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Abstract. In this study, Poyang Lake catchment with frequent drought and flood disasters in recent years 

was chosen as the study area. Due to the influence of global climate changes, great changes have taken 

place in the hydrological and climatic process of Poyang Lake in the past half a century, leading to the 

increase of extreme weather and hydrological events, shrinkage of water, threat to wetland ecosystem and 

other problems. First, historical climate data simulated by Atmosphere-Ocean General Circulation Models 

CCSM4 and ECHAM5 were obtained, which were then applied to Poyang Lake catchment with down-

scaling method. The hydrological model WATLAC can be driven by upper climate data along with other 

data so that we get the runoff series in this catchment for the past one thousand years. Based on the 

research, it was found that the runoff series were in significant positive correlation with precipitation 

series. The frequency of extreme runoff was consistent with that of precipitation in both models. The peak 

value was 0.03, indicating the period was 30 years. The wavelet power spectrum contours of runoff and 

precipitation series generate significant signals in 20～40-year scale. The signal is the strongest in a scale 

of about 30 years, which further confirms the runoff of Poyang Lake catchment has a macro cycle of 

about 30 years.  

Keywords: millennial time scale; climate model; runoff changes; hydrological cycle; Poyang Lake 

catchment 

Introduction 

The Poyang Lake, located in the middle and lower reaches of Yangtze River, is the 

largest fresh-water lake in China. As one of the few large lakes linking to the river, 

Poyang Lake plays an important role in water conservation, flood control, climate 

regulation, ecological protection, etc (Zhu and Zhang, 1997). Due to the influence of 

global climate change (Guo et al., 2006), great changes have taken place in the 

hydrological and climatic process of Poyang Lake in the past half a century, leading to 

the increase of extreme weather and hydrological events (Liu and Ren, 2014), shrinkage 

of water (Yu and Hu, 2010), threat to wetland ecosystem and other problems (Jiang et 

al., 2010). Will this situation continue to deteriorate in the future under the influence of 

climate changes? This paper, based on statistical down-scaling method, thus analyzes 
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runoff changes of Poyang Lake in the past millennium under the extreme climatic 

conditions, aiming to offer scientific guidance for the flood and drought control, 

ecological protection, development and utilization of water resources and to ensure the 

coordinated development of the economy and society in this area. 

Overview of Research Area 

Poyang Lake is located on the south side of the lower Yangtze River. It is the largest 

lake connected with Yangtze River. The length from south to north of Poyang Lake is 

173 km and the average width from east to west is 16.9 km, with the width of the widest 

part at about 74 km. The narrowest part of Poyang Lake is only about 2.8 km wide. The 

total length of the lake circle is 1200 km (Jiang et al., 2007). There are five rivers which 

contribute to Poyang Lake, namely Ganjiang River, Fuhe River, Xinjiang River, Raohe 

River and Xiuhe River. After regulation and storage, water in Poyang Lake runs into 

Yangtze River, which is an important characteristic of seasonal influent-effluent lakes. 

There are significant periodic variations in water levels of Poyang Lake within the year 

and among different years. In the wet season, the water level is high and the lake surface 

is large, with the highest lake surface area being 4070 km
2
; in dry seasons, the water 

level is low, with the lowest lake surface area being no more than 150 km
2
 and the lake 

water being contained in the channels. The maximum water surface area ever recorded 

in the wet season is about 27 times of the minimum ever recorded in the dry season, 

which makes Poyang Lake a lake in wet seasons and several rivers in dry seasons. 

Variation of water level is mainly induced by the effects of the five rivers mentioned 

above and the Yangtze River. The main flood season of the 5 rivers is from April to 

June, when the water level in Yangtze River is comparatively low and the flood water 

into Poyang Lake can be discharged into the Yangtze River rapidly and the water level 

in Poyang Lake can be maintained; from July to September, incoming water volume 

from the five rivers decreases, but water level in Yangtze River is high, which makes 

the water level in Poyang Lake high; after the end of September, water level in Yangtze 

River decreases, dry season of the five rivers is coming and the water level in Poyang 

Lake gradually becomes lower and lower. According to statistical data, the water level 

variation of Poyang Lake within a year is up to 10 m, which is unique in large lakes (Xu 

and Chen, 2009). 

Research Methodologies 

Climate Model 

Climate model usually refers to general circulation model (GCM), a mathematical-

physical model of the earth system, which determines the characteristics of the Earth’s 

atmosphere based on mathematical equations formed in dynamic, physical, chemical 

and biological process of the earth system. The climate model used to simulate changes 

of the climate system, the response time and process, and the spatial features is a key 

method to study climate changes on seasonal and interdecadal scale. Climate model 

involves the simple energy-balance equation and the complex earth system model. 

Currently the earth system model (ESMs) couples atmosphere, ocean, land and sea ice, 

with some part of the model even coupling aerosol, carbon cycle, dynamic vegetation 

and atmospheric chemical process (Liu and Zhang, 2009). Atmosphere-ocean general 
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circulation model (AOGCMs) couples the dynamic changes of atmosphere, ocean, land, 

ice and snow in the climate system. The Coupled Model Intercomparison Project Phase 

5（CMIP5） develops a research plan to simulate climate in the past millennium. More 

than 20 climate model organizations drive the climate field through the same indicators 

like solar radiation, volcanic ash, greenhouse gases and etc. And results of near-surface 

temperature, upper atmosphere and atmospheric circulation characteristics are 

calculated through physical model like dynamics, heat, and water volume of climate 

model (Liu, 2011). The USA general climate model: The Community Climate System 

Model 4 (CCSM4) and European Centre Hamburg Model (ECHAM5) are adopted in 

this paper to simulate climate (Qin et al., 2014). 

The CCSM4 and ECHAM5 are used in the paper as hydrological drive, for they can 

better simulate the climate in East Asia (Yu and Harrison, 1996). CCSM4 climate 

model developed by National Center for Atmospheric Research is well received in 

China (Blackmon et al., 2001). Recently, Tian et al. (2012), Tian and Jiang (2013) have 

proved that CCSM4 model can better simulate climate features of East Asia and China. 

Thus it is suitable for long-time climate model researches. The ECHAM5 model 

proposed by the Max Planck Institute for Meteorology improves the dynamic coupling 

function of atmosphere, ocean, land and ice and snow, based on ECHAM4 model. The 

improved model has better simulation (Yu et al., 2009). In recent years, Bueh and Lin 

(2003) have used ECHAM4 to simulate East Asian monsoon circulation and predict its 

future changes. Zhai et al. (2009) use ECHAM5 to forecast distribution of drought and 

flood in China before the year 2050. These researches show that the two models can 

better simulate regional climate system in China. 

So far, most coupled models (AOGCMs) have a relatively low spatial resolution. It is 

therefore difficult to make reasonable predictions about climate changes on regional 

scale. The down-scaling methods then come into being, and have since been widely 

applied to overcome AOGCM’s weakness. Statistical down-scaling method is a 

powerful tool to obtain small-scale climate data from large-scale climate data. Firstly, 

empirical relationship between large-scale climate factors (predictors) and regional 

climate factors (predictors) should be established. Then the relationship is used as the 

output of global climate model or regional climate model and corresponding 

information of any place can be obtained (Fan et al., 2005).The paper gets related 

information of Poyang Lake based on the simulation of CCSM4 and ECHAM5 within 

the framework of IPCC-CMIP5. And monthly temperature and rainfall series of Poyang 

Lake in the past millennium are obtained through down-scaling methods. Yu et al. 

(2013) use historical literature and facts from archaeology study to verify the simulation 

results. The verification shows that GAMs’ simulation of rainfall is acceptable. Modern 

climate data are obtained from monthly temperature and rainfall records of 17 stations 

of National Secondary Meteorological Station between the year 1951 and 2015, as well 

as the station positions.  

Hydrological Data 

Hydrological model: A Water Flow Model for Lake Catchements (WATLAC) is a 

mathematical model that simulates surface water and underground water of lake 

catchment. Unlike most hydrological models with a general summary of underground 

runoff, WATLAC is improved in this aspect and can better simulate the hydraulic 

relationship between lakes and inland rivers (Zhang, 2007). Driven by rainfall and 

evaporation, the model involves two simulation processes: surface runoff and 
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underground runoff. It takes into consideration major hydraulic process, such as canopy 

interception, catchment evapotranspiration, soil water storage, slope runoff, 

groundwater recharge and runoff, and river runoff. Surface runoff is simulated by 

spatial discrete raster (Zhang, 2009). Each raster has different hydrogeological 

parameters and input data by remote sensing interpretation. In view of different 

characteristics of saturated soil and unsaturated soil, for underground runoff, finite 

difference is used to disperse saturated zone and analytic equation is used to simulate 

unsaturated soil (Liu and Zhang, 2009).  

Input data like Digital Elevation Model (DEM), land use, evapotranspiration, soil 

characteristics, daily rainfall, and a large quantity of information including soil 

moisture, soil and underground water recharge, and lake runoff can be outputted. The 

main structure of the model is shown in Figure 1. 

Researches on Poyang Lake based on WATLAC model have been recognized all 

over the world. For example, Fan et al. (2005) verify the model based on measured data 

between 1960 and 1989 of Waizhou Station and Xiajiang Station. During the calibration 

period, the annual runoff of the two stations has an error less than 8%. This shows that 

the model has better simulation. Ye et al. (2011) combine ECHAM5 and WATLAC to 

predict the runoff of Poyang Lake in the context of future climate. Compared with the 

measured data of six hydraulic stations, the predicted result has a certainty factor above 

0.7, indicating a better simulation of the model. Li et al. (2014) use measured data of 

lake runoff, lake level, outlet volume and etc. to verify the model. The certainty factor is 

above 0.75, showing a better simulation of the model. These researches show that 

distributed hydrological model WATLAC has been successfully applied in the research 

of Poyang Lake. The paper therefore, adopts the model to establish runoff series of 

Poyang Lake in the past millennium. 

 

 

Figure 1. The simulated hydrology process of Model WATLAC  

 

 

Result Analysis 

Features of Rainfall-Runoff Changes 

This paper focuses on the features of interannual-interdecadal changes based on an 

understanding of rainfall-runoff series in the past millennium obtained from the mean 

value of rainfall-runoff at different time scale of 1 year, 5-year, 10-year, 20-year, 30-
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year. Simulation results of rainfall series based on CCSM4 and ECHAM5 are shown in 

Figure 2. Figure 2 respectively shows simulating changes of 10-year average anomaly 

for depth of rainfall runoff of Poyang Lake in the past millennium based on CCSM4 and 

ECHAM5. CCSM4 model includes the runoff series between 1040 and 1850, 810 years 

in all. ECHAM5 model includes the runoff series between 1000 and 1959, 960 years in 

all. The two models differ a little in the simulation of dry-wet changes during the MWP 

and LIA periods. 

For the MWP period, CCSM4 model shows that runoff ranges around the mean 

value and that dry and wet situation appear alternatively. In terms of the rainfall, 45% of 

the years have a dry weather, and 38% have runoff. The distribution is relatively even. 

For the LIA period, dry-wet situation changes drastically and easily causes extreme 

drought or flood. 53% of the years have rainfall and 41% have runoff. Both appear in 

the dry years. The wet years appear alternatively with dry years. The dry-wet situation 

changes significantly. On the whole, according to CCSM4 model, dry and wet situation 

appear alternatively and the changes of rainfall and runoff are similar. For the MWP 

period, ECHAM5 shows that 56% of the years have a low rainfall and 49% have a low 

runoff. For the LIA period, 59% of the years have a low rainfall and 55% have a low 

runoff. According to this model, dry-wet situation remains for a long time. 

 

 

 

Figure 2. Variances of anomaly of precipitation and runoff on 30-year time scale. Picture (a) 

represents the model CCSM4 and (b) is ECHAM5. The red dash line divided the picture into 

period MWP and period LIA 
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Periodic Changes of Rainfall-Runoff 

The periodical changes of rainfall-runoff depth series based on CCSM4 and 

ECHAM5 are shown in Figure 3. Fast Fourier Transform (FFT) results can easily 

identify strong and weak changes of time series on different scales. Figure a and b in 

Figure 3 show that both models have several peak values, indicating the strongest 

vibration at certain frequency. Corresponding frequency of rainfall-runoff depth series 

at the peak value has a higher matching level. This indicates that rainfall and depth of 

runoff have the same vibration period on the time scale. In CCSM4 model frequency 

above confidence curve involves 0.033, 0.101 and 0.133. In ECHAM5 model frequency 

above confidence curve involves 0.034, 0.066 and 0.133. The recurrence intervals of 

rainfall-runoff series in the two models are similar, suggesting the synchronous changes 

of runoff process and rainfall process. In view of the statistical meaning of the period, 

here listed are the first three periods.  
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Figure 3. (a and b) Fast Fourier transform spectral power spectrum of depth of runoff. The 

black full line and dash line indicate spectral power of precipitation and depth of runoff 

respectively. And the red ones mean their own 95% confidence line. (c and d) Wavelet power 

spectrum contours of depth of runoff for CCSM4 model and ECHAM5. It was plotted by time 

series against periods, in which the 95% confidence contour was in black part and the red full 

line meant cone of influence. Any part below the red line is not reliable. 

 

 

Period distribution in Wavelet Transform module square time frequency distribution 

contour is similar to that in FFT. Figure 3c shows that in CCSM4 model both rainfall 

and depth of runoff are strongest on time scale of 20 to 40-year, with the energy center 

d c 
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around 30-year. According to Figure 3, in ECHAM5 model confidence region is at 20 

to 80-year, but the energy center with continuous changes is basically around 30-year. 

Power spectrum contours of rainfall and runoff series in both models are basically the 

same. This further shows that though flow process is influenced by some factors, it 

mainly changes with rainfall process on time scale. According to the analysis results of 

the models, the period of rainfall-runoff change of Poyang Lake in the past millennium 

is around 30-year. 

Hydrological and Meteorological Series and Frequency and Period of Extreme 

Events 

Figure 4a and 4b are FFT power spectrums of rainfall based on CCSM4 and 

ECHAM5 respectively. For the sake of comparison, Figure 4c and 4d show FFT power 

spectrum of rainfall-runoff respectively based on the two models.  
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Figure 4. (a and b) Fast Fourier transform spectral power spectrum of precipitation and depth 

of runoff. (c and d) Spectral power spectrum between precipitation and depth of runoff. The 

black full line and dash line indicate spectral power of precipitation and depth of runoff 

respectively. And the red ones mean their own 95% confidence line 

 

 

According to Figure 4, power spectrum change distribution of rainfall series and 

runoff series are basically the same. The peak value of rainfall series is bigger, 

indicating a high frequency of extreme rainfall events. Similar power spectra reflect the 

corresponding relationship between the extreme runoff and the climate. 

Figure 5a is Wavelet Transform module square time frequency distribution of 

rainfall anomaly based on CCSM4 model. Figure 5b is Wavelet Transform module 

square time frequency distribution of rainfall anomaly based on ECHAM5 model. 
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Figure 5. (a and b) Wavelet Transform module square time frequency distribution of depth of 

precipitation for CCSM4 model and ECHAM5 model. It was plotted by time series against 

periods, in which the 95% confidence contour was in black part and the red full line meant cone 

of influence. Any part below the red line is not reliable 

 

 

Rainfall period shown in Figure 5 is similar to that in FFT, and to module square 

distribution of runoff depth in Figure 3. In CCSM4 model rainfall has the strongest 

energy between 20-40 year, with the energy center at around 30-year. .ECHAM5 model 

has confidence region between 20 and 80-year, but the energy center with continuous 

changes basically remains at 30-year. According to the figure, both models show that in 

the past millennium Poyang Lake had similar rainfall process and runoff process, with 

30-year being the period. This again displays the corresponding relationship between 

the runoff and the climate.  

Conclusion 

This paper simulates the runoff series of Poyang Lake in the past millennium and 

explains the hydrological changes, features and dynamic mechanism of this area under 

the influences of climate changes. Nowadays extreme hydrological events happening in 

Poyang Lake area are mainly caused by rainfall and surface confluence. And a 

regression analysis of historical situation can offer reliable scientific proof for 

predicting future extreme hydrological events. The runoff period of Poyang Lake in the 

past millennium is 30 years, similar to the current runoff research results of Poyang 

Lake. This further proves the influence of climate changes on hydrological process in 

the area on the time scale. 

 Rainfall and runoff of Poyang Lake in the past millennium have a similar variation 

trend based on CCSM4 and ECHAM5 models through down-scaling methods. This 

shows the basic characteristics of atmosphere circulation under the influence of 

radiation and the formation of basic rainfall pattern. Runoff changes a little 

differently based on the two models. In ECHAM5 model there is a longer time of 

dry years, while in CCSM4 model dry years and wet years appear alternatively. In 

both models, dry years in LIA period is more than those in MWP period. 

 According to the FFT analysis of runoff series based on CCSM4 and ECHAM5 

models, the runoff series shows main period 30 years and 29 years with peak 

value, secondary period between 10 and 15 years, and the 3
rd

 period around 7 

years. The analysis shows that the main period is related to atmospheric 

a b 
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oscillation and Pacific decadal oscillation; the secondary period is related to solar 

activity; and the 3
rd

 period is related to El Nino influenced by radiation and 

atmospheric action. Changes of atmospheric oscillation reflect the macro features 

of a regional climate. In terms of changes on interdecadal and interannual scale, 

what matters is interior vibration of climate system and air-sea-land interaction. 

According to the wavelet analysis, relatively strong signals appear between 20 and 

40 years in CCSM4 model and between 20 and 80 years in ECHAM5 model, but 

the peak value of energy appears around 30 years. The results are similar to FFT 

results. Within the same model, module square distribution of rainfall-runoff 

series has a similar energy distribution. This indicates that rainfall and runoff have 

the same vibration changes on the millennium scale. This phenomenon reveals the 

atmospheric oscillation in the millennium, which is helpful in understanding 

features and rules of regional climate changes against the natural climate changes. 
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