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Abstract. Although it is important in hydrological cycles, catchment water storage dynamics is still not fully understood
because it is affected by multiple drivers simultaneously and is difficult to be estimated using field hydrometric observations
and hydrological models. Taking the headwater of Baiyang Lake, China as an example, this study employed a spectral
approach to illustrate how catchment water storage was influenced by rainfall and vegetation, and how water storage
modulated streamflow for the period of 1982 - 2015. The competence of the spectral approach in characterizing causality
was verified and a more holistic understanding of hydrological cycles was gained. Results showed that under different
climatic phases (wet/dry), catchment water storage dynamics were controlled by different factors and dominant streamflow
generation mechanisms were not invariant. In the wet phase, catchment water storage dynamics was determined by rainfall.
And groundwater flow was the most important part of streamflow, followed by subsurface flow and surface flow.
Nevertheless, in the dry phase, catchment water storage dynamics was modulated by evapotranspiration. And the surface
flow was the most important part of streamflow, followed by subsurface flow and groundwater flow. The land use change
induced by human activities could alter the streamflow sensitivity to rainfall, but could not cause fundamental changes to
hydrological cycles. We concluded that the spectral approach can be an effective supplement to the experimental methods

and their integration can provide systematic insights into hydrological cycles in the study area and other watershed systems.

Short summary. The hydrological processes of a watershed system are affected by both natural conditions, such as rainfall
and drought, and human activities, such as deforestation and afforestation. Therefore different hydrological responses to
climatic and anthropogenic changes are expected. Using a spectral approach, this study confirmed that the driving factors of
water storage and streamflow generation mechanism vary over time. This is important for water resources management
under changing world.
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1 Introduction

Water storage in a catchment plays a critical role in runoff generation. Tracer-based observations showed that ~60% of the
global surface water consists of "old water", which means most rainfall propagates along deeper subsurface pathways and
then discharges into streamflow (Good et al., 2015). Understanding water storage dynamics is important for gaining deep
insights into the water cycle. However, water storage dynamics is complex and scale-dependent, and it is influenced by
storm properties, topography, soil properties, vegetation coverages, and human activities. How these different drivers exert
various degrees of control on the water storage and how streamflow responds to the change in water storage remain poorly
understood (Singh et al., 2021).

Nested field hydrometric observations coupled with emerging environmental tracers and geophysical techniques can reveal
water storage dynamics and streamflow responses in a catchment. For instance, in a humid and subtropic catchment in
Georgia, USA, after monitoring soil-bedrock interaction on a 2 by 2 m grid on a hillslope, Tromp-van Meerveld and
McDonnell (2006) proposed the "fill-and-spill" hypothesis of the subsurface stormflow generation. Through monitoring soil
moisture, groundwater levels, and water isotopes along three hydropedological units in a Scotland peatland catchment with
cold and wet hydroclimatic conditions, Tetzlaff et al. (2014) found that the low-lying areas of riparian zones generated up to
65% of annual discharge and damped the isotopic composition of stream water through the water stored here for > 2 years.
Also by monitoring soil moisture at 45 locations on three hillslopes in a humid temperate catchment in Northwest Carolina,
USA, the lag correlations between soil moisture and runoff were quantified and results showed that correlations were similar
among hillslopes with average lags varying from 0.5 h to -0.5 h (Singh et al., 2021). Using a ground penetrating radar grid
integrated with high-frequency subsurface moisture monitoring, Guo et al. (2019) found that subsurface flow networks were
important for runoff generation in Susquehanna Shale Hills Critical Zone Observatory in Pennsylvania, USA, with
stormwater transporting downslope from planar and convex hillslopes to concave hillslopes. While detailed water storage
dynamics and streamflow responses in specific catchments can be illustrated by experimental methods, the highly variable
results make it difficult to provide holistic knowledge due to the limited spatial coverage and temporal duration induced by
high maintenance costs (Zhang and Wei, 2021).

Numerical models often employ the "leaky bucket" as a conceptual representation of catchment water storage. However, the
simplified description has been proved unrealistic. First, in bucket models, when conceptual buckets approach emptiness, the
simulated evapotranspiration approaches zero (Fowler et al., 2021). In reality, many plants continue transpiration during
extended dry periods because plants modulate their water use strategies in pre-drought, severe drought and rewetting periods
(Tague and Moritz, 2019; Dralle et al., 2020; Werner et al., 2021). In addition, numerical models cannot accumulate the long,
slow drying up, because "buckets" are already "empty" on a seasonal basis (Fowler et al., 2020). Second, usually a single
(average) storage is filled and spilled in bucket models. In reality, there are multiple storages in a catchment and the spilled

water from one storage is used to fill another storage, resulting in a cascading type of flow path (McDonnell et al., 2021).



65

70

75

80

85

90

https://doi.org/10.5194/hess-2022-357 Hydrology and
Preprint. Discussion started: 10 November 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
By

With the aforementioned limitations, numerical models may lead to an inaccurate understanding of water storage dynamics
and streamflow responses (Romano et al., 2011).

It has long been recognized that streamflow is related to rainfall with significant multi-annual periodicities (Labat, 2010;
Fischer et al., 2013; Kuss and Gurdak, 2014; Nalley et al., 2016). The magnitude and legacy effects of periodicities in
streamflow demonstrate how periodic rainfall signals are damped and lagged by mixing processes of different hydrological
pathways (Rust et al., 2019). Generally, surface hydrological pathways have the shortest response time in the order of hours
to days and minimal damping, while groundwater hydrological pathways have the longest response time in the order of years
to decades and maximum damping (Rust et al., 2021). Subsurface hydrological pathways are in the middle. Often, spectral
analysis is used to identify the connections between large-scale ocean-atmosphere systems and hydrological variability
(McGregor, 2017). However, the lack of water storage data greatly weakens its capability to understand water propagation
processes in the soil-vegetation-atmosphere system under the influence of climate change and human activity. Moreover,
there are multiple periodicities in hydroclimatic time series at different time scales, which are caused by different internal
processes, external forcings, and their interactions (von der Heydt et al., 2021). Therefore, it is critical to determine the
important periodicities that affect the trends in time series according to the purposes of studies (Wu et al., 2007).

This paper aims at filling such a knowledge gap as identified by employing the wavelet analysis for a case study in the
headwater of Baiyang Lake, China. The specific objectives include:

i) detect the key periodicity affecting trend and identify periodic characteristics in rainfall, streamflow, catchment water
storage and actual evapotranspiration;

ii) investigate the influence of land-use change on catchment water storage dynamics and streamflow responses; and

iii) use the hysteresis effects to determine the streamflow generation mechanisms with different dominant hydrological

pathways in the study area.

2 Methods, Study Area, and Data
2.1 Methods

In this paper, Continuous Wavelet Transform (CWT) and Cross-Correlation Analysis (CCA) were employed to detect
periodicities and legacy effects in the time series of the hydrological data as described below.

The wavelet transform acts as a time and frequency localization operator and has emerged as one of the most promising
function transformation methods (Pathak, 2009). The advantage of wavelet transform is that it can reflect the evolution over
time of non-stationary time series. Here the CWT analysis was used to generate varying coefficients that signify the

similarity between the signal and mother wavelets at any specific scale base. The CWT of a function f with respect to the

mother wavelet V' is defined by:
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W, (a,b) = ﬁ [f (t)\y(%jdt

s

W, (a,b)

is a time index describing the location of the wavelet in time.

where is the wavelet coefficient, a is the wavelet scale associated with dilation and contraction of a wavelet, and b
The CCA is regarded as a standardized method for estimating the time delay between the leading and lagging signals based
on convolution operation (Choudhury, 2017). The correlation coefficient shows how well the two signals are correlated, and
it varies from -1 to 1.

All the time series data were first standardized by subtracting the mean and dividing the standard deviation before analysis.

It is noteworthy that this study more concerned about the characteristics of hydrological signals and their correlations in a
key periodicity, instead of detecting the presence of all periodicities in different variables. This could demonstrate the causal
links among hydrological variables because streamflow is the combination of surface flow, subsurface flow, and
groundwater flow, which have different responses to rainfall signal. The discrepancies can be feasibly reflected in the form
of waves with different amplitudes, frequencies, and phases. The usage can be applied in any watershed system across the

world.

2.2 Site description of a case study

Baiyang Lake is the largest freshwater lake in North China Plain (Figure 1) and plays an important role in providing
ecosystem services in this highly populated region (Zhuang et al., 2011). Due to prolonged droughts and intensive human
disturbances since the 1980s, however, the amount of water that flows into the lake from upstream rivers has decreased
significantly. This has resulted in a continuous shrinkage of the water body and ecological degradation in the lake region
(Han et al., 2020). Although efforts are being made to pinpoint the driving factors of the hydrological changes, the role of
catchment water storage in this change is so far not well studied (Zhuang et al., 2011; Hu et al., 2012).

The headwater of Baiyang Lake lies in Taihang Mountain in northern China. The climate is semi-arid with continental
monsoons, i.e., hot humid summers, and cold dry winters. The average annual temperature, precipitation, and potential
evapotranspiration in the headwater region are 7-12 °C, 556 mm, and 1369 mm respectively (Zeng et al., 2021). The main
geologic characteristics of Taihang Mountain are "soil and rock dual-texture", with thin topsoil and thick weathered granite
gneiss subsoil (Cao et al., 2022). The topsoil is about 0.2-0.5 m thick and rich in plant roots and gravel. The subsoil is about
0.5-10 m thick with highly developed fractures.

Insert Figure 1 here
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2.3 Data compilation and processing

Monthly streamflow, rainfall, and actual evapotranspiration data spanning the years 1982-2015 were compiled for the four
catchments as shown in Figure 1.

Streamflow data (Q) from four hydrological stations — Fuping (FP), Daomaguan (DMG), Zijingguan (ZJG), and Zhangfang
(ZF) — were acquired from the Department of Water Resources of Hebei Province. FP station is located in the Sha River
catchment with a controlling area of 2,160 km2. DMG station is located in the Tang River catchment with a controlling area
of 2,704 km2. ZJG and ZF are the upstream and downstream stations of the Juma River with controlling areas of 1,751 and
4,737 km2, respectively. The unit of streamflow data was 108 m3.

Rainfall data (P) from 5 national climate stations — Fuping, Lingqiu, Laiyuan, Zijingguan, and Xiayunling — were
downloaded from the China Meteorological Data Sharing Service System (http://data.cma.cn/). Due to the sparsity of the
stations, rainfall of Fuping station was used to represent the rainfall of FP catchment, and rainfall of Lingqgiu station was used
to represent the rainfall of DMG catchment. Averaged rainfall of Laiyuan and Zijinguan stations was used for rainfall of ZJG
catchment, while averaged rainfall of Laiyuan, Zijingguan and Xiayunling stations was used for rainfall of ZF catchment.
The rainfall data from 1960 to 2015 was used to help detect climatic periodicities. The unit of rainfall data was in mm then
converted to the volume in 108 m3 by multiplying by the area of catchments.

Catchment actual evapotranspiration (ET) was the average of gridded remote-sensing based ET data, which consisted of two
datasets. ET for 1984-2015 was provided by ETWatch website (Haihe Basin ET Dataset, www.etwatch.cn). ETWatch model
estimated ET using the Penman-Monteith model integrated with SEBAL and SEBS models (Wu et al., 2008; Wu et al.,
2021). Studies showed that ETWatch-estimated ET was quite reliable in Haihe Basin where the study area lies (Moiwo et al.,
2011; Wu et al., 2012). The spatial resolutions of ETWatch-based ET were 8 km for the period 1984-1989 and 1 km for the
period 1990-2015. ET for 1982-1983 was downloaded from NTSG website (Numerical Terra-dynamic Simulation Group,
www.ntsg.umt.edu). NTSG-estimated ET is also a Penman-Monteith-model based dataset with a spatial resolution of 8 km
(Zhang et al., 2009, 2010). The NTSG-based ET was comparable with ETWatch-based ET. The unit of ET data was in mm
then converted to the volume in 108 m3 by multiplying by the area of catchments.

Catchment water storage (WS) was calculated based on the water balance method with rainfall subtracting streamflow and
actual evapotranspiration (WS = P - Q - ET). Here WS represented the mixture of "old water" and "young water" in the
whole catchment. For comparison, surface soil moisture (SM) data from ESA CCI (European Space Agency Climate Change
Initiative) with spatial resolution of 0.25° was downloaded from its website (www.esa-soilmoisture-cci.org/). This dataset
had a high outperformance among satellite-based products (Ma et al., 2019). The units of the WS and SM data were in 108
m3 and m3/m3 respectively.

Land use data for Haihe Basin for the 1980s, 1990s, 2000s, and 2010s were also obtained at ETWatch website (Haihe Basin

Landuse, www.etwatch.cn). The spatial resolution of land use data is 30 m.
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3 Results

Here DMG catchment is taken as a representative headwater catchment of Baiyang Lake to show the dynamics of
hydrological variables and their relationships. This is because (1) the hydroclimatic characteristics of DMG catchment are
typical in the study area, with a significant decrease in annual streamflow and insignificant decrease in annual rainfall and
ET in 1982-2015 (Figure 2a); (2) water storage in DMG catchment fluctuates around zero with varying amplitudes and
frequencies over time. The negative storages occur in the periods 1982-1986, 1991-1993, and 1997-2001, while the positive
ones occur in 1987-1990, 1994-1996, and 2002-2015 (Figure 2a).

3.1 Key periodicity

DMG catchment shows a high wavelet power spectrum (Kirby, 2005) in rainfall periodicities of approximately 7, 15, 25, 30,
and 35 years (Figure 2b). Among the periodicities, the multi-decadal periodicities are more of a concern due to the long-term
decrease in streamflow. A scale parameter of 8 is used in this study because the wavelet power spectrum of multi-decadal
periodicities is the highest for that scale parameter.

Insert Figure 2 here

Figure 3a shows that annual rainfall in DMG catchment regularly fluctuates before the year 2000, while the regularity is
broken after the year 2000 with weaker amplitudes and lower frequencies. According to the phenomenon and our record
length, two climatic phases — wet phase and dry phase — are defined. The wet phase starts in 1984 with the lowest wavelet
coefficient of rainfall, and ends in 2000 with the second lowest coefficient. The dry phase is from 2001 to 2015. Hereafter
the greater than 30-years climatic periodicity with ~16 years of wet and dry phase is of a particularly concern.

For the headwater of Baiyang Lake, previous studies using the Mann-Kendell test showed that an abrupt change in
streamflow occurred in 1998, which is very close to 2000 (Cui et al., 2019; Xu et al., 2019). This further confirms the
reliability of choosing 2000 as the dividing time for the wet and dry phases.

3.2 Annual basis
3.2.1 Signals comparison

As mentioned above, in the over 30-years periodicity, the rainfall signal shows weaker amplitude and lower frequency from
wet phase to dry phase. Nevertheless, the ET signal is not synchronous with rainfall signal. The ET signal keeps enhancing
when the rainfall signal starts weakening, resulting in the greatest amplitude of ET signal lagging behind that of rainfall
signal (Figure 3a). The correlation coefficients between ET and rainfall are negative in the whole study period (insignificant)
and the wet phase (significant). While in the dry phase, there is no correlation between the two signals (Figure 3b). Due to
the asynchronization of the two factors, catchment water storage and streamflow show different characteristics of periodicity.
Catchment water storage signal has similar amplitude and frequency with rainfall signal in the wet phase. The similarity,

however, disappears in the dry phase. Correspondingly, their correlation coefficients are significantly positive in the whole
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study period and wet phase, while insignificant positive in the dry phase. ET signal is not synchronous with water storage
signal. Their correlation coefficients are significantly negative in all the three periods, with the largest negative coefficient
occurring in the dry phase. It is also noteworthy that the satellite-based surface soil moisture signal has a significant negative
correlation with ET signal (R=-0.56, p<0.01) while an insignificant positive correlation with water storage signal (R=0.27,
p=0.12).

Streamflow signal is roughly synchronous with rainfall signal, with similar amplitude and frequency. Meanwhile the
significant positive correlations between streamflow and rainfall signals are observed in the whole study period, the wet
phase and the dry phase. On the contrary, streamflow signal is negatively correlated to ET signal, with significant negative
correlation in the wet phase.

Insert Figure 3 here

3.2.2 Hysteresis effects

The hysteresis effects between rainfall and water storage signals, ET and water storage signals, water storage and streamflow
signals are shown in Figure 4 to demonstrate how the catchment water storage is affected by rainfall and ET, and how
catchment water storage modulates streamflow. In the whole study period, there are no hysteresis effects between rainfall
and water storage signals, and ET signal lags behind water storage signal by 4 years. Streamflow signal lags behind water
storage signal by 1 year in the whole study period, and similarly it lags behind rainfall signal by 1 year. All the coefficients
are positive.

In the wet phase, there are no hysteresis effects between rainfall and water storage signals, and ET and water storage signals.
Streamflow signal lags behind water storage signal by 1 year in the wet phase, indicating that streamflow signal lags behind
rainfall signal by 1 year as well. Water storage signal is positively correlated to rainfall and streamflow signals, but
negatively correlated to ET signal.

In the dry phases, there are no hysteresis effects between ET and water storage signals. Water storage signal lags behind
rainfall and streamflow signals by 3 years, suggesting that there are no hysteresis effects between rainfall and streamflow
signals in the dry phase. All the coefficients are negative. These hysteresis effects will be interpreted in detail in section 3.4.

Insert Figure 4 here

3.3 Seasonal basis

Figure 5a shows that the four hydrological variables have different seasonal changes in the wet and dry phases. For rainfall,
there is an obvious peak in July in the wet phase while the peak has flattened in the dry phase. For ET, the trough in April in
the wet phase does not recur in the dry phase, while the two peaks in July and September in the wet phase have changed to
May and July in the dry phase. As a consequence, water storage in April has changed from positive in the wet phase to
negative in the dry phase. The lowest water storage occurs earlier (in May) in the dry phase. This is one month earlier than

that in the wet phase. Compared with the unimodal pattern and two-month positive value in the wet phase, water storage has

7
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remained positive throughout the period from June to November and shows a bimodal distribution in the dry phase.
Correspondingly, the peak of streamflow that occurs in August in the wet phase comes earlier by one month to July than in
the dry phase. Meanwhile, the recession processes of streamflow become much slower in the dry phase, resulting in a "fat
tail" effect.

Figure 5b shows that all the hydrological variables are positively correlated to each other on a seasonal basis. ET, streamflow
and water storage are significantly correlated to rainfall for the whole study period, the wet phase, and the dry phase,
suggesting that seasonal change in rainfall determines the change of other variables. Overall, the correlations among the
hydrological variables are weaker in the dry phase than the counterparts in the wet phase and the whole study period.

Insert Figure 5 here

3.4 Results interpretation- Streamflow generation mechanisms

Streamflow generation mechanisms of DMG catchment are explored based on the corresponding relationships between
dominant hydrological pathways and hysteresis time (streamflow vs. rainfall). According to previous studies (Rust et al.,
2021), the relationships are defined as: surface hydrological pathways correspond to time delays in the order of days,
subsurface hydrological pathways correspond to time delays in the order of months, and groundwater hydrological pathways
correspond to time delays in the order of years.

Annual basis: In the wet phase, rainfall and ET modulate water storage simultaneously, with positive influence from rainfall
and negative influence from ET. The influence of rainfall on water storage outweighs that of ET due to the higher
coefficients between rainfall and water storage. Meanwhile, streamflow lags behind water storage and rainfall by 1 year,
suggesting that groundwater flow largely contributes to streamflow in the wet phase.

In the dry phase, the concurrent change and high coefficients between ET and water storage indicate that ET determines
water storage dynamics. The negative correlations suggests that soil water is depleted when vegetation cover is high, and it is
replenished when vegetation cover is low. Meanwhile, there is no hysteresis effect between rainfall and streamflow signals
in the dry phase, suggesting that surface flow or subsurface flow is dominant in streamflow. Seasonal analysis will help
further weighing up the two flows.

Seasonal basis: In the wet phase, rainfall, ET and water storage all hit their peak in July. Streamflow, however, peaks in
August, lagging one month behind other variables. It suggests that subsurface flow also contributes to streamflow in the wet
phase.

In the dry phase, rainfall and streamflow hit their peaks in July concurrently, suggesting that surface flow is the most
important streamflow generation mechanism in the dry phase. Meanwhile, the longer span of positive water storage is
possibly related to the slow recession of streamflow. Thus, subsurface flow also contributes to streamflow in the dry phase.
According to the analysis, two noteworthy conclusions are made. Firstly, the streamflow generation mechanism is varying
over time in the study area.
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In the wet phase, groundwater flow is the most important, followed by subsurface flow and surface flow. It is because there
is enough rainfall in the wet phase, to replenish water storage, which promotes vegetation growth. The growth of vegetation
cannot exhaust water storage in the humid environment, instead, it enhances water infiltration due to more roots and soil
animals’ activities. When more water infiltrates into the soil, most of it moves vertically, recharging groundwater and
flowing out years later. The rest water laterally propagates and contributes to streamflow several months later.

While in the dry phase, surface flow is the most important, followed by the subsurface flow and groundwater flow. It is
because in the dry phase, the decline in water storage makes the soil more hydrophobic. In addition, drought-induced
vegetation death reduces plant roots and soil animals’ activities. These two factors drive most of the rainfall flows along
surface hydrological pathways and force it to become streamflow very soon. The rest of the rain water infiltrates into the soil,
with part of it depleted by vegetation and another part flowing laterally as subsurface flow. Groundwater is hardly
replenished and thus contributes very little to streamflow.

Secondly, water storage, replenished by rainfall and depleted by vegetation, can largely modulate the sensitivity (amplitude)
of streamflow to rainfall. Generally, more water storage results in lower sensitivity while less water storage leads to higher
sensitivity. The influence of other factors on streamflow sensitivity, e.g., canopy interception, and water detainment of forest
floor, would be much less. A sketch is given in Figure 6 to illustrate the interpretation.

Insert Figure 6 here

4 The influence of land-use change

Here the same wet and dry phases in DMG catchment are also used in the other three catchments of study area due to the
highly similar periodicities of rainfall. Therefore, it is the variation in ET that leads to the difference in water storage
dynamics and streamflow responses.

4.1 Differences in four catchments

Figure 7 shows annual variations in wavelet coefficients of rainfall, streamflow, ET, water storage and surface soil moisture
in the four catchments. For FP catchment, ET for the period 1986-1987 is the lowest and therefore results in the highest
water storage across all four catchments. Because of this, streamflow is less sensitive to rainfall in the catchment. In contrast,
ET for 1995-1996 is the highest and therefore results in the lowest water storage across the four catchments. Also because of
this, streamflow is highly sensitive to rainfall. It then suggests that streamflow does not respond to the increase in rainfall
around 2003 because of the high water storage.

ZJ)G and ZF catchments have similar hydrological changes because ZJG is the upper reach of ZF catchment. Unlike FP and
DMG catchments, ET does not show an obvious decrease in the 1980s, but it decreases in the 1990s in these two catchments.
Nevertheless, water storage is not apparently influenced by ET because it is more related to rainfall in the wet phase.

However, the sensitivity of streamflow to rainfall is strongly affected by both water storage and ET. The sensitivity of
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streamflow to rainfall in ~1986-1987 decreases due to the high water storage and ET, but increases in ~1995-1996 due to
the low water storage and ET. After 2000, the changes in ET in ZJG and ZF catchments are similar to those in the other two
catchments. It is also worth noting that in spite of the dry phase, water storage dynamics in ZJG and ZF catchments have
been influenced by rainfall rather than ET in the 2010s.

Insert Figure 7 here

In combination with correlation analysis, it is found that compared to FP and DMG catchments, the influence of ET on water
storage and streamflow is weaker in ZJG and ZF catchments (Figure 8). FP catchment is similar to DMG catchment, with all
variables significantly correlated with each other in the wet phase. While streamflow significantly and positively correlates
to rainfall and water storage significantly and negatively correlates to ET in the dry phase. For ZJG and ZF catchments,
water storage and streamflow significantly correlate to rainfall, but insignificantly correlate to ET in the wet phase. In the dry
phase, although the correlation between ET and water storage becomes significant, the correlation between rainfall and water
storage is even stronger.

Insert Figure 8 here

Figure 9 shows that the four catchments have similar seasonal variations in both the wet and dry phases, and the similarities
outweigh the differences. For instance, the sharp rainfall curves in the wet phase have flattened in the dry phase. ET peak
occurs in June in the wet phase and it delays by one month in the dry phase. Streamflow peaks in August in the wet phase
but it hits the peak in July in the dry phase. The rapid recession of streamflow in the wet phase becomes slower in the dry
phase. Water storage remains positive for a longer duration in the dry phase.

Insert Figure 9 here

4.2 Vegetation succession

Figure 10 shows the vegetation succession in the four catchments for the study period. Here it is assumed that the former two
periods — the 1980s and 1990s — correspond to the wet phase, and the latter two periods — the 2000s and 2010s —
correspond to the dry phase.

For FP catchment, the arable land is marginal and changes little over time. Natural vegetation is dominant and changes
vastly over time. The composition of natural vegetation is stable in the wet phase. The high-coverage vegetation dies,
replaced with the low-coverage vegetation such as open woodland and grassland in the 2000s. Finally, shrub land occupies
some space of the open woodland in the 2010s. The vegetation succession can explain the dramatic decrease in annual ET in
~2004-2005. Seasonal change in ET can also be explained by phenological change because low-coverage vegetation may
have an earlier onset and maturity time than high-coverage vegetation.

For DMG catchment, the succession of natural vegetation is similar to that in FP catchment. However, arable land accounts
for 20-25% of the total area, resulting in a smaller proportion of natural vegetation. This might be the reason for the smaller
amplitude fluctuations in ET in ~1986-1987 compared with FP catchment.

10
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For ZJG and ZF catchments, the vegetation change is not as dramatic as that in FP and DMG catchments in the study period.
The decrease of low-coverage open woodland and the increase of high-coverage vegetation in the 1990s can explain the high
ET at the end of the 1980s. Then the low-coverage vegetation increases while the high-coverage vegetation decreases again
in the 2010s.

Insert Figure 10 here

4.3 Rethinking the role of human activities

Previous studies showed that in the study area, human activities (e.g., afforestation, deforestation, agriculture intensification)
should in large part be responsible for the decrease of streamflow (Ma et al., 2010; Wang et al., 2012; Lei et al., 2014).
Nevertheless, this study forces us to rethink the role of human activities. In ZJG and ZF catchments, vegetation coverage has
increased in the end of 1980s, which could be attributed to the "Taihang Mountain Afforestation Project” launched in 1984
(CNKI, 1995). Although the increase of vegetation coverage does affect the magnitude of fluctuations in water storage and
streamflow, it doesn't alter the fact that the water storage dynamics and streamflow are mainly controlled by rainfall in the
wet phase. On the contrary, the vegetation coverage change is less affected by human activities in the dry phase. However,
the stronger correlation between vegetation and water storage dynamics has been observed. In other words, in the wet phase,
people has largely altered the land use but these changes could not lead to essential changes on surrounding environment. In
the dry phase, however, people have tried to conserve the environment but the efforts seem to have limited impacts.

It reminds us that hydrological resilience (the ability to recover from anthropogenic disturbances) is variable along a long-
term rainfall variability, with higher resilience in the wet phase and lower resilience in the dry phase. It is a hot topic in
recent years (Helman et al., 2017; Ahlstrom et al., 2017; Yi and Jackson, 2021; Smith et al., 2022). But the mechanisms
related to the resilience variability are still not fully understood. Here we consider that the mechanism is probably related to
the influence of vegetation roots on water storage. In the wet phase, higher vegetation coverage means more and deeper roots
which can retain more water in the soil and help increase hydrological resilience (Ciemer et al., 2019). On the contrary, in
the dry phase, lower vegetation coverage means fewer and shallower roots. Less soil water is likely related to lower
hydrological resilience. It is also interesting to note that there is a transition phase when the climate shifts from the wet phase
to the dry phase. In the transition phase, rainfall is weakening but ET is enhanced. This is probably caused by the hysteresis
effects of root morphological traits. The plant can "remember" its former climatic conditions for a while, thus affecting root
traits of the next generation of plant individuals (Lozano et al., 2021). As a result, these plants decide that rainfall will
increase soon and would have increased root density, diameter, and length in advance even in drought conditions (Staal et al.,
2020). Therefore, although human activities can alter surface vegetation coverage, the underground roots could not be
changed.
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5 Discussion
5.1 Coordination of disputes

There are still intense debates on the dominant streamflow component of Taihang Mountain. Some suggested that surface
streamflow was dominant. Yu et al. (2009) conducted 13 simulated rainfall experiments on a 5 m x 10 m plot in Dongtaigou
catchment in Taihang Mountain and concluded that surface flow accounted for over 60% of total streamflow. In studying the
effect of grassland on streamflow at Daxing experimental base in the Beijing area, Zhao et al. (2014) prepared 3 soil bins
(200 cm x 50 cm x 50 cm) filled with silty loam soil and planted ryegrass with different row spacings in the artificial rainfall
experiments. Their results showed that the overland flow was the dominant runoff component for the high-intensity rainfall
events, but the interflow predominantly occurred under continuous rainfall events. Yet other studies showed that vertical
infiltration was strong in this region. Han et al. (2012) collected the surface and subsurface (10 and 20 cm) flow in four plots
with varying slope lengths in Shimen catchment in Taihang Mountain for the period 2006—-2008. Results showed that surface
flow was generally higher than subsurface flow. However, both surface and subsurface flow rapidly decreased along with the
increase of slope lengths, suggesting strong infiltration loss through vertical percolation. In combination with a constant
water head, Cao et al. (2022) designed a permeameter device (2 m x 1 m x 3 m) filled with rocks and soil to analyze the
infiltration process in Taihang Mountain Ecological Experimental Station. Results showed that lateral flow mainly occurred
at the soil-rock interface with a permeability coefficient of 1.26 x 10-3 cm/s. Song et al. (2007) analyzed the changes in
rainfall, streamflow, soil moisture, groundwater, and their isotopic compaositions in Niujiazhuang and Shimen catchments of
Taihang Mountain for the period 2003-2004. Results showed that the amount of lateral recharge from the mountainous area
to the adjacent piedmont was 1.53 x 106 m3/year. These highly varying results from the different locations, scales, and
methods failed to clarify the issue, instead, they added more confusion to streamflow generation mechanisms.

Using the spectral approach, many questions can be clearly answered. For instance, "what is the dominant streamflow
generation mechanism in Taihang Mountain?", and "does the forest conserve or deplete water?" The results from this study
showed that the answer is not constant but variable over time. The groundwater hydrological pathways are dominant in the
wet phase and surface hydrological pathways are dominant in the dry phase. Similarly, the forest plays a role in conserving
water in the wet phase while depleting water in the dry phase. Nevertheless, as a top-down approach, the detailed process of
water movements cannot be demonstrated by spectral approach. Field hydrometric experiment is bottom-up approach which
can effectively supplement the deficiency. Their combination can be more insightful in studying streamflow generation
mechanisms in Taihang Mountain and other regions and be helpful for model development.

5.2 Future prediction

By using trend analysis techniques, e.g., Mann-Kendall, Least Square, a long-term decreasing trend in streamflow was
detected in the study area (Zhuang et al., 2011; Hu et al., 2012). Here the "trend" is usually a straight line fitted with the data

by a monotonic function, which implies that the tendency will extend into the future (Wu et al., 2007). Such a trend may suit
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well in a linear and stationary system, but is inappropriate in a nonlinear and nonstationary real world. As stated by Stock
and Watson (1988): "one economist's 'trend' can be another's ‘cycle™. Thus, the trend should exist within a given data span.
The spectral approach can overcome the drawback and clearly separate "trend" from "cycle" by introducing local time scales.
For the study area, the interdecadal climatic change was probably caused by the shifting of the PDO (Pacific Decadal
Oscillation) phase from the positive mode to the negative one in the late 1990s (Zhu et al., 2015). Until 2021, the PDO phase
was still negative (www.ncdc.noaa.gov/teleconnections/pdo/), suggesting the drought will be continuous over East China in
the future. Usually a PDO phase may last for about 2-3 decades or more (Nalley et al., 2016). Therefore, it can be predicted
that catchment water storage dynamics is still controlled by vegetation change and surface flow is still the dominant
streamflow generation component in the study area.

6 Conclusions

The case study in the headwater of Baiyang Lake, China indicated that the spectral approach was a useful tool for analyzing
the catchment water storage (P-ET-Q) dynamics and streamflow responses at seasonal and annual scales. A greater-than-30-
years periodicity was particularly concerned corresponding to a long-term decreasing trend in streamflow.

Results showed that the periodicity had two climatic phases — the wet phase and the dry phase. The periodic characteristics
of four hydrological variables, e.g., water storage, streamflow, rainfall, and ET, were different in the two phases. In the wet
phase, seasonal variations in water storage and streamflow were sharp and the annual variations of them were driven by
rainfall. In the dry phase, seasonal variations in water storage and streamflow flatten out and the annual change in water
storage was controlled by ET.

The analysis of hysteresis effects clearly showed that groundwater hydrological pathways were dominant in the wet phase
because streamflow lags 1 year behind rainfall. Then surface hydrological pathways were dominant in the dry phase due to
the concurrent change between streamflow and rainfall.

The sensitivity (amplitude) of streamflow to rainfall in both the wet and dry phases was determined by catchment water
storage, indicating impacts of land use changes.

Therefore, it can be concluded that the spectral approach can be taken as an effective supplement to the experimental
methods and the integration of the two methods can increase the synergy for deeper insights into streamflow generation

mechanisms in Taihang Mountain and other regions with similar climate conditions.
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Figure 6: Varying streamflow generation mechanisms with dominant hydrological pathways and the corresponding time lags in

the headwater of Baiyang Lake.
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catchments.

24



https://doi.org/10.5194/hess-2022-357 Hydrology and &
Preprint. Discussion started: 10 November 2022 Earth System
(© Author(s) 2022. CC BY 4.0 License. Sciences

Discussions
oY

EGU

$5920Y UD

1982-2015 Wet phase

Fuping

Daomaguan

0.84** 026

Zijingguan

Zhangfang

#: p<0.01, *: 0.01<p<0.05

Figure 8: Annual correlation matrices for the four variables for the whole study period, the wet phase and the dry phase. The
calculation is based on wavelet coefficients at a scale of 8.
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Figure 10: The spatial distribution and temporal change of land use in four catchments of the headwater of Baiyang Lake.
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