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Abstract

The regional terrestrial water cycle is strongly altered by human activities. Among

them, reservoir regulation is a way to spatially and temporally allocate water resources

in a basin for multi-purposes. However, it is still not sufficiently understood how reser-

voir regulation modifies the regional terrestrial- and subsequently, the atmospheric

water cycle. To address this question, the representation of reservoir regulation into

the terrestrial component of fully coupled regional Earth system models is required. In

this study, an existing process-based reservoir network module is implemented into

NOAH-HMS, that is, the terrestrial component of an atmospheric–hydrologic model-

ling system, namely, the WRF-HMS. It allows to quantitatively differentiate role of res-

ervoir regulation and of groundwater feedback in a simulated ground-soil-vegetation

continuum. Our study focuses on the Poyang Lake basin, where the largest freshwater

lake of China and reservoirs of different sizes are located. As compared to streamflow

observations, the newly extended NOAH-HMS slightly improves the streamflow and

streamflow duration curves simulation for the Poyang Lake basin for the period 1979–

1986. The inclusion of reservoir regulation leads to major changes in the simulated

groundwater recharges and evaporation from reservoirs at local scale, but has minor

effects on the simulated soil moisture and surface runoff at basin scale. The performed

groundwater feedback sensitivity analysis shows that the strength of the groundwater

feedback is not altered by the consideration of reservoir regulation. Furthermore, both

reservoir regulation and groundwater feedback modify the partitioning of the simu-

lated evapotranspiration, thus affecting the atmospheric water cycle in the Poyang

Lake region. This finding motivates future research with our extended fully coupled

atmospheric–hydrologic modelling system by the community.
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1 | INTRODUCTION

The water cycle is strongly altered by human activities

(Huntington, 2006; Laux et al., 2016; Oki & Kanae, 2006; Wada

et al., 2017). Among them, reservoir regulation is one of the most

prominent disturbances to the natural hydrologic system, since reser-

voirs are built worldwide as an effective measure to temporally, and in

some cases spatially, redistribute water resources at the land surface

for different purposes, for example, flood control (Zou et al., 2015),

irrigation (Piao et al., 2010) and ecosystem maintenance (Suen &

Eheart, 2006).

Parameterizing reservoir regulation in numerical models is a way

to assess the anthropogenic impacts on the water cycle for both past

and future expected periods (Pokhrel et al., 2016). Modelling studies

showed that the inclusion of reservoir regulation alters the perfor-

mance of hydrologic models and the simulated land surface processes

(Gutenson et al., 2020; Jiang et al., 2020; Shin et al., 2019; Suen &

Eheart, 2006; Yigzaw et al., 2019; Zajac et al., 2017; Zhao

et al., 2016), such as improved estimates of streamflow (Veldkamp

et al., 2018), increased evapotranspiration (Shah et al., 2019), and

changed land surface water storage (Zhou et al., 2016). Furthermore,

it offers opportunities for the assessment of impacts of reservoir regu-

lation on water resources under projected climate change (Ehsani

et al., 2017; Haddeland et al., 2014; Ngo et al., 2018; Wang, Lu,

et al., 2017). Efforts in this direction have been made in several hydro-

logic models (Veldkamp et al., 2018; Wada et al., 2017), such as the

LEAF-Hydro-Flood (LHF) model (Shin et al., 2019) and the Soil and

Water Assessment Tools (SWAT) model (Liu et al., 2019). Applications

of the extended hydrologic models have been made to case studies at

basin scales (Adam et al., 2007; Lv et al., 2016; Ngo et al., 2018;

Padiyedath Gopalan et al., 2021; Zhao et al., 2016), continental scales

(Haddeland et al., 2006) and global scales (Biemans et al., 2011; Döll

et al., 2009; Hanasaki et al., 2008a, 2008b).

Despite the importance of reservoir regulation in the water cycle,

impact studies of reservoirs are primarily limited to the alteration of

streamflow (Biemans et al., 2011; Dong et al., 2020; Gudmundsson

et al., 2021; Jaramillo & Destouni, 2015; Zhao et al., 2021). Beyond

the altered streamflow, reservoir regulation can also interact with

other hydrological compartments, such as groundwater, soil, vegeta-

tions and their feedbacks, which is of high importance for the quantifi-

cation and management of regional terrestrial water resources for

different sectors (Barthel & Banzhaf, 2016; Condon & Maxwell, 2014;

Somers et al., 2016), such as industry and agriculture (Li et al., 2018;

Yao et al., 2018). By far, most of the existing hydrologic models with

reservoirs representation often have oversimplified groundwater pro-

cesses and/or neglect the interaction between reservoir water and

groundwater, for example, in SWAT (Liu et al., 2019). On the other

hand, a number of hydrologic/hydraulic models with comparatively

high complexity have been developed for the coupling of surface

water and groundwater (Maxwell et al., 2014), like, for example,

HydroGeoSphere (Brunner & Simmons, 2012). By using coupled

models, feedback mechanisms between groundwater and surface

water have been explored for semi-arid (Xie et al., 2018) or snow-

dominant regions (Huntington & Niswonger, 2012). Studies showed

that groundwater coupling results in considerable changes in the

water fluxes at the land surface. However, such hydrologic/hydraulic

models with sophisticated numerical algorithms for resolving three-

dimensional groundwater processes often require detailed aquifer

data and demand considerable computing resources, which may limit

options for applications. Yet, relatively few studies in the context of

surface water–groundwater interactions have shed light on the role of

groundwater feedback in a reservoir-regulated ground-soil-vegetation

continuum.

Climate models are coupled modelling frameworks that represent

the physical processes at the Earth's surface for studying the past

evolutions and future changes of the Earth (Claussen et al., 2002;

Flato, 2011; Nazemi & Wheater, 2015a, 2015b; Pokhrel et al., 2016;

Prinn, 2013). Recently, in the field of regional climate models (RCMs),

fully coupled atmospheric–hydrologic models have been developed in

order to account for the explicit description of surface and subsurface

lateral water flows (Arnault et al., 2016; Arnault et al., 2018; Fersch

et al., 2020; Powers et al., 2017; Wagner et al., 2016; Zhang

et al., 2019). The inclusion of groundwater feedback into RCMs has

been addressed as well in several recent studies (Maxwell et al., 2011;

Shrestha et al., 2014; Wagner et al., 2016). Although the modification

of the water cycle by intensive human activities is generally acknowl-

edged, explicitly parameterizing human–water interactions into RCMs

is still challenging (Nazemi & Wheater, 2015a, 2015b; Pokhrel

et al., 2016). Only few efforts have been made to represent, for exam-

ple, irrigation processes into RCMs (Guimberteau et al., 2012; Im &

Eltahir, 2014; Qian et al., 2013; Sacks et al., 2009; Sorooshian

et al., 2011). Results of these modelling studies show that irrigation

can increase generation of shallow clouds and can lead to enhance-

ment of rainfall in different climatic regions, such as the United States

(Qian et al., 2013) and West Africa (Im & Eltahir, 2014). Recently,

Keune et al. (2018) included a simplified human water use scenario

into a coupled groundwater-to-atmosphere modelling system to study

the human–water interactions for Europe. They stated that the local
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scale human water use can have remote impacts via atmospheric pro-

cesses. The modelling studies cited above either have neglected reser-

voir regulation and groundwater feedback processes or implicitly

included the reservoir operation in the calibration of hydrologic

models. However, recent studies suggest that such a practice can

cause errors in hydrologic simulations under a changing environment,

especially in highly regulated regions where reservoirs have a remark-

able impact (Dang et al., 2020; Hoang et al., 2019).

The aim of this study is to implement a reservoir regulation mod-

ule into the surface water–groundwater model interface of a fully

coupled atmospheric–hydrologic modelling system and to quantita-

tively differentiate the regional terrestrial water cycle modified by res-

ervoir regulation and by groundwater feedback. To this end, the

reservoir regulation module of Dong, Yu, Yang, et al. (2019) has been

incorporated into NOAH-HMS (Wagner et al., 2016), a combined

modelling system consisting of the hydrological modelling system

(HMS) (Yu et al., 2006) and the NOAH land surface model (LSM)

(Chen & Dudhia, 2001). The NOAH-HMS model is chosen in our

study because of its (1) distributed, process-based modelling approach

with a sufficient level of complexity and (2) wide applicability. Specifi-

cally, NOAH-HMS has detailed descriptions of lateral movements of

groundwater and explicit exchanges of water between saturated zone,

unsaturated zone, lakes, wetlands or/and rivers (Fersch et al., 2013;

Wagner et al., 2016; Yu et al., 2006). The two-dimensional groundwa-

ter module and the two-dimensional diffusive wave equation for

resolving overland flow in NOAH-HMS allow to facilitate long-term,

continental-scale applications with affordable computational costs. In

addition, NOAH-HMS can be applied in a fully coupled mode, that is,

coupled with the Weather Research and Forecast (WRF) model

(Skamarock et al., 2008; Wagner et al., 2016), which has the potential

for studying land-atmosphere interactions.

The regional focus of our study is on the Poyang Lake basin

(27�N–30�N and 115�E–118�E). The choice of the Poyang Lake

basin is motivated by the following two facts: (1) It has been

reported that by 2007 about 9530 reservoirs and levees were found

in the Poyang Lake basin and most of them were constructed

before 1980s (Gu et al., 2017; Ye et al., 2013). Previous statistical

studies revealed that human activities in the Poyang Lake basin

including reservoir regulation have impacts on the basin-scale

hydrological processes (Feng et al., 2012; Liu et al., 2013; Shankman

et al., 2006; Zhang et al., 2016), such as mean annual streamflow

(Ye et al., 2013; Zhang et al., 2011). (2) It has been recognized that

the surface water–groundwater interaction in the floodplain of

Poyang Lake has impacts on the spatial pattern and temporal varia-

tions of soil moisture (Xu et al., 2015), and vegetation dynamics

(Zhang et al., 2017). More recent studies confirmed the importance

of streamflow on modulating the groundwater levels and the role of

groundwater levels on plant growth in the floodplain of Poyang

Lake (Feng et al., 2020; Li et al., 2018). However, there exists a gap

in knowledge about impacts of the reservoir-regulated rivers of the

Poyang Lake basin on surface water–groundwater interactions on a

basin scale.

Thus, the specific research questions addressed in this study are

(1) how reservoir regulation in the Poyang Lake basin modifies the

simulated regional terrestrial water cycle, (2) how groundwater feed-

back in the basin modifies the reservoir-regulated regional terrestrial

water cycle and (3) to what extent the role of reservoir regulation and

of groundwater feedback differ in a simulated ground-soil-vegetation

continuum.

2 | MODELS AND METHODOLOGY

2.1 | The coupled surface water–groundwater
model: NOAH-HMS

The two-way coupled surface water–groundwater model NOAH-

HMS (Wagner et al., 2016; Yuan et al., 2009) is enhanced and

employed for our reservoir regulation and groundwater feedback

modelling study. NOAH-HMS consists of two components: the

NOAH LSM model (Chen & Dudhia, 2001) is a spatially distributed

LSM, accounting for vertical thermo-dynamical and hydrological pro-

cesses at the land surface and in the soil, and the HMS model (Yu

et al., 2006) is a spatially distributed hydrologic model, accounting for

lateral hydrological processes at the land surface, in the soil, and

within the saturated zone, using the 2-D diffusive wave equation, the

equilibrium-state Richards equation, and the 2-D Boussinesq equa-

tion, respectively. It is noted that HMS here refers to a physically,

raster-grid based model originally developed from BSHM (Yu &

Schwartz, 1998), a basin-scale hydrologic model different from the

HEC-HMS model developed by the United States Army Corps of

Engineers.

The coupling strategy between two models is that NOAH is

driven by meteorological forcing and provides runoff, evaporation and

recharge to HMS. HMS routes overland-, subsurface- and stream-

flows, which alters soil moisture distribution and thereby impacts

energy and water fluxes in NOAH. Details regarding the description

of the NOAH-HMS model and the coupling strategy are given in Yuan

et al. (2009) and Wagner et al. (2016).

2.2 | The soil-water and groundwater coupling
method

In this study, the fixed-head groundwater–unsaturated zone bidirec-

tional coupling method (de Rooij, 2010; Fersch et al., 2013; Zeng &

Decker, 2009) is employed in order to investigate the role of ground-

water feedback in a reservoir regulated ground-soil-vegetation contin-

uum. The concept of the fixed-head method coupling soil water and

groundwater is to replace the free drainage lower boundary condition

of NOAH with a prescribed hydraulic head lower boundary condition,

which assumes an equilibrium soil moisture profile between the

groundwater level and the bottom soil layer of NOAH and thereby

enables upward capillary rise.
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2.3 | The reservoir network module incorporated
into NOAH-HMS

The reservoir network module of Dong, Yu, Yang, et al. (2019) is

incorporated into the NOAH-HMS model. This module accounts not

only for changes in water stored in reservoirs and regulation of

streamflow for the purpose of flood control and water supply, but also

multiple hydrological processes related to reservoir regulation, such as

the additional water surface evaporation, reservoir water–

groundwater interaction, the variation of reservoir area across grid

cells, with details given as follows.

To depict the role of reservoirs for streamflow regulation, the

module employs size-dependent generalized rules of reservoir opera-

tion, that is, different rules of operation for large-sized (with a total

storage capacity higher than 100 million m3), medium-sized (with a

total storage capacity between 10 and 100 million m3), and small-

sized (with a total storage capacity below 10 million m3) reservoirs.

This is because reservoirs in the Poyang Lake basin are different in

terms of functionality and data availability.

For the large-sized and medium-sized reservoirs, four rules of res-

ervoir operation are parameterized as follows: (1) if the stored water

in reservoirs Vr (m
3) is less than the designed dead volume of reser-

voirs Vd (m
3), the outflow released from reservoirs Qr (m

3 s�1) is set to

zero; (2) if Vr is in the range between Vd and the designed conserva-

tion volume of reservoirs Vc (m3), Qr is set to an adjusted outflow

according to human/environmental water demands collected from the

local authorities; (3) if Vr is in the range between Vc and the designed

maximum flood-controlling volume of reservoirs Vf (m
3), Qr is calcu-

lated by considering the balance between human/environmental

water demands, the flood severity, and the purpose of keeping down-

stream regions away from inundation; (4) if Vr is more than Vf (m
3), Qr

is determined mainly by the maximum outflow from reservoirs Qr,max

(m3 s�1) for maintaining safety of reservoirs.

For the small-sized reservoirs, three rules of reservoir operation

are considered. The first two rules for operating small-sized reservoirs

are same as the first two rules for operating large- and medium-sized

reservoirs. The third rule for operating small-sized reservoirs is that if

Vr is more than Vc, Qr is calculated by considering the balance

between human/environmental water demands and safety of reser-

voirs. Details on the parameterization of reservoir operation are given

in Dong, Yu, Yang, et al. (2019).

The reservoir network module was originally integrated into the

hydrological module (HMS) of a coupled land surface-hydrologic

model system, namely CLHMS, and has been intensively validated for

the Poyang Lake basin (Dong et al., 2020; Dong, Yu, Gu, et al., 2019;

Dong, Yu, Yang, et al., 2019). Since NOAH-HMS and CLHMS consist

of the same hydrological module, it is therefore straightforward to

adapt the source code of the reservoir network module for the

NOAH-HMS model.

Besides incorporating the reservoir regulation into HMS, we

extend NOAH to additionally account for the subgrid-scale evapora-

tion flux Er (m s�1) from reservoir water. The calculation of the evapo-

transpiration flux ET (m s�1) in NOAH is then adjusted as follows:

ET¼ Er Ar=Amð Þþ EdþEtð Þ 1�Ar=Amð Þ ð1Þ

where Ar (m
2) and Am (m2) denote the area of reservoirs in one model

grid cell and the area of the model grid cell, respectively. Ed (m s�1)

and Et (m s�1) are the direct evaporation flux and the transpiration flux

from the land surface, respectively. A detailed description on the cal-

culation of Ed and Et is given in Chen and Dudhia (2001) and Wei

et al., (2015). Er is determined by the potential evaporation PE (m s�1)

calculated by a Penman-based approach (Mahrt & Ek, 1984) and the

area of reservoirs:

Er ¼PE�Ar ð2Þ

For the calculation of the area of reservoirs, we use the area–

volume relationship derived and validated in our previous study of

Dong et al. (2020):

Ar ¼
ffiffiffiffiffiffiffiffiffiffi
Vr=a

1:5
p

ð3Þ

where Vr (m
3) and a (�) are the volume of reservoirs and the fitted

shape coefficient, respectively. It is worth noting that the used area–

volume relationship has been widely applied in numerous studies for

understanding changes in water resources due to human actives

(e.g., Wada et al., 2016). The area of reservoirs is calculated in HMS

and then updated in NOAH after each iteration of HMS.

The water flux between the reservoir and the groundwater is

considered and calculated in this study by using Darcy's law

(Darcy, 1856) for saturated soil, that is, the head differences between

the water level of reservoirs and that of groundwater multiplied by

the saturated hydraulic conductivity for reservoirs. Due to the lack of

local aquifer data, the saturated hydraulic conductivity for reservoirs

is estimated by scaling the saturated hydraulic conductivity derived

from the Chinese Geology dataset; the procedure of the estimation of

saturated hydraulic conductivity for reservoirs is the following.

• Collect seepage of reservoirs documented by local authorities. It is

found that the annual total seepage of reservoirs accounts for

around 3% of the annual mean water storage.

• Estimate saturated hydraulic conductivity for documented reser-

voirs. The saturated hydraulic conductivity for documented

reservoirs was estimated by trial and error – different values of sat-

urated hydraulic conductivity were tested in the model for simula-

tion of seepage, and the one gives seepage 3% of water storage

was taken as a reasonable estimate of saturated hydraulic conduc-

tivity for each documented reservoir.

• Calculate the scaling factor between the estimated saturate

hydraulic conductivity for documented reservoirs derived from the

trial and error procedure and the saturated hydraulic conductivity

from the Chinese Geology dataset.

• Estimate saturated hydraulic conductivity for remaining (undocu-

mented) reservoirs. We assume that the scaling factor for the

documented reservoirs is transferable and applicable to

the remaining reservoirs in the basin. Then, the saturated hydraulic
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conductivity for remaining reservoirs was estimated using the same

scaling factor.

• Avoid unrealistic estimation of seepage from reservoirs. Additional

threshold was set and applied in order to constrain the estimates

of seepage from reservoirs being in a reasonable range of

magnitude.

3 | THE EXPERIMENTAL DESIGN

3.1 | Study region

The Poyang Lake basin is located in the centre of Southeast China

(Figure 1(b)) and covers in total an area of approximately 160 000 km2

(Sun et al., 2012). The Poyang Lake basin encompasses five sub-basins

of the Xiushui River (the sub-basin size: 3548 km2), the Ganjiang River

(80 948 km2), the Fuhe River (15 811 km2), the Xinjiang

River (15 535 km2) and the Raohe River (6374 km2) shown in Figure 1

(b), and the five tributaries drain off into the largest freshwater lake in

China, that is, Poyang Lake (an area of 3500 km2 in a hydrologically

normal year). The climate of the basin is characterized as humid sub-

tropical, controlled by the East Asian monsoon (Ding & Chan, 2005).

Therefore, the precipitation in the basin has distinct seasonality with a

rainy season from April to June‚ and an unevenly spatial distribution

with less than 600 mm year�1 in the North and more than

2000 mm year�1 in the South (Zhang et al., 2016).

Figure 2(a) shows the vegetation cover and land-use types for the

Poyang Lake basin, which is based on the global 25-category data

from the United States Geological Survey (USGS). Irrigated crop (land-

use type 3) is the primary vegetation type in the basin with a fraction

F IGURE 1 (a) The model domain setup and location of the Poyang Lake basin (white closed contour). The terrain height (m a.s.l.) of the
simulation domain is shown in colour. (b) River network of the Poyang Lake basin and the lake area are shown in blue. The dark blue squares, the
yellow circles, and the dark red triangles indicate the locations of the streamflow gauges, the meteorological stations, and the major cities in the
basin, respectively
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of 42%. Different types of forest dominate the remaining area of the

basin. The terrain height of the Poyang Lake basin varies from higher

than 2000 m a.s.l. in the South to lower than 50 m a.s.l. around the

lake (Figure 2(b)).

3.2 | Model setup

For the setup of NOAH-HMS, we closely follow the model setup of

Wagner et al. (2016). NOAH-HMS is configured over a

1240 km � 1240 km domain, which is centered over the Poyang Lake

basin (see white frame in Figure 1(a)). The model has a horizontal reso-

lution of 10 km � 10 km for a model grid of 124 � 124 in the longi-

tude and latitude direction, respectively. The integration time steps of

NOAH and HMS are 30 min and daily, respectively.

To drive the land-surface compartment NOAH model, the time-

variant near-surface meteorological forcing is taken from daily obser-

vations at 26 meteorological stations (see yellow points in Figure 1

(b)). The bilinear interpolation method is used to interpolate the sta-

tion data to the 124 � 124 model grids (Figure 1(a)). To drive the

hydrological compartment HMS model, the spatially distributed static

hydro-geological information charactering the surface and subsurface

conditions, such as hydraulic conductivity and river network, are

derived from the Chinese Geology dataset and from the USGS 1 km

digital elevation data set HYDRO1K. Regarding the detailed proce-

dures for deriving the time-variant and static information for NOAH-

HMS simulations, please refer to the study of Wagner et al. (2016).

For the reservoir network module, information about number of

reservoirs, bathymetry, storage capacity and human water demand is

acquired for the Poyang Lake basin from literature and the local

authorities. In our modelling study, 1262 reservoirs (Figure 2(b)) are

considered and parameterized because of the data availability of geo-

graphical and geometric information about reservoirs in the basin.

Specifically, 24 large-sized (with a total storage capacity higher than

100 million m3) and 234 medium-sized reservoirs (with a total storage

capacity between 10 and 100 million m3) were constructed before

our simulation period, which is documented by the Yangtze River

Water Resources Commission. The values of dead volume, flood-

control volume, flood-design volume, maximum volume, maximum

outflow of the 24 large-sized and 234 medium-sized reservoirs were

collected from the Yangtze River Water Resources Commission as

well, and then included in the static boundary condition of

NOAH-HMS.

For 177 small-sized reservoirs (with a total storage capacity

below 100 million m3) information about location and maximum vol-

ume was collected from reports by the Jiangxi Provincial Water

Resources Department. In addition, 827 small-sized reservoirs were

identified by analysing the Landsat 8 remote sensing images of the

Poyang Lake basin and the corresponding maximum volumes were

estimated by employing the derived area–volume relationship. To

close the gap between the total storage capacity of all small-sized res-

ervoirs documented by the Jiangxi Provincial Water Resources

Department and that of the 1004 small-sized reservoirs identified by

us, the differences in the total storage capacity were further allocated

to the grid cells of croplands and their adjacent upstream grid cells

using the method proposed by Dong, Yu, Yang, et al. (2019). The same

procedure as the inclusion of the information about the large- and

medium-sized reservoirs into NOAH-HMS is applied for processing

the information on the small-sized reservoirs, but only for the maxi-

mum volume of reservoirs. In this study, the maximum volume of res-

ervoirs are summed, if more than a single small-sized reservoir resides

in a single 10 km � 10 km NOAH-HMS grid cell.

F IGURE 2 (a) Spatial distribution of the land-use types for the
Poyang Lake basin with a horizontal resolution of 10 km � 10 km.
The results are based on the global 25-category data from the United
States geological survey (USGS). (b) Terrain height (m a.s.l.) of the
Poyang Lake basin with a horizontal resolution of 10 km � 10 km.
The individual black circles represent large-sized reservoirs with a
storage capacity higher than 100 million m3. The individual yellow
circles represent medium-sized reservoirs with a storage capacity
between 10 and 100 million m3. The individual white circles represent
small-sized reservoirs with a storage capacity below 10 million m3
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In this study, one reason why only the maximum volume was con-

sidered for the small-sized reservoirs is because the functionality of

small-sized reservoirs in the Poyang Lake basin is different from that

of the large- and medium-sized reservoirs: the small-sized reservoirs

in the basin are designed mainly for irrigation practices and water sup-

ply at local scales for a regulation period within a year, whereas the

large- and medium-sized reservoirs are designed mainly for flood-

control and water resources management at the basin scale for multi-

year regulation. The other reason is that, except for maximum volume,

no other data was available for the small-sized reservoirs. Therefore,

the flood-control function of small-sized reservoirs was neglected in

the study.

3.3 | Simulation protocol

In this study, three simulations are conducted: (1) an original NOAH-

HMS run with groundwater feedback, simulating the terrestrial water

cycle without human alteration (ORG_GW); (2) a reservoir regulation-

incorporated NOAH-HMS run with groundwater feedback, simulating

the human-altered terrestrial water cycle (RES_GW); (3) a reservoir

regulation incorporated NOAH-HMS run without soil water–

groundwater two-way coupling, simulating human-altered terrestrial

water cycle without groundwater feedback (RES_noGW). All three

simulations are carried out for the period from 1977 to 1986. The first

2 years of the simulations are chosen as model spin-up time and are

excluded from the analysis.

Regarding the calibration and validation of the original NOAH-

HMS model, the previous study of Wagner et al. (2016) have manually

calibrated (1978–1981) and validated (1982–1986) its most sensitive

parameters in order to improve the reproduction of observed

streamflow at five hydrological stations of the Poyang Lake basin (see

blue squares in Figure 1(b)). Here, we set the values of the most sensi-

tive four parameters, that is, the surface runoff-infiltration partitioning

parameter (3.0), the bare soil evaporation exponent (1.0), the Man-

ning's roughness coefficient (0.02 s m�1/3), and the streambed

hydraulic conductivity (10�5 s�1), being same as the values taken by

Wagner et al. (2016), for the whole period of our simulations.

For the reservoir regulation-incorporated NOAH-HMS, given that

for most of the reservoirs in the Poyang Lake basin the operation data

(inflow, outflow, storage, etc.) are unavailable for calibration of the

reservoir network module, the values of the spatially distributed

parameters in the reservoir network module, such as the water with-

drawals from reservoir water for human use, the correction factor for

adjusting the water withdrawals, and the maximum acceptable release

rate of reservoirs for controlling floods, are estimated following the

procedure of Dong et al. (2020).

3.4 | Reference data and evaluation strategy

For the evaluation of the simulations, station observations and

gridded global datasets are used as reference data. For soil moisture,

surface runoff, and evapotranspiration, the product from the Climate

Prediction Center (CPC) (Fan & van den Dool, 2004) is used. It pro-

vides gridded monthly global data at a spatial resolution of

0.5� � 0.5�. For streamflow, the daily observational records at the five

hydrological stations (blue squares in Figure 1(b)) of the main tribu-

taries in the Poyang Lake basin are used. To account for uncertainties

in the evaluation of model performance, originating from single refer-

ence data, the Global Land Evaporation Amsterdam Methodology

(GLEAM) product (Miralles et al., 2011) and a new data set of transpi-

ration to evapotranspiration (Niu et al., 2020) (hereinafter referred to

as Niu2020) are additionally employed for the purpose of further eval-

uation of the reservoir-regulation incorporated NOAH-HMS model

performance. GLEAM provides the satellite-based 0.25� gridded

monthly evapotranspiration at global scale for the 39-year period

1980–2018, which has been intensively used in evaluating regional

climate simulations across the globe (e.g., Fersch & Kunstmann, 2014).

Niu2020 provides the model-data fusion method-based, 0.05�

gridded 8-day averaged transpiration to evapotranspiration ratio for

China from 1981 to 2015, which has been validated against the in-situ

observational annual transpiration to evapotranspiration ratios col-

lected from the Chinese terrestrial ecosystem and against the avail-

able measurements collected from several field campaigns in China.

Four metrics are used for statically quantifying the skill of the sim-

ulations of streamflow Q at different temporal scales, namely, relative

bias (RB, %), the Pearson's correlation coefficient (r, �), the Nash–

Sutcliffe efficiency (NSE, �) (Nash & Sutcliffe, 1970) and the Kling–

Gupta efficiency (KGE, �) (Gupta et al., 2009; Kling et al., 2012):
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where St (m
3 s�1) and Ot (m

3 s�1) denote the simulated and observed

variable at the tth time step of evaluation, respectively. N is the total

number of time step of evaluation. S (m3 s�1) and O (m3 s�1) denote

mean of the simulated and observed variable, respectively. It is worth

noting that KGE is additionally applied here in order to account for

the uncertainty of the NSE-based evaluation results that may magnify

errors in peak flows more than that in base flows (Knoben

et al., 2019; Melsen et al., 2016).
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4 | RESULTS

4.1 | Evaluation of streamflow simulated by
NOAH-HMS

Figures S1 and 3 show the time series of streamflow observed

(black lines) and simulated (blue lines) by the original NOAH-HMS

model (ORG_GW) at the five gauges in the Poyang Lake basin for

the investigation period from 1979 to 1986. Table 1 lists the model

performance results using the evaluation metrics of RB, r, NSE

and KGE.

At the daily scale, the observed streamflow at all five gauges are

generally well reproduced by the ORG_GW simulation (Figure S1),

with a mean r of 0.70 and a mean KGE (NSE) of 0.57 (0.45) (Table 1).

The temporal variation of streamflow during the wet (March–June)

and dry (July–February) months in ORG_GW matches the variation of

the observation. Among the five gauges, the highest model perfor-

mance in terms of r, NSE and KGE for reproducing daily observed

streamflow is found at Waizhou, whereas the relatively lower model

performance is found at Wanjiabu.

In comparison to the results at the daily scale, the values of the

mean r and KGE (NSE) at the monthly scale increase to 0.94 and 0.78

F IGURE 3 Monthly time series of streamflow Q (m3 s�1) from the observation (solid black line), the ORG_GW simulation (dashed blue line),
and the RES_GW simulation (dashed red line) for the period from 1979 to 1986 at the five hydrological gauges of (a) Hushan, (b) Lijiadu,
(c) Meigang, (d) Waizhou, and (e) Wanjiabu in the Poyang Lake basin
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(0.76), respectively (Figure 3 and Table 1). The relatively better model

performance (NSE > 0.80, KGE > 0.85) for reproducing monthly

observed streamflow is found at Waizhou, Lijiadu, Hushan. Although

the model performance at Wanjiabu increases as well at the monthly

scale, the absolute values of NSE and KGE are comparatively lower

(NSE = 0.42, KGE = 0.48).

From the performance measures, we argue that our setup of the

NOAH-HMS model has the ability to reproduce the observed daily

and monthly streamflow at the five selected evaluation gauges in the

study basin, which allows us to investigate the modification of reser-

voir regulation on the simulated terrestrial water cycle for the Poyang

Lake basin and to explore the role of groundwater feedback in the

simulated reservoir-regulated ground-soil-vegetation continuum.

4.2 | Role of reservoir regulation in a natural
ground-soil-vegetation continuum

In this section, we investigate the role of reservoir regulation in the

simulated terrestrial water cycle by comparing the reservoir regulation

incorporated NOAH-HMS simulation (RES_GW) with the original

NOAH-HMS simulation (ORG_GW) of Section 4.1. Both simulations

allow groundwater feeding back to soil water using the fixed-head

method of Section 2.2.

4.2.1 | Impact of reservoir regulation on streamflow
simulation

Figures S1 and 3 (red lines) display the time series of the modelled

streamflow in RES_GW, which shows that the daily and monthly vari-

ation of the observed streamflow is well captured by the reservoir

regulation incorporated NOAH-HMS model. In comparison to

ORG_GW, improved streamflow simulations are found in RES_GW

(see bold numbers in Table 1). For example, at the daily and monthly

scales, the values of RB decrease at 4 out of 5 gauges, with the

highest decrease of around 8% at Meigang and Waizhou. The values

of r in RES_GW either remain nearly identical or are slightly higher

than these in ORG_GW. The reservoir regulation incorporation also

yields a slightly improved model performance in terms of NSE and

KGE. However, among the five gauges, comparatively lower improved

skill in RES_GW is achieved for simulating streamflow at Wanjiabu

and Hushan. This may be attributed to the limited applicability of the

large-scale NOAH-HMS to the streamflow simulation in relatively

small sub-basins. Specifically, the drainage area of the Wanjiabu gauge

and of the Hushan gauge is around 3500 and 6300 km2, respectively,

which is considered relatively small in view of a grid spacing of

10 km � 10 km. In addition, the terrain of drainage area of the Xiushui

River (Wanjiabu) and the Hushan River (Hushan) are similarly charac-

terized by steep topography and the number of reservoirs in the two

sub-basins is lower than that in other three sub-basins (see Figure 2

(b)). Therefore, lower impact of reservoirs on streamflow regulation is

found at Wanjiabu and Hushan. Moreover, the comparison of the

streamflow duration curves derived from the RES_GW and ORG_GW

simulations to that derived from the observations (Figure 4) suggests

that the inclusion of reservoir regulation in the model results in gener-

ally improved reproductions of the distribution of observed

streamflow amounts at daily and monthly scales, with slight reduc-

tions of the magnitude of simulated peak streamflow and large

increases in simulated low streamflow. Overall, confirmed by the

mostly improved statistical measures (Table 1) and improved

streamflow return curves (Figure 4), the reservoir regulation incorpo-

rated NOAH-HMS model has the ability to slightly improve the

streamflow simulation in the Poyang Lake basin in comparison to the

original NOAH-HMS model, especially for the sub-basins where more

reservoirs exist.

4.2.2 | Modification of simulated groundwater
recharge, soil moisture, surface runoff,
evapotranspiration and partitioned evapotranspiration

Figure 5(a) shows the spatial distribution of the simulated groundwa-

ter recharge GR from soils in RES_GW averaged for the period of

1979–1986, displaying that the values of GR in the western and east-

ern mountainous part of the basin are higher than these in the north-

ern plain region around the lake. The basin-averaged GR has a strong

monthly variation (Figure 5(b)), with higher values (>3 mm day�1) in

the rainy months (April–June) and lower values (<1 mm day�1) in the

relatively drier months (July–March).

TABLE 1 Performance measures for daily and monthly streamflow from the ORG_GW (not in parentheses) and RES_GW simulations (in
parentheses) against the observations at the five hydrological gauges in the Poyang Lake basin for the period from 1979 to 1986

Daily Monthly

Gauge name RB [%] r [�] NSE [�] KGE [�] RB [%] r [�] NSE [�] KGE [�]

Hushan 1.45 (2.07) 0.62 (0.63) 0.32 (0.35) 0.60 (0.59) 1.28 (1.90) 0.96 (0.96) 0.92 (0.92) 0.95 (0.96)

Lijiadu �4.51 (�1.82) 0.72 (0.73) 0.48 (0.51) 0.71 (0.69) �4.82 (�2.18) 0.95 (0.95) 0.90 (0.91) 0.92 (0.89)

Meigang �34.65 (�26.12) 0.75 (0.74) 0.50 (0.52) 0.47 (0.52) �34.97 (�26.50) 0.95 (0.95) 0.76 (0.82) 0.61 (0.70)

Waizhou �17.00 (�9.23) 0.88 (0.84) 0.74 (0.70) 0.79 (0.81) �17.36 (�9.60) 0.98 (0.95) 0.91 (0.88) 0.81 (0.88)

Wanjiabu �43.72 (�43.15) 0.55 (0.57) 0.21 (0.24) 0.27 (0.24) �43.99 (�43.46) 0.85 (0.87) 0.41 (0.42) 0.49 (0.48)

Note: The performance measures that indicates improved streamflow simulations due to the incorporation of reservoir regulation are in bold.
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In comparison to ORG_GW, the incorporation of reservoir regula-

tion generally results in a decreased GR from soils in RES_GW. The

decrease in GR is more pronounced in the area where more water is

stored in the reservoirs (Figure 5(c)) and during the rainy months

(Figure 5(d)). This is because of that reservoir incorporation not only

enhances the interaction from river water to groundwater, but also

simulates a higher groundwater level in relation with the reservoir

seepage. As a result, the hydraulic gradient between the soil water in

F IGURE 4 Daily (left column) and monthly
(right column) streamflow duration curves (%)
derived from the observation (black), the
ORG_GW simulation (blue), and the RES_GW
simulation (red) for the period 1979–1986 at
the five hydrological gauges of (a, f) Hushan, (b,
g) Lijiadu, (c, h) Meigang, (d, i) Waizhou, and (e,
j) Wanjiabu
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the bottom layer and the groundwater level becomes lower. Averaged

over the Poyang Lake basin, �0.7% less GR from soils is simulated in

RES_GW (Table 2).

The spatial pattern of the simulated top 1-m soil moisture SM in

RES_GW (Figure 6(a)) shows that soil in the region adjacent to a lake

(clay) is wetter than that in the southern part of the basin (clay loam).

Figure 6(b) depicts that the basin-averaged monthly variation in SM in

RES_GW has a good agreement with that derived from the reference

CPC data (r = 0.80; p < 0.001 shown in Table 3).

In comparison to ORG_GW, RES_GW simulates very slightly wet-

ter soils, mainly over the low-land river valleys (Figure 6(c)). The moist-

ening effect of RES_GW on soils is attributed to the enhanced

interactions from rivers to soils (unsaturated zone) especially in the

relatively dryer months (Figure 6(d)) when water is released from res-

ervoirs to rivers for human water-use, in connection with the

decreased recharge rates from soil water to groundwater caused by

the reservoir seepage (Figure 5(d)). Averaged over the basin, the

moistening effect on soils due to reservoir regulation is negligibly

small.

Similar to Figure 6(a,b), Figure 7(a,b) shows the simulated surface

runoff R in RES_GW. The comparison of the monthly time series of

the basin-averaged R from RES_GW to that from CPC (Figure 7(b))

demonstrates that the reservoir incorporated NOAH-HMS underesti-

mates the peaks of R during the rainy months, but is able to reason-

ably reproduce the monthly variability of R with a correlation

coefficient of 0.93 (p < 0.001), but the bias in the simulated R is large

(around �48.86%). Such underestimation of R could be possibly due

to the overestimation of ET (Figure 8(b)) and SM (Figure 6(b)).

In comparison to ORG_GW, RES_GW simulates slightly higher

values of R in the river valleys (Figure 7(c)), which is coherent with the

F IGURE 5 (left column) Spatial distributions of (a) the simulated groundwater recharge GR (mm day�1) derived from the RES_GW simulation,
(c) the difference in GR between the RES_GW simulation and the ORG_GW simulation, (e) the difference between the RES_GW simulation and
the RES_noGW simulation, averaged for the period of 1979–1986. Right column shows same as the left column, but for the corresponding basin-
averaged, monthly variations from 1979 to 1986
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pattern of the slightly wetter soils shown in Figure 6(c). The monthly

variation of the increase in R is similar to that of the groundwater

recharge shown in Figure 5(d). Averaged over the basin, the increase

in R due to reservoir regulation in RES_ORG is relatively small.

Figures 8(a)–10(a) and S2(a) depict the spatial patterns of the sim-

ulated evapotranspiration ET, the ET partitioning (i.e., the simulated

transpiration Et and the simulated direct evaporation Ed), and the frac-

tion F of Ed/ET in RES_GW and Figures 8(b)–10(b) and S2(b) show the

correspondingly basin-averaged monthly variations. The basin-

averaged ET (Figure 8(b)) reaches the maximum value in July (the

warmest month) and the minimum value in January (the coldest

month), as the evapotranspiration regime for the Poyang Lake basin is

energy-limited. Figure 8(b) further shows that the monthly variation

of ET in RES_GW is in good agreement with that in CPC (correlation

coefficient: 0.97; p < 0.001), but with a relative bias of around

37.38%. The comparison of Et (Figure 9(a,b)) and Ed (Figure 10(a,b)) to

ET (Figure 8(a,b)) reveals that Et generally dominates ET in the most

area of the basin (Figure S2(a)) and particularly during the warmer

TABLE 2 Terrestrial water budget terms (mm day�1) in the
ORG_GW, RES_GW, RES_noGW simulations, averaged for the period
of 1979–1986 for the Poyang Lake basin

ORG_GW RES_GW RES_noGW

P 4.25 4.25 4.25

ET 2.24 2.30 2.35

R 0.63 0.63 0.75

ΔSM 0.01 0.01 0.02

GR 1.33 1.32 1.15

Residual 0.04 �0.01 �0.02

Note: The calculation of the residual term is based on the water balance

equation P¼ ETþRþΔSMþGRþResidual.

F IGURE 6 As in Figure 5, but for the simulated soil moisture SM (�) of the top 1 m. the basin-averaged, monthly time series of SM from the
CPC reference data (black solid line) is additionally shown in (b) for comparison
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months (Figure S2(b)). Averaged over the whole basin, Et (Ed) accounts

for 64% (36%) of ET.

In comparison to ORG_GW, Figure 8(c) shows that the

representation of reservoir regulation and the consideration of river evapo-

ration in RES_GW enhance ET over the basin except for the lake area. This

enhancement is higher in the regions where large-sized and medium-sized

reservoirs are located and becomes negligible in the regions where small-

sized reservoirs and no river exist. For example, the maximum values of

the enhanced ET (�0.75 mm day�1) are found at the locations of the first

two largest reservoirs of the basin (viz., Zhelin Reservoir andWanan Reser-

voir). Temporally, the enhanced basin-averaged ET in RES_GW (Figure 8(d))

is found throughout the whole investigation period, with a larger enhance-

ment in summer and smaller in winter. Averaged over the whole basin,

0.06 mm day�1 (+2.7%) more ET is simulated in RES_GW.

TABLE 3 Performance measures for
basin-averaged, monthly surface runoff
(R), soil moisture (SM) and
evapotranspiration (ET) from the
RES_GW simulation against the
corresponding reference data sets,
averaged for different analysed periods

Reference data Analysed period RB [%] r [�] NSE [�] KGE [�]

R CPC 1979–1986 �48.86 0.93 0.40 0.31

SM CPC 1979–1986 15.62 0.80 �0.14 0.62

ET CPC 1979–1986 37.38 0.97 0.71 0.59

GLEAM 1980–1986 7.31 0.97 0.77 0.65

F IGURE 7 As in Figure 5, but for the simulated surface runoff R (mm day�1). The basin-averaged, monthly time series of R from the CPC
reference data (black solid line) is additionally shown in (b) for comparison
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The comparison of the partitioned ET shows that the enhanced

ET due to reservoir regulation in RES_GW mainly originates from the

enhanced Ed (Figure 10(c,d)) and, to a very less extent, from the

enhanced Et (Figure 9(c,d)). Figure S2(c) further shows the spatial dif-

ference in the direct evaporation fraction F of Ed/ET between

RES_GW and ORG_GW, revealing that locally the modified F reaches

values of up to +16.3%. Averaged over the whole basin, due to reser-

voir regulation, the contribution of Ed (Et) to ET in RES_GW increases

(decreases) by 1.5%.

4.3 | Role of groundwater feedback in a reservoir-
regulated ground-soil-vegetation continuum

To explore the role of groundwater feedback in a reservoir-regulated

ground-soil-vegetation continuum, we further compare the reservoir

regulation incorporated NOAH-HMS simulation with groundwater

feedback (RES_GW) to the reservoir regulation incorporated NOAH-

HMS simulation without groundwater feedback (RES_noGW). The

spatial and temporal differences between RES_noGW and RES_GW

are shown in the third rows of Figures 5–10.

In comparison to RES_noGW, the groundwater feedback-enabled

RES_GW generally simulates more GR from soils (Figure 5(e,f)), less

SM in the top 1-m soil (Figure 6(e,f)), decreased R at the land surface

(Figure 7(e,f)), and decreased ET (Ed and Et) to the atmosphere

(Figure 8(e,f)), except over the lake. Groundwater feedback induced

modifications of GR and R are similarly larger in the low-land region

around the lake (Figures 5(e) and 7(e)) and during the rainy season

(Figures 5(f) and 7(f)). However, the drying effect on soils decreases

spatially with distance towards the lake (Figure 6(e)), and temporally

with shift from summer to winter (Figure 6(f)). It is worth noting that

allowing groundwater feedback modifies Et (Figure 9(e,f)) and Ed

(Figure 10(e,f)) in a different manner: the location (the timing) of the

maximum decrease in Et is found over the area of cropland (during

F IGURE 8 As in Figure 5, but for the simulated evapotranspiration ET (mm day�1). The basin-averaged, monthly time series of ET from the
CPC (black solid line) and the GLEAM (black dashed line) reference data are additionally shown in (b) for comparison
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the period of August–October), whereas that of the maximum

decrease in Ed is found over the area of savanna (during the period of

April–August). As a result, the contribution of Ed to ET in most cases

decreases over the non-river pixels (Figure S2(e)) and during the sum-

mer (Figure S2(f)) by up to values of around 1.1%.

5 | DISCUSSION

5.1 | Distinct role of reservoir regulation and
groundwater feedback

The previous sections quantified to what extent the simulated terres-

trial water cycle for the Poyang Lake basin is modified, due to reser-

voir regulation (in Section 4.2) and groundwater feedback

(in Section 4.3). In general, our results reveal that reservoir regulation

and groundwater feedback play different roles in modification of the

simulated terrestrial water cycle of the basin. Specifically, the incorpo-

ration of reservoirs for the Poyang Lake basin decreases the basin-

scale variation of the simulated streamflow (reductions of peak flow

and increases in low flow), albeit to a limited extent. One reason is

that the annual total water resources in the humid subtropical Poyang

Lake basin are relatively high and that around 20% of the total

amount is stored within the basin's reservoirs. Therefore, despite their

relatively large number, the streamflow is not strongly regulated by

the reservoirs. To some extent, this also explains why the inclusion of

reservoir regulation into NOAH-HMS has a limited improvement on

streamflow simulation for the Poyang Lake basin (in Section 4.2.1).

Similar regulation effects have also been reported in numerous other

studies for regions with different scales, such as, the tropical

monsoon-controlled Mekong basin (Bonnema & Hossain, 2017) and

the climate-varied United States continent (Gutenson et al., 2020;

Shin et al., 2019). In addition to streamflow, reservoir incorporation

also increases the evaporation at the land surface and modifies the

F IGURE 9 As in Figure 5, but for the simulated transpiration Et (mm day�1)
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simulated groundwater recharge from soils where reservoirs are

located.

In comparison to the effects of reservoir regulation, the groundwa-

ter feedback has stronger impacts on the simulated reservoir-regulated

ground-soil-vegetation continuum, especially for the simulated basin-

scale surface runoff and soil moisture. Similar role of groundwater

feedback has been also found in the study of Wagner et al. (2016) that

did not account for reservoir regulation. This suggests that the addi-

tional representation of reservoir regulation in the NOAH-HMS mod-

elled ground-soil-vegetation continuum does not alter the strength of

the groundwater feedback for the Poyang Lake basin. This is an

expected result, because many studies have revealed that the interac-

tion between surface water and groundwater in the Poyang Lake basin

is relatively strong, since the Poyang Lake basin features relatively shal-

low groundwater, especially in the floodplain wetland.

The connectivity between surface water and groundwater

(Sophocleous, 2002) has been studied for investigations of, for

example, basin-scale water quality (Banks et al., 2011) and depletion

of groundwater due to enhanced evapotranspiration (Condon

et al., 2020; Maxwell & Condon, 2016). For the Poyang Lake basin,

surface water–groundwater researches are, however, limited to

understanding the changes in the water levels of the lake and the

associated ecological changes in the surrounding flood plains and wet-

lands (e.g., Li et al., 2019; Liao et al., 2020). Our basin-scale study

shows that groundwater feedback impacts the terrestrial water cycle

of the whole basin, since the Poyang Lake basin features relatively

shallow groundwater, especially in the floodplain wetland. Recent

studies reveal that shallow groundwater can mitigate the warming-

induced heat stress for the contiguous United States by shifting the

balance between the water supply at the land surface and the water

demand in the atmosphere (Condon et al., 2020; Maxwell &

Condon, 2016). For our study region, the continuously increasing risk

of extreme events, such as, droughts and floods, have been observed

in the past (Shankman et al., 2006; Zhou et al., 2020) and is projected

F IGURE 10 As in Figure 5, but for the simulated direct evaporation Ed (mm day�1)
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to continue in the future (Sheffield et al., 2012; Wang, Guo,

et al., 2017). In addition, our current and previous studies show that

the reservoir regulation in the Poyang Lake basin can also mitigate the

warming-induced floods (Dong, Yu, Gu, et al., 2019). In this regard,

the reservoir regulation and the groundwater feedback are equally

important for the Poyang Lake basin in terms of risks mitigation.

5.2 | Implications for the atmospheric water cycle

It has been well established that transpiration and direct evaporation

are two distinct processes transporting water from the land surface to

the atmosphere (Savenije, 2004; Shuttleworth, 2012). Recent model-

ling studies have revealed that the transpired water and directly evap-

orated water have different compositions and residence times in the

atmosphere (van der Ent et al., 2014; Wang-Erlandsson et al., 2014;

Wei et al., 2015, 2016). Specifically, our previous modelling study

shows that the transpired water from the Poyang Lake region has a

lower magnitude and resides longer in the atmospheric water cycle

over Southeast China than directly evaporated water (Wei

et al., 2016). In this study, our results of Sections 4.2 and 4.3 show

that the reservoir regulation and the groundwater feedback in the

Poyang Lake basin do not only modify the magnitude of the simulated

evapotranspiration for the basin, but also change the

simulated evapotranspiration partitioning (Figures 8–10). We found

that the inclusion of reservoir regulation can enhance the simulated

evaporation more than the simulated transpiration (Figure 10(b,e)),

whereas allowing the groundwater feedback has impacts on both sim-

ulated fluxes (Figure 10(c,f)). In the context of moisture recycling

(Arnault et al., 2019; Gao et al., 2020; Wei et al., 2016), the differ-

ences in partitioning the simulated evapotranspiration from the

Poyang Lake basin due to reservoir regulation and due to groundwa-

ter feedback may propagate to the regionally recycled precipitation

through the non-linear processes of the atmospheric water cycle.

5.3 | Uncertainties in our modelling study and
perspectives

5.3.1 | Evapotranspiration estimates

Globally, the land masses provide more transpiration, that is, 61%

± 15% of evapotranspiration) than direct evaporation (Jasechko

et al., 2013; Schlesinger & Jasechko, 2014), which is also the case of

our modelling results for the Poyang Lake basin (Figures 7 and 8).

However, it is acknowledged that uncertainties in estimates of evapo-

transpiration and its partitioning are considerably high due to larger

uncertainties in the estimation approaches and the lack of field mea-

surements (Coenders-Gerrits et al., 2014; Jasechko et al., 2013). To

partly narrow down uncertainties associated with evapotranspiration

estimates, we further analysed the GLEAM evapotranspiration prod-

uct (1980–1986), in addition to CPC. With respect to the temporal

variation (Figure 7(b)), the RES_GW simulated ET shows good

agreement with the GLEAM reference data (r = 0.97; p < 0.001), par-

ticularly during the non-summer period, whereas similar over-

estimation of ET in RES_GW is found during the summer period.

Moreover, the inter-comparison of the remote sensing-based GLEAM

and the model-based CPC estimates (also in Table 3) reveals that the

uncertainty in their evapotranspiration estimates over the Poyang

Lake basin is larger during non-summer seasons than that in summer.

The lower values of the ET magnitude from CPC in comparison with

these from GLEAM are partly attributed to relatively low performance

of the CPC-employed one-layer ‘bucket’ water balance model and its

adjusted Thornthwaite expression for estimating evapotranspiration

(Fan & van den Dool, 2004).

5.3.2 | Partitioned evapotranspiration

Regarding evapotranspiration partitioning, we analysed the newly

compiled transpiration to evapotranspiration dataset of Niu2020 for

the Poyang Lake basin for 1981–1986. The comparison reveals that

the spatial patterns of the annual mean direct evaporation fraction

F (Ed/ET) from RES_GW and that from Niu2020 (Figure S3(a,b)) are in

good agreement over the area with forests land-use type (see

Figure 2(a)). It is worth to note that, for deriving evapotranspiration

estimates, Niu2020 employed the Priestley–Taylor Jet Propulsion

Laboratory (PT-JPL) model (Priestley & Taylor, 1972), which is differ-

ent from ours, that is, the Penman–Monteith model (Monteith &

Unsworth, 1990; Penman, 1948). In addition, Niu2020 was calibrated

and validated against the observational evapotranspiration and the

sap-flow-derived transpiration from the Qianyanzhou ChinaFLUX

(forest) site in the Poyang Lake basin (see Figure S2 in Niu

et al. (2020)). Therefore, we think that the uncertainty in our simu-

lated direct evaporation fraction F over the forest area is relatively

small. On the other hand, larger deviations of F are found over the irri-

gated area around the Poyang Lake: lower direct evaporation fraction

from RES_GW in comparison with that from Niu2020, which reveals a

limited capacity of our employed model in terms of representing

flood-irrigation in the basin. Furthermore, the underestimation of

direct evaporation fraction F around the lake area (Figure S3) and the

overestimation of ET in summer (Figure 7(b)) in the RES_GW simula-

tion reveal that our newly extended model probably overestimated

transpiration rate (Figure 8(a,b)), particularly over the lake-surrounding

area in summer. Such overestimation of transpiration rate in our study

may be partly attributed to the Jarvis-type canopy stomatal resistance

scheme (Jarvis, 1976) within our extended NOAH-HMS model frame-

work: due to the environmental stress functions (considering solar

radiation, air temperature, water vapour deficit, soil and vegetation

water status and CO2 concentration of air) in the Jarvis-type scheme

(Chen & Dudhia, 2001; Noilhan & Planton, 1989), soil water can be

transported by plants freely via canopy stomata especially under high

temperature conditions. Numerous studies have reported similar

biases of the Jarvis-type scheme simulated transpiration in different

regions (Lhomme, 2001; Wang et al., 2020; Zheng et al., 2019), and

suggest that, because of accounting for assimilation of CO2 for
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controlling canopy stomata, physiological-type schemes (e.g., the

Ball–Berry scheme [Ball et al., 1987; Farquhar et al., 1980]) generally

outperform the Jarvis-type scheme (Buckley, 2017; Fisher &

Koven, 2020; Niyogi et al., 1997; Pitman, 2003). Therefore, future

research on adapting our reservoir-regulation incorporated NOAH-

HMS model into the NOAH-multiparameterization LSM framework

(Niu et al., 2011) is needed for improving transpiration simulation and

thereby likely improving representation of the terrestrial water cycle

for the Poyang Lake basin.

5.3.3 | Model parameter

Reservoir seepage is one of the important water pathways within the

surface–subsurface continuum, which are typically neglected due to

difficulties in determining representative values for the saturated

hydraulic conductivity. Often, water stable isotope signatures and

laboratory-based hydraulic scale approaches are used to estimate the

saturated hydraulic conductivity below reservoirs, however, these are

not applicable for studies at regional scales with reservoir networks.

In this study, the procedure for estimating the saturated hydraulic

conductivity for 1262 reservoirs of Section 2.3 is based on seepage

rates reported by the local authorities, and the spatially distributed

observation-based high-resolution product of saturated hydraulic con-

ductivity from the Chinese Geology dataset, which serves as well-

defined criteria for constraining the estimated seepage of reservoirs.

Therefore, we believe that, for the humid subtropical Poyang Lake

basin, the uncertainties in our results originating from estimating satu-

rated hydraulic conductivity for reservoirs are relatively small.

5.3.4 | Irrigation process

Our study region, that is, the Poyang Lake basin, is a major grain pro-

ducing area for the country (Yue et al., 2019), which covers around

42% of the whole basin area (Figure 2(b)). Production of crops

(e.g., double-harvest rice) in the basin requires water resources for irri-

gation (Ding et al., 2020; Li et al., 2012). However, our extended

NOAH-HMS model does not allow to explicitly represent irrigation

practices. Instead, the human water use including irrigation for reser-

voir operation in our study was estimated by temporally and spatially

downscaling the reported basin scale annual amount for each reser-

voir, that has been used in numerous previous studies (e.g., Dong, Yu,

Yang, et al., 2019; Yang et al., 2010). We are aware of uncertainties

triggered by this simplified approach which may impact on the simu-

lated ground-soil-vegetation continuum of our study. It is expected

that such impact is scale-dependent: the magnitude of the impact at

local and short-term scales is larger than that at regional and long-

term scales. Moreover, it is reported by the local authorities that the

irrigated water is rarely extracted from groundwater. Therefore, we

assume that neglecting irrigation practices in this study will not signifi-

cantly change our regional and long-term scales modelling results.

Nevertheless, developing a process-based irrigation scheme (e.g., Qian

et al., 2013) in the framework of a fully coupled atmospheric–

hydrologic modelling system is an on-going research activity.

5.3.5 | Model resolution

Our study is based on simulations with a spatial resolution of 10 km,

because NOAH-HMS, the basic model used for the implementation of

a reservoir regulation scheme, is designed for hydrologic applications at

regional and long-term scales (Wagner et al., 2016; Yu et al., 2006). At

these scales (i.e., 10 km), the parameterized reservoir regulation pro-

cesses for the considered reservoirs in this study are mostly sub-grid

scale processes (Yu, 2000). It is well-known that scale issues exits in

hydrological modelling (Blöschl & Sivapalan, 1995), which means that

the extents of the modified terrestrial water cycle for the Poyang Lake

basin due to the inclusion of reservoir regulation may vary with

changes in spatial resolution of simulations (Famiglietti & Wood, 1995;

Shrestha et al., 2015, 2018). Furthermore, the strategy of implementa-

tion of reservoir regulation proposed in this study (Section 2.3) can also

be adapted to state-of-art fully coupled atmospheric–hydrologic

modelling systems, such as, WRF-Hydro (Rummler et al., 2019;

Senatore et al., 2015), TerrSysMP (Kurtz et al., 2016; Shrestha

et al., 2014) and ParFlow.WRF (Maxwell et al., 2011). In comparison

with NOAH-HMS, the hydrologic components of these modelling sys-

tems are more complex and, with the extension of a reservoir module,

thereby are more suitable for practical purposes (e.g., optimal operation

of multi-reservoir system) at local and real-time scales.

5.3.6 | Study period

In this study, our analyses are restricted to the period of 1978–1986

due to data availability. The selection of this study period, however,

allows us to compare our results directly with those from Wagner

et al. (2016) (see Section 5.1). Regarding the recent changes in our

results, we think that changes in the parameterized reservoirs across

time are rather small due to the fact that most of the reservoirs in the

Poyang Lake basin were constructed before the 1980s. We also

expect that the identified feedback mechanism between surface

water and groundwater on the basin scale across time is not notice-

ably altered due to the facts that the climate of the Poyang Lake basin

is characterized as humid subtropical and the irrigated water in the

basin is rarely extracted from groundwater. However, observational

and modelling studies showed that climate change has changed the

hydrologic regime in the Poyang Lake basin over the last decades,

such as runoff variations (Lei et al., 2021; Ye et al., 2013), extreme

temperature and precipitation (Zhang et al., 2016), and flash floods

and -droughts (Li et al., 2014; Zhou et al., 2020). These changes could

likely affect our results to some extent, as for example, the changes in

the simulated evaporation of reservoirs on seasonal scale which is

induced by changed runoff and/or precipitation variations. Future

studies in this direction could be conducted with our modelling frame-

work for a quantitative analysis.
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6 | SUMMARY AND CONCLUSIONS

In this study, the reservoir regulation module of Dong, Yu, Gu,

et al. (2019) has been implemented into the terrestrial component, that is,

the NOAH-HMS, of the fully coupled atmospheric–hydrologic modelling

system WRF-HMS (Wagner et al., 2016). This implementation allows to

represent human-induced reservoir regulation processes in the terrestrial

water cycle and later has repercussions on the atmospheric water cycle.

The reservoir regulation-incorporated, two-way coupled surface

water–groundwater model NOAN-HMS has been applied to the

Poyang Lake basin of China, with a large number of reservoirs and a

strong surface water–groundwater interaction. Using the extended

model, the impact of the incorporated reservoir regulation module in

terms of simulating streamflow and the modification of the simulated

terrestrial water cycle for the Poyang Lake basin during 1979–1986

were investigated. In addition, the role of groundwater feedback in

the simulated reservoir-regulated ground-soil-vegetation continuum

for the Poyang Lake basin was assessed as well.

Our main results are summarized as follows:

1. For the 8 years period of 1979–1986, the results of the model

evaluation show that the inclusion of reservoir regulation in the

NOAH-HMS model slightly improves the streamflow simulation at

daily and monthly scale for the Poyang Lake basin, particularly for

the comparatively large sub-basins where more reservoirs exist. In

addition, the reservoir regulation incorporated NOAH-HMS has a

reasonable performance on reproducing the monthly variations in

the basin-averaged surface runoff, soil moisture and evapotranspi-

ration derived from the gridded CPC reference data.

2. Regarding the modification of the simulated natural terrestrial

water cycle for the Poyang Lake basin, averaged over the whole

basin and for the whole investigated period, the reservoir regula-

tion leads to very slightly lower groundwater recharge from soils,

wetter soils, more runoff, but leads to largely increased evapo-

transpiration (mainly evaporation). Such modifications may vary

and become larger at the local scale.

3. Our performed sensitivity analysis reveals that allowing the ground-

water feeding back to the soil water does modify the simulated

reservoir-regulated groundwater-soil-vegetation continuum: higher

groundwater recharge, dryer soils, lower surface runoff, and

decreased evapotranspiration, irrespective of the reservoir regulation.

In conclusion, the results of the performed sensitivity analysis

give evidence that reservoir regulation and groundwater feedback

play different roles in modifying the regional terrestrial water cycle for

the Poyang Lake basin, particularly with respect to the partitioning of

the simulated evapotranspiration. The implementation of reservoir

regulation into the terrestrial component (i.e., NOAH-HMS) of the

fully coupled atmospheric–hydrological modelling system, that is,

the WRF-HMS (Wagner et al., 2016) allows us moving one step fur-

ther towards representation of complex, dynamic reservoir regulation

processes in the full water cycle, which has been emphasized by the

community (Friedrich et al., 2018).

In the future, we will address how reservoir regulation modifies

the atmospheric water cycle using the fully coupled, regional

atmospheric–hydrologic model system WRF-HMS. In addition, the

reservoir regulation represented modelling framework established in

this study could be extended further to account for water withdrawals

from reservoirs water and/or groundwater and to account for irriga-

tion activities for future studies of assessing irrigation effects on the

water cycle.
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