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Abstract In this study, a regional climate model-based evapotranspiration tagging (ET-Tagging)
algorithm has been applied for the first time over Southeast China. Fifteen month simulations (October 2004
to December 2005) were performed to investigate where and to which extent the tagged evapotranspired
water from the Poyang Lake region returns to the land surface as precipitation. The contributions of direct
evaporation and transpiration were estimated separately using an extended ET-Tagging partitioning
algorithm. In 2005, the contribution of moisture originating from the Poyang Lake region to the local annual
precipitation in Southeast China reaches a value of up to 1.2%. A maximum contribution of 6% is found
near the Poyang Lake region in August. In 2005, 69% of total tagged precipitation originates from direct
evaporation of water whereas 31% from transpiration. In winter, precipitation originating from transpired
moisture only accounts for around 10% of the total tagged precipitation, but in the summer season the
contribution of transpiration increases up to 50%. To explore the source-target relations under consideration
of the respective precipitation regime, we introduce source-specific precipitation efficiencies. For the
period under investigation, the efficiency for direct evaporation generally dominates, except during the
comparatively dry August and in the winter months. Our study shows that the location and the magnitude
of tagged precipitation show large spatial and temporal variations. The comprehensive interactions
between land surface characteristics and synoptic weather conditions control the annual cycle of the
individual contributions to precipitation, emphasizing the important impacts of vegetation cover and land
use on the atmospheric hydrological cycle.

1. Introduction

Evapotranspiration (ET) and precipitation (P) are the two essential components of the hydrological cycle,
which link the terrestrial and atmospheric hydrological processes. Their relationship accordingly is crucial
for land-atmosphere interaction studies. By now, it is well established that changes to the land surface can
significantly alter the atmospheric branch of the hydrological cycle [Huntington, 2006] and can further mod-
ify climate variability [Karl and Trenberth, 2003; Seneviratne et al., 2006]. The relationship between ET and P
is highly uncertain and shows spatial and temporal variations depending on the regional climate regime
[Seneviratne et al., 2010].

Atmospheric moisture tracking with water vapor tracers [Sodemann et al., 2009; Knoche and Kunstmann, 2013;
Winschall et al., 2014] in numerical models is a way to characterize the regional precipitation response to
local evapotranspiration. The main idea is the consideration of a secondary atmospheric hydrological cycle
of those tracers [Sodemann et al., 2009]. Joussaume et al. [1986] and Koster et al. [1986] introduced the con-
cept of tagging algorithm and implemented the algorithm in a global circulation model for investigating
global sources of local precipitation. This model was applied by Druyan and Koster [1989] in order to identify
sources of Sahel precipitation in dry and wet seasons. In 1999, Numaguti [1999] used the Center for Climate
System Research/National Institute for Environmental Studies Atmospheric General Circulation Model (GCM)
in conjunction with water vapor tracers to examine the origin of precipitation water over the Eurasian conti-
nent and to investigate time scale and frequency of recycling processes. Following the same idea, Bosilovich
and Schubert [2002] summarized this concept and extended the Goddard Earth Observing System GCM.
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Figure 1. (a) Model domain setup. (b) Terrain height (m above sea level) as used in the MM5 model with a horizontal
resolution of 4.5 km. Rivers, lakes, and the ocean are shown in blue. The red-shaded area (area S: the Poyang Lake
region) marks the source region where evapotranspired water is tagged. The black frame (area P: the Poyang Lake basin)
and the large white rectangle (area C: the model domain except a small boundary zone, nearly representing Southeast
China) indicate different target regions where the tagged precipitation is analyzed.

The extended Finite Volume GCM [Bosilovich, 2003] was used for studies on regional [Bosilovich and Chern,
2006] and global scales [Bosilovich et al., 2005]. Recently, regional models with high resolution receive increas-
ing attention due to the fast development in high-performance computation. This allows researchers to focus
on estimates of sources of precipitation on different temporal scales. Event-based rainfall was investigated
by using mesoscale models, for example, the High-Resolution Model HRM [Sodemann et al., 2009] and the
COSMO model [Winschall et al., 2014]. In addition, Knoche and Kunstmann [2013] conducted 2 month simu-
lations using the Fifth-Generation Mesoscale Model MM5 with a tagging extension to show the evolution of
the tagged moisture field and to reveal details of the transport on a monthly scale. Comprehensive overviews
of atmospheric moisture tracking and precipitation recycling are given in Eltahir and Bras [1996], Burde and
Zangvil [2001], and Gimeno et al. [2012].

Our evapotranspiration study focuses on the Poyang Lake (29∘N, 116∘E) area, which is located in the center of
Southeast China (see Figure 1). Poyang Lake is the largest freshwater lake in China covering on average an area
of 3500 km2 in a hydrologically normal year. The fluctuation of the lake area is controlled by discharges from
the five tributaries in the catchment and by outflow into the Yangtze River [Ye et al., 2011]. From a hydrological
perspective, it is an important flood storage and detention area along the Yangzte River [Shankman et al.,
2012]. To protect its abundant biodiversity, Poyang Lake National Nature Reserve adjacent to the Yangtze
River provides habitats for migratory birds and endangered white cranes [Jiao, 2009].

Recently, changes in the Poyang Lake level and the associated impacts on water supplies and ecosystems have
been investigated extensively on the aspects of both regional climate change and human activities [Zhang
et al., 2014a]. Liu et al. [2013] detected a decreasing trend of the lake size, based on the analysis of satellite
images and hydrological data. In 2006, an abrupt change of the Poyang Lake was identified and directly related
to the start of regular operation of the Three Gorge Dams in the same year [Zhang et al., 2012; Liu et al., 2013;
Gao et al., 2013]. The dam operation induces a decreasing discharge in the downstream Yangtze River at the
Poyang Lake outlet, which enhances the outflow of the Poyang Lake to the Yangtze River, particularly dur-
ing the dry season. Solving the problem of “water loss” or at least minimizing these impacts on the Poyang
Lake and its surrounding wetlands is of great concern for local governments [Jiao, 2009; Zhang et al., 2012].
Many studies have addressed this issue by investigating the land hydrological and hydraulic processes of the
Poyang Lake area [Zhang et al., 2012; Ye et al., 2013; Lai et al., 2014; Zhang et al., 2014a]. However, only very few
studies attempt to shed light on the water loss issue in terms of the atmospheric branch of the hydrological
cycle, especially, the fate of water evapotranspired from the Poyang Lake and its surrounding wetlands in
the atmosphere.

Precipitation in China generally shows a large variability in spatial and temporal distribution, and changes in
the frequency and intensity of extremes due to climate change [Liu et al., 2005]. In the Poyang Lake basin, the
frequency of extreme events such as heavy precipitation, floods, and droughts has been shown to increase
due to changes in the large-scale circulation [Zhang et al., 2008, 2011; Shankman et al., 2006] and due to
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intensive human activities [Ye et al., 2013] and further result in serious hydrological, ecological, and economic
consequences [Zhang et al., 2014a, 2014b; Xie et al., 2013; Deng et al., 2011]. Land-atmosphere interactions in
the Poyang Lake region and their possible influence over Southeast China can be inferred from past research
using analytical methods on global scales [Trenberth and Guillemot, 1995; Trenberth, 1998, 1999] and for the
whole of China [Simmonds et al., 1999; Zhou and Yu, 2005].

Previous studies have stated that more than 40% of precipitation in China is of continental origin [Bosilovich,
2002; Yoshimura et al., 2004; van der Ent et al., 2010; Goessling and Reick, 2011, 2013; van der Ent et al., 2014].
Using the Water Accounting Model, van der Ent et al. [2010] found that 80% of China’s water resources depends
on terrestrial evaporation from the Eurasian continent. Oceanic evaporationsheds (sources) for precipitation
in China covers the Atlantic Ocean westward of Europe, the Bay of Bengal, and the South China Sea [van der Ent
and Savenije, 2013]. Additionally, Wei et al. [2012a] investigated the water vapor sources for the Yangtze River
Valley rainfall with a quasi-isentropic back trajectory method, using MERRA reanalysis data [Rienecker et al.,
2011]. It is shown that the major moisture source for the Yangtze River Valley is temporally varying between
the Bay of Bengal, the South China Sea, and the western Pacific.

The local recycling over the Yangtze River Valley is controlled by rainfall and circulation changes [Wei et al.,
2012a]. Recently, Wang-Erlandsson et al. [2014] and van der Ent et al. [2014] depicted the contrasting roles of
interception and transpiration in the hydrological cycle in the context of moisture recycling and stressed the
potential influence of the land surface on the hydrological cycle. By analyzing the precipitationsheds, Keys et al.
[2012] and Keys et al. [2014] found that North China and East China are highly vulnerable to land use change.
Bagley et al. [2012] indicated a negative affect of land use change on potential crop yields due to a shortage
of moisture sources for the breadbasket regions, e.g., North China. An enhancement of moisture recycling has
also been attributed to irrigation [Tuinenburg et al., 2012; Wei et al., 2012b; Lo and Famiglietti, 2013]. Therefore,
under the conditions of the complex mountainous terrain and the monsoon system in Southeast China, both
land surface characteristics and atmospheric characteristics must be taken into account in the studies of
moisture tracking. It has been shown that evapotranspiration (transpiration and evaporation) is considerably
affected by land surface characteristics like water bodies, soil, and vegetation [Lawrence et al., 2007; Wang and
Dickinson, 2012; Wang-Erlandsson et al., 2014]. Two key atmospheric features, which are the presence of the
directional wind shear and the frequency of the strong moist convection [Goessling and Reick, 2013; van der
Ent et al., 2013], should be considered in the studies of moisture tracking as well. Consequently, as a next step
a detailed atmospheric model including a sophisticated land surface model for moisture tracking should be
employed to gain more insight into the dynamical and hydrological processes.

Following this idea, we apply a regional climate model (RCM) with an implemented evapotranspiration tag-
ging (ET-Tagging) algorithm [Knoche and Kunstmann, 2013] in this study. The model allows to tag the moisture
evapotranspired from a certain region into the atmosphere and to track it until returning to the land surface
as precipitation. The ET-Tagging algorithm has been originally implemented by Knoche and Kunstmann [2013]
into the Fifth-Generation Mesoscale Model (MM5) and is extended further in this study. Individual evaporation
and transpiration fluxes are calculated within a sophisticated land surface scheme (Oregon State Univer-
sity Land Surface Model OSU-LSM) in the regional climate model (MM5). They represent different dynamical
effects of land surface characteristics and of hydrological processes [Jacobs and De Bruin, 1992; Sewall et al.,
2000; Wang and Dickinson, 2012; Wang-Erlandsson et al., 2014; van der Ent et al., 2014].

The model is applied for the first time in the mountainous, subtropical monsoon region of Southeast China.
To investigate the relative importance of evaporation and transpiration processes in the regional hydrological
cycle and the corresponding impact on land-atmosphere interaction, the total evapotranspiration is split into
direct evaporation (consisting of evaporation from inland water bodies, evaporation from the top soil layer,
and evaporation of precipitation intercepted by the canopy) and transpiration, which are then tracked sepa-
rately. The objectives of this study are the following: to spatially and temporally quantify the contribution of
the water evapotranspired from the Poyang Lake region to local precipitation, to precipitation in the Poyang
Lake basin, and to precipitation in Southeast China using the RCM-based ET-Tagging algorithm and to inves-
tigate the relative contribution of direct evaporation and transpiration from the source area to the spatial and
temporal distribution of the tagged precipitation.

As we are particularly interested in elaborating on the impact of the advance and retreat of the East Asian
monsoon on the land-atmosphere interaction for the Poyang Lake region, we perform our analysis for the
period of one entire year on a monthly scale (15 month simulations including 3 months spin-up period).
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Table 1. Physical Schemes and Configuration of the MM5 Model as Used in This Studya

Selected Schemes

Short-wave radiation Dudhia [Dudhia, 1989]

Long-wave radiation RRTM [Mlawer et al., 1997]

Land surface OSU-LSM [Chen and Dudhia, 2001]

Planetary boundary layer MRF-PBL [Hong and Pan, 1996]

Microphysics Mixed phase (Reisner 1) [Reisner et al., 1998]

Configuration

Simulation domain Northeast: 121.8∘E 33.7∘N

Southwest: 110.9∘E 24.2∘N

Domain size (grid points) 240 × 240

Horizontal resolution (km) 4.5

Time step (s) 10

Vertical discretization 33 Levels

𝜎 levels 1.000, 0.996, 0.990, 0.983, 0.974, 0.963, 0.950, 0.934, 0.916,

0.896, 0.873, 0.848, 0.820, 0.789, 0.755, 0.718, 0.680, 0.640,

0.600, 0.560, 0.520, 0.480, 0.440, 0.400, 0.360, 0.320, 0.280,

0.240, 0.200, 0.160, 0.120, 0.080, 0.040, 0.000

Boundary update (h) 6

Output frequency Hourly

Time period 3 months spin-up time (October–December 2004)

12 months evaluation time (January–December 2005)
aMRF, Medium-Range Forecast.

In comparison with the source areas defined in other tagging studies [Sodemann et al., 2009; Wei et al., 2012a;
Winschall et al., 2014], our source area, i.e., the Poyang Lake region, is relatively small.

The structure of the article is as follows. Section 2 describes the basic RCM model used in this study, the
ET-Tagging algorithm, and the ET-Tagging partitioning extension. Details of the ET-Tagging setup, includ-
ing model configuration, source and target area specification, reference data, and evaluation strategy are
explained in section 3. Section 4 hosts the results and a discussion of the application of the ET-Tagging and
Partitioning algorithm over the Poyang Lake region in Southeast China. Section 4.1 presents the general per-
formance of the RCM regarding precipitation and evapotranspiration in Southeast China. The distribution of
the tagged moisture and tagged precipitation is shown in section 4.2. In section 4.3, an analysis of the atmo-
spheric tagged water budget is presented, and the source-target relations corresponding to ET partitioning
are explored in section 4.4. Finally, a summary is given and final conclusions are drawn in section 5.

2. Model and Methodology

The ET-Tagging and partitioning simulations were conducted with the Fifth-Generation Pennsylvania State
University/National Center for Atmospheric Research Mesoscale Model (MM5) version 3.5 [Dudhia, 1993; Grell
et al., 1994]. MM5 is a process-based, nonhydrostatic model which simulates the behavior of a coupled dynam-
ical system: atmosphere and soil, snow cover, and vegetation. The MM5 model has been applied extensively
for short-period weather prediction and long-term climatological assessment at synoptic and subsynoptic
scales. As a limited-area model, it allows for the representation of small-scale meteorological fields driven by
external simulations (e.g., general circulation model simulations) or reanalysis data (e.g., ERA Interim).

MM5 uses a horizontal grid with an Arakawa-Lamb B grid staggering, based on a Lambert Conformal, Polar
Stereographic, or Mercator map projection. In the vertical direction, a terrain-following sigma coordinate is
used [Dudhia, 1993]. MM5 accounts for atmospheric diffusive and turbulent processes, short- and long-wave
radiation, phase transitions of water substance, and the formation of precipitation. For each physical mecha-
nism, a variety of different parameterizations and options are available. The schemes selected for this study
are listed in section 3.1 and in Table 1.
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2.1. ET-Tagging Algorithm
The MM5 model with the implemented ET-Tagging algorithm is used to explicitly quantify the contribution
of land surface evapotranspiration to regional precipitation [Knoche and Kunstmann, 2013]. The concept of
the ET-Tagging algorithm is to add a second numerical formulation of the atmospheric hydrological cycle to
a RCM [Sodemann et al., 2009; Winschall et al., 2012; Sodemann and Stohl, 2013; Winschall et al., 2014], i.e., the
tagged moisture: evapotranspiring water from a selected region is “tagged” when entering the atmosphere.
Then, the tagged moisture undergoes the same atmospheric processes as the (original) total moisture. Finally,
the tagged moisture returns to the land surface as precipitation or leaves the model domain.

In our MM5 ET-Tagging environment, we define a mask over the whole model domain for separating a selected
source area from its surroundings:

MASKtag =
{

1 for tagging source area
0 otherwise

(1)

Upward ET fluxes (ET> 0) entering the lowest atmospheric model layer from the source area contribute to
the tagged water vapor. Downward fluxes of tagged water vapor, i.e., dew formation, are also considered. The
tagged downward fluxes ETtag (i.e., tagged dew formation) are proportional to the total downward fluxes ET
(ET < 0) and the fraction of tagged water vapor qlowest

v,tag to total water vapor qlowest
v,total in the lowest model layer:

ETtag =

{
ET ⋅ MASKtag if ET ≥ 0
ET ⋅ qlowest

v,tag ∕qlowest
v,total if ET < 0

(2)

For tracking the tagged water pathways through the atmosphere, the original MM5 moisture equations
describing grid-scale transport, subgrid-scale transport due to turbulence and diffusion, phase transitions,
and the downward transport of precipitating water components are duplicated in the code. The original
equation set accounts for the total moisture components (here water vapor qv,total, cloud water qc,total, cloud
ice qi,total, rain water qr,total, and snow qs,total), while the second equation set is for the tagged moisture com-
ponents (i.e., qv,tag, qc,tag, qi,tag, qr,tag, and qs,tag). The ET fluxes at the land surface appear implicitly as boundary
values for the atmospheric subgrid-scale fluxes. More details about the implementation of the ET-Tagging
algorithm into the MM5 model are given in Knoche and Kunstmann [2013]. It should be noted that there is
an alternative way of parameterizing tracer evapotranspiration using the moisture gradient of the individual
tracers [e.g., Sodemann et al., 2009]. Detailed comparisons and discussions of the two methods are given in
Winschall et al. [2014] and Goessling and Reick [2013].

2.2. ET-Tagging Partitioning Extension
For the assessment of the contribution of the individual ET components on precipitation, additional model
extensions concerning the partitioning of ET are introduced. The ET output of MM5 consists of evaporation
from inland water bodies Ewater, evaporation from the top shallow soil layer Esoil, evaporation of precipitation
intercepted by the canopy Einterception, and transpiration via canopy and roots by vegetation Et :

ET = Ewater + Esoil + Einterception
⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏞⏟

Ed

+Et (3)

Ewater is governed by a Penman-based energy balance approach for potential evaporation. Esoil depends on
soil moisture content and potential evaporation, and Eintercption is determined by the intercepted canopy water
content and potential evaporation. Et is calculated mainly by considering green vegetation fraction, potential
evaporation, and soil moisture in the root zone. A detailed description of the land surface model is given in
Chen and Dudhia [2001].

In this study, we extend the model to partition the evapotranspiration flux ET into a direct evaporation flux Ed

(consisting of Ewater, Esoil, and Einterception) and a transpiration flux Et and track the two fluxes separately.

To quantify the contribution of evapotranspiration to precipitation, a local precipitation contribution ratio 𝜌

is defined as
𝜌 = Ptag∕Ptotal (4)
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Ptag denotes the tagged precipitation contribution of ET from a predefined source area, while Ptotal denotes
the total precipitation originating from local ET and remote moisture sources.

In the context of ET-Tagging partitioning (see equation (3)), we split the tagged evapotranspiration into
tagged direct evaporation Ed,tag and tagged transpiration Et,tag

ETtag = Ed,tag + Et,tag (5)

The tagged precipitation is split accordingly as

Ptag = Ptag,Ed
+ Ptag,Et

(6)

3. ET-Tagging Study Design
3.1. Model Configuration
Preliminary model runs with different domain size, and grid spacing were performed for the identification of
a suitable model setup. We concluded on a model domain covering Southeast China (see Figure 1a) with a
horizontal resolution of 4.5 km and a vertical discretization of 33 layers up to 50 hPa with refined layers in
the lower part of the atmosphere. The physical schemes applied in this study are the same as in Knoche and
Kunstmann [2013] (see Table 1): We choose the revised Medium-Range Forecast model [Hong and Pan, 1996]
to model the planetary boundary layer (PBL) and parameterize the turbulent processes. The cloud radiation
short-wave scheme [Dudhia, 1989] and the Rapid Radiation Transfer Model (RRTM) long-wave scheme [Mlawer
et al., 1997] are selected for the calculation of the atmospheric short- and long-wave radiation. The Reisner-1
Mixed-Phase scheme [Reisner et al., 1998] is used as the explicit microphysical parameterization, and the land
surface model Chen and Dudhia [2001] is used with four vertical layers.

As mentioned by Knoche and Kunstmann [2013], with cumulus parametrization schemes, it is difficult to
achieve a process-based treatment for moisture tagging modeling. Therefore, no cumulus parametrization is
employed. This choice is extensively taken in many other studies [Molinari and Dudek, 1992; Weisman et al.,
1997; Done et al., 2004; Arakawa, 2004; Hong and Kim, 2008; Prein et al., 2013; Lee et al., 2014]. The main reason
is that at high resolution, the parameterisations are assumed to be obsolete because (deep) moist convection
is (mostly) resolved at the grid scale. Weisman et al. [1997] states that approximately 4 km is usually suffi-
cient to reproduce mesoscale systems. For this study, a model resolution of 4.5 km is chosen. This resolution
is assumed to be fine enough to capture the convective systems sufficiently by grid-scale resolved dynamic
model processes.

The global reanalysis data ERA Interim (with T255 spectral resolution≈ 80 km and 60 vertical levels) [Dee et al.,
2011] from the European Centre for Medium-Range Weather Forecasts provides the initial and lateral bound-
ary conditions. The hindcast simulation period covers 15 months from October 2004 to December 2005. The
first 3 months are considered as model spin-up time, allowing the soil moisture and the tagged atmospheric
moisture components to sufficiently develop. Regarding the spin-up time in our study, there are two consider-
ations: for atmospheric fields, the spin-up time is rather short (i.e., 1–2 days) [de Ela et al., 2002]. Hence, 2 weeks
of simulation are generally enough to develop the tagged atmospheric moisture components [Bosilovich and
Schubert, 2002]. In contrast, for some land surface processes (e.g., deep soil hydrology), the spin-up time is
considerably longer [Laprise, 2008]: the long-term land surface interaction studies require several months of
simulation to develop a consistent state of the soil moisture, for example, (up to 1 year in Goessling and Reick
[2013]). In our previous work [Knoche and Kunstmann, 2013], 1 month is taken as a spin-up period for a rainy
month of investigation. Thus, our choice of a 3 month spin-up time is a good compromise and sufficient for
this investigation.

As the geographic source of tagged water, we defined an area of about 25,000 km2 covering the Poyang Lake
and its surrounding wetlands. This source area (hereafter referred to as area S) is shaded in red in Figure 1b.
Figure 2 depicts the vegetation cover and land use types based on the global 25-category data from the U.S.
Geological Survey (USGS) for area S. The area of the Poyang Lake (land use type 16) accounts for 13.5% of
the total source area (Figure 2b). Irrigated crop (i.e., paddy rice) around the lake is the prime vegetation type
with a fraction of 47.6% (land use type 3). Also depicted in Figure 1b are the model domain except a small
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Figure 2. (a) Spatial distribution and (b) bar chart of the land use
types for area S (horizontal resolution 4.5 km). The results are based
on the global 25-category data from the U.S. Geological
Survey (USGS).

boundary zone (area C, covering nearly all
of Southeast China) and the Poyang Lake
basin (area P). All these areas C, P, and S are
considered as target areas in the analysis.

3.2. Reference Data and
Evaluation Strategy
As reference data for precipitation,
APHRODITE_V1003R1 (Asian Precipita-
tion Highly Resolved Observational Data
Integration Towards Evaluation of Water
Resources) [Yatagai et al., 2009, 2012] is
used. The APHRODITE product provides
long-term daily gridded precipitation
data over Asia at 0.25∘× 0.25∘resolution. It
merges 2.3 to 4.5 times more rain gauge
data compared to the data available
through the Global Telecommunication
System network [Yatagai et al., 2009] and is
assumed to better represent precipitation
in complex terrain [Yatagai et al., 2012].

As reference data for evapotranspiration,
FLUXNET MTE (Model-Tree Ensemble),
[Jung et al., 2009, 2010, 2011] is used. The
FLUXNET MTE product provides monthly
gridded global evapotranspiration data at
0.5∘× 0.5∘spatial resolution. It is derived
by empirical upscaling of eddy covariance
measurements from a global network
of flux towers (FLUXNET) with a model
tree ensemble (MTE) approach [Jung
et al., 2009].

For evaluation, the simulated precipitation
and evapotranspiration were remapped to
the respective reference data grids using a
bilinear interpolation.

4. Results and Discussion
4.1. Simulated Precipitation and Evapotranspiration
Figure 3 depicts the total annual precipitation for 2005 from (a) APHRODITE and (b) our MM5 model simu-
lation. Figures 3d and 3e show the total annual evapotranspiration for the same period from FLUXNET MTE
and our simulation, respectively. Various smaller-scale structures are found in the simulation data, presum-
ably due to the finer horizontal resolution of the original model output data. Generally, the MM5 model can
reasonably reproduce the pattern of the reference data. Figures 3c and 3f show annual relative differences,
which are larger near the domain boundary than in the center. The simulation tends to underestimate the total
amount of precipitation, especially along the southeastern coast line and near the western boundary of the
model domain. For evapotranspiration, the relative differences are small except in the regions in the northeast
quadrant, where the land use type is inland water bodies. These deviations are partly attributed to the refer-
ence data: due to the weakness of the eddy covariance method used for FLUXNET MTE and the limited spatial
representation [see Jung et al., 2009, Figure 2], the evapotranspiration near distinct landscape transitions such
as lakes is not well captured [Baldocchi et al., 2001]. However, FLUXNET MTE is still the only territorial-based
evapotranspiration data set on a long-term and continuous base. On the other hand, the MM5 model used in
our study does not account for the impact of human activities, like for the irrigation of paddy rice. Wei et al.
[2012b] found that irrigation-induced evapotranspiration caused only a small increase in precipitation, even
in heavily irrigated central and northern China.
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Figure 3. Annual total precipitation (mm) and evapotranspiration (mm) for Southeast China for 2005 from (a) APHRODITE and (d) FLUXNET MTE reference data,
while our MM5 simulation interpolated (b) to the APHRODITE grid and (e) to the FLUXNET MTE grid. (c and f) The relative differences (%) between simulation and
reference data.

Figure 4 shows the annual cycle of precipitation and evapotranspiration aggregated over the three analysis
areas (see Figure 1b) for the year 2005. The model results show comparatively good agreement with the ref-
erence data. With the exception of May, where the simulated precipitation exceeds the observations in areas
P and S, the model produces slightly too little rainfall. The annual cycle of the simulated evapotranspiration
is also in good agreement with the reference data. Significantly, too small values are found only in summer,
especially in August over the source area S. The reasons may be the slight underestimation of precipitation in

(a)

(d)

(b)

(e)

(c)

(f)

Figure 4. Comparison of simulation (dotted blue line) and reference data (solid black line). (a–c) Area-averaged, monthly time series of precipitation
(mm month−1) and (d–f ) evapotranspiration (mm month−1) for three evaluation regions (see Figure 1b): Figures 4a and 4d represent Southeast China, area C,
Figures 4b and 4e represent Poyang Lake basin, area P, and Figures 4c and 4f represent Poyang Lake region, area S.
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Figure 5. Monthly time series of vertical distribution of (a) total tagged moisture mixing ratio (g kg−1) and (b) tagged
condensed moisture mixing ratio (g kg−1), averaged over area S for each model layer and for each month in 2005. The
relative position of the sigma levels is given in Table 1.

this month and the neglection of irrigation schemes in our model. Nevertheless, our results indicate that the
model also allows reasonable estimates of the tagged quantities.

4.2. Distribution of Tagged Moisture and Tagged Precipitation
The tagged moisture evapotranspired from the source area S is transported and spread in the atmosphere
vertically and horizontally. Figure 5 shows the vertical distribution of (a) the total tagged moisture (consisting
of water vapor, cloud water, cloud ice, rain water, and snow) and (b) the tagged condensed moisture (i.e., the
sum of tagged liquid and solid cloud and precipitation water) over the source area S on monthly scales. Most
of the tagged moisture remains in the boundary layer, with the maximum mixing ratio near the surface. The
atmospheric storage of the tagged moisture increases from January to June and decreases from September to
December and is associated with changes in the height of the boundary layer. In summer, high temperatures
lead to enhanced evapotranspiration at the land surface, to an expansion of the boundary layer, and to an
increased water storage capacity of the atmosphere.

The vertical distribution of the tagged condensed moisture is more diverse from month to month and is
directly related to the formation of clouds and precipitation systems (see Figure 5b). As a result of more fre-
quent convection and large-scale lifting, the tagged condensed moisture is found in higher atmospheric
layers in the rainy season and in the summer season. For example, in May the main rain belt covers South-
east China, and the formation of convective clouds results in the tagged water vapor lifted up and condensed
in the upper atmosphere above the planetary boundary layer. In contrast, in winter the tagged condensed
moisture is predominantly formed in the lower atmospheric layers. Compared to the total tagged moisture,
the tagged condensed moisture only accounts for a very small fraction.

To study the transport and distribution processes of tagged moisture from the source area, monthly vertical
profiles of the three wind components averaged over the source area S are shown in Figure 6. It illustrates the
variability of wind speed and wind direction with height and season. The direction of the meridional wind
component changes in April and September due to the onset and retreat of the East Asian summer monsoon,
respectively. The vertical wind component near the land surface switches from slightly downward to upward,
during the summer monsoon season, with the strongest updraft in May, especially in the higher levels.

Figure 7a shows the horizontal distribution of the column-integrated total tagged moisture average for 2005.
Generally, the horizontal distribution of the total tagged moisture is governed by the wind direction changes
due to the development and retreat of the East Asian monsoon (see Figure 6) and influenced by the topog-
raphy of the Poyang Lake basin (see Figure 1b). Most of the total tagged moisture is found above the Poyang
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Figure 6. Monthly time series of vertical profile of wind components: (a) zonal velocity u (m s−1), (b) meridional velocity
v (m s−1), and (c) vertical velocity w (m s−1). The wind components are averaged over area S for each model layer and
for each month in 2005.

Lake area (around 850 g m−2) and directly west of it, due to the easterly wind prevailing most of the year in
the boundary layer (see Figure 6a). With increasing distance from the source area, the total tagged moisture
content distinctly declines.

Figure 7b depicts the horizontal distribution of the column-integrated condensed tagged moisture. Most of
the condensed tagged moisture is contained in the atmosphere above the Poyang Lake region and in the
adjacent part to the East and is, as suggested by Figure 5b, mainly formed during the rainy season. It indicates
that the tagged moisture is involved in cloud formation and precipitating systems and is concentrated in
the middle and high layers, where westerly winds dominate (see Figure 6b). The tagged condensed moisture
found in the northern part of the domain results from the transportation processes by the prevailing southerly
winds in summer. In contrast, the northerly winds in winter are responsible for the tagged condensed moisture
appearing in the south.

Figure 8 shows the (a, d, g, and j) spatial distribution of the simulated total precipitation and (b, e, h, and k)
tagged precipitation for 2005. The patterns of the local precipitation contribution ratio 𝜌 (equation (4)) are
also shown (Figures 8c, 8f, 8i, and 8l). In addition to the annual sum, 3 months (February, May, and August) are
selected for illustrating the monthly variations of the tagged precipitation and its contribution patterns due
to the advance and retreat of the East Asian monsoon.

Overall, the tagged precipitation patterns in Figure 8b are similar to the tagged condensed moisture patterns
(see Figure 7b). Most of the tagged precipitation occurs around the source area S and in the adjacent part to
the East with a maximum value of about 20 mm. In comparison to the total precipitation shown in Figure 8a,
the tagged amount is nearly two orders of magnitude lower. Regions with maximum contribution ratio
𝜌> 1.2 % (the ratio of Ptag to Ptotal) in 2005 are found in the source area and in the north along the Yangtze River
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Figure 7. Horizontal distribution of (a) column-integrated total tagged
moisture (g m−2) and (b) column-integrated tagged condensed
moisture (g m−2), averaged for 2005. The color scale of Figures 7a and
7b ends at 850 g m−2 and 1.7 g m−2, respectively.

Valley, about 200 km away from the
Poyang Lake (Figure 8c). In contrast, the
water evapotranspired from the Poyang
Lake region does not significantly con-
tribute to the precipitation in the south-
east quadrant.

In February, the maximum values of
tagged precipitation (only 1.2 mm) are
found south of the source area (Figure 8e),
where the dominant northerly winds are
close to the land surface (see Figure 6).
A smaller amount of tagged precipita-
tion is also formed in the north because
of the repeated changes in wind direc-
tion. The pattern of the contribution
ratio of the monthly mean precipitation
𝜌 in Figure 8f exhibits a band-like struc-
ture, shifted toward the south in the
downwind regions. In the north, despite
very low tagged precipitation sums, the
contribution ratio reaches around 0.6 %
due to equally low values of total pre-
cipitation. After the onset of the East
Asian summer monsoon in April, the pre-
vailing low-level and upper level winds
rapidly reverse their directions. As dis-
cussed before, in May a large amount
of tagged condensed moisture is locally
involved in convective and large-scale
precipitation processes. Therefore, the
tagged precipitation amount reaches its
maximum (15 mm) in the source area S
and its surrounding regions (Figure 8h).
The southerly winds also transport a small
fraction of the tagged moisture toward
the north, with some tagged precipitation

occurring. Due to the low values of total precipitation (see Figure 8g), comparatively high contribution ratios
are found in the north (Figure 8i). In August, due to the different wind directions near the land surface and
in the upper level atmosphere, the tagged precipitation falls not only in the north but to a lesser extent also
in the south (Figure 8k). Small fractions of tagged condensed moisture in higher model layers (see Figure 5b)
lead to few local, convective rainfall events in and around the source area S, and to a contribution ratio of up to
6% near the eastern boundary of the source area S (Figure 8l), which is also the maximum on monthly scales
for the year 2005. Our analysis of the selected 3 months reveals that the prevailing winds and the changing
precipitation regime over Southeast China dominate the pattern of precipitation contribution. This finding is
in general agreement with van der Ent et al. [2014].

4.3. Atmospheric Tagged Water Budget Analysis
To explore the relation between evapotranspiration from the source area and tagged precipitation in dif-
ferent geographic surrounding areas, an atmospheric tagged water budget analysis on monthly scales is
performed. For this, the tagged evapotranspiration ETtag,S (mm month−1) in the source area S is divided into
five components:

ETtag,S = Ptag,S + Ptag,PoS + Ptag,CoPS + ΔQtag,C + Ftag,C (7)

where Ptag,S, Ptag,PoS, and Ptag,CoPS denote the tagged precipitation in area S, in area P but outside of S, and
in area C but outside of P and S, respectively. ΔQtag,C is the storage change of the tagged moisture over
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Figure 8. (a, d, g, and j) Annual sum and monthly sum of simulated total precipitation Ptotal in mm, (b, e, h, and k) tagged precipitation Ptag in mm, (c, f, i, and l),
and (from top to bottom) annual/monthly mean of local precipitation contribution 𝜌 in % for the whole year 2005 and 3 months (February, May, August).

area C, and Ftag,C is the net lateral outflow flux of tagged moisture. ETtag,S and the tagged precipitation terms
can be obtained directly from the ET-Tagging simulation. ΔQtag,C is calculated using the difference of the
column-integrated total tagged moisture between the beginning and the end of a certain period, and Ftag,C

is determined as the residual in equation (7).

Table 2 summarizes the values of the tagged water budget terms on monthly scales for 2005. Overall, almost
90% of the evapotranspired tagged water leaves area C in 2005. Only 0.8% of the tagged moisture precipi-
tates locally in the source area S with monthly values between 0.1% in October and 3.5% in May. In contrast,
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Table 2. Atmospheric Tagged Water Budget (Equation (7)) of the ET-Tagging Simulation on Monthly Scales for 2005a

ETtag,S Ptag,S Ptag,PoS Ptag,CoPS ΔQtag,C Ftag,C Ptag,P Ptag,C

Month (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm) (%) (mm)

1 100.0 28.6 0.6 0.2 2.7 0.2 5.0 0.1 12.5 0.1 79.2 - 3.3 0.2 8.3 0.1

2 100.0 34.9 0.6 0.2 3.0 0.2 7.4 0.1 −0.2 0.0 89.2 - 3.5 0.2 11.0 0.1

3 100.0 66.0 0.2 0.1 1.4 0.2 5.3 0.1 3.4 0.1 89.7 - 1.6 0.2 6.9 0.1

4 100.0 94.4 0.6 0.6 1.4 0.3 7.2 0.2 −9.5 −0.2 100.3 - 2.0 0.3 9.2 0.2

5 100.0 106.0 3.5 3.8 5.9 1.3 15.3 0.5 12.5 0.4 62.8 - 9.2 1.7 24.7 0.7

6 100.0 125.0 0.6 0.7 1.2 0.3 8.6 0.3 −11.8 −0.4 101.4 - 1.7 0.4 10.4 0.3

7 100.0 123.0 0.3 0.4 0.6 0.1 7.6 0.3 5.3 0.2 86.2 - 0.8 0.2 8.5 0.3

8 100.0 87.8 0.4 0.3 2.2 0.4 11.5 0.3 2.5 0.1 83.4 - 2.6 0.4 14.2 0.3

9 100.0 86.9 0.2 0.2 1.4 0.3 6.0 0.2 4.1 0.1 88.3 - 1.6 0.2 7.6 0.2

10 100.0 60.5 0.1 0.1 0.8 0.1 2.2 0.0 −16.1 −0.3 113.0 - 0.9 0.1 3.1 0.1

11 100.0 41.7 1.2 0.5 2.3 0.2 5.8 0.1 15.8 0.2 74.9 - 3.5 0.3 9.3 0.1

12 100.0 31.0 0.2 0.1 1.4 0.1 2.9 0.0 −16.9 −0.1 112.4 - 1.6 0.1 4.5 0.0

Total 100.0 888.8 0.8 7.2 2.0 3.7 7.9 2.2 −0.1 0.0 89.4 - 2.7 4.3 10.7 2.5
aMonthly sums and changes during a month (ΔQtag,C ) are shown as relative values compared to ETtag,S in % and as precipitable water in mm. Source and target

areas (see Figure 1b) are indicated as subscript for each term (S: the source area; P: the Poyang Lake basin; C: Southeast China; PoS: the area outside of S but inside
of P; CoPS: the area outside of P and S but inside of C).

the comparison of Ptag,C and Ptag,S shows that due to the annual movement of the East Asian monsoon; the
tagged precipitation is more often formed outside of the source area S. Averaged over 12 months, the tagged
precipitation falling in the Poyang Lake basin (area P) equates to 2.7% of the tagged moisture with a max-
imum of 9.2% in May. Considering area C (representing nearly the whole of Southeast China), 10.7% of the
tagged moisture returns as the tagged precipitation, with a maximum of 24.7% in May. The tagged precipi-
tation contribution ratios in areas S, P, and C reveal the relevance of the evapotranspired water in the Poyang
Lake region for tagged precipitation in Southeast China on different scales. Maximum values of tagged pre-
cipitation contribution ratios (i.e., significant recycling effects) are found in May when peak total (tagged and
untagged) precipitation occurs.

In specific months like May and June but also from October to January, the wind regimes and the humidity of
air masses over Southeast China change significantly. As a consequence, there are considerable differences
in the atmospheric (tagged) moisture contents between the beginning and the end of the respective month.
This explains the comparatively high values between −17% and +16% of the storage change term ΔQtag,C .

4.4. Partitioning of Tagged Precipitation Corresponding to Partitioning of Evapotranspiration
According to equation (6), the tagged precipitation can be partitioned and is now separately analyzed.
Figures 9a and 9b show the annual sum of Ptag,Ed

and Ptag,Et
for 2005. Aggregated over area C, 69% of the

tagged precipitation is contributed by direct evaporation and 31 % by transpiration. While higher values of
Ptag,Ed

are found in most parts of area C with a pronounced maximum over the source area S, higher values of
Ptag,Et

are limited to the region around the source area and to (remote) northern areas. In these remote areas,
large amounts of tagged transpired moisture in summer are transported by dominating southerly winds and
subsequently contribute to precipitation. As a result, the distribution of the fraction Ptag,Et

∕Ptag in Figure 9c
shows that the transpired water accounts for about half of the precipitation in the north. However, transpi-
ration is far less important around the source area S and in the south (Ptag,Et

∕Ptag ≤ 15%) due to the small
contribution of tagged transpiration to total tagged evapotranspiration in winter.

Recently, van der Ent et al. [2014] found that in Southeast China, the continental precipitation recycling ratio
for transpiration is larger than that for evaporation. This stands in contrast to our findings and is mainly
ascribed to the different representations of land surface characteristics of the source areas in the two stud-
ies. The continent as a source area provides much more transpiration than direct evaporation. This means
that transpiration dominates the terrestrial water cycle [Jasechko et al., 2013; Schlesinger and Jasechko, 2014;
Wang-Erlandsson et al., 2014]. By contrast, our source area has a large fraction of moist land use types (water
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Figure 9. Annual sum of the simulated (a) tagged precipitation Ptag,Ed
(mm) for direct evaporation and (b) tagged precipitation Ptag,Et

(mm)
for transpiration and (c) annual mean of tagged precipitation fraction
Ptag,Et

∕Ptag (%) for transpiration for the year 2005.

bodies and wetlands) with direct evapo-
ration. This process is more effective for
water at or near the surface than tran-
spiration for water from the root zone
[Jasechko et al., 2013]. Overall, the dif-
ferent finding reveals that the vegeta-
tion cover and land use type have impor-
tant impacts on the regional atmospheric
hydrological cycle.

Next, we investigate the geographical
distribution of evapotranspiration and
tagged precipitation on a monthly basis.
Figure 10a shows time series of monthly
area mean of ETtag and the correspond-
ing partitioning over area S for 2005.
Except for July, August, and September,
the direct evaporation fluxes Ed,tag show
significantly higher values than the tran-
spiration fluxes Et,tag. They reach their
maximum during the rainy season, since
a large amount of water is available at
the land surface. The monthly variation
of the transpiration fraction Et,tag coin-
cides with the seasonal changes in tem-
perature. Since the land surface model in
this study uses a prescribed seasonal vary-
ing climatological green leaf area index
and green vegetation fraction, increasing
temperatures reflect promoting transpi-
ration and allow for more water uptake
from the root zone. Thus, the highest
values of Et,tag are found from June to
September.

Correspondingly, time series of monthly
area mean of the tagged precipitation Ptag

and its fractions Ptag,Ed
and Ptag,Et

over the
source area S and over the target area
C are shown in Figures 10b and 10c. In
general, since little tagged precipitation
for transpiration is found in winter and
in the transit seasons, almost all of the
tagged precipitation during these peri-
ods originates from direct evaporation.
In the summer season, the transpiration
becomes more important for the forma-
tion of tagged precipitation. For the small
source area S, both Ptag,Ed

and Ptag,Et
show

the largest values in May (Figure 10b), in
accordance with peak total (tagged and

untagged) precipitation. For the large target area C, the time series of the tagged precipitation (Figure 10c)
follows the trend of the source area S (see Figure 10b) but with less variation and markedly lower values in
May, since Ptag,Et

is concentrated around the source area S due to frequent, local rainfall events. Relatively high
values for Ptag,Et

persist from May to August.
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Figure 10. Time series of monthly area mean of (a) evapotranspiration ETtag (black) and its contributions direct
evaporation Ed,tag (blue) and transpiration Et,tag (red) (mm month−1) for area S, (b) tagged precipitation Ptag (black)
and its contributions tagged precipitation for direct evaporation Ptag,Ed

(blue) and for transpiration Ptag,Et
(red)

(mm month−1) for area S, (c) as in Figure 10b, except for area C, and (d) precipitation fraction Ptag,Et
∕Ptag for

transpiration for area S (red) and for area C (black) (%).
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(a)

(b)

Figure 11. (a) Time series of monthly source-specific precipitation efficiency for direct evaporation 𝜂d (%) in blue and for
transpiration 𝜂t (%) in red for area S, (b) as in Figure 11a, except for area C.

Additionally, time series of the ratio Ptag,Et
∕Ptag for transpiration are given in Figure 10d. Larger fractions of

Ptag,Et
∕Ptag for the source area S are found in June and August with maximum ratios of around 50% and 66%.

For area S, in May, due to the large amount of Ptag,Ed
formed, Ptag,Et

only accounts for 25% of Ptag, while in the
dry and warm season (from June to August), Ptag,Et

accounts for around 50% of Ptag.

The comparison of the monthly precipitation ratios over the source area S and over area C (see Figure 10d)
reveals that in specific months, large fractions of direct evaporated moisture and of transpirated moisture are
affected by different precipitation regimes. For example, in July, transpired water is transported over long dis-
tances and involved in remote rainfall events. In contrast, for example, local (area S) precipitation contribution
by transpiration is more significant in August.

To explore further the source-target relations under consideration of the respective precipitation regime (wet
or dry weather conditions), we introduce the source-specific precipitation efficiency

𝜂 = Ptag∕ETtag, (8)

describing the relation of water that enters the domain from a specific source area by evapotranspriation
and that subsequently falls as precipitation. In contrast to the precipitation efficiency defined in other studies
[Schär et al., 1999; Kunstmann and Jung, 2007], we focus on the evapotranspired water from a specific source
area rather than from the whole domain or from outside. Similarly, in the context of ET-Tagging partitioning,
the source-specific precipitation efficiency for direct evaporation is defined as

𝜂d = Ptag,Ed
∕Ed,tag (9)

and the source-specific precipitation efficiency for transpiration as

𝜂t = Ptag,Et
∕Et,tag. (10)

Figures 11a and 11b show the monthly values of the source-specific precipitation efficiencies 𝜂d and 𝜂t for
the source area S and area C. The monthly variation of these parameters, which reflects different precipi-
tation regimes, is closely connected to the monthly variation of the tagged precipitation and its fractions
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(see Figures 10b and 10c). Generally, higher source-specific precipitation efficiencies imply a larger amount
of precipitation being formed. As a result, the highest values of tagged precipitation are found in the rainy
season in May, when the source-specific precipitation efficiencies also reach the highest values both for area
S and for area C. For the small source area S, the source-specific precipitation efficiencies show a wider range
of seasonal variation (Figure 11a). With the target area being larger (area C), the averaged source-specific
precipitation efficiencies are lower and more uniform (Figure 11b).

5. Summary and Conclusions

A regional climate model with an ET-Tagging algorithm was applied to the Poyang Lake region (Southeast
China) for 2005. This method, accounting for all water transport and phase transitions, follows the evapotran-
spired water pathways across the atmosphere until it precipitates in the model domain or leaves it. It was used
to explicitly quantify the contribution of regional evapotranspiration to precipitation and to further evaluate
the effect of land surface characteristics on hydrological processes by partitioning total evapotranspiration
into direct evaporation and transpiration.

The study reveals that the location and magnitude of the tagged precipitation show large spatial and tem-
poral variability controlled by synoptic weather conditions, especially by the wind shear due to the advance
and retreat of the East Asian monsoon. Most tagged precipitation falls around the Poyang Lake region. In
2005, the tagged precipitation contribution accounts for up to 1.2% of the total rainfall. On a monthly scale,
the maximum value of the contribution ratio is found in August (≤ 6%). This relative low contribution of
evapotranspiration from the Poyang Lake region to the precipitation in Southeast China means that the pre-
cipitation mainly originates from nonlocal moisture. This result is generally in line with previous studies by
Numaguti [1999]; Yoshimura et al. [2004]; van der Ent and Savenije [2011]. In summer, nonlocal moisture con-
tributions are mainly from the ocean, transported by the East Asian monsoon [Wu et al., 2006], whereas in
winter, it mainly comes from the north [Chow et al., 2007]. Maximum values of tagged precipitation contri-
bution ratios are consistently found in May, which reveals that the contribution of the Poyang Lake region
becomes significant in accordance with peak total precipitation occuring.

Regarding the impact of vegetation cover and land use, in 2005 69% of the tagged precipitation in Southeast
China is contributed by direct evaporation from the Poyang Lake region and 31% by vegetation transpiration.
The annual cycle of these fractions reflects the changes of meteorological conditions and vegetation growth.
In winter, the fraction of precipitation from transpiration accounts for only around 10% of the total tagged
precipitation, while it reaches values of up to 50% for the remainder of the year.

Seasonal varying values of the source-specific precipitation efficiencies reveal a different response of
the atmospheric hydrological cycle: warmer air temperature, increased convection, and large-scale lifting
enhance the response of the atmospheric hydrological cycle to the direct evaporation from the Poyang Lake
region, resulting in maximum values of the source-specific precipitation efficiencies in the rainy season. In
May, the precipitation formation is more efficient for moisture originating from direct evaporation, while in
the comparatively dry month August, the efficiency for transpiration dominates in the source area.

However, it is important to note that there are several limitations to the method used here: the results depend
on how well physical processes like evapotranspiration, evapotranspiration partitioning, and precipitation are
represented in the respective model system (here MM5). Moreover, this study did not account for the impact
of human activities, like irrigation of paddy rice in the Poyang Lake region.

Our study is based on a 1 year simulation, because our focus is on the introduction and evaluation of methods
to distinguish between direct evaporation and transpiration within the evapotranspiration tagging approach.
We show that the partitioning has a clear intra-annual/seasonal variability in accordance with the general
monsoon dynamics of the region and the vegetation response. Magnitudes of recycling and partitioning may
defer from year to year but are expected to follow the monsoon controlled partitioning behavior. It is noted
that for small tagging areas and accordingly small precipitation recycling ratios (like 1% mean in this study),
uncertainties due to numerical approximations might have more influence on derived values than in cases of
larger domains and larger precipitation recycling ratios.

In the future, our proposed high-resolution RCM-based evapotranspiration tagging and partitioning algo-
rithm should be applied in sensitivity simulations and in further case studies to narrow down uncertain-
ties. Although our study addresses only selected aspects of the complex relationships between land and
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atmosphere, it emphasizes the important impacts of vegetation cover and land use on the regional atmo-
spheric hydrological cycle. Our results depict the comprehensive interactions between land surface char-
acteristics as simulated by a mesoscale model (e.g., water bodies, soil, and vegetation) and atmospheric
variability such as the seasonal variation of the prevailing meteorological conditions. It is shown that there is a
pronounced difference in the spatial range to which transpiration and evaporation are able to contribute
to precipitation.
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