequate drought-related spatio-temporal information has been included in these drought predictors,

l
\\E

Jhird, the reasons for acceptable performance of operationally predicted results need to be illustrated. Compared with those

forced with, the NCEP/NCAR Reanalysis datasets (green curves in Fig. 13), the predicted developments, of drought processes

forced with CFSv2 or CFS datasets (red curves in Fig.,13) are, relatively similar, especially with respect to the former segment

ssentiall

of every predicted prospective 9

day SPI3 curve. the 90-day-accumulated SA-based predictors, strengthen the

good performance of operational use. This jndicates that observed information from, atmospheric and oceanic anomalies are,

Hig A

involved to different degrees. For instance, the predicted 90-day-accumulated SA-based predictor, at the prospective 60" day

is calculated based on a combination of observed data for the past 30 days and dynamically forecasted data for the prospective

days 1-6Q, With the incorporation of observed data, its operational application, provides relatively accurate and valuable |
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comparison results with different predicted periods are, shown in Fig. 15, It appears that the 2009/2010 drought in Southwest =~ [wgamg- n ]
China and 2014 drought in North China gcan, be predicted and simulated well even for the prospective 1-75 day. In contrast, [;g*g;ggg [—j
the prospective 1-45 day may be a feasible and acceptable Jead time for simulation and prediction of the 2011 droughts in { MR I W 2 seemed ]
Southwest China and East China, after which the simulated and predicted developments clearly change, N =)
The 2009/2010 Drought in Southwest China  The 2011 Drought in East China The 2011 Drought in Southwest China  The 2014 Drought in North China { M%mwg the ]
*l@) 1-30 day s (b) 1-30 day (c) 1-30 day _— (d) 1-30 day o [ bz [—ﬂ
] e i R ( mummpe: could ]
£ _ S BERM )
2 b - a [ MER BT 25 development changes obviously ]
: (ARt )
5 = The 2009/2010 Drought in Southwest China The 2011 Drou
i (e) 1-45 day (f) 1-45 day (g) 1-45 day (h) 1-45 day N
] Jl(a) 1-30 day - (b) 1-30 day
4 L Y
j (i) 1-60 day (j) 1-60 day (k) 1-60 day (1) 1-60 day ¢
: Jl(e) 1-45 day [m 1-45 day
i (m) 1-75 day (0) 1-75 day (p) 1-75 day ;
H 213 1-60 day () 1-60 day

TS NS IR VA TR0 TR0 IAETT T T TR VRS TSBOTT TR0 D2 T T T
Duse Date Due Due

Figure 15. Same as Fig. 13 but for different predicted periods, which are namely the prospective (a)-(d) 1-30 day, (e)—(h) 1-45 day, (i)—
(1) 1-60 day, and (m)—(p) 1-75 day.

predicting the severity of the drought peak is due to, the typical problem of an inherent averaging effect depressing the extremes ||
JBehrangi et al., 2015), With the help of real-time correction for operational application, the prediction of drought peaks can

S((m) 1-75 day

7
2 AN #
3 Ve s

(n) 1-75 day

T e e A T
Due

1R B 1 25
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In addition, the prediction of drought relief, should also be considered, As listed in both Table 9, and Table 10,
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( Mg ta%: (Otkin et al., 2015)

improvement are as follows. (1) More secondary EOF modes, including precipitation-causing circulation patterns during

NCEP/NCAR reanalysis datasets. (4) To achieve prospective 90;day drought outlook, we further developed an objective

| A

method based on angles of the predicted prospective 90;day SPI3 curves. (5) Finally, simulation and prediction of seasonal

| MBI PIZS: (Lu etal., 2014)

drought processes, together with drought outlook, were forced with, the NCEP/NCAR reanalysis datasets and the NCEP HH RN

BRI PI%5: (Wang and He, 2015)

29 (#rRm

=

[ m e use

drought relief, can be jncorporated when building initial predictors. (2) The rapid change index (Otkin et al., 2015), could be (et (—j
introduced, to describe temporal changes during drought relief at sub-seasonal time scales. (3) The empirical scale factor can [M%B‘JW@ ]
be introduced to improve drought-relief prediction. The predicted SPI3 during the phase of drought relief could be multiplied [**ﬁﬁm [—j
by empirical scale factors to strengthen drought relief development, E giizg over (_%
Fifth, it is necessary to explain the method of predictor construction. The predictor-structured method in our study is similar [M@Eﬂmﬁ e dovelopment of ]
to the definition, of tele-connection indices (Wallace and Gutzler, 1981), Jt is more goal-directed, because these structured R )
predictors are directly related to synchronous atmospherig/oceanic anomalous circulation patterns during different drought | [M%B‘JW@ Fifthly ]
segments within the same dry/wet spells. However, to design geographical ranges of anomalous areas and combine themJ [*ﬁ'ﬂm (_j
subjective, which Jeads, to considerable uncertainties. Accordingly, an objective anomaly-recognized method with explicit \ Egﬁi;ﬁ somewhat (_%
critical values needs to be developed. This will contribute tq auto-run feasibility of this conceptual prediction model without | \\‘ [M%B‘JW@ that ]
artificial interaction. :‘. FRAM [ﬁ
The final, issue to illustrate is synchronous SST anomalies used in EOF analysis and model construction, Traditionally, SST [M@Fﬁlﬁﬁ (Wallace and Gutzler, 1981) ]
anomalies a few months ahead influence the subsequent regional drought. However, it is also feasible and common that (**&ﬂm (_i
synchronous SST anomalies are used in the investigation of regional drought events in Southwest China (Feng et al., 2014), Emiizg Nevertheless, it (_%
the Yangtze River basin {Lu et al., 2014), and North China (Wang and He, 2015), which may shape synchronous drought- [MF%B‘JW@ and ]
related circulation patterns. Jn addition, this is convenient for operational application, while forecasted SST and 200 hPa / 500 PR )
hPa HGT can be retrieved together from CFSv2 products si [iﬂﬂlﬁ%&ﬂﬁ@ to ]
L )

I i was )

10, Conclusions (st )

L . - ‘ BRI P2 led
Drought prediction is fundamental for seasonal water management. In this study, we constructed a conceptual prediction model E ey ° [ﬁ]
of seasonal drought processes based on synchronous Standardized Anomalies (SA) of 200 hPa/500 hPa geo-potential height I [M%B‘JW% the = ]
(HGT) and sea surface temperature (SST); we considered, that drought development is closely related to the spatio-temporal [%mﬂm (—j
evolution of large-scale atmospheric/oceanic circulation patterns. We used North China as an example to introduce the method [mnggaqpqg sixth ]
and used four recent severe drought events in China for application. This model can be used for seamless drought prediction | | Fﬁ%ﬁm [ﬁ]
. . - . . il BRI A ZR: that

and drought outlook, forced with, seasonal climate prediction models. The main process is as follows. (1) 3-month SPI (SPI3) “ \ [%Ersitaﬁ a [_ﬂ
updated daily, was used to capture severe and extreme drought processes. (2) Empirical Orthogonal Function (EOF) analysis | ‘[M%Bﬂﬁg are ]
was applied to SA of 200 hPa/500 hPa HGT and SST during drought process segments within the same dry/wet spells. ||| || [%ﬁr&ﬁﬂlj [ﬁ
Subsequently, spatial patterns, of the first EOF modes were used to structure SA-based predictors. (3) The synchronous | “[M%B‘Jlﬁﬁ calibration ]
stepwise-regression relationship between SPI3 and all 90-day-accumulated SA-based predictors were calibrated using the gt ﬁ
[MF%B‘JP@% (Feng et al., 2014) ]
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Climate Forecast System Version 2 (CFSv2) operationally forecasted datasets, respectively. Model application during four
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