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ABSTRACT: Dynamic recycling model (DRM) and reanalysis data were used to study the interaction between the land
surface and atmosphere during the warm season from 1979 to 2010 across the arid and semi-arid regions of China. The
nonlinear trends common to the key land–atmosphere interaction variables were extracted. For the whole study region, the
precipitation recycling ratio showed an increasing trend, especially in the period before the 1990s. Simultaneously, increasing
trends were also found in variables regionally related to precipitation, such as soil moisture, evaporation, precipitation
efficiency, low-level cloud and precipitable water. However, the moisture transport due to westerly moisture flux showed a
remarkable weakening throughout the whole study region. Based on significantly positive correlation between the precipitation
efficiency and precipitation recycling ratio under relatively low moisture advection, it was concluded that the precipitation
recycling process should not been ignored, for both direct and indirect precipitation processes, in the study region. The spatial
patterns of nonlinear trends in land–atmosphere interaction variables indicated reverse tendencies in two sub-regions divided
by the meridional boundary at approximately 110∘E. For the western sub-region, although decreasing westerly moisture flow
was found, the strengthening southerly moisture flux mainly resulted in an increase of precipitable water. Positive relationships
among precipitable water, low cloud, precipitation, soil moisture, evaporation and the precipitation recycling ratio were also
found. The soil becoming wetter and the precipitation recycling process becoming enhanced suggested the existence of positive
land–atmosphere interaction in the western sub-region. However, the opposite tendencies were found in the eastern sub-region,
where a weakening of advected moisture convergence was caused by decreases in both westerly and southerly moisture
transport. Furthermore, less evaporation and warming temperatures suggested the climate in the eastern sub-region shifted
towards relatively warmer and drier conditions throughout the course of the study period.
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1. Introduction

Land surface–atmosphere interaction plays a crucial role
in the global climate, and understanding these interactions
will enhance the ability to predict hydrologic variability
(Dominguez and Kumar, 2008). Many previous studies
have indicated an important role of the land surface in
atmospheric conditions at a broad range of time scales,
as well as spatial scales (Rowntree and Bolton, 1983;
Nicholson, 2000; Koster et al., 2004; Santanello et al.,
2009; Seneviratne et al., 2010; Taylor et al., 2011, 2012;
Risi et al., 2013). Risi et al. (2013) pointed out that
land–atmosphere feedbacks are either local or regional.
Local feedbacks involve complex land–atmosphere inter-
action processes, which depend on the effect of surface
fluxes on the local atmospheric conditions, large-scale
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atmospheric conditions, the spatial scale of soil moisture
anomalies, and so on. But for regional feedbacks, the
related processes involve the effect of surface fluxes on
remote atmospheric conditions and large-scale circulation.
In addition, regional-scale feedback strongly depends on
the climate type, regional area, as well as the method used
to quantify it.

The atmospheric water vapour that forms local precip-
itation in a region is generally divided into two main
sources: local evaporation within the region and externally
advected moisture (Trenberth, 1999). Precipitation origi-
nating from local evaporation is referred to as ‘recycled
precipitation’ (Eltahir and Bras, 1996). Marengo (2006)
pointed out that the recycling ratios is a useful diag-
nostic measure of the interaction between land surface
hydrology and the regional climate. Analyses of precip-
itation recycling have been performed to define the role
of land surface–atmosphere interaction and proved to be
effective in studying the interaction between the atmo-
sphere or terrestrial variables and precipitation (Eltahir
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and Bras, 1996; Trenberth, 1999; Bosilovich and Chern,
2006; Dominguez and Kumar, 2008). Furthermore, study-
ing the links between precipitation recycling and mois-
ture and energy fluxes could also reflect the processes of
land–atmosphere interaction (e.g. Brubaker et al., 1993;
Trenberth, 1999; Dirmeyer and Brubaker, 2007; Tuinen-
burg et al., 2011). As a result, identifying the mechanisms
involved in the variability of precipitation recycling and
its relationships with other physical variables is necessary
(Dominguez and Kumar, 2008).

Generally, precipitation, evaporation and remote mois-
ture transport dominate the atmospheric moisture budget
equation at the monthly or even longer time scale. Evap-
oration is closely related to soil moisture, which is a basic
land variable affecting the hydrological cycle (Seneviratne
et al., 2010). Furthermore, the energy balance partitioning
is strongly influenced by soil moisture and is important to
the depth of the atmospheric boundary layer (Jones and
Brunsell, 2009; Seneviratne et al., 2010), as well as the
characteristics of the subsequent precipitation (Brubaker
et al., 1993; Trenberth, 1999; Dirmeyer and Brubaker,
2007). Different hypotheses have been presented to
describe how soil moisture conditions may affect precip-
itation occurrence (Alfieri et al., 2008). Generally, soil
moisture–precipitation interaction can be summarized as
positive feedback (e.g. Eltahir and Pal, 1996; Findell and
Eltahir, 1997; Dominguez et al., 2008), negative feedback
(e.g. Giorgi et al., 1996; Zangvil et al., 2001; Cook et al.,
2006; Dominguez and Kumar, 2008; Hohenegger et al.,
2009; Taylor et al., 2011, 2012; Harding and Snyder,
2012a, 2012b; Westra et al., 2012; Bagley et al., 2014) or
no feedback (e.g. Salvucci et al., 2002). During the warm
season, both positive and negative effects may occur, and
a significant feedback can be detected only when one of
the two mechanisms is dominant (Alfieri et al., 2008).

The majority of studies support the notion that the strong
hydrological coupling of local/regional precipitation and
soil moisture over dry land, such as that of northern China,
is primarily driven by positive precipitation–soil moisture
feedback (e.g. Koster et al., 2004, 2006; Seneviratne
et al., 2006; Myoung et al., 2012). However, considering
the strong heterogeneity of land cover and its temporal
variability, as well as the scarcity of observations, the sign
and strength of soil moisture–precipitation interactions
remain debated (Seneviratne et al., 2010; Guillod et al.,
2014). In fact, a causal relationship between soil moisture
and precipitation is very difficult to obtain, even in obser-
vations (Teuling et al., 2005; Guillod et al., 2014). Based
on the results of a dozen climate-modelling groups, Koster
et al. (2004) concluded that the evaporation rate was
sensitive to soil moisture in dry climates, but to radiation
in wet climates. Only in transition zones between wet and
dry climates did soil moisture exhibit large variability and
evaporation sensitivity to soil moisture, supporting strong
soil moisture–climate coupling. That is to say, semi-arid
and transition zones are sensitive to climate changes such
as potential warming and vegetation variability.

Schär et al. (1999) categorized soil moisture and pre-
cipitation feedback processes into direct and indirect

processes, representative of the processes associated with
locally available precipitable water in the atmosphere and
those affecting the efficiency of the available atmospheric
moisture transforming into precipitation, respectively.
The efficiency of precipitation processes through the
effects of increasing soil moisture is possibly enhanced
by more remote atmospheric moisture entering the region
concerned (e.g. Betts et al., 1996; Schär et al., 1999).
Because the amount of precipitation partly depends on
the evaporation and precipitation efficiency, precipitation
recycling is a good indicator for both direct and indirect
feedback processes.

China is a vast stretch of land, over which the climate
is extremely diverse from region to region. Dry climate
generally dominates large sections of western and north-
ern China, occupying more than half of the country, char-
acterized by bare soil and grassland (Chen et al., 2011).
The climate of the arid and semi-arid regions of China
has experienced rapid change, including an enhanced dry-
ing trend in northern China, increased warming, grassland
degradation and desertification (Chase et al., 2000; Fu and
Wen, 2002; Wang and Zhai, 2003). Previous studies have
emphasized that more attention needs to be paid to the arid
and semi-arid regions of China with regard to the inves-
tigation of land–atmosphere interaction. The response of
terrestrial hydrological variables to precipitation and air
temperature uncertainty over dry regions is much stronger
than over humid regions (Koster et al., 2004; Wang and
Zeng, 2011; Liu et al., 2013).

However, reverse wet/dry trends are known to exist in the
west and east parts of the arid and semi-arid regions (Wang
et al., 2002; Ma and Fu, 2003; Zou et al., 2005). Further-
more, in the warm season (April–September), droughts
tend to develop into serious long-term droughts because of
rainfall suppression in the dry lands, such as over Mongolia
and northern China, where strong hydrological coupling is
maintained between regional precipitation and soil mois-
ture (Koster et al., 2006; Wang et al., 2007; Zeng et al.,
2010; Myoung et al., 2012).

In the present study, the precipitation recycling pro-
cess and some hydrological processes in the arid and
semi-arid regions across the north of China during the
warm season were analysed. Although some studies on
the precipitation recycling over northern China, the main
Yangtze River basin area, and the middle–lower reaches
of the Yangtze River have already been carried (Yi and
Tao, 1997; Kang et al., 2005; Fu et al., 2006), a num-
ber of problems remain to be solved. First, the process
of regional land surface–atmosphere interaction, or the
soil moisture–precipitation interaction process in the arid
and semi-arid regions of China requires further study.
These key problems, if addressed, would help towards
a better understanding of land–atmosphere interaction
against the current climate background. On the other hand,
global warming will have accelerated the hydrological
cycle (Brutsaert and Parlange, 1998; Gao et al., 2007).
Some studies have indicated a wetting trend appearing in
Northwest China, but a similar trend cannot be found in
the other northern regions of China (Shi et al., 2003; Ma
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and Fu, 2005). Therefore, the second purpose of this study
was to identify the differences of land–atmosphere inter-
action between the west and east parts of northern China.
Through analysing the precipitation recycling process, the
mechanism resulting in that land moisture difference could
potentially be better understood.

2. Data and methodology

2.1. Data

The Japanese 25-year reanalysis (JRA-25) was the main
dataset used in this study. JRA-25 is produced using the
Japan Meteorological Agency’s numerical assimilation
system, which employs a three-dimensional variational
method and specially collected observational data over the
period from 1979 to 2004 (Onogi et al., 2007). After 2004,
JMA started real-time operation of JCDAS (JMA Climate
Data Assimilation System), and JCDAS inherited the same
system as JRA-25. In this study, both products – referred
to using the same acronym (JRA-25) and spanning the
period 1979–2010 – were used. As the first long-term
reanalysis undertaken in Asia, one of the many purposes of
JRA-25 is to enhance climatological and meteorological
analyses to a high quality in the Asian region. Indeed,
many advantages to the JRA-25 reanalysis have been
found, such as the predicted 6-hourly global total precipi-
tation distribution and amount being well reproduced both
in space and time. Compared to some other reanalysis
products, JRA-25 places significant emphasis on the

assimilation of data to produce higher quality analyses,
particularly in eastern Asia (Onogi et al., 2007). Although
hydrological variables have not yet been well investigated
in JRA-25 compared with atmospheric variables, some
seasonal cycles of hydrological variables, such as soil
moisture (especially in the middle latitudes), are well
produced because of the high quality representation of
precipitation (Nakaegwa, 2008).

The land surface status in JRA-25 is estimated every 6 h
by using atmospheric fields during the data assimilation
cycle to force the simple biosphere model (SiB). The SiB
of Sellers et al. (1989) was designed for use in general
circulation models of the atmosphere (GCMs) to describe
the climatologically important interactions between the
terrestrial biosphere and the atmosphere; in particular,
the fluxes of radiation, momentum, sensible heat and
latent heat (Dorman and Sellers, 1989). The vegetation
types obtained from Dorman and Sellers (1989) are used
in JRA-25, in which long-term vegetation change is not
considered (Onogi et al., 2007). For the analysed region
in this work (Figure 1), the main vegetation types were
grass, dry area and desert. The grasslands were mainly
located in Inner Mongolia, the north of Xinjiang and
Gansu, and the dryland areas and desert occupied the rest
of the study region. At the simplest level, SiB consists
of three sub-models, which describe the processes of
radiative transfer (albedo), turbulent transport (roughness
length) and the biophysical control of evapotranspiration
(surface resistance). Each of these models operates on a
set of parameters appropriate to a given vegetation type to

Figure 1. The arid and semi-arid regions of China. The area enclosed by the red line is the analysed region, which mainly includes the provinces
of Xinjiang, Inner Mongolia, Gansu and Ningxia, as well as the north of Qinghai Province. The grey lines are the province boundaries.
The colouring indicates the height of the topography, as derived from the 2-Minute Gridded Global Relief Data (ETOPO2v2) available at

http://www.ngdc.noaa.gov/mgg/global/etopo2.html.
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generate the associated properties shown in parentheses. In
operation, the full SiB model combines these sub-models
to calculate the fluxes of radiation, momentum and sen-
sible and latent heat transfer in a consistent way, with
proper regard to the interference of the canopy fluxes on
the soil and vice versa (Dorman and Sellers, 1989). In this
work, 6-hourly data were produced and a Gaussian-grid
subset with a resolution of approximately 1.125∘ × 1.125∘
on hybrid sigma-pressure levels was chosen as the basic
dataset. The evaporation data were calculated from the
latent heat flux at the surface using a constant latent
heat of evaporation of L= 2.507× 106 J kg−1. Owing
to strong land–atmosphere interaction occurring more
frequently in the warm season, our analysis focused on
April–September from 1979 to 2010.

2.2. Precipitation recycling model

Many analytical precipitation recycling models (Brubaker
et al., 1993; Eltahir and Bras, 1994, 1996; Schär et al.,
1999; Trenberth, 1999; Bosilovich and Schubert, 2001;
Gimeno et al., 2012) have been developed based on the
work of Budyko and Miller (1974). Dominguez et al.
(2006) developed a dynamical recycling model (DRM)
that included the moisture storage term with the ability
to calculate the precipitation recycling ratio at daily scale.
Subsequently, this DRM has been widely used to study the
precipitation recycling processes across the United States
and Europe (Dominguez et al., 2006, 2008; Bisselink and
Dolman, 2008, 2009; Dominguez and Kumar, 2008; Hard-
ing and Snyder, 2012b). The present study represents a
meaningful addition to the literature because the DRM has
yet to be extensively applied to the region of China, espe-
cially the arid and semi-arid regions in the north.

The well-mixed assumption was used to develop the
DRM. This assumption implies that the atmosphere is
vertically well-mixed with respect to moisture fractions
of different origins, which is one of the simplifications
employed in most bulk recycling models (Goessling and
Reick, 2011). This assumption limits the temporal scale of
the DRM to time scales that are equivalent to boundary
layer mixing (Dominguez et al., 2006). The main draw-
back of this assumption is that locally evaporated mois-
ture tends to locate in the lower atmosphere and less so
in the mid and upper levels (Bosilovich, 2003). Burde
(2006) emphasized this problem and relaxed the assump-
tion by using an incomplete vertical mixing approach to
improve the estimation of ‘fast recycling’ over the Ama-
zon basin. However, some studies conducted without the
requirement of the well-mixed assumption presented sim-
ilar precipitation recycling ratios as when the assumption
was used (Goessling and Reick, 2011). Therefore, consid-
ering the complexity of the tracking method in 3-D space,
and the ‘fast recycling’ in the arid and semi-arid region
being unlikely to be as effective as in the Amazon, the
well-mixed assumption was still used in the present work.

According to the DRM established by Dominguez et al.
(2006), the start point of model formulation is the full
water vapour balance equation. Under the well-mixed

assumption, for a given gird cell (i) within the region of
concern, the water vapour in the water vapour balance
equation can be replaced by the local recycling ratio (𝜌i). In
the Lagrangian coordinate, the resulting equation is further
transformed into

d𝜌i

ds
= E

w

(
1 − 𝜌i

)
, (1)

in which E is evaporation and w is precipitable water.
The Lagrangian coordinate variable, s= (x− ut, y− vt, t),
is composed of moisture velocity (u, v), spatial position
(x, y) and time t. In fact, s represents the moving tra-
jectory of the moisture particle, which is the path that
links the moisture source and sink. Therefore, 𝜌i can be
solved directly through integrating the water vapour bal-
ance equation in the Lagrangian type along the moisture
trajectory. For 𝜌i in the grid cell i at time t, the moisture
trajectory is produced by tracing back in time, with the
start point at the grid cell i and time t, until the trajec-
tory reaches the boundary of the analysed region. In this
work, the time-inversing tracing process used the moisture
velocity data sampled at daily intervals. After the mois-
ture trajectory became available, through integrating the
ratio E/w along the time-inverse trajectory at the daily time
scale, the local recycling ratio in grid cell i at time t was
obtained as

𝜌i (s) = 1 − exp

[
−∫

s

s0

E∕w

]
ds. (2)

Furthermore, it was simple to obtain the regional precipi-
tation recycling ratio (𝜌r, hereafter referred to as ‘recycling
ratio’) of the whole region via (Eltahir and Bras, 1994)

𝜌r = Pm∕P =
n∑

i=1

𝜌iPiΔAi∕
n∑

i=1

PiΔAi, (3)

where P is precipitation, Pm is recycled precipitation and
ΔAi is a grid cell area.

An accurate and reliable moisture trajectory is crucial to
obtaining the recycling ratio. In this study, a Lagrangian
trajectory tracking method first presented by Blanke and
Raynaud (1997), and later developed by Vries and Döös
(2001), was used for producing the water vapour trajectory
s. This tracking method, having been applied to tracking
fluid particle motion in oceanic circulation, directly solves
the finite-difference equation of velocity to obtain the ana-
lytical (for time-independent cases) and semi-analytical
(for time-dependent cases) solutions of the trajectory.

Although recycling ratios estimated by a regional
recycling model are influenced by both a region’s size
and shape (Koster et al., 1986; Eltahir and Bras, 1996;
Brubaker et al., 2001; Dominguez et al., 2006; van der
Ent et al., 2010), the DRM was still used in this work
because the aim of this work was not to identify the origin
of the atmospheric moisture over the region concerned,
but to investigate the regional hydrological process or
the strength of regional land–atmosphere interaction.
As such, regional precipitation recycling based on the
Largrangian trajectory tracking technique was considered
more helpful and directly applicable.
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It is very difficult to directly measure signs of
land–atmosphere interaction in the real world (Dirmeyer
et al., 2009), not only due to the limitations imposed by
the available methods, but also the data. In comparison
to atmospheric observations, land surface variables such
as evaporation and soil moisture are sparsely and rarely
observed, but are nevertheless important for analysing the
interaction between the land surface and the atmosphere.
Recent atmospheric reanalyses have improved remark-
ably over earlier ones through including the available
data, following substantial quality control measures, in a
consistent data assimilation system, but all still possess
residual problems (Trenberth and Fasullo, 2013). This is
another aspect to be dealt with carefully when evaluating
the recycling ratio using reanalysis data, of which the
physical terms of the reanalysis budgets generally do not
balance, even over long periods (Trenberth et al., 2003,
2011; Bosilovich et al., 2011).

In this work, the spatiotemporal average value of the
residual term was about −0.23 mm d−1, while the evapo-
ration and precipitation rates were 1.05 and 1.08 mm d−1,
respectively. A negative value of the residual term may
indicate an overestimation of the evaporation term (Draper
and Mills, 2008), and does not influence the recycling
patterns heavily (Dominguez et al., 2006; Bisselink and
Dolman, 2008). Furthermore, the moisture convergence
(negative divergence) average of −0.28 mm d−1 was the
secondary moisture source in contrast to evaporation,
implying that a part of the moisture source for precipita-
tion must come from recycled evaporation (Bisselink and
Dolman, 2008). The storage term in atmospheric water
is almost negligible, as it is to be expected at long time
scales. In short, using JRA-25 reanalysis data to calculate
precipitation recycling is useful for studying land surface
and atmospheric processes in the present study region.

According to the work of Schär et al. (1999) and Asharaf
et al. (2012), the ‘S–P feedback’ processes can be divided
into direct and indirect processes, with the latter depending
on the precipitation efficiency. The regional precipitation
variation (ΔP) may be expressed by (Schär et al., 1999;
Asharaf et al., 2012)

ΔP = Δ𝜒
(
WIN + E

)
+ 𝜒

(
ΔWIN + ΔE

)
, (4)

where 𝜒 is the precipitation efficiency and WIN is the net
inflow of moisture into the analysed region. Precipitation
recycling involves both direct and indirect feedback pro-
cesses because it is part of the water resource for the avail-
able water and its transition into precipitation influenced
by the precipitation efficiency. Therefore, the precipitation
efficiency was also examined in this study to better under-
stand the land–atmosphere interaction process.

2.3. Multi-channel singular-spectrum analysis

To coherently display the variability of the recy-
cling ratio with climate variables, the Multi-channel
Singular-Spectrum Analysis (M-SSA) was applied to
extract the nonlinear trend signals. M-SSA is the multi-
variate version of singular spectrum analysis, introduced

by Broomhead and King (1986), and is a powerful
data-adaptive tool to extract the spatial (multi-variable
in this work) and temporal characteristics of trends and
nonlinear oscillation embedded in the climate time series.
The channels in M-SSA could be the time series of a
single variable sampled at different locations in space
(e.g. Zhang et al., 1998) or multi-variables sampled in the
same spatial location (e.g. Dominguez et al., 2008). In this
work, the latter was used to extract the covariation char-
acteristics of the variables within the land–atmosphere
system, since this method can decompose the data into
modes that capture only the variability common to the
entire set of variables (e.g. Dominguez and Kumar, 2008).

The M-SSA is applied to a time series X(t) for L vari-
ables (channels), where time t= 1, 2, 3 … N. A lagged
covariance matrix C of dimensions (LM ×LM) is then
constructed, where M is the maximum lag or window of
analysis. In essence, the M-SSA is an eigen analysis of
the covariance matrix C (Broomhead and King, 1986).
The matrix C is diagonalized to obtain LM eigenvalues
and LM eigenvectors, not all of them being distinct. The
eigenvectors are the channel-time empirical orthogonal
functions and the corresponding spatiotemporal principal
components are obtained by projecting the original times
series X(t) of L channels onto the corresponding empirical
orthogonal functions. The part of the original time series
that corresponds to a particular eigenmode is extracted
by combing its empirical orthogonal functions and prin-
cipal components to obtain the reconstructed component
(RC) (Ghil et al., 2002). The RCs are basically filtered data
corresponding to the respective eigenmodes. Furthermore,
the RCs have the same variables and the same temporal
dimensions as the original time series and capture their
phases. The detailed theoretical framework of M-SSA can
be found in the works of Broomhead and King (1986),
Plaut and Vautard (1994), and Ghil et al. (2002).

In the present study, M-SSA was applied to the joint
field constructed by the time series of spatially averaged
variables listed in Table 1. Each time series represented
the regional 32-years (1979–2010) warm-season average
of a variable and was standardized to remove the units. The
resultant multi-channel (variable) field was inputted into
the M-SSA procedure to identify the common signal. In
the process of M-SSA, because the window length should

Table 1. Climate variables selected for the M-SSA.

Variable Notation Units

Precipitation recycling ratio 𝜌r
Precipitable water PW mm d−1

Low cloud LC
Precipitation P mm d−1

Zonal moisture flux QU kg m−1 s−1

Meridional moisture flux QV kg m−1 s−1

Moisture flux divergence DV mm d−1

Soil moisture SM kg m−2

Evaporation E mm d−1

Sensible heat flux SH W m−2

Surface air temperature TM K
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not exceed one-third of the total length of the time series
(Vautard et al., 1992), a 10-year time-lag window was used
to identify the dominant modes. A signal was regarded
as robust only when it remained approximately invariant
under the 8-year and 9-year window. To gain a detailed
insight into the changes of land–atmosphere variables
and precipitation recycling variability, M-SSA was also
used to extract the spatial pattern of each variable through
reconstructing specific modes in grid space. The temporal
evolution of the mode could also be observed through
reconstructing the signal at consecutive time levels.

3. Results and discussion

3.1. The climate background of arid and semi-arid
China

Considering the definitions of climate zones presented
by Wang and Ho (2002) and Zheng et al. (2010), the arid
and semi-arid regions were defined as areas with annual
precipitation below 500 mm. As shown in Figure 1, the
studied region mainly included the provinces of Xinjiang,
Inner Mongolia, Gansu and Ningxia, as well as the north
of Qinghai Province, which is mostly located at 1000–
4000 m above sea level. This region is mainly dominated
by westerly flow and is not greatly influenced by the Asian
monsoon (Wang and Ho, 2002; Ding and Chan, 2005).

The regional average time series of precipitation (P),
evaporation (E), the net inflow of water moisture into
the analysed region (WIN), the recycling ratio (𝜌r) and
the precipitation efficiency (𝜒) during the warm season

from 1979 to 2010 are shown in Figure 2(a)–(e). As we
can see, increasing trends are almost consistent for the
four variables, except for WIN before the beginning of
the 1990s. With a simple analysis of the linear trends for
these variables during the three decades, i.e. 1979–1989,
1990–1999 and 2000–2010, it can be seen that obvious
increasing trends occur in the first decade and the last
decade for the four variables. But in the second decade,
weak downward trends dominate most variables, except
precipitation, which shows a slight increasing trend. The
trends of 𝜌r match well with those of WIN and E, i.e.
an increasing recycling ratio corresponds to increasing
evaporation but decreasing advected water, and vice versa.

Dirmeyer and Brubaker (2007) found that precipitation
recycling appears to be relatively high over interior China
at the annual and seasonal scale and that areas of high
terrain tend to stand out as having high recycling ratios
(Dominguez et al., 2006; van der Ent et al., 2010). The
combination of low precipitable water over the high terrain
and high warm-season reanalysis evaporation rates may
cause the high recycling ratio (Dominguez et al., 2006;
Dirmeyer and Brubaker, 2007). This is also the case for our
study region, as shown by Figures 1 and 2(d). Although
the estimates of the recycling ratio in some mountainous
areas may be spurious, the high recycling ratio reaching
15–20% (Figure 2(d)) still indicates some basic character-
istics of the hydrological cycle because the ocean moisture
can barely stay in the air after travelling westward more
than 3000 km on average to the inland area studied here.

Highly consistent variations appear in 𝜌r and 𝜒 , with
a correlation coefficient between them of about 0.73

Figure 2. Regional average time series of (a) precipitation, (b) evaporation, (c) the moisture flux into the analysed domain, (d) the recycling ratio and
(e) precipitation efficiency. Each panel also shows their linear trends for the three decades of 1979–1989, 1990–1999 and 2000–2010 (solid lines).
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(Figure 2(d) and (e)). From the work on Europe by Schär
et al. (1999), regional climate modelling revealed that the
indirect processes are more important than the direct pro-
cesses for precipitation variation (Asharaf et al. 2012). In
their experiment, the moisture fluxes entering the anal-
ysed domain of France were about 14 times larger than
the regional evaporation. According to Equation (4), only
small changes in precipitation efficiency could explain
most of the changes in precipitation due to the large
amount of available water. Unlike the European region,
our study region has a WIN value of only four times that
of E, approximately (Figure 2(b) and (c)). Therefore, the
long-term trend of precipitable water depends on the trends
of both WIN and E. Because of limited amounts of avail-
able water for precipitation and a relatively higher pro-
portion of regional evaporation, the precipitation variation
in the arid/semi-arid regions depends more on the direct
processes than it does in wet regions, especially with the
stronger relation to evaporation, as well as the recycling
processes. This is why the precipitation efficiency corre-
lates highly with the recycling ratio. In short, the recycling
process is very important for both the direct and indirect
processes in the arid and semi-arid regions studied here.

3.2. M-SSA results: temporal variability

From the results of the M-SSA for the joint field consist-
ing of the 32-year time series of 11 variables are listed in
Table 1, significant oscillatory components were not cap-
tured, while the nonlinear trend components were detected.
It should be pointed out that the advantage of using
M-SSA is that nonlinear trends are generated from the
lagged covariance matrix of all variables (Krishnamurthy
and Krishnamurthy, 2014). The dominant nonlinear trend

explains about 37.2% of variance for the joint field.
Figures 3–5 present the time series reconstructed from
the nonlinear trend modes and their relationships with
𝜌r. Here, the variables joining M-SSA are classified into
three groups: the first group (Figure 3) mainly includes
atmospheric variables, such as precipitable water (PW),
low-cloud cover (LC) and precipitation (P); the second
group (Figure 4) represents flux and divergence variables
including zonal and meridional moisture flux (QU and QV)
and moisture flux divergence (DV); and the final group
(Figure 5) consists of land variables – namely, soil mois-
ture content (SM), evaporation (E), sensible heat (SH) and
surface air temperature (TM).

(1) Covariation characteristics of the recycling ratio
and atmospheric variables

An impressive result presented by Figures 3–5 is the
apparent bimodal trend for 𝜌r (dotted lines), with peaks
at around 1991 and 2004. Figure 3 shows relationships
between 𝜌r and atmospheric variables. As we can see from
Figure 3(a), there is remarkably similar variation between
𝜌r and PW, with their correlation coefficient of 0.45 pass-
ing the 99% significance test. As mentioned above, the
contribution percentage of local moisture is greater in the
lower troposphere and less in the middle and upper tro-
posphere (Bosilovich 2003; Burde, 2006). Although this
phenomenon addresses the drawback of the well-mixed
assumption adopted by the DRM, it also points out the
close relationship between evaporated moisture and low
cloud. As Cook et al. (2006) emphasized, increased soil
moisture can result in an increased latent heat flux and
increased moisture in the lower atmosphere and low cloud.
This is confirmed by the fact that 𝜌r follows almost the

Figure 3. Time series of the recycling ratio (light dotted lines) and variables (light solid lines) related with atmospheric variables and their
reconstructed nonlinear trend time series (bold dotted and solid lines) from 1979 to 2010. The correlation coefficients between the original time
series of the recycling ratio and the other variables are also presented in each panel. The explained variance of nonlinear trend modes is about 37.2%
for the joint field composed of all 11 fields in Table 1. The superscripts ‘**’ and ‘*’ denote statistical significance at the 99% and 90% confidence

level, respectively. Units: same as those in Table 1.
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Figure 4. As in Figure 3 but for flux and divergence variables.

Figure 5. As in Figure 3 but for land and energy variables.

same trend as evaporation (Figure 5(b)) and low cloud
(Figure 3(b)). The correlation coefficient between 𝜌r and
LC reaches 0.6 at the greater than 99% confidence level.
At the same time, there are relatively weaker correla-
tions between 𝜌r and the mid- and high-level cloud cover
(figures omitted).

Figure 3(c) shows the in-phase trends of precipita-
tion and the recycling ratio. A different relationship
was reached over the central U.S. plains (Dominguez
and Kumar, 2008), where a significant negative corre-
lation was found between precipitation recycling and
precipitation. That study indicated that the precipitation
was primarily composed of the advected moisture from
large-scale convergence, but the evaporation moisture
contribution became dominant only when the advected
moisture diminished. However, over the arid and semi-arid
regions of China, as precipitation increases, soil moisture

and evaporation increase accordingly (Figure 5(a) and
(b)) to provide more water to the overlying atmosphere.
Meanwhile, the amount of precipitable water increases
and supports the formation of low-level cloud and convec-
tive precipitation, promoting the development of recycled
precipitation. To summarize, over the arid and semi-arid
regions of China, the recycling ratio is generally enhanced
during periods of increased precipitable water, low-cloud
cover and precipitation.

(2) Covariation characteristics of the recycling ratio
and flux and divergence variables

Information on external moisture transport can be
displayed by the dynamical transport variables, such as
zonal moisture flux, meridional moisture flux and mois-
ture divergence (Figure 4(a)–(c)). The characteristics
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of atmospheric circulation can be seen in QU and QV
(Figure 4(a) and (b)). It appears that the direction of
horizontal moisture transport is a major factor for recy-
cling, compared with any other, because there is eastward
moisture transport by prevailing westerlies in the midlati-
tudes. The east–west long but north–south narrow region
selected in this work also possibly enhances the effect
of westerly moisture flux. And the westerly moisture
flux (positive QU) shows a clear decreasing trend from
the middle period of the 1980s to the beginning of the
2000s (Figure 4(a)). But for QV , although its magnitude
is of almost two orders smaller than QU, the trend of QV
fluctuates around zero mean with amplitude comparable
to that of QU. For the long-term trend, the northerly
(negative)/southerly (positive) moisture flux corresponds
to high/low 𝜌r (Figure 4(b)). The significant negative
𝜌r ∼QU correlation also indicates that large values of
moisture transport suppress precipitation recycling. So, it
can be concluded that the long-term increasing trend of
𝜌r may be caused by the gradually decreasing westerly.
But, the bimodal structure upon the long-term trend of 𝜌r
may be modulated by the fluctuations of the meridional
moisture flux, whose positive phase (southerly) tends to
reduce the contribution from the recycling process through
bringing more moisture into the study region from the
ocean and wetlands in the south.

The moisture flux divergence (DV) tendency
(Figure 4(c)) displays the presence of a persistent mois-
ture sink, i.e. negative DV . The DV and 𝜌r have a weak
negative correlation coefficient of −0.04 (not statistically
significant). Furthermore, the regional mean absolute
value of the divergence term (−0.28 mm d−1) is smaller
than the evaporation (1.05 mm d−1) across the whole
region, suggesting that a considerable part of the moisture
source for precipitation must come from regional evap-
oration. On the other hand, the studied region generally
being a moisture sink is also reflected by the summer
regional average precipitation rate (1.08 mm d−1) being
larger than evaporation, i.e. P>E. Combined with the
one-order weaker moisture convergence (−0.28 mm d−1),
this further confirms the important role of the recycling
process for the hydrological cycle in the study region.

(3) Covariation characteristics of the recycling ratio
and land and energy variables

There is a saying that ‘rain follows the plow’, reflecting
the fact that a change in regional soil moisture affects the
atmosphere. Many studies (Schär et al., 1999; Hohenegger
et al., 2009; Seneviratne et al., 2010; Asharaf et al., 2012)
have investigated the mechanisms controlling this soil
moisture–precipitation feedback process. Soil moisture
plays a key role in both the water and energy cycles, and
its effect on land energy and water balances manifests
in its impact on evaporation (Seneviratne et al., 2010).
Furthermore, Serafini (1990) pointed out that the soil
moisture–evaporation feedback mechanism is likely to be
particularly efficient in the interior of continents, just as in
the area in the present study.

As shown by Figure 5(a), there is a close positive corre-
lation between soil moisture and the recycling ratio in the
arid and semi-arid regions of China. Just as Seneviratne
et al. (2010) concluded, two regimes drive the process of
evaporation, i.e. the soil moisture-limited regime and the
energy-limited regime. For the arid and semi-arid regions,
the generally moisture-limited condition cannot provide
enough water for evaporation, whose change could thus
significantly influence precipitation recycling and subse-
quently affect precipitation.

In wet regions, precipitation recycling becomes
important only during periods experiencing low total
precipitation (Berbery et al., 2003; Bosilovich and Chern,
2006; Dominguez and Kumar, 2008). However, evapo-
ration is low in the arid and semi-arid regions of China
(Figure 5(b)). Although quantifying the relationship
between soil moisture and atmospheric is difficult, soil
moisture may have a controlling effect on evaporation
(Dirmeyer et al., 2012). As shown by Figure 5(b), a strong
positive correlation of 0.74 exists between E and 𝜌r, which
suggests that surface moisture contributes directly to pre-
cipitation by providing evaporation. Recalling the weak
net moisture transport mentioned above (Figure 4(c)),
it necessarily results in a high regional recycling ratio.
Together with the consistent variation and trend between
soil moisture and evaporation shown in Figure 5(a) and
(b), a strong positive relationship between land and
atmosphere in the study region could be reached.

In addition, the increase in evaporation inevitably
causes a decreasing of SH. Consequently, a strong nega-
tive relationship emerges between SH and 𝜌r (Figure 5(c)).
Temperature is another important energy variable affecting
potential evaporation due to high temperature generally
strengthening the process of water moisture leaving the
land. However, water is a more important factor than
energy in soil moisture-limited regions, like the region
studied here. Therefore, a weak negative correlation
between TM and 𝜌r is apparent (Figure 5(d)).

3.3. M-SSA results: spatial variability

Figure 6 presents the spatial pattern of the trend mode of
each variable in Table 1. To indicate the distribution of the
recycling ratio in the studied region, the local recycling
ratio (𝜌i) in Equation (2), rather than the recycling ratio
(𝜌r), is shown. And the field of each reconstructed trend in
Figure 6 has been normalized by itself so that all patterns
in Figure 6 have values varying between −1 and 1.

Interestingly, similar increasing trends of 𝜌i, PW, LC,
P, QV , SM and E emerge in the western and central parts
of the study region, but opposite tends are apparent in the
remaining part. To some degree, the result is similar to
previous studies (e.g. Shi et al., 2003; Ma and Fu, 2005),
in which an increasing wetting tendency is apparent in
the west of northwest China. The meridional boundary
dividing these two parts is at approximately 110∘E, except
that the positive trend of 𝜌i extends more to the east. Mean-
while, the reverse spatial distribution of the trend is found
in the DV , SH and TM fields, i.e. a decrease in the west
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Figure 6. Spatial patterns of trend modes for land–atmosphere variables. Each pattern has been normalized by itself to vary between −1 and 1.

and an increase in the east. Another feature is a decrease
in QU, over almost the entire region, during the analysis
period, which confirms the consistent weakening trend of
westerly moisture transport throughout the study region in
Figure 4(a). Even though westerly vapour flux decreases
during 1979–2010, an increasingly strengthened moisture
sink effect (negative divergence of moisture flux) exists
in most areas of the western part. This corresponds to
the increases in soil moisture and evaporation west of
110∘E. Additionally, the increasing trend in precipitation
recycling and precipitation there suggests that the positive
relationship between soil and precipitation will provide
moisture for recycled precipitation and further support the
water supply for regional precipitation.

To further understand the difference in the long-term
variability between the west and east part of the analysed
region, the simple linear trends of the variables listed in
Table 1 were separately calculated for the two sub-regions
and the whole region (Table 2). It should be noted that
the recycling ratio in the western part is obviously larger
than the eastern part due to the relatively larger area of the
western part (Dominguez et al., 2006; van der Ent et al.,
2010); the regional means of the local recycling ratio (𝜌i)
are therefore listed in Table 2.

In Table 2, the time-mean values of most variables are
lower in the western part (arid region) than in the eastern
part (semi-arid region), except for mean 𝜌i. This reflects
the basic climate difference between arid and semi-arid
regions. Another clear characteristic is the opposite trends
of these variables in the two parts of the region. As with
the characteristics revealed by the nonlinear trend of 𝜌i in
Figure 6, the spatially averaged 𝜌i also displays a distinct
ascending trend in the west and a weak declining trend in
the east. For the western part, a homogeneous ascending

trend is found for PW, LC, P, QV , SM, E and TM (not
statistically significant), while an out-of-phase trend is
present for the variables QU, DV and SH. For all variables
except QU and TM, the linear trend is opposite in sign in
the west and east. TM displays an increasing trend in both
parts of the study region, especially in the east. At the same
time, the westerly moisture transport tends to weaken in
both parts. Together with the moisture flux convergence
(negative DV) strengthening in the west but weakening in
the east, we can conclude that the eastern part (semi-arid
area) of the study region has a more obvious drying and
warming tendency.

Although P shows no significant increasing trend
throughout the entire region (Table 2), a significant
increasing/decreasing trend at the greater than 99% con-
fidence level is apparent in the west/east sub-region.
Figure 7 further presents the relationship between pre-
cipitation and moisture flux in the two sub-regions. For
both sub-regions, westerly moisture transport decreases
(Figure 7(a) and (b)), while southerly/northerly mois-
ture transport strengthens in the west/east sub-region
(Figure 7(c) and (d)). And in the eastern part, the southerly
moisture flux reaches a very high level in the early 1980s,
when the positive QV is about three times larger than
usual. Also in the early 1980s, the amount of southerly
moisture flux is comparable to the westerly moisture flux
in the eastern part. Except for that period, the westerly
moisture flux dominates the water transport throughout
the whole region.

As shown in Figure 7(e) and (f) and Table 2, the moisture
flux divergence shows a significant decreasing and weak
increasing trend in the west and east sub-region, respec-
tively. For the western part, the increasing moisture sink,
soil moisture and evaporation (Figure 6 and Table 2) imply
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Table 2. Time means (represented by ‘Mean’ in the table) and linear trends (represented by ‘Trend’ in the table; units: /10 year) of
the variables listed in Table 1, during 1979–2010, for the whole study region and the two sub-regions.

Whole region West sub-region East sub-region

Variable Mean Trend FP Mean Trend FP Mean Trend FP

𝜌i 0.22 0.01 0 0.25 0.03 0 0.13 −0.004 0.12
PW 12.70 0.27 0.02 11.52 0.42 0 16.17 −0.18 0.24
LC 0.06 0.005 0 0.05 0.009 0 0.07 −0.008 0
P 1.08 0.04 0.14 0.85 0.12 0 1.78 −0.22 0
QU 43.36 −3.49 0 35.41 −3.34 0 66.89 −3.93 0.03
QV −0.65 0.31 0.52 −2.13 2.38 0 3.70 −5.81 0.01
DV −0.28 −0.06 0.05 −0.29 −0.11 0 −0.24 0.08 0.28
SM 184.82 3.44 0.01 126.62 8.02 0 357.17 −10.12 0
E 1.05 0.07 0 0.86 0.14 0 1.63 −0.13 0
SH 49.76 −1.45 0 49.68 −3.06 0 50.02 3.33 0
TM 288.28 0.15 0.06 288.23 0.02 0.80 288.42 0.55 0

The abbreviation ‘FP’ is the corresponding p value of the trend’s F-test. Trends significantly different from zero at the 90% confidence level are set
in bold. The units for each variable can be found in Table 1.

Figure 7. Regional averaged time series of precipitation- and moisture transport–related variables for (a, b) zonal moisture flux, (c, d) meridional
moisture flux and (e, f) moisture flux divergence in the (a, c, e) western and (b, d, f) eastern sub-region. The two sub-regions are divided with respect
to the meridional boundary at 110∘E. The linear trend of each variable is represented by the straight line with the same line type as its original
series. The correlation coefficient between the precipitation and moisture transport variable is presented in each panel. The superscript ‘**’ indicates

statistical significance at the 99% confidence level. Units: same as those in Table 1.
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that increasing converged moisture promotes soil water
and regional evaporation, which contributes to regional
precipitation through the recycling process. On the other
hand, precipitation in turn controls the water content in the
soil in the dry area. Therefore, the change in evaporation
is strongly sensitive to precipitation variation (Wang and
Zeng, 2011).

Wei and Wang (2013) studied the average tempera-
tures of 47 observation stations in northwest China. Their
research showed a continuous warming in the region since
the early 1970s. A slight/significant increasing linear trend
of air temperature is also apparent over the west/east
sub-region in the present study (Table 2). Because evap-
oration is affected greatly by temperature, increasing tem-
perature will enhance evaporation when there is sufficient
moisture available in the soil. Otherwise, dry soil cannot
continue to supply moisture to the overlying atmosphere.

3.4. Discussion

Based on the above analysis, the characteristics of the
water cycle in the arid/semi-arid regions of China are sum-
marized schematically in Figure 8. From the point of view
of atmospheric moisture transport, there is a consistent
trend of decreasing/increasing westerly/easterly moisture
transport in both the western and eastern parts of the
study region. However, the opposite trend for meridional
transport, i.e. increasing/decreasing southerly/northerly
moisture transport in the western sub-region and the
reverse in the eastern sub-region, is one order of magni-
tude smaller than for zonal transport (Figure 7(a)–(d)).
Under this kind of moisture transport, the moisture
flux convergence has an increasing/decreasing trend
in the western/eastern part (Figure 7(e) and (f)). The
transport of water in the air further results in an increas-
ing/decreasing trend of precipitable water, low cloud and
then precipitation in the western/eastern part. Through
the precipitation–soil moisture interaction process, the

Figure 8. Schematic diagram of land–atmosphere interaction processes
in the arid and semi-arid regions of China during 1979–2010. The
‘decreases’ or ‘increases’ on the left (right) of the ‘/’ symbol represent the
long-term trends of related variables in the western (eastern) sub-region.

See Section 3.4 in the main text for details.

trend in soil moisture is also the reverse in the two parts
of the study region. This enhances/weakens evaporation
and inhibits/promotes sensible heat in the western/eastern
sub-region. The precipitation recycling in the west-
ern/eastern sub-region is therefore reinforced/weakened
during the 32-year period, which suggests the precipi-
tation in the western/eastern sub-region tends to gain a
higher/lower proportion of moisture from regional evap-
oration through the evaporation–precipitation interaction
process. Additionally, the increasing/decreasing trends of
the recycling ratio, evaporation and soil moisture imply
that precipitation in the arid/semi-arid areas is highly
sensitive to soil moisture content, i.e. there is a strong
‘S–P’ (soil moisture–precipitation) interaction process in
the arid and semi-arid regions of China.

Also, as shown in Figure 8, a direct and distinct posi-
tive relationship between precipitation and soil moisture is
generally apparent. In terms of soil moisture–evaporation
interaction, Seneviratne et al. (2010) pointed out that a
positive relationship occurs in transitional regions between
dry and wet climates (Koster et al., 2004). However, if
the enhancement in precipitation cannot meet the increase
in evaporation, the potential for negative feedback exists.
Although the region analysed is not completely coinci-
dent with the land–atmosphere interaction ‘hot spots’
addressed by Koster et al. (2004) and Zhang et al. (2008),
an obvious and positive soil moisture–evaporation rela-
tionship still exists.

Just as Seneviratne et al. (2010) stressed in their
research, the evaporation–precipitation process in Figure 8
is the most uncertain link. In the region studied here, there
is positive coupling between soil moisture and precipita-
tion during the warm season over a long time scale. That
means strong precipitation recycling in the study region,
especially in the western sub-region.

Wei and Wang (2013) found an anomalous easterly in
northwestern China during recent decades. They suggested
the strengthened easterly could reduce the water vapour
transport from the midlatitude westerly. Together with
the strengthened evaporation resulting from the continu-
ous rise in temperature, intensified drought condition have
occurred in northwestern China. However, as the above
analysis for the western part of the study region shows,
although westerly moisture transport displays a decreas-
ing trend, southerly moisture transport and moisture flux
convergence are increasing. The increasing soil moisture
and rising air temperature result in stronger evaporation
and larger amounts of moisture move into the atmosphere,
which contributes to the increases in regional recycled pre-
cipitation. This is consistent with the increasing trend in
the recycling ratio in the western sub-region. Gao et al.
(2007) also pointed out that the increasing annual precipi-
tation trend drives the increasing trend of actual evapotran-
spiration, accompanied by increasing air temperature in
western China. On the contrary, for the eastern sub-region,
under the conditions of reducing advected moisture and
decreasing evaporation moisture, and simultaneously with
rising temperature, the climate will change to one that is
warm and dry.
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4. Conclusion

Precipitation recycling is an important process in under-
standing the hydrological cycle. The dynamic recycling
model (DRM), including moisture storage, is a good
quantitative tool to estimate land–atmosphere interaction
(Bisselink and Dolman, 2008). The work reported in this
paper applied the DRM presented by Dominguez et al.
(2006) to derive the regional precipitation recycling ratio
across the arid and semi-arid regions of China, using
JRA-25 reanalysis data. In addition, the multivariate spec-
tral method was used to extract nonlinear trends common
to 11 land–atmosphere interaction variables, to display
characteristics of the land surface and its interaction with
the atmosphere in the warm season from 1979 to 2010.

For the physical variables regionally related to pre-
cipitation, such as evaporation, the recycling ratio and
precipitation efficiency, increasing trends are apparent,
especially in the period before the 1990s. However, for the
variables closely related to external moisture transport,
such as the net water flux into the region, decreasing
trends during 1979–2010 are clear. Significant correlation
between precipitation efficiency and the recycling ratio
reveals precipitation recycling is efficient and should not
be ignored for the precipitation over the analysed region,
due to its relatively low level of advected moisture.

Positive soil moisture–precipitation interaction was
found in the arid and semi-arid regions of China. That
is, an enhanced recycling ratio occurred with increased
precipitable water, low-cloud cover, precipitation, soil
moisture and evaporation, while westerly moisture trans-
port weakened, during the study period. Furthermore,
evaporation was strongly influenced by regional soil
moisture and its trend clearly affected precipitation
recycling.

Besides the covariation characteristics of the entire
analysed region, an interesting finding of this study is the
reverse tendencies of land and atmospheric variables in the
western and eastern parts of the arid and semi-arid regions
of China. For the sub-region west of 110∘E, the analysis
showed that increased southerly moisture flow strengthens
the precipitable water in the atmosphere and favours the
formation of precipitation. At present, decreasing westerly
moisture flow has little influence upon regional precip-
itation. As a result, the abundant precipitable water is
conducive to cloud formation and precipitation, wetting of
soil moisture, feeding more moisture into the atmosphere,
and increasing the recycling ratio. Furthermore, tempera-
ture is slightly increasing, shown by the linear trends, and
the wetting of soil moisture supports a higher precipitation
recycling and displays positive land–atmosphere inter-
action. This implies that the present climate is becoming
wetter in the western sub-region of the arid and semi-arid
regions of China. However, the opposite tendency was
found in the rest of the study region: weakening advected
moisture convergence with both westerly and southerly
moisture transport decreasing, and less evaporation and
warming temperatures causing the climate to shift towards
warm and dry conditions.

This study proposes a view of regional land–atmosphere
interaction and the possible climatic change mechanism
in the arid and semi-arid regions of China. Although the
impacts of other related variables, such vegetation or land
cover, were not included in the discussion of this study,
it does not mean that they are unimportant in modulat-
ing the surface water and energy balance. Additionally, the
decision to use a reanalysis dataset to study the potential
interaction between land and atmosphere was largely due
its comprehensiveness compared with observational data.
However, reanalysis also suffers from problems, such as
the lack of water mass conservation due to data assimi-
lation. Therefore, observation-based investigations would
be the most direct way to study and verify the results of
the present study. Furthermore, considering the complex-
ity of land–atmosphere feedback, the causal relationships
between different processes involved in such feedback are
hard to elucidate. This study only presents a possible rela-
tionship between land and atmosphere over a long time
scale in the arid and semi-arid regions of China; the same
relationship will not necessarily hold true at temporal and
spatial scales different from those analysed here.
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