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Abstract

It is crucial to investigate how a precipitation deficit is transformed into
hydrological drought and how climate change and human activities affect this
transformation process, which is helpful to gain a deep understanding of drought
propagation process in this changing environment. This study proposed an observation-
based natural and human-impacted catchment comparison method to assess the impacts
of climate change and human activities on propagation from meteorological drought to
hydrological drought. The method mainly consists of the following three steps: (1)
selection of natural catchments through analysis of trends and change points of hydro-
meteorological data, as well as statistics analysis of human influence based on land use
and socio-economic indicators data sets; (2) calculation of drought propagation
characteristics (e.g., drought severity, duration, and propagation time) based on run
theory and the Pearson correlation coefficient; and (3) comparison of drought
propagation characteristics of natural catchments between undisturbed and disturbed
periods to identify the impacts of climate change on drought propagation, and
comparison of the propagation characteristics between natural and human-impacted
catchments during the disturbed period to investigate human influence on drought
propagation. The Laohahe basin (with eleven sub-catchments), located in northern
China, was evaluated via the proposed procedure, and standardized precipitation index

(SPI) and standardized runoff index (SR1) were used to characterize meteorological and
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hydrological droughts, respectively. The results demonstrate that the proposed method
is suitable tool for distinguishing natural and human-impacted catchments, and
separating the impacts of climate change and human activities on drought propagation.
Furthermore, the comparison results of different schemes show that climate change
accelerates the propagation from meteorological drought to hydrological drought in the
Laohahe basin, shortening it by approximately 3 months. Human activities, however,
disturb and then delay the natural propagation from meteorological drought to
hydrological drought, retarding it by 11-12 months. Although the Laohahe basin was
selected as a case study in this paper, the proposed method can be applied in other

regions as well to improve drought prediction and water resources management.

Keywords: Meteorological drought; Hydrological drought; Drought propagation;

Climate change; Human activities; Nonparametric Standardized Drought Index

1. Introduction

Drought is widely recognized as a complex, multidimensional phenomenon that
occurs in most parts of the world (Wang et al., 2020; Tijdeman and Menzel, 2020; Jiang
etal., 2019; Van Loon et al., 2016; Barker et al., 2016; Sheffield et al., 2012; Dai, 2011,
Mishra and Singh, 2010). Drought starts with negative hydro-climatic signals (i.e.,

meteorological drought) and propagates through interconnected hydrological
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subsystems such as soil systems (i.e., soil moisture drought), surface water systems and
groundwater bodies (i.e., hydrological drought), and then extends from water stored in
the landscape to vegetation stress (i.e. agriculture and natural plants) and human water
demand (i.e., socio-economic drought) (Apurv and Cai, 2020). This concept is referred
to as drought propagation (Eltahir and Yeh, 1999; Peters et al., 2003), which is
commonly characterized by four features: pooling, attenuation, lag, and lengthening
(Van Loon, 2015). Many investigations have examined the driving mechanisms and
controlling factors of drought propagation, such as climate, catchment properties, and
human influences (Peters et al., 2003; Tallaksen et al., 2009; Vidal et al., 2010; Van
Loon and Van Lanen., 2012; Tijdeman et al., 2018).

Under global change, the driving force for the occurrence, development, spread,
and evolution of drought has gradually transitioned from a single natural factor (i.e.,
climate variability) to a combination of "natural-human” factors (i.e., climate change
and human activities) (Van Loon et al., 2016; Jiang et al., 2019). Severe recent drought
events that occurred in California, China, Spain and Australia cannot be viewed as
purely natural hazards (Lorenzo-Lacruz et al., 2013; AghaKouchak et al., 2015).
Anthropogenic changes to the land surface have significantly altered hydrological
processes, mainly including surface runoff and water storage, which in turn affect the
development of drought (Van Loon et al., 2016; Huang et al., 2017). Therefore, it is

important to investigate how climate change and human activities alter drought
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propagation from meteorological to hydrological drought, which is helpful for
improving drought prediction and water resources management.

For evaluating diverse drought events, a number of drought indices have been
developed and then applied widely across the world in recent decades (Wells et al, 2004;
Shukla and Wood, 2008; Lépez-Moreno et al., 2013; Farahmand and AghaKouchak,
2015). Among all the drought indices, the standard precipitation index (SPI) and the
standard runoff index (SRI) have been used the most widely for evaluation of
meteorological and hydrological drought, respectively, because they have the following
advantages: robust and flexible time scale, relatively simple calculation, and limited
data requirement. However, SPl and SRI usually rely on different parametric
distribution functions to fit the corresponding sample data (i.e., precipitation and
runoff), which will result in different fitting behaviours and then impact the statistical
consistency and comparability of these two drought indices (Farahmand and
AghaKouchak, 2015). Furthermore, because the complicated interactions among
surface water, atmosphere, vegetation, soil, and groundwater have substantial impacts
on hydrologic processes, different catchments may have different representative
parametric distribution functions, which will impact the comparability of drought
indices between different catchments. Hence, a generalized framework for deriving
non-parametric standardized drought indicators (Faranmand and AghaKouchak, 2015;

Huang et al., 2015) was used in this study to calculate the non-parametric SPI and SRI
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series, because it leads to statistically consistent drought indicators based on different
climate and land-surface variables without assuming representative parametric
distributions, which can ensure the comparability of different drought indexes in
different catchments. Moreover, the run theory (Yevjevich, 1967), a widely used
method for extracting drought characteristics, was applied in this study. If the drought
index in a certain period remain below the threshold (e.g., drought index = 0) of the run
theory, the run during this period will be regarded as a drought event, and the
corresponding drought duration and severity can be identified.

Currently, commonly used methods for studying drought propagation can be
categorized into two groups, i.e., those using statistical analysis (Lorenzo-Lacruz et al.,
2013; Lopez-Moreno et al., 2013; Veettil et al., 2018; Konapala and Mishra, 2020;
Veettil and Mishra, 2020; Apurv and Cai, 2020) and those using hydrologic models
(Longobardi and Van Loon, 2018; Tallaksen et al., 2009; Van Lanen et al., 2013; Van
Loon and Van Lanen, 2012). Methods based on hydrological models are often used to
explore the physical mechanisms of drought propagation. Statistical analysis methods,
such as correlation analysis and machine learning are usually applied to identify the
climate and watershed properties that control drought propagation. In this study, the
widely used statistical method, i.e., Pearson correlation coefficient (PCC) proposed by

Pearson (1895), was selected to quantitatively identify the correlation between the SRI
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and the SPI series, and the SPI accumulation period with the strongest PCC was used
as an indicator of the drought propagation time (Barker et al., 2016; Wu et al., 2018).
In addition, a common method for assessing the impacts of climate change and
human activities on hydrological processes is to find a natural reference catchment and
compare the hydrological processes in natural catchments with those in impacted (or
managed) catchments to distinguish the effects of different factors (Ficklin et al., 2018;
Roodari et al., 2021). There are several approaches that focus on finding natural
catchments from observation data and perform comparison analysis, such as the
following six: (1) the “large-scale screening” approach (Wagener et al., 2010), (2) the
“paired catchments” approach (Van Loon et al., 2019), (3) the “observation-modelling”
approach (Van Loon and Van Lanen, 2013), (4) the “upstream-downstream” approach
(Rangecroft et al., 2019), (5) the “pre-post-disturbance” approach (Liu et al., 2016) and
(6) the “tributary-comparison” approach (Li et al., 2020; Wang et al., 2020). Downsides
of the first two methods are that they require a large number of catchments with long
time series of hydrological data (Li et al., 2020; Van Loon et al., 2019). Downsides of
the third method are that the simulated data often have uncertainties and a pre-disturbed
period is needed for calibration to reduce those (Rangecroft et al., 2019; Roodari et al.,
2021). Meanwhile, another disadvantage of the third method is that before a model can
be used in climate change studies, we must first ensure that it is climate transferable

(Stephens et al., 2021). The approaches (4) and (5) either have uncertainties that come
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from the possible non-linear relationship between the upstream and downstream
gauging stations (Van Loon et al., 2019) or have some difficulties separating the human
influence from climatic variability (Pefias et al., 2016). The “tributary-comparison”
approach (Li et al., 2020) establishes an indicator system for the selection of natural
reference tributary according to the drought propagation intensity, reservoir, and land
use conditions, but does not consider socio-economic indicators.

In general, most of existing studies did not establish a unified index system to
divide natural and human-impacted catchments. A few methods established index
systems but do not consider the socio-economic indicators closely related to human
activities (e.g., GDP and population density). According to the above limitations, the
present study establishes a preliminary indicator system to evaluate the land use data
and socio-economic indicators (i.e., GDP, population, and night light density) to
quantify human influence, and combines its results with the analysis results of trends
and change points of hydro-meteorological data to select natural catchments. This is a
novelty of the study. Then, this study proposed a natural and human-impacted
catchment comparison method to use observation data to separate the effects of climate
change and human activities on drought propagation, so as to ensure the climate
transferability of this method. The whole calculation framework mainly consists of
three steps: (1) selecting natural catchments through combing the analysis results of

hydrological variations with the quantification results of human influence; (2)
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calculating drought propagation characteristics (e.g., drought severity , duration, and
propagation time) based on the Pearson correlation coefficient and run theory method;
and (3) comparison of drought propagation characteristics of natural catchments
between undisturbed and disturbed periods to identify the impacts of climate change on
drought propagation, and comparison of the ones between natural and human-impacted
catchments during the disturbed period to investigate human influence on drought
propagation. The Laohahe basin located in northern China with a high degree of human

influence, was chosen as the study area to perform the proposed method.

2. Study area and data source
2.1 Study area

The Laohahe basin, located in a typical semiarid region of northeast China
(41.0°N-42.75°N, 117.25°E-120°E), covers an area of 18,112 km? with the
Xinglongpo hydrological station at the basin outlet (as shown in Fig. 1). The elevation
of the Laohahe basin ranges between 2054 m and 427 m above mean sea level, with a
generally declining trend from southwest to northeast. Summer is the main rainy season
and approximately 60%—70% of the annual precipitation occurs during June—August.
Runoff in the Laohahe basin exhibits the similar seasonality, with about 70% of the
annual runoff concentrated in June—September (Yong et al., 2013; Wang et al. 2020).

Similar to other semiarid basins, the annual potential evapotranspiration (PET) of the
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Laohahe basin exceeds annual precipitation, and about 60%—-70% of the annual PET
focus on April-August. Sunshine duration, an insolation variable closely related to PET,
shows a similar seasonality with PET, i.e., the sunshine hours in March—August are
significant higher than those in other months.

In this study, we selected 11 catchments (Fig. 1), including seven headwater
catchments from north to south (catchments 1-7, independent of each other), three
midstream catchments (catchments 8-10, indicated with the red solid line boundaries
in Fig. 1) and the whole basin (i.e., catchment 11, including all the sub-catchments).
Table 1 lists the geographic and hydrological information of these 11 catchments. The
ranges of average annual precipitation and runoff in these catchments are 390-580 mm
and 20-120 mm, respectively, with a gradual declining trend from south (catchments
4-T) to north (catchments 1-3 and 8-11). It is worth noting that Jiang et al. (2011)
found that human activities were the main factors (with contributions of 89-93%)
contributing to the runoff decrease in the Laohahe basin after 1979 and recent studies
shows the decreasing trend of runoff in this basin is continuing (Yong et al., 2013; Liu
etal., 2016; Jiang et al., 2019; Wang et al., 2020).

Insert Figure 1 about here
Insert Table 1 about here

2.2 Data source
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The data used in this study mainly consists of three parts: hydro-meteorological
data, agricultural and industrial production data, and remote sensing inversion and
reanalysis data.

(1) Monthly precipitation data measured by 52 rain gauges, monthly streamflow
data measured by 11 hydrological stations, and monthly meteorological data measured
by 7 meteorological stations (including maximum, mean, and minimum air
temperatures, wind speed, and insolation) from 1964 to 2016 were provided by the
Water Resources Department of the Inner Mongolia Autonomous Region. Precipitation
data were interpolated through the inverse distance weighting (IDW) method to
calculate the areal average of precipitation in each catchment. Meteorological data were
interpolated through the (IDW) method to calculate the areal average of PET though
the Penman-Monteith equation (Allen et al., 1998), whilst corresponding actual
evaporation was calculated through water balance equation (Yong et al., 2013; Huang
etal., 2017). Moreover, monthly streamflow were divided by the catchment area to get
the runoff (areal average depth) in each catchment (Shukla and Wood, 2008; Wu et al.,
2018) to compare with the precipitation and PET. Annual human water use data of each
catchment during 2006-2016 and information of three large reservoirs were also
provided by the Water Resources Department of the Inner Mongolia Autonomous

Region.
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(2) Agricultural and industrial production data for the Laohahe basin during 1964-
2016, including the annual food production, number of livestock, irrigated area, and
Gross Industrial Product (GIP) were collected from the local statistical bureau website
(http://tjj.chifeng.gov.cn/). These data are selected to reflect the temporal changes of
the degree of human agricultural and industrial activities in the Laohahe basin during
the entire study period (1964-2016).

(3) Remote sensing inversion and reanalysis data used in this study and their detail
information are listed in Table 2. Large-scale climate indices, i.e., annual ENSO, PDO,
AO, and sunspot data were applied in this study to investigate the impact of climate
change on drought propagation. Surface soil moisture and GRACE data were used to
analyse the surface soil moisture and terrestrial water storage anomalies (TWSA) of the
study area. Grid remote sensing inversion and reanalysis data sets including land use,
population density, GDP density, and night light density were collected to analyse the
human influence on the study area and then to support for the selection of natural

catchments.

Insert Table 2 about here

3. Methodology
In this study, we proposed an observation-based natural and human-impacted

catchment comparison method (illustrated in Fig. 2) for assessing the impacts of climate
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change and human activities on drought propagation from meteorological to
hydrological drought. The three steps of the proposed method are described below.
Insert Figure 2 about here

(1) Selection of natural catchments

The first step focuses on the selection of natural catchments. A preliminary
knowledge of the hydrological regime changes in each catchment can be identified
based on the results of MMK trend analyses and change point tests of annual
precipitation, PET, and runoff during the entire research period. In addition, the
precipitation-runoff double cumulative curve (DCC) reflects the consistency of
precipitation and runoff series and is helpful to identify change points visually. Note
that, based on previous studies (Wang et al., 2020; Jiang et al., 2019; Van Loon and
Van Lanen, 2013), the entire research period is usually divided into two parts by the
first change point for further comparison schemes design: undisturbed period (the
period before the change point) and disturbed period (the period after the change point).

Furthermore, socio-economic indicators (including average population, GDP, and
night light density) and land use data for each catchment are collected and then are used
to calculate human influence scores through an indicator system. Finally, according to
the analysis results of trend and change point of hydro-meteorological variables, human
influence scores, and reservoir information, all the studied catchments can be divided

into two types: natural catchments and human-impacted catchments.
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(2) Calculation of drought propagation characteristics

The second step is the calculation of drought propagation characteristics, including
drought duration, severity, and propagation time. Run theory is first used to identify
drought duration and severity of SPI and SRI at different timescales (e.g., SPI-x and
SRI-x, x=1, 3, 12 months). In addition, a comparison between SRI and SPI provides an
indication of the time taken for precipitation deficits to propagate through the
hydrological cycle to hydrological drought (Barker et al., 2016). In this study, SPI
accumulation periods of 1-48 months (SPI-n, n=1, 2, ..., 48 months) and SRI-1 time
series were cross-correlated using the PCC to investigate the most appropriate
propagation time from meteorological to hydrological drought. The SPI accumulation
period with the strongest correlation with SRI-1 was regarded as the appropriate
drought propagation time. Where SRI-1 was most strongly correlated with short SPI
accumulation periods, the propagation time was also short, and vice versa.

(3) Assessment of the impacts of different factors on drought propagation

In the final step, different comparison schemes (as shown in step 3 in Fig. 2) are
designed to assess the impacts of climate change and human activities on drought
propagation. In comparison I, propagation time of natural and human-impacted
catchments during the undisturbed period are compared to investigate the similarity of
drought propagation pattern in these two types of catchments. In comparison Il, for a

natural catchment, the difference of drought propagation time between undisturbed and
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disturbed periods can reflect the impact of climate change on drought propagation under
the condition that the underlying surface properties (e.g., catchment area, soil types,
vegetation types, etc.) remain approximately unchanged. In comparison 1III, natural and
human-impacted catchments are all affected by climate change in the disturbed period,
and differences in propagation characteristics between natural and human-impacted
catchments should be attributed to effects of human activities. The concept underlying

this approach and the methods used are described in detail in the following sections.

3.1 Trend and change point analysis
3.1.1 Modified Mann-Kendall (MMK) trend test method

The traditional Mann-Kendall (MK) trend test method, recommended by the
World Meteorological Organization, is a widely used nonparametric method for trend
tests of time series. However, Hamed and Rao (1998) found that the persistence of
hydro-meteorological series impacts the robustness of the MK test results. Then, they
used lag-i autocorrelation to remove the persistence to make the test result more reliable
and robust, which is known as the modified Mann-Kendall (MMK) trend test method.
In this study, therefore, we adopted the MMK method to identify the trend of the SPI
and SRI series. The detailed computational processes can be found in Hamed and Rao

(1998) and Huang et al. (2015).
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3.1.2 Change point test methods

The Pettitt test (Pettitt, 1979) is a widely used nonparametric test method to
determine a change point of hydro-meteorological variable time series at a given
significance level (e.g., @ = 0.05). This approach is based on rank statistics and
considers a time series as two samples represented by X1, X2, ..., Xt and Xe+1, ..., Xn (N is

the length of the time series). The Pettitt indices Uy can be calculated as follows:

t N
Uy =22 san(x; = %), (t=1.2,...,N) o
j=1 i=1
where,
+1,6>0
sgn(6)=40, 6=0 @
-1, 6<0

Then, we can calculate the series of probabilities of change points for each time step:

6(Usn)

~1-ex
P P N3+ N2

(3)

In addition to the Pettitt test, the heuristic segmentation method and the
precipitation- runoff double cumulative curve (DCC) method were applied in this study
to ensure robustness of the change point test results. The heuristic segmentation method,
proposed by Bernaola-Galvan et al. (2001), is developed on the basis of the sliding T
test and has been widely used to identify change points of nonlinear and non-stationary

time series. Because the detailed calculation processes of the method are well
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introduced in Bernaola-Galvan et al. (2001) and Huang et al. (2015), they are omitted
in this study for the sake of brevity.

The precipitation and runoff double cumulative curve (DCC) method can visually
illustrate the consistency of precipitation and runoff data (Jiang et al., 2019; Wang et
al., 2020). Generally, a change in the gradient of the curve may infer that the
characteristics of precipitation or runoff have changed, and the inflection point of the

curve is generally regarded as a change point.

3.2 Establishment of an indicator system for accessing human influence

In the proposed method (as shown in Step 1 in Fig. 2), we selected four
representative socio-economic indicator data sets to analyse human influence, including
GDP, population, night light density data sets and land use data set (listed in Table 2).
Firstly, GDP and population density data sets can intuitively reflect the economic
activities and human settlement conditions, respectively, so they are often used to
evaluate the intensity of regional human impacts (Woolmer et al., 2008; Yue et al.,
2014). Secondly, remotely sensed night time lights dataset is widely used to
characterize trends in urban sprawl over time, and can monitor dynamics in human
settlement and economic activity at regional to global scales (Ma et al., 2012). Finally,

the proportion of cropland and urban land is closely related to agriculture, residential,
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and industrial development, and is also usually used to reflect the degree of human
influence in the basin (Li et al., 2020; Wang et al., 2020).

Based on the above four data sets, an indicator system is built to quantify human
influence and then to support for the division of natural and human-impacted
catchments. In this indicator system, we used a method similar to that of Sanderson et
al. (2002) and Woolmer et al. (2008) to combine the four datasets. We express each
dataset as overlaying grids at a resolution of about 1 square kilometre (km?) and scored
each dataset to reflect their contribution to human influence. Sum of the scores of all
indicators are the human influence index (HI). These scoring criteria are based on
published scientific studies (as summarized in Table 3). Higher scores indicate greater
human influence and vice versa. The areal average HI scores of each catchment can be

calculated as follows.

N

Hlk:ZHIi/N (4)
i=1

where Hlx means the areal average HI score of a catchment (k=1, 2, ..., 11), Hl; means

the HI score of a grid cell in the catchment, N is the total number of grids in the

catchment.

Insert Table 3 about here

3.3 Drought calculation

3.3.1 Nonparametric standardized drought index
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For standardized drought index, parametric distribution functions are commonly
adopted to fit the probability distribution of hydro-meteorological variables, including
precipitation, soil moisture, and runoff. Then, the cumulative probability is converted
to the cumulative distribution function (CDF) of the standard normal distribution.
Finally, the standardized index (SI) value is calculated through the inverse of the
standard normal distribution (Farahmand and AghaKouchak, 2015; Huang et al., 2015).
For the nonparametric standardized drought index, the empirical probability that is
distribution-free can replace the cumulative probability to derive a nonparametric Sl
without having to assume representative parametric distributions. Here, we take a

runoff series ( X:[xl, Xyyeooy xn]) as an example to derive its probability distribution.

i—0.44 (5)
n+0.12

p(x) =
where i is the rank of the runoff value x; from the smallest, n is the sample size of the
runoff series, and p(x;) is the corresponding empirical probability. The outputs of Eq.
(5) can be transformed to a Sl as follows:
Sl=¢"(p) (6)
where, ¢ is the standard normal distribution function, and p is the probability derived
from Eq. (5). More detailed calculation processes of nonparametric standardized
drought indicators can be found in Farahmand and AghaKouchak (2015).

One advantage of the Sl is its ability to investigate drought at different timescales.

In this study, different timescales of nonparametric standardized precipitation index
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(SPI-x) and standardized runoff index (SRI-x) were calculated to describe short- or
long-term meteorological and hydrological drought. For example, SPI-3 and SRI-12
denote a 3-month precipitation accumulation period and a 12-month runoff
accumulation period, respectively (Wu et al., 2018). The drought grade is divided into
five levels based on previous studies (Vicente-Serrano et al, 2012): SPI (or SRI) > 0, —
1 <SPI<0,-1.5<SPI<-1.0,-2.0 <SPI <-1.5, and SPI < -2, which correspond to
no drought, mild drought, moderate drought, severe drought, and extreme drought,

respectively.

3.3.2 Run theory

In run theory (proposed by Yevjevich, 1967), drought events are defined as a
period where indicator values are continuously below a certain threshold (Huang et al.,
2015; Wu et al., 2018), so a threshold level (TL) of O is selected in this study to
determine drought conditions. The calculation process of these characteristics is as
follows (using SPI as an example):

The drought state (DS) is given by:

Ds(t) =1, for SPI(t) <TL

=0, for SPI(t) > TL (7)
The drought severity (S) per time step is defined by:
S(t)=TL-SPI, for Ds(t) =1
(8)

=0, for Ds(t) =0
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The drought duration (D) and severity (S) for drought event i are calculated with:

Di = ; Ds (t) (9)
5, =35(1) (10)

where SPI(t) is the SPI value at a given time t; TL is the threshold level (in this study,
we set the TL to 0); Ds(t) is a binary variable indicating if drought occurs at a given
time t; Dj is the drought duration of event i; S; is the total drought severity of event i;

and Fi and L; are the first- and last- time steps of event i.

3.4 Correlation analysis
3.3.1 Pearson correlation coefficient

The Pearson correlation coefficient (PCC), developed by Pearson (1895), has been
widely used throughout hydrological correlation analyses. In this study, we used the
PCC to identify the correlation between the SRI and the SPI at different timescales.
According to previous studies (Barker et al., 2016; Wu et al., 2018), the SPI
accumulation period with the strongest PCC is used as an indicator for drought

propagation. The PCC is calculated as follows:

n —_—

2(e-0)(@-o)

PCC =— i1 ,1=12,...,n (11)

(o) (S (-0

i=1
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where ¢, and @, denote two time series, and ¢ and < denote the average values of
the two series. The PCC ranges from +1 to -1, where +1, 0, and —1 indicate total positive
linear correlation, no linear correlation, and total negative linear correlation,

respectively.

3.4.2 Cross-wavelet analysis

Cross-wavelet analysis (Hudgins and Huang, 1996; Torrence and Compo, 1998)
is a technique coupled with cross-spectrum analysis and wavelet transform. This
method can effectively identify the correlation between two time series in the time-
frequency domain. The cross-wavelet transforms (CWT) of two specific time series
(e.g., xn and yn) can be defined as WXY = WXWY", where * denotes their complex
conjugation. The cross-wavelet power can be expressed as [WXY|, and the complex
argument arg (W) can be regarded as the local relative phase between x» and yn in the
time-frequency domain. The theoretical distribution of the cross-wavelet power of the

two time series is defined as follows:

D(Wn (SW," *(s)| 3 p} _Z,(p) R 12)
Oy Oy

v
where Z,(p) is the confidence level associated with probability p for a probability
distribution function defined by the square root of the product of two »? distributions.
ka and PkY are background power spectra of time series x, and yn, respectively

(Grinsted et al., 2004).
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4. Results
4.1 Selection of natural catchments

Fig. 3 visually shows the significant changes in the relationship between
precipitation and runoff in the 11 selected catchments. Except for the YSWZ, JS, and
XQ catchments (Fig. 3(c), (d), and (f)), the gradients of the runoff accumulation curve
were significantly different from those of the precipitation accumulation curve for the
remaining eight catchments (Fig. 3(a), (b), (e), and (g)—(k)) after 1979 and/or 1999.
Furthermore, Table 4 shows the results of the MMK trend analysis and change point
tests of annual precipitation, PET, and runoff for the 11 selected catchments during the
period from 1964 to 2016. Expect for PET in the TPZ catchment, which showed an
upward trend, PET and precipitation of all the catchments showed a downward trend
without reaching a significant level (o = 0.05). There were also no significant (« = 0.05)
change points in the precipitation and PET series for the 11 catchments. Different from
the above two variables, runoff in most catchments showed a significant downward
trend (a = 0.05), except for the YSWZ, JS, and XQ catchments. For the eight
catchments with significant downward trends in runoff series, change points were
identified in 1979 through Pettitt and heuristic segmentation test methods. Based on the

results of trend and change point analyses, we found that the relationship between
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precipitation and runoff for the YSWZ, JS, and XQ catchments was relatively stable

and consistent throughout the entire research period (1964-2016).

Insert Figure 3 about here

Insert Table 4 about here

Fig. 4 shows the temporal changes of socio-economic indicators (average
population, GDP, and night light density), proportion of cropland and urban land, and
human influence scores for the catchments in the Laohahe basin. For the average
population density (Fig. 4(a)), CF, TPZ, and XLP catchments show a slight downward
trend during 2000-2015, while the other catchments remain almost unchanged. For the
average GDP density (Fig. 4(b)), all catchments show an upward trend, but the growth
rate of the XLP and CF catchments is significantly faster than that of the remain
catchments during 2000-2015. Similarly, night light density also has an increasing trend
for all catchments, but CF, TPZ, and XLP catchments are obviously growing faster than
the other catchments. For the land use situation, i.e., proportion of cropland and urban
land during 1980-2015, which are directly related to human activities, shows a slight
upward trend in XCZ, XD, CF, TPZ, and XLP catchments, but remain constant in the
other catchments. Finally, the human influence scores, which are calculated based on
the above four indictors, increased rapidly in CF, TPZ, and XLP catchment, but
increased slowly in remain catchments. Table 5 indicates that areal average human
influence scores of the YSWZ, JS, and XQ catchments during 2000-2015 were the three

lowest, while those of the other catchments all exceeded these three catchments.
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Insert Figure 4 about here

Furthermore, Fig. 5 shows the spatial distributions of socio-economic indicators,
land use data, and human influence scores. Generally, all these indicators showed an
upward trend from headwater catchments (catchments 1-7, i.e., CTL, XJD, YSWZ, JS,
XCZ, XQ, and DZ catchments) to midstream catchments (catchments 8-10, i.e., XD,
CF, and TPZ catchments) and downstream catchments (catchment 11, i.e., XLP
catchment). In summary, combined with results of trend and change points analysis of
hydrological variables, human influence scores, and reservoir information (listed in
Table 5), YSWZ, JS, and XQ catchments can be selected as natural catchments, because
the three catchments have consistent relationships between precipitation and runoff, and
are affected by weak human activities (i.e., low human influence scores and no reservoir
regulations). Remain eight catchments are either affected by reservoir regulations or
strong human activities (i.e., high human influence scores), so they are classified into
human-impacted catchments. Meanwhile, according to the analysis results of the first
change point for each catchment, and temporal change of socio-economic indicators
and land use data, the entire research period can be divided into two periods: the
undisturbed period (1964-1979) and the disturbed period (1980-2016) for further

design of comparison scheme.

Insert Figure 5 about here

Insert Table 5 about here

4.2 Propagation from meteorological to hydrological drought
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To identify propagation from meteorological to hydrological drought in the
Laohahe basin, we first used the MMK method to analyse the trends of these two
categories of drought during 1964-2016 for 11 catchments in the Laohahe basin (Fig.
6) based on the SPI and SRI measured over 1-, 3-, and 12-month timescales. These
three timescales represent monthly, seasonal, and annual drought and can adequately
depict the evolution of drought in the study area. Then, drought evolutionary
characteristics for the undisturbed and disturbed periods were calculated through run
theory, including drought duration and severity (Fig. 7 and Table 6). In addition, the
propagation time from meteorological to hydrological drought was identified by the
SPI accumulation period (SPI-n) most strongly correlated with SRI-1 based on the PCC

(Fig. 8 and Fig. 9).

4.2.1 Trend analysis of meteorological and hydrological drought

Fig. 6 shows the trends of long-term SPI and SRI time series at 1-, 3-, and 12-
month scales in 11 catchments in the Laohahe basin during the period 1964-2016. All
catchments except DZ catchment showed downward trends in SPI-1 and SPI-3, but
none of these downward trends were significant (Fig. 6(a) and (b)). SPI-12 in most
catchments, except for the JS and XCZ catchments, exhibited significant (o = 0.05)
downward trends (Fig. 6(c)), with the largest Z values for SPI-12 in the XD catchment

(-4.18). For hydrological drought, all catchments except YSWZ, JS, and XQ showed
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significant downward trends (o = 0.05) in the SRI-1, SRI-3, and SRI-12 time series (Fig.
6(d)-(e)). XD catchment experienced the worst hydrological drought, with Z values of
-8.79, —-11.16, and —6.04 for SRI-1, SRI-3, and SRI-12, respectively. In general, the
SRI series measured over 1-, 3-, and 12-month time scales showed a clear spatial
distribution, with stronger downward trends in the midstream and downstream
catchments (i.e., XD, CF, TPZ, and XLP catchments) than in the headwater catchments

(i.e., CTL, XJD, YSWZ, JS, XCZ, XQ, and DZ catchments).
Insert Figure 6 about here

4.2.2 Evolutionary characteristics of meteorological and hydrological drought

As shown in Fig. 7, drought severity calculated from SPI-3 and SRI-3 series are
selected as an example to show drought propagation characteristics during different
periods. In the undisturbed period, for each catchment except XQ, CTL, and XJD,
average drought severity calculated from of SPI-3 series (Fig. 7(a)) was larger than that
calculated from of SRI-3 series (Fig. 7(c)). The largest drought severity were in the
CTL (10.38) and XQ (9.20) catchments for SPI-3 and SRI-3, respectively. For the
disturbed period, however, drought severity was larger for hydrological drought (Fig.
7(d)) than meteorological drought (Fig. 7(b)) across all human-impacted catchments in
the Laohahe basin. For example, the average drought severity calculated from SRI-3 in
disturbed period was 13.1 in the XLP catchment, but that calculated from SPI-3 in the

same catchment was only 2.2, with a six-fold difference between the two values.

Insert Figure 7 about here
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Furthermore, Table 6 shows the difference in average drought characteristics
calculated from SPI1-3 and SRI-3 series between undisturbed and disturbed periods for
all catchments. Meteorological drought measured by SPI-3 had no significant change
between undisturbed and disturbed periods for all catchments. Differences in the
average meteorological drought duration and severity between the two periods were
0.8% and 0.5% for natural catchments, 2.1% and 8.9% for human-impacted catchments
(1), and 2.6% and 7.8% for human-impacted catchments (11) respectively. However, for
hydrological drought, the average drought duration and severity during the disturbed
period were significant higher than those during the undisturbed period. In particular,
increases of 114.6% and 110.7% for drought duration and severity in human-impacted
catchments (1), and 193.2% and 518.8% for those in human-impacted catchments (11),
were higher than those for natural catchments, i.e., 47.4% and 43.8%. Therefore,
hydrological drought of human-impacted catchments in the Laohahe basin was
influenced not only by climate change (e.g., precipitation and temperature) but also by
human activities (e.g., human water withdrawal, reservoir regulations, and land use and

cover change).
Insert Table 6 about here

4.2.3 Propagation from meteorological to hydrological drought
To investigate the most appropriate accumulation period for propagation time
from meteorological to hydrological drought, the SRI-1 series was cross-correlated with

the SPI series at various timescales (spanning 1-48 months) (Fig. 8). All the catchments
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were divided into three groups according to catchment area to avoid its impact on
drought propagation (as shown in Table 5). The first and second groups include the
three natural catchments, i.e., YSWZ, JS, and XQ catchments (Fig. 8(a) and (d)), and
three human-impacted catchments, i.e., XJD, XCZ, and DZ catchments (Fig. 8(b) and
(e)), because all their catchment area are less than 2000 km?. Remain catchments are
classed into the third group (Fig. 8(c) and (f)) because all their catchments are greater
than 2000 km?. The PCC for natural catchments during the undisturbed period (Fig.
8(a)) increased rapidly and reached the maximum value in the range of 11-15 months.
The highest PCCs for the YSWZ, JS, and XQ catchments were 0.72, 0.75, and 0.70,
respectively, and the corresponding propagation times were 12, 12, and 14 months,
respectively. For human-impacted catchments (1) during the undisturbed period, XCZ,
DZ, and XJD catchments reached the maximum PCC value in the range of 6—13 months
(Fig. 8(b)), and the maximum PCC values for human-impacted catchments (I1) were
concentrated in the range of 8-13 months (Fig. 8(c)), with the highest PCC varying
from 0.36 to 0.59. In the disturbed period, the most appropriate accumulation periods
for drought propagation time in natural catchments concentrated in the range of 7-12
months (Fig. 8(d)). For the human-impacted catchments, the PCC values of the XCZ,
DZ, and XJD catchments reached the maximum value in the range of 9—13 months (Fig.
8(e)), while remain catchments reached the highest PCC values in the range of 17-24

months (Fig. 8(f)).

Insert Figure 8 about here
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In addition, Fig. 9 shows the seasonal variability in the drought propagation time
and the corresponding strongest PCC values during undisturbed and disturbed periods.
For natural catchments (i.e., YSWZ, JS, and XQ), propagation times in spring (March—
May) and summer (June—August) during undisturbed times were relatively consistent
with those during the disturbed period. However, the propagation times in autumn
(September—November) and winter (December—February) during the disturbed period
were shorter than those during the undisturbed period, which result in that the drought
propagation time during the disturbed period is shorter than that in the undisturbed
period. For human-impacted catchments (i.e., the remaining eight catchments), except
in summer, propagation times in the other three seasons were longer for the disturbed
period than for the undisturbed period. Therefore, increases in propagation times during
disturbed period for human-impacted catchments were mainly concentrated in spring,

autumn, and winter.
Insert Figure 9 about here

4.3 Impact of climate change and human activities on drought propagation

In this study, we designed three comparisons to reveal the impacts of climate
change and human activities on drought propagation from meteorological to
hydrological drought (Fig. 2 and Table 7). First of all, we compared the propagation
time of natural and human-impacted catchments during the undisturbed period in
comparison I, the differences between natural and human-impacted (1) catchments for

the mean, median, and maximum drought propagation time are 3, 3, and 2 months
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respectively, and the above differences between natural and human-impacted (1)
catchments are 2, 1, and 2 months respectively, indicating that drought propagation
patterns of all catchments in Laohahe basin are generally consistent. Then, the drought
propagation time of natural catchments between the undisturbed and disturbed periods
was compared in comparison 1II to reflect the influence of climate change on drought
propagation. The results revealed that the average, median and maximum drought
propagation times in the natural catchments during the disturbed period were reduced
by approximately 3 months, indicating that drought propagation is accelerating under
the influence of climate change. Finally, in comparison III, the propagation time of
human-impacted catchments was compared with those of natural catchments during the
disturbed period. The former was influenced by climate change and human activities,
and the latter was influenced by climate change only. Difference between them can
reveal the impacts of human activities on the drought propagation process. The mean,
median, and maximum values of the propagation time for human-impacted (I)
catchments increased by approximately 2, 2, and 1 months, respectively, and the above
increase for human-impacted (1) catchments are 12, 11, and 12 months, indicating that
human activities significantly disturb and delay natural drought propagation processes
of the midstream and downstream catchments (i.e., XD, CF, TPZ, and XLP catchments)

during disturbed periods.

Insert Table 7 about here
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5. Discussion
5.1 Rationality analysis of the natural and human-impacted catchment comparison
method

Under the background of global change, we need to improve our understanding of
the impacts of different factors on drought propagation. These processes can be deeply
explored through observation-based data. In this study, we proposed the natural and
human-impacted catchment comparison method, which selects natural catchments
though analysis of hydrological variations, as well as statistics analysis of human
influence based on an indicator system. More importantly, it used only observation data
to analyse the impacts of climate change and human activities on drought propagation,
which can improve the accuracy of the impact assessment.

On the one hand, the selection results of natural catchments in the Laohahe basin
were consistent with previous studies. Yong et al. (2013) found that the YSWZ and JS
catchments had no significant change points in runoff based on the Pettitt test and DCC
method. Wang et al. (2020) selected the XQ catchment as a natural catchment to analyse
the uncertainty of hydrological models because it has a consistent relationship between
precipitation and runoff. Therefore, the natural catchments selected in this study,
including the YSWZ, JS, and XQ catchments, were reasonable.

On the other hand, the analysis of the impacts of climate change and human

activities on drought propagation in this study were also consistent with other studies

32/70



636

637

638

639

640

641

642

643

644

645

646

647

648

649

650

651

652

653

654

655

(Jiang et al., 2019; Liu et al., 2016; Barker et al., 2016; Lopez-Moreno et al., 2013; Liu
et al., 2009). Han et al. (2019) pointed out that the phase transformation and amplitude
fluctuation of PDO and ENSO are obviously enhanced in the 21st century, which
intensifies the changes in meteorological elements such as temperature, precipitation
and evaporation and then accelerates the propagation time from meteorological drought
to hydrological drought. For human influence, Lorenzo-Lacruz et al. (2013) stated that
human activities have significantly altered the natural hydrological response (e.g.,
hydrological drought) to meteorological droughts, delaying the response of
hydrological drought to precipitation deficits over long timescales. Thus, the results
obtained by the proposed method are consistent with previous studies, i.e., climate
change tends to accelerate drought propagation, and human influence tends to delay
drought propagation in the Laohahe basin.

Furthermore, the proposed method provides a new idea for the selection of natural
catchments, i.e., using an indicator system that involving socio-economic indices to
quantify human influence, and combining its results with hydrological variation results
to support catchment division. With the increasing development of earth observation
technology, a large number of remote sensing inversion and reanalysis data sets have
appeared (Tapley et al., 2004; Theobald et al., 2010; Small et al., 2011; Ma et al., 2012;
Yue et al., 2014; Perkl et al., 2016; Sheffield et al., 2017). These data sets provide new

reference indicators, that is, socio-economic attributes (e.g. population and GDP
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density, and land use situation) for catchment division, in addition to the traditional
hydrological attributes. Therefore, when it is difficult to use exciting methods to select
natural catchments, the proposed method may be a good supplement or choice. For
example, when we cannot find suitable paired catchments using the paired-catchments
comparison method, or want to remove the concern of variations across paired
catchments, the proposed method can be used to determine natural and human-impacted
catchments.

More importantly, different comparison schemes in the proposed method can
identify the changes of drought propagation process in different types of catchments
(natural or human-impacted catchment), which are equally important for water resource
managers. For natural catchments, understanding the changes of drought propagation
due to climate change is helpful to the improvement of drought prediction (Huang et
al., 2017; Hanetal., 2019; AghaKouchak et al., 2021). For human-impacted catchments,
realizing that changes of drought propagation pattern caused by human influence is
important for water resource managers to adjust water resources allocation to cope with
the possible water supply crisis and ecological crisis caused by the above changes (Van
Loon et al., 2016; Apurv and Cai, 2020; AghaKouchak et al., 2021).

In general, the case study results in Laohahe basin proved that the proposed
method is an effective tool for selection of natural catchments and assessing climatic

and anthropogenic influences on drought propagation, and can be applied to other
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regions as well to improve drought prediction and regional water resources

management.

5.2 Possible factors influencing drought propagation
5.2.1 Influence of teleconnection factors on drought propagation

In comparison Il (as shown in Fig. 2 and Table 7), the results showed that climate
change accelerates the drought propagation in natural catchment. And recent studies
have found that large-scale atmospheric circulation anomalies, which are closely related
to climate change, may have impacts on the drought propagation time (Huang et al.,
2017). Meanwhile, evaporation plays an important role in the drought propagation
process from meteorological to hydrological drought (Han et al., 2019). Thus, wavelet
cross-analysis was applied to analyse the correlations between the actual evaporation
in a natural catchment, i.e., JS catchment, and teleconnection factors, i.e., ENSO, AO,
PDO, and sunspots series during 1964-2016 (Fig. 10). The results showed that actual
evaporation had significant positive linkages with ENSO events (Fig. 10(a)) with
periods of 3—7 years during 1985-2005 and PDO events (Fig. 10(c)) with periods of 4—
7 years and 8-12 years during 1990-2000 at the 95% confidence level. Moreover, actual
evaporation had strong negative correlations with AO, and sunspots. Specifically, it
exhibited a negative correlation with AO with periods of 8-10 years during 1980-1995,

and a strong negative correlation with sunspots, with periods of 7-14 years during
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1973-2005. Therefore, large-scale atmospheric circulation anomalies show strong
linkages with actual evaporation during the disturbed period (1980-2016), thus strongly
affecting the propagation time from meteorological to hydrological drought in this
period. These findings are similar to those from other studies (Huang et al., 2017; Han
et al., 2019), and closely related to the changes of drought propagation time in natural

catchments during the disturbed period.
Insert Figure 10 about here

5.2.2 Impact of human factors on drought propagation

In the comparison 1l (as shown in Fig. 2 and Table 7), the results showed that
human activities, including economic development, reservoir construction, and land use
and cover change, significantly altered and then delayed the drought propagation time.
Firstly, population and economic development have significant impacts on drought
propagation. As shown in Fig. 4(a)-(c), population density of the two highly
industrialized human-impacted catchments, i.e., CF and XLP catchments reached
approximately 200 persons/km?, and GDP and night light density of these two
catchments increased rapidly after 2000. More intuitively, Fig. 11(a) shows that in
2006-2016, the total annual human water withdrawal of the human-impacted
catchments account for more than half of the natural runoff for the Laohahe basin, and
the highest proportion is approximately 80%. Except for the XJD catchment, all the
human-impacted catchments were directly impacted by human water withdrawal. Thus,

sustained increase of domestic water and industrial water for economic development
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causes serious loss of surface water and then extends the response times of hydrological
drought to meteorological drought.

Reservoir constructions and regulations might be another factor affecting drought
propagation. For example, the Dahushi reservoir, located in DZ catchment with a
storage capacity of 1.2 x 10® m?® focused on agricultural irrigation and usually
maintained storage in spring, autumn, and winter, and then released water in summer
to guarantee agriculture irrigation (Yong et al., 2013; Ren et al., 2014; Jiang et al., 2021).
These seasonal regulations are closely related to the shifts of seasonal pattern of drought
propagation. As shown in Fig. 9, except for summer (June, July, and August), drought
propagation time of the other seasons in human-impacted catchments (e.g., CTL, XD,
CF, TPZ, and XLP) become longer for disturbed period than for undisturbed period,
indicating that reservoir regulations modifies the response pattern of hydrological
drought to meteorological drought in different seasons and tends to smooth the impacts
of meteorological drought over a longer time scale.

In addition to economic development and reservoir regulations, land use change
and intensification of agriculture activities may also impacted drought propagation. As
shown in Fig. 4(d), compared with the three natural catchments (i.e., YSWZ, XQ, and
JS), remain eight human-impacted catchments have a higher proportion of cropland and
urban land, especially the midstream and downstream catchment (e.g., CF, TPZ, and

XLP catchments). The proportion of cropland and urban land for the TPZ catchment
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increased from 55% in 1980 to 60% in 2015, and that for CF catchment increased from
46% in 1980 to 50% in 2015. In addition, Fig. 11(b) shows that agriculture production
data including irrigated area, livestock, and food production and the GIP have a
substantial increase during the disturbed period (1980-2016), and Fig. 11(c) shows that
surface soil moisture increases significantly after 2000, which is closely related to the
large-scale intensive agricultural irrigation activities. Thus, increase of area of cropland
and intensification of agriculture production activities consume a large amount of
surface water, leading to a sharp decrease in river runoff, which in turn delays the
propagation from meteorological to hydrological drought.

Finally, terrestrial water storage anomaly (TWSA) data were used to reveal the
changes in total water resources in the Laohahe basin (Fig. 11(d)). Water storage in the
Laohahe basin declined significantly during 2003-2016, especially after 2007 (-0.63
cm/a), and the largest negative anomaly reached approximately 16 cm/year
(approximately equal to 6 times the average annual runoff of the Laohahe basin). In
general, human activities such as socio-economic development (e.g. population, GDP,
and night light density), reservoir constructions and regulations, and land use change,
have significantly modified the total amount and temporal distribution of the surface
runoff in the Laohahe basin, which in turn lead a delayed and more sustained response

of hydrological drought to meteorological drought.

Insert Figure 11 about here
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5.3 Uncertainties and limitations

The results demonstrated that the proposed method is a suitable tool to analyse the
impacts of climate change and human activities on drought propagation. However, this
approach still has some uncertainties. Most observation-based methods have
uncertainties with regard to temporal or spatial resolution and data quality (Rangecroft
etal., 2019). Limitations in the accuracy of hydrometric gauges (particularly during low
flows) and the evolution of hydrological stations over time mean that it is often difficult
to have an accurate, homogeneous flow record (Margariti et al., 2019), which creates
uncertainty and then influences the calculation accuracy of meteorological and
hydrological droughts. However, it has been recognized that the benefit of using these
longer records for our analysis outweighs the disadvantages of uncertain hydrometric
accuracy.

Besides, many previous studies have proven that the drought propagation time is
closely linked with climate and catchment properties (e.g., land use and soil types)
(Barker et al., 2016; Van Loon and Laaha, 2015). Even if the selected natural
catchments and human-impacted catchments are distributed in the same basin,
differences in climate and catchment properties still bring some uncertainties to the
comparison results. Nevertheless, comparison I (Fig. 2) in the proposed method is used
to assess the similarity of drought propagation pattern in different sub-catchments.

Comparison results (Fig. 8(a)-(c)) indicated that, in the undisturbed period, the drought
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propagation time of natural catchments is close to that of human-impacted catchments,
which means that differences in climate and catchment properties for the selected
catchments did not cause significant differences in the drought propagation time.

Meanwhile, it is worth noting that directly comparing the drought propagation
characteristics of the two periods before and after the change point in natural
catchments to quantify the impacts of climate change may also bring uncertainties.
Because climate change is a gradual changing process, its impact on drought
propagation may continuously increase since the beginning of the study period.
Stochastic weather generator (Semenov, 2008; Wilks and Wilby, 1999) will be a good
choice to solve the gradually changing weather patterns for its strong advantage of
generating long time series of weather variables with statistical properties identical to
those of observed series (Sohrabi et al., 2021). In future research, we can use the
stochastic weather generator to simulate the weather variables in the disturbed period
(the period after the change point) based on the those in the undisturbed period (the
period before the change point), so as to ensure that the statistical characteristics of the
two series are the same. Then, the corresponding drought propagation characteristics
under the observed and simulated weather conditions in the disturbed period can be
compared to quantify the impacts of climate change in this period.

In addition to the uncertainty, there are some limitations to this approach. Firstly,

this method needs specific and numerous data to divide natural and human-impacted
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catchments. Long time series of hydrological data are needed to identify whether there
are change points in hydrological processes. More specific land use data and socio-
economic indicators based on remote sensing inversion and reanalysis (i.e., GDP,
population, and night light density) are needed to quantify human influence to support
for the selection of natural catchments. However, the above data are not always
available or known (Van Loon et al., 2019; Wang et al., 2020). Moreover, because
monthly data (e.g., precipitation and streamflow) were used, the baseflow separation is
not considered in this study, which will also affect the study results. So we suggest
when using the proposed approach in other regions, it is necessary to separate runoff
from baseflow based on data with shorter time scale (e.g., daily data) to ensure the
accuracy of the results.

Secondly, it remains difficult to select natural catchments using this indicator
system for catchment with more complex situation. Thus, other indicators representing
human activities can be developed in future studies and then appropriately applied to
the index system, so as to provide a more accurate selection (Li et al., 2020). Meanwhile,
there is another challenge, i.e., how to comprehensively consider various types of
indicators to characterize the influence of human activities and apply them in the
selection of natural catchments. Because subjective choices might lead to the deviation
of the selection results (Sanderson et al., 2002; Woolmer et al., 2008). In this study,

different indicators were scored based on the existing researches (as shown in Table 3),
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and then the catchments were divided according to the results of HI and hydrological
variation analysis. In the future research, more case studies on the indicator system are
needed to make the division criteria (e.g., threshold of HI) more reasonable and
objective.

In view of the benefits and limitations, we suggest that when using this method in
other regions, the selection of socio-economic indicators and setting of threshold of HI
should be modified and improved appropriately according to specific situation of the
catchment itself and the types of human activities. Furthermore, the approach can be
used for a first estimate of the human influence, to guide campaigns to collect more
data, and to complement other existing methods (e.g. large-scale screening, paired

catchments, and observation-modelling approaches).

6. Conclusions

In this study, we proposed an observation-based natural and human-impacted
catchment comparison method for separating the effects of climate change and human
activities on drought propagation. The main parts of this method are the selection of
natural catchments and the comparison of natural and human-impacted situations in
different periods. First, observed data, i.e., hydro-meteorological data, as well as land
use data and socio-economic indicators based on remote sensing inversion and

reanalysis, are used to select natural catchments. Then, three comparisons can be
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performed to separate the effects of climate change and human activities on drought
propagation, i.e., comparison 1 during the undisturbed period to analyse the
consistency of drought propagation pattern in natural and human-impacted catchments,
comparison II between the disturbed and undisturbed periods to identify the possible
influence of climate change, and comparison III during the disturbed period to
investigate human impacts. The combination of these three comparison schemes to
separate the effects of climate change and human activities on drought propagation is
the innovative part of this research.

We demonstrate the application of the proposed natural and human-impacted
catchment comparison method in a heavily human-influenced basin in northeast China,
i.e., the Laohahe basin. In this basin, we found that human activities caused longer
hydrological drought durations and larger hydrological drought severities during the
disturbed period, with average increases of 163.7% and 365.9%, respectively.
Furthermore, comparison results revealed that climate change accelerated the
propagation from meteorological to hydrological drought in the Laohahe basin,
shortening it by approximately 3 months. Human activities, however, disturbed and
then delayed the natural propagation from meteorological to hydrological drought,
extending it by 11-12 months.

The proposed natural and human-impacted catchment comparison method gives

water managers a suitable tool to divide natural and human-impacted catchments based
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on hydrological and socio-economic data and then to investigate how climatic and
anthropogenic influences alter drought propagation through different comparison
schemes. This is critical for improving drought prediction and establishing a drought

management system.
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1124  Fig. 1. Location of the Laohahe basin and distribution of hydrological, meteorological,
1125 and rain gauge stations.
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Step 1: Selection of natural catchments Step 2: Calculation of drought propagation
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Step 3: Assessment of impact of climate change and human activities on drought propagation
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1127  Fig. 2. An observation-based natural and human-impacted catchment comparison
1128 method for separating the effects of climate change and human activities on drought

1129  propagation.
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1132 catchments in the Laohahe basin.
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1134  Fig. 4. Temporal changes of socio-economic indicators (average population (a), GDP
1135 (b), and night light (c) density), proportion of cropland and urban land (d), and human

1136 influence scores (e) for each catchment in the Laohahe basin.
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1138 Fig. 5. Spatial distribution of socio-economic indicators, land use data and human

1139 influence scores in the Laohahe basin.
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and 0.01 level.

58/70



1146
1147

1148

1149

1150

1151

20 (a) SPI-3-undisturbed period 20 (b) SPI-3-disturbed period
(25%~75%)
— Median
£ 15 15 - * Mean
=
Q
2 .
2 10 - Nature . Human-influenced 10 -
= catchments catchments + .
=2 + + o+ ot
= + + + . +
E 5 - o - *t &+ = 5 + j'_ T * § -— - i :
| FESunBlenE® EoiEasEla:
od~ - T - s T4 4 0__5_ B N I = S s s i
27 25 22 22 21 24 24 23 20 26 25 26 23 24 27 26 22 25 26 23 23 22
I 1 1 I I I 'I I I 1 - 1 1 1 I I I I I I I -'I- !
() SRI-3-undisturbed period (d) SRI-3-disturbed period ;
20 4 20+ s i
+
215 151 *
GLJ *
G>J + F + "
v +
- 4 +
2 10 . 10 . : N : + -.— _
2 H i T T
° T — + — o4 i P
5 54+ L+ gim 4+ ; 5 T P T :
' QQ
23 25 26 29 33 17 21 15 15 11 25 26 35 35 44 27 49 58 49 76 81 13.1
T I6 Iov IV T T T T T T Iq T I‘, Iov I\’ T T :‘/ T IQ :b IQ
S TLELPIP e Freepgdecdy
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catchments in the Laohahe basin during undisturbed and disturbed periods, based on
the Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI) time
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months (left) and the maximum PCC (right).

61/70



A AR Ay v K
T vy X A A =

(1eaA) pouad

AR X wwasf f LKA A A
PRA A A X wwaw AN AN

(1e@Ak) pouad

2010

1990 2000
Year

1980

1970

1990 2000 2010
Year

1980

1970

1164

Fig. 10. The cross wavelet transforms between annual actual evaporation in the JS

1165

(c) PDO and (d) sunspot values

catchment and average monthly (a) ENSO, (b) AO

1166

2016. The 95% confidence level against the red noise is exhibited as a

during 1964

1167

thick contour, and the relative phase relationship is denoted as arrows (with negative

1168

correlations pointing left and positive associations pointing right). The colour bar on

1169

the right denotes the wavelet energy.

1170
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Fig. 11. (a) Annual water withdrawal for each catchment and the percentage of total
withdrawal to natural runoff for the Laohahe basin during 2006-2016, (b) changes in
agricultural and industrial production data for the study area during 1964-2016
(undisturbed period and disturbed period), and time series of (c) surface soil moisture
(SMsurf) and (d) terrestrial water storage anomalies (TWSA) during 20032016 (the Z

value is calculated by the MMK test method).
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1178 Tablel

1179  Characteristics of the selected catchments in the Laohahe basin.

Catchment Hydrological Abbreviation Area Lon Lat Mean annual Mean annual Data period
station (km?) (E®) (N°) precipitation  runoff
(mm/year) (mm/year)
1 Chutoulang CTL 2869 118.62 4235  402.61 26.17 1964-2016
2 Xingjude XJD 697 118.13 42.08  422.70 39.65 1964-2016
3 Yangshuwanzi  YSWZ 674 118.17 42.07  398.97 49.46 1964-2016
4 Jinshan JS 1034 118.68 41.92  453.60 44.03 1964-2016
5 Xiaochengzi XCZz 866 119.00 41.75  450.57 34.89 1964-2016
6 Xiguan XQ 419 11853 41.42 572.88 122.80 1964-2016
7 Dianzi Dz 1643 118.83 41.42  523.26 63.42 1964-2016
8 Xindian XD 5580 118.70 4233  401.50 21.50 1964-2016
9 Chifeng CF 8678 118.95 42.28  401.00 21.06 1964-2016
10 Taipingzhuang TPZ 7720 119.25 4220  438.53 26.57 1964-2016
11 Xinglongpo XLP 18112 11943 4232 41174 24.48 1964-2016

1180 Notes: The Xinglongpo streamflow station of was built in 1976, and the streamflow
1181 data before 1976 are substituted by those recorded at the adjacent Xiaoheyan station

1182  (42.32°N, 119.43°E).
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1183 Table2
1184  Detail information of remote sensing inversion and reanalysis data used in this study.
Data types Temporal and spatial Units Data sources
coverage
DEM m U.S. Geological Survey (USGS) website
2012/30"
(https://www.usgs.gov/).
ENSO, PDO, AO NOAA Physical Sciences Laboratory (PSL)
1964-2016/— — : .
(https://psl.noaa.gov/data/climateindices/);
Sunspot data Royal Observatory of Belgium
1964-2016/— — .
(http://www.sidc.be/sunspot-data)
Surface soil moisture ~ 2003-2016/0.1° m3/m?3 (Chen et al., 2021)
(https://doi.org/10.1594/PANGAEA.912597).
Gravity recovery and ~ 2003-2016/0.25° cm GRACE RL06 CSR mascon solutions

climate experiment
(GRACE) data
Land use and cover

GDP density

Population density

Night light density

1980, 1990, 1995, 2000,
2005, 2010, 2015/~1 km

2000, 2005, 2010,
2015/~1 km
2000, 2005, 2010,
2015/~1 km

1995, 2000, 2005, 2010,
2013/~1 km

million RMB/km?

persons/ km?

DN/km?

(http:/lwwwz2.csr.utexas.edu/grace); (Wei et al,
2021)

Data Centre for Resources and Environmental
Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn)

Same as Land use and cover

NASA Socio-economic Data and Applications
Center (SEDAC).
(https://doi.org/10.7927/H49C6VHW)
NOAA's National Geophysical Data Center

(https://www.ngdc.noaa.gov/eog/dmsp/download

V4composites.html)

1185

1186

the larger the DN value, the higher the light intensity
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Notes: The DN value represents the average light intensity in the range of 0-63, and


https://psl.noaa.gov/data/climateindices/
http://www.sidc.be/sunspot-data
http://www2.csr.utexas.edu/grace
https://www.ngdc.noaa.gov/eog/dmsp/download

1187 Table 3

1188 Classification and the corresponding scores of indictors reflecting human influence.

Data set Grade Score  Reference
Population density 0-278 1 (Perkl, 2016)
(persons/km?) 278-390 2
390-501 3
501-612 4
>612 5
GDP density 0-3 1 (Han et al., 2012)
(million RMB/km?)  3-20 2
20-50 3
50-100 4
>100 5
Night light density ~ 0-12 0 (Small et al., 2011; Ma et al., 2012)
(DN/km?) >12 1
Land cover Cropland 3 (Theobald et al. 2010; Perkl, 2016)
Urban land 4
others 0

1189 Note: The DN value represents the average light intensity in the range of 0-63, and the

1190 larger the DN value, the stronger the light intensity.

1191
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1192

1193

1194

Table 4

Results of the trend analysis and change point tests of annual precipitation (P), PET,

and runoff (R) for the selected catchments during the period of 1964—2016.

Catchments MMK trend test

Pettitt test for the change point

Heuristic segmentation test for the

(year) (year) change point (year)

P PET R P PET R P PET R
CTL -1574 1471 44617 — — 1979%,1999** — — 1999**
XD -1.104 -097) -2821" — — 1999** — — 1998*
YSWZ -0.66 -0.93¢ -0.40/ — — — — — —
JS -0.65¢ -0.25! -0.88} — — — — — —
XCz -1.00¢ -0.18+ 418" — — 1998** — — 1999**
XQ -1.36¢ -1.20} -048} — — — — — —
DZ -0514 -021¢ 171" — — 1979**,1999* — 1979*,1999*
XD -1.33¢ -1114 394" — — 1979**,1999** — — 1979**,1999**
CF -0.721 0641 41217 — — 1979%,1999** — — 1979%*,1999**
TPZ -060} 031t 41017 — — 1979**,1999** — — 1979**,1999**
XD -094} -0704 -5.0417" — — 1979**,1999** — — 1979%*,1999**
1195 Notes: ‘|’ and ¢ 1’ indicate downward and upward trends, respectively. ‘*” and **’
1196  denote significance at the 95% and 99% confidence levels, respectively.
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1197 Table5

1198 Summary of average human influence scores during 2000-2015 and reservoirs

1199 information for the 11 selected catchments (human-impacted catchments are divided

1200 into two groups according to catchment area, as shown in Fig. 8).
Group Natural catchments Human-impacted catchments (I)  Human-impacted catchments (11)

(catchment area < 2000 km?)  (catchment area < 2000 km?) (catchment area > 2000 km?)

Catchment YSWzZ JS XQ XCZ Dz XJD CTL XD CF TPZ XLP
Hl scores  2.46 2.19 1.26 3.54 3.16 3.19 3.27 3.11 7.42 6.77 7.24
Reservoir  No No No No Yes No Yes Yes Yes Yes Yes

1201
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1202

1203

1204

1205

1206

Table 6

Differences in average drought characteristics calculated from SPI-3 and SRI-3 series

between undisturbed and disturbed periods for the selected 11 catchments in the

Laohahe basin.

Types Catchments  Average drought duration (%)  Average drought severity (%)
SPI-3 SRI-3 SPI-3 SRI-3
Natural YSWZ -3.8 41.2 -5.1 3.2
catchments JS -0.6 70.7 -6.8 93.1
XQ 6.9 30.3 13.5 35.0
Mean 0.8 47.4 0.5 43.8
Human-impacted XCZ -3.2 224.1 -5.1 189.4
catchments (1) Dz -3.1 125.8 6.8 175.8
XJD 12.7 -6.1 24.9 -32.2
Mean 2.1 114.6 8.9 110.7
Human-impacted CTL 115 26.3 25.2 52.6
catchments (1) XD 1.7 123.6 18.9 232.7
CF 8.5 263.8 18.2 4185
TPZ -2.1 176.3 -10.8 653.3
XLP 6.6 376.2 -12.3 1236.7
Mean 2.6 193.2 7.8 518.8
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1207 Table7

1208 Differences in the drought propagation time for different comparison schemes.

Comparison  Period Catchments types Drought propagation time (months)
schemes Mean Median Max.
I Undisturbed Natural 12.7 12.0 14.0

— Human-impacted (I) 9.0 9.0 12.0
Difference  (months) -3.0 -3.0 -2.0
Human-impacted (I11) 10.4 11.0 12.0
Difference  (months) -2.0 -1.0 -2.0
I Undisturbed Natural 12.7 12.0 14.0
Disturbed Natural 9.3 9.0 11.0
Difference ~ (months) -3.0 -3.0 -3.0
m Disturbed Natural 9.3 9.0 11.0
—_— Human-impacted (I) 11.3 11.0 12.0
Difference  (months) +2.0 +2.0 +1.0
—_— Human-impacted (I1) 21.0 20.0 23.0
Difference  (months) +12.0 +11.0 +12.0

1209 Note: Propagation time indicates the SPI accumulation period (SPI-n) most strongly
1210 correlated with SRI-1. A negative change (—) means that the SPI accumulation period
1211 becomes shorter; a positive change (+) means that the SPI accumulation period

1212  becomes longer.
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Figure captions

Fig. 1. Location of the Laohahe basin and distribution of hydrological, meteorological,

and rain gauge stations.

Fig. 2. An observation-based natural and human-impacted catchment comparison
method for separating the effects of climate change and human activities on drought

propagation.

Fig. 3. Double cumulative curves of precipitation and runoff for the 11 selected

catchments in the Laohahe basin.

Fig. 4. Temporal changes of socioeconomic indicators (average population (a), GDP
(b), and night light (c) density), proportion of cropland and urban land (d), and human

influence scores (e) for each catchment in the Laohahe basin.

Fig. 5. Spatial distribution of socioeconomic indicators, land use data and human

influence scores in the Laohahe basin.

Fig. 6. Modified Mann—Kendall (MMK) trends in the long-term Standardized
Precipitation Index and Standardized Runoff Index time series measured at 1-, 3-, and
12-month time scales in 11 catchments of the Laohahe basin from 1964 to 2016. The
colour bar denotes the value of the Z statistic. “*” and “**” means significance at 0.05

and 0.01 level.



Fig. 7. Box plots of drought severity for meteorological and hydrological drought of 11
catchments in the Laohahe basin during undisturbed and disturbed periods, based on
the Standardized Precipitation Index (SPI) and Standardized Runoff Index (SRI) time
series measured at 3-month time scales. The numbers within the figure are the average

severity of meteorological and hydrological drought.

Fig. 8. PCCs for the cross-correlation between the SRI-1 series and the SPI series at
various time scales for all 11 catchments ((a) and (d) for natural catchments; (b), (c),
(e), and (f), for human-influenced catchments) during undisturbed (top) and disturbed
(bottom) periods. The grey shading indicates the range of time scales with the

maximum PCC.

Fig. 9. Seasonal variability in the drought propagation time during (a) undisturbed and
(c) disturbed periods and the corresponding maximum PCC for each month in each
catchment ((b) and (d)). The colour bars indicate the drought propagation time in

months (left) and the maximum PCC (right).

Fig. 10. The cross wavelet transforms between annual actual evaporation in the JS
catchment and average monthly (a) ENSO, (b) AO, (c) PDO and (d) sunspot values
during 1964-2016. The 95% confidence level against the red noise is exhibited as a

thick contour, and the relative phase relationship is denoted as arrows (with negative



correlations pointing left and positive associations pointing right). The colour bar on

the right denotes the wavelet energy.

Fig. 11. (a) Annual water withdrawal for each catchment and the percentage of total
withdrawal to natural runoff for the Laohahe basin during 20062016, (b) changes in
agricultural and industrial production data for the study area during 1964-2016
(undisturbed period and disturbed period), and time series of (c) surface soil moisture
(SMsurf) and (d) terrestrial water storage anomalies (TWSA) during 2003-2016 (the Z

value is calculated by the MMK test method).



Table Click here to access/download;Table;Table.docx %

1 Tablel

2  Characteristics of the selected catchments in the Laohahe basin.

Catchment Hydrological Abbreviation Area Lon Lat Mean annual Mean annual Data period
station (km?) (E®) (N°) precipitation  runoff
(mm/year) (mm/year)
1 Chutoulang CTL 2869 118.62 4235  402.61 26.17 1964-2016
2 Xingjude XJD 697 118.13 42.08  422.70 39.65 1964-2016
3 Yangshuwanzi  YSWZ 674 118.17 42.07  398.97 49.46 1964-2016
4 Jinshan JS 1034 118.68 41.92  453.60 44.03 1964-2016
5 Xiaochengzi XCZz 866 119.00 41.75  450.57 34.89 1964-2016
6 Xiguan XQ 419 11853 41.42 572.88 122.80 1964-2016
7 Dianzi Dz 1643 118.83 41.42  523.26 63.42 1964-2016
8 Xindian XD 5580 118.70 4233  401.50 21.50 1964-2016
9 Chifeng CF 8678 118.95 42.28  401.00 21.06 1964-2016
10 Taipingzhuang TPZ 7720 119.25 4220  438.53 26.57 1964-2016
11 Xinglongpo XLP 18112 11943 4232 41174 24.48 1964-2016

3 Notes: The Xinglongpo streamflow station of was built in 1976, and the streamflow
4  data before 1976 are substituted by those recorded at the adjacent Xiaoheyan station

5 (42.32°N, 119.43°E).
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6 Table?2

7  Detail information of remote sensing inversion and reanalysis data used in this study.

Data types Temporal and spatial Units Data sources
coverage

DEM m Refer to U.S. Geological Survey (USGS)
2012/30"

website (https://www.usgs.gov/).
ENSO, PDO, AO NOAA Physical Sciences Laboratory (PSL)
1964-2016/— — . .
(https://psl.noaa.gov/data/climateindices/);

Sunspot data Royal Observatory of Belgium
1964-2016/— — .
(http://lwww.sidc.be/sunspot-data)
Surface soil moisture ~ 2003-2016/0.1° m3/m?3 (Chen et al., 2021)
(https://doi.org/10.1594/PANGAEA.912597).
Gravity recovery and  2003-2016/0.25° cm GRACE RL06 CSR mascon solutions
climate experiment (http:/lwww?2.csr.utexas.edu/grace); (Wei et al,
(GRACE) data 2021)
Land use and cover 1980, 1990, 1995, 2000, Data Centre for Resources and Environmental
2005, 2010, 2015/~1 km Sciences, Chinese Academy of Sciences
(RESDC) (http://www.resdc.cn)
GDP density 2000, 2005, 2010, million RMB/km?  Same as Land use and cover
2015/~1 km
Population density 2000, 2005, 2010, persons/ km? NASA Socioeconomic Data and Applications
2015/~1 km Center (SEDAC).
(https://doi.org/10.7927/H49C6VHW)
Night light density 1995, 2000, 2005, 2010,  DN/km? NOAA's National Geophysical Data Center
2013/~1 km (https://www.ngdc.noaa.gov/eog/dmsp/download

V4composites.html)

8 Notes: The DN value represents the average light intensity in the range of 0-63, and

9 the larger the DN value, the higher the light intensity
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10 Table3

11  Classification and the corresponding scores of indictors reflecting human influence.

Data set Grade Score  Reference
Population density 0-278 1 (Perkl, 2016)
(persons/km?) 278-390 2
390-501 3
501-612 4
>612 5
GDP density 0-3 1 (Han et al., 2012)
(million RMB/km?)  3-20 2
20-50 3
50-100 4
>100 5
Night light density ~ 0-12 0 (Small et al., 2011; Ma et al., 2012)
(DN/km?) >12 1
Land cover Cropland 3 (Theobald et al. 2010; Perkl, 2016)
Urban land 4
others 0

12  Note: The DN value represents the average light intensity in the range of 0-63, and the

13 larger the DN value, the stronger the light intensity.

14
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15

16

17

Table 4

Results of the trend analysis and change point tests of annual precipitation (P), PET,

and runoff (R) for the selected catchments during the period of 1964—2016.

Catchments MMK trend test

Pettitt test for the change point

Heuristic segmentation test for the

(year) (year) change point (year)
P PET R P PET R P PET R
CTL -1574 1471 44617 — — 1979%,1999** — — 1999**
XD -1.104 -097) -2821" — — 1999** — — 1998*
YSWZ -0.66 -0.93¢ -0.40/ — — — — — —
JS -0.65¢ -0.25! -0.88} — — — — — —
XCz -1.00¢ -0.18+ 418" — — 1998** — — 1999**
XQ -1.36¢ -1.20} -048} — — — — — —
DZ -0514 -021¢ 171" — — 1979**,1999* — 1979*,1999*
XD -1.33¢ -1114 394" — — 1979**,1999** — — 1979**,1999**
CF -0.721 0641 41217 — — 1979%,1999** — — 1979%*,1999**
TPZ -060} 031t 41017 — — 1979**,1999** — — 1979**,1999**
XD -094} -0704 -5.0417" — — 1979**,1999** — — 1979%*,1999**
18 Notes: < | > and ‘ 1 * indicate downward and upward trends, respectively. ‘* and “**’
19  denote significance at the 95% and 99% confidence levels, respectively.
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20 Table5

21 Summary of average human influence scores during 2000-2015 and reservoirs

22 information for the 11 selected catchments (human-impacted catchments are divided

23  into two groups according to catchment area, as shown in Fig. 8).
Group Natural catchments Human-impacted catchments (I)  Human-impacted catchments (11)

(catchment area < 2000 km?)  (catchment area < 2000 km?) (catchment area > 2000 km?)

Catchment YSWzZ JS XQ XCZ Dz XJD CTL XD CF TPZ XLP
Hl scores  2.46 2.19 1.26 3.54 3.16 3.19 3.27 3.11 7.42 6.77 7.24
Reservoir  No No No No Yes No Yes Yes Yes Yes Yes

24
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25

26

27

28

29

Table 6

Differences in average drought characteristics calculated from SPI-3 and SRI-3 series

between undisturbed and disturbed periods for the selected 11 catchments in the

Laohahe basin.

Types Catchments  Average drought duration (%)  Average drought severity (%)
SPI-3 SRI-3 SPI-3 SRI-3
Natural YSWZ -3.8 41.2 -5.1 3.2
catchments JS -0.6 70.7 -6.8 93.1
XQ 6.9 30.3 13.5 35.0
Mean 0.8 47.4 0.5 43.8
Human-impacted XCZ -3.2 224.1 -5.1 189.4
catchments (1) Dz -3.1 125.8 6.8 175.8
XJD 12.7 -6.1 24.9 -32.2
Mean 2.1 114.6 8.9 110.7
Human-impacted CTL 115 26.3 25.2 52.6
catchments (1) XD 1.7 123.6 18.9 232.7
CF 8.5 263.8 18.2 4185
TPZ -2.1 176.3 -10.8 653.3
XLP 6.6 376.2 -12.3 1236.7
Mean 2.6 193.2 7.8 518.8
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30 Table7

31 Differences in the drought propagation time for different comparison schemes.

Comparison  Period Catchments types Drought propagation time (months)
schemes Mean Median Max.
I Undisturbed Natural 12.7 12.0 14.0

— Human-impacted (I) 9.0 9.0 12.0
Difference  (months) -3.0 -3.0 -2.0
Human-impacted (I11) 10.4 11.0 12.0
Difference  (months) -2.0 -1.0 -2.0
I Undisturbed Natural 12.7 12.0 14.0
Disturbed Natural 9.3 9.0 11.0
Difference ~ (months) -3.0 -3.0 -3.0
m Disturbed Natural 9.3 9.0 11.0
—_— Human-impacted (I) 11.3 11.0 12.0
Difference  (months) +2.0 +2.0 +1.0
—_— Human-impacted (I1) 21.0 20.0 23.0
Difference  (months) +12.0 +11.0 +12.0

32  Note: Propagation time indicates the SPI accumulation period (SPI-n) most strongly
33  correlated with SRI-1. A negative change (—) means that the SPI accumulation period
34  becomes shorter; a positive change (+) means that the SPI accumulation period
35  becomes longer.
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