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Abstract Changes of precipitation recycling (PR) in
Northern Hemisphere from 1981 to 2010 are investigated
using a water recycling model. The temporal and spatial char-
acteristics of recycling in arid regions are analyzed. The re-
sults show that the regional precipitation recycling ratio (PRR)
in arid regions is larger than in wet regions. PRR in arid re-
gions has obvious seasonal variation, ranging from more than
25 % to less than 1 %. Furthermore, in arid regions, PRR is
significantly negatively correlated with precipitation (correla-
tion coefficient r = −0.5, exceeding the 99 % significance
level). Moreover, the trend of PRR is related to changes in
precipitation in two ways. PRR decreases with increasing pre-
cipitation in North Africa, which implies that less locally
evaporated vapor converts into actual precipitation.
However, in Asian arid regions, the PRR increases as precip-
itation reduces, which implies that more locally evaporated
vapor converts into rainfall. Further, as PRR mainly depends
on evapotranspiration, the PRR trend in Asian arid regions
develops as temperature increases and more evaporated vapor
enters the atmosphere to offset the reduced rainfall.

1 Introduction

Precipitation over the global land surface has shown a decreas-
ing trend from −1.54 to −2.12mm year−1, while it has increased

in north of 30° N in Northern Hemisphere during the past
30 years (IPCC 2014). Evaporation increased from the early
1980s to the late 1990s, and land air humidity decreased from
the 1970s (Trenberth 1998a). However, the frequency of heavy
precipitation has increased, and there have been more drought
events in regions such as the Mediterranean and West Africa
from the 1970s but fewer in central North America and north-
west Australia from the 1950s (Bisselink and Dolman 2008).
Changes in precipitation are related to atmospheric precipitable
water, and regional precipitable water can be changed by vari-
ations in water vapor transport and regional evaporation (Eltahir
and Bras 1996). This means that changes in water recycling are
a regional feature under global warming, and the variability of
water recycling may lead to changes in precipitation (IPCC
2014). Studies show that atmospheric water recycling has
changedwith global warming, and evaporationwill also change
as the temperature increases (Trenberth 1998a).

There are two components of the total water vapor leading
to precipitation, local evaporation (recycling) and external wa-
ter vapor transportation (advection) (Burde and Zangvil
2001). In general, arid regions are located far from the ocean
and moisture advection is low. Water recycling is a key com-
ponent in precipitation in arid regions, linking the land surface
and the atmosphere (Dominguez and Kumar 2008). Studies
(Willett et al. 2008; Smith et al. 2012) show that atmospheric
vapor and precipitation increased over the past 20 years
(1991–2010), but the increasing rate from climate model sim-
ulations is lower than the observations (Wentz et al. 2007).
The change of vapor in the atmosphere will lead to variations
of precipitation and water recycling (Eltahir and Bras 1994).

To estimate the proportion of recycling precipitation in total
rainfall, recycling models have been proposed. A simple two-
dimensional model was developed to calculate the precipita-
tion recycling ratio (PRR) in the west of the former Soviet
Union (Budyko 1974). A two-dimensional month-scale
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precipitation recycling model was developed by Brubaker
et al. (1993) and was used to estimate the variation of
recycling ratio in North America, Europe, the Amazon basin,
and the Western Sahara. The recycling ratios in Europe
from these two models were compared and were found
to be similar except in summer. The difference was due
to the different regions investigated (Brubaker et al.
1993). The results estimated by Brubaker et al. show
that in Europe the maximum recycling ratio is found
in June (about 31 %) while the minimum occurs in
February (about 0 %). And in North America, the
recycling ratio was between 15 with 34 %, and the
maximum appears in June and October. In contrast, in
South America, the maximum recycling ratio is 32 % in
December, and the minimum is 14 % in June (Brubaker
et al. 1993). The maximum recycling ratio in the
Yangtze River basin estimated from this model was
19 % in autumn, the minimum was 3 % in spring,
and the average value was about 10 % (Kang et al.
2004). Another new dynamic recycling model (DRM)
was developed based on Burde and Zangvil’s model
(Dominguez et al. 2006). Moisture variability is consid-
ered in this model, and the recycling ratio is estimated
on a daily scale. The recycling ratio of the Yangtze
River and the Yellow River basin was estimated (Kang
et al. 2005) using the model developed by El-tahir et al.
(1992). The recycling ratio had strong periodicity in the
Yangtze River basin. The maximum was 40 % in
August, September, and October and the minimum was
less than 25 % in May, June, and July (Kang et al.
2004, 2005). The result of minimum was 20 %, larger
than the values estimated by Yi and Tao (1997).
Differences between the models used and the regions
chosen could explain this discrepancy. The average
recycling ratio was 19 % in the Yellow River basin,
about 15 % in the upstream basin and greater than
30 % in the downstream basin, with the maximum in
August and the minimum in November, December, and
January (Kang et al. 2005). Using an improved
recycling model based on Eltahir and Bras (1996), Fu
et al. (2006) found that 30 % of the precipitation orig-
inated from evaporation in the Yangzi River basin in the
1998 rainy season. The recycling ratio varied strongly
on a 10-day scale, with a maximum of 67.8 % and a
minimum of 0.8 %, showing that the land was signifi-
cantly sensitive to variability in hydrology and land–
atmosphere interactions in this region.

Precipitation trends have a distinctive spatiotemporal dis-
tribution in arid region. Observations show that rainfall has
increased in some arid regions (such as central North America
and northwest Australia) but decreased in others (West
Africa), and the precipitation frequency became complex
(IPCC 2014), which implies significant changes in the

contribution of local recycling vapor to precipitation in arid
regions. For example, the precipitation recycling ratio in the
east of the Qinghai–Tibet Plateau increased significantly in the
period 1979–2006, with precipitation also increasing. In the
same period, the ratio decreased but precipitation still in-
creased in the west of the plateau (Wang and Guo 2012;
Guo and Wang 2014), indicating that the effect of PRR on
total precipitation in the region is uncertain.

To assess the precipitation recycling reliably, an essential
issue is the estimation of the role of evaporation in precipita-
tion. In the Mississippi basin, the evaporation was less than
10 % of the total precipitation (Benton and Estoque, 1954).
An investigation of the summer moisture budgets in central
North America in 1979 found that the main source of daytime
precipitation was local evaporation (Zangvil et al. 1993). A
moisture budget analysis of the Brahmaputra basin using the
moisture conservation equation showed that precipitation was
greater than evaporation in summer but less than the evapora-
tion in autumn and winter (Zhang and Tao 2001). The estima-
tion of precipitation recycling depends on the model, and
evaporation is a crucial component of the model. A new
two-dimensional precipitation recycling model that considers
the inhomogeneity and imbalance of the moisture flux was
developed by Burde and Zangvil (2000). In arid regions in
Africa, result of the recycling ratio from Trenberth (1998a,
b) is 12–20 % and the maximum occurs in December,
January, and February (DJF). The recycling ratio in the
Central U.S. Plains calculated using North American
Regional Reanalysis Data (NARR) reanalysis data simulated
by DRM ranges from 7 to 30% (Domiguez and Kumar 2008).
But if the data (GEOS1) and method are changed, the value
can reach 60 % in the same region (Bosilovich and Schubert
2002). Brubaker et al. (1993) used mass balance, neglecting
changes in atmospheric moisture to calculate evapotranspira-
tion and estimated the recycling ratio as 30% in Central North
America and 15 % in Africa. However, if GSWP-2 data are
used (Dirmeyer et al. 2009), the values are 10 and 2≤ %,
respectively.

Precipitation recycling is an important process in arid re-
gions, but it still has uncertainties due to the estimation ap-
proach in arid regions, and this uncertainty comes from the
lack of observational data such as evapotranspiration and from
the models. Evapotranspiration data are available fromNCEP/
NCAR Reanalysis 1 and ERA-interim data, but they are still
fairly uncertain. The two-dimensional model proposed by
Brubaker et al. (1993) is considered to be a convenient and
reliable estimation method, but the model is sensitive to
evapotranspiration. For an accurate calculation of PRR, a
more reliable estimation method should be used. Penman
(1948) proposed the combination equation to predict evapo-
transpiration, in which not only radiation and aerodynamics
but also the land surface condition are considered. The
Penman method was improved by Shuttleworth (1993) and
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Dingman (1994) and can be adapted for different land surface
conditions such as open water, bare soil, and grass.

In this study, we try to estimate the precipitation
recycling (PR) and its variability on large scale, compare
features in different arid regions to understand precipita-
tion properties in arid regions, and attempt to understand
the recycling precipitation by analyzing the trend of PR in
the period 1981–2010 and by comparing precipitation
changes in arid regions, with the aim of improving our
knowledge of the characteristics of precipitation period
and change in arid regions. The rest of this paper is orga-
nized as follows. A description of the methods and
datasets used are given in Section 2. In Section 3, the
global spatial characteristics of PR and related variables
are discussed. The temporal variation in arid regions is
analyzed in Section 4. It includes the annual and two
seasonal values (Dec Jan Feb (DJF), and Jun Jul Aug
(JJA)) of estimates of the recycling ratio and compares
these with precipitation and other meteorological vari-
ables. The conclusions are given in Section 5.

2 Approach and data description

The arid region definitions are adapted from Hulme and
Marsh (1990) and Bisselink and Dolman (2008) that use
the relation between precipitation and evapotranspiration
(Fig. 1) to express the location of the main sinks and
sources of atmospheric water vapor (Bisselink and
Dolman 2008). If the evapotranspiration is greater than
precipitation, it means it is the main source of water
vapor and the region can be defined as hydrologically
arid and vice versa. Accordingly, the main arid regions
are the boxes shown in Fig. 1 and this study will focus
on precipitation recycling in North Africa (NAF), West
Asia (WA), China–Mongolia (CM), and North America
(NA) in the Northern Hemisphere.

The model proposed by Brubaker et al. (1993) and im-
proved by others (Schär et al. 1999; Burde and Zangvil
2001) is used to estimate the precipitation recycling, in
which the equations of water vapor balance for each frac-
tion of precipitable water are applied in their integral form
to all the grids. The regional recycling of precipitation is
indicated conceptually in Fig. 2. The box stands for one
small grid box areaΔX, and Y represents the region. The
horizontal arrows indicate the advective flux of water vapor
into and out ofΔX. W is the amount of water vapor, ET is
the evapotranspiration from the land surface, and P is the
total precipitation onto the land surface, made up of advec-
tive (Pa) and evapotranspirative (Pe) parts:

P ¼ Pa þ Pe ð1Þ

We also allow for a variation of the total atmospheric
water content W within the ΔX, but this term is small,
has a negligible impact upon the results, and is only
considered for internal consistency. The associated bud-
get relationship for each region can then be written as:

ΔW ¼ IN−OUTþ ET−P ð2Þ

Here, all the flux terms are integrated over the time period
under consideration (selected as 1 month), and ΔW denotes
the integrated tendency of the atmospheric water content with-
in the box. IN stands for the vapor advected into the region.

It is assumed for the computation of the local recycling
ratio (β), defined as the proportion of local recycling precipi-
tation to total precipitation or local evaporation vapor to total
vapor, that the two water fractions that originate from evapo-
transpiration within and outside of the box, respectively, are
well mixed in space and time. Assuming a constant recycling
ratio within each box allows us to easily determine β from the
associated water fluxes. Individual budget relations similar to
(2) may be expressed for the two fractions of water that derive
from evapotranspiration in the interior of the domain and from

Fig. 1 The main arid regions (boxes) and annual evaporation minus precipitation (mm/day) calculated for the period 1981–2010 in Northern
Hemisphere
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atmospheric advection into the domain, respectively. For in-
stance, for the budget of water that originates from within the
box, the term IN disappears, while the terms OUT, P, andΔW
appear with a factor β, consistent with the assumption of a
uniform recycling ratio. The two budgets are then given by:

ΔWβ ¼ −OUT⋅β þ ET−P⋅β ð3Þ

ΔW ⋅ 1−βð Þ ¼ IN−OUT⋅ 1−βð Þ−P⋅ 1−βð Þ ð4Þ

Solving for β and substituting from (2) yields:

β ¼ ET= ETþ INð Þ ð5Þ
According to the formula, we can treat β as a measure of

the local recycling of water vapor. Then, with this definition,
in the region Y consisting of n grids, the regional PRR may be
calculated as:

PRR ¼ Pe

P
¼

X n

i¼1
βi⋅Pi⋅ΔX i

X n

i¼1
Pi⋅ΔX i

ð6Þ

and the recycling precipitation (RP) in the region being stud-
ied is:

RP ¼ P⋅PRR ð7Þ

The wind and humidity data used in this study are from the
NCEP/NCAR Reanalysis 2 Data monthly reanalysis dataset,
with 17 pressure levels and 2.5° × 2.5° horizontal resolution.
The precipitation data are from the Global Precipitation
Climatology Project monthly precipitation dataset (GPCP)
from 1979 to the present, which combines observations and
satellite precipitation data into 2.5° × 2.5° global grids.

ET, defined as land surface water evaporation and plant
transpiration (Thornthwaite 1948), is a crucial variable in
the precipitation recycling process, while it is also a dif-
ficult factor to observe. In earlier research, most estimates
of ET (Brubaker et al. 1993; Wang and Guo 2012; Guo

and Wang 2014) were from mass balance by neglecting
changes in atmospheric moisture, that is,

ET≈P þ ∇⋅Q! ð8Þ
in which P and ∇⋅Q! refer to monthly regional mean values of
precipitation and divergence of moisture flux, respectively.
This estimate is only appropriate on large scales and even then
is still unreliable. To get a credible precipitation recycling
ratio, a more reliable ET estimation is needed that is based
on radiation and dynamic conditions.

In this paper, evapotranspiration is estimated by Penman
evaporation, as:

ET ¼ Δ
Δþ γ

⋅
Rnð Þ
λ

þ γ
Δþ γ

⋅
6:43⋅ f Uð ÞD

λ
ð9Þ

where Rn is net radiation at the surface (MJ m−2 day−1), Δ is
the slope of the saturation vapor pressure curve (kPa °C−1), γ
is the psychrometric coefficient (kPa °C−1), and fUis the wind
function:

f U ¼ aU þ bUu ð10Þ

where aU and bU are wind function coefficients and u is wind
speed at 2 m height (m s−1); Penman (1948) gives the values
aU = 1 and bU = 0.536. Here also, D = (es − ea) is vapor pres-
sure deficit (kPa), es is saturation vapor pressure, and ea is
actual vapor pressure.

According to the previous study (Valiantzas 2006), the first
term on the right of Eq. (9) can be approximated as:

Δ
Δþ γ0

≈ 0:125⋅
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
T þ 9:5

p ð11Þ

Where T is expressed in degrees Celsius.
The net radiation, Rn, is computed as the difference be-

tween the incoming net short wave radiation, Rns, and the
outgoing net long wave radiation, RnL:

Rn ¼ RnS−RnL ð12Þ

The RnL is computed as:

RnL ¼ fε0σ⋅ T þ 273:2ð Þ4 ð13Þ
where f is an adjustment for cloud cover, ε′ is net emissivity
between the atmosphere and the ground, σ is the Stefan–
Boltzmann constant, and T is the mean air temperature over
the period studied.

The calculation of the incoming net short wave radiation is:

RnS ¼ 1−αð Þ⋅RS ð14Þ
where α is the reflection coefficient or albedo and RS is mea-
sured or incoming solar radiation.

Region Y

Area X

Pa + Pe

IN OUT

ET

PW

Fig. 2 Conceptual model of the precipitation and moisture fluxes in an
atmospheric grid box, area ΔX within land region Y. For variable
abbreviations, see text (adapted from Brubaker et al. 1993)
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3 Spatial characteristics of precipitation recycling
and related variables

Figure 3a shows the annual global precipitable water (PW),
which represents the total vapor in target region atmosphere,
from 1981 to 2010. PW decreases with increasing latitude,
and high precipitation is found in northern South America,
north of Australia, in South Asia, and in Central Africa.
Note that PW in arid regions is not necessarily less than in
other regions; for example, the values in the Sahara desert,
Arabian Peninsula, Central Asia, and Australia are no lower
than in abundant rainfall regions such asWestern Europe. The
precipitation (Fig. 3b) also decreases with increasing latitude,
but there are still maximums in Europe. Note the difference
between PW and precipitation in arid regions. In some arid
regions, such as Central and West Asia, the PW is abundant
but rainfall is low, especially in summer. Thus, in arid regions,
there is abundant precipitable water but the mechanism to
convert it into rainfall is absent. Other important variables
related to precipitation are ET and moisture flux (MF), the
moisture transport. The annual average distributions of ET
andMF are shown in subpanels c and d of Fig. 3, respectively.
In Fig. 3d, the vectors show the paths of moisture transport
and the color shading gives its magnitude. The evapotranspi-
ration also generally decreases with increasing latitude
(Fig. 3c). However, there are still maximums of MF in high
latitudes; large amounts of moisture are transported into these
regions. According to the Penman formula (Eq. 9), the regions
of high ETare mainly in North Africa, West and Central Asia,
Australia, and Central America. Note that in arid regions like
West Asia and Central Asia, where the temperature is high but
there is little soil moisture and vegetation, ET is no lower.

The annual global distribution of local recycling ratio β is
shown in Fig. 3e. The distribution is different from that of
precipitable water and other variables. There are maximums
zonally around the equator in the tropics and subtropics (close
to 20 %). Maximums (more than 10 %) are also distributed in
high southern subtropical regions, like South Africa, north of
Australia, and central South America (about 18 %). In the
Northern Hemisphere, the recycling ratios in Europe and
West–Central Asia are larger than in other land regions (about
7 %). Note that β, unlike precipitation, is larger in arid regions
like North Africa, Arabian Peninsula, Central Asia, and
Australia than in regions with abundant rainfall. This indicates
that the proportion of recycling precipitation in these regions
is higher than in other regions, while the precipitation from
advective vapor water is less important in these regions. The
global recycling ratio distribution has also been calculated by
Trenberth (1998a). Because of the lack of ET data in arid
regions, they did not analyze the recycling of precipitation
there. In other regions, however, the results from the present
investigation are similar to theirs, with maximum in India,
central South America, and South Africa. Trenberth (1998b)

found that the centers of minimum recycled precipitation are
mainly in Central–East Asia and Australia, which differs from
our results; the different ET data used may be the reason.

In terms of the seasonal variations, in DJF, PW is more
concentrated in low latitudes (Fig. 4a) and the precipitation
is mainly in the Southern Hemisphere (Fig. 4b). In contrast, in
JJA, maximums of PW (Fig. 5a) are more widespread, from
low to middle latitudes, and more rainfall is concentrated in
the Northern Hemisphere (Fig. 5b). The main areas of abun-
dant rainfall are still in the tropical equatorial region. But MF
in high latitudes in DJF (Fig. 4d) is larger than in JJA (Fig. 5d).
This implies an important role of ET in total PW. In Northern
Hemisphere winter (DJF), the average temperature is close to
or below 0 °C, which makes substantial ET impossible north
of 40° N. But the zonal moisture flux remains stable compared
with the JJA and annual averages. This suggests that there is
less recycling precipitation in the Northern Hemisphere win-
ter. Figure 4e supports this view; the typical values of β north
of 40° N are below 3 %. Figure 4c is also consistent with
negligible recycling precipitation here. At the same time, it
is summer in the Southern Hemisphere, and the temperatures
are higher than in the Northern Hemisphere, resulting in
higher evapotranspiration from soil and vegetation. MF is less
over Southern Hemisphere land (Fig. 4d), so β is high here in
DJF (about 10–15 %, Fig. 4e). In JJA, in the Northern
Hemisphere, the high temperature and concentrated rainfall
lead to more evapotranspiration, with typical values ranging
from 4 to 6 mm day−1; values can reach 7 mm day−1 or more
in some regions (Fig. 5c), especially in the mainly arid regions
in North Africa and West and Central Asia, where values
reach 8 mm day−1. The stable zonal moisture fluxes distri-
bution gives β close to 9–15 % in average regions,
reaching 20 % in the mainly arid regions in the Northern
Hemisphere. This indicates the importance of the recycling
precipitation from locally evaporated vapor in total precip-
itation. Considering the lack of rainfall in arid regions, this
proportion is important.

To explain the role of β in the precipitation process, the
correlation coefficients between precipitation and β in JJA
(Fig. 6a) and DJF (Fig. 6b) are calculated. In Fig. 6, shading
indicates significance above 90 %. According to Fig. 6, the
relation between precipitation and recycling ratio is complex
and their correlation is generally negative (Table 1). In arid
regions like China–Mongolia, Central Asia, West Asia, North
America, and Australia, a significant negative correlation ap-
pears in winter (DJF in the Northern Hemisphere and JJA in
the Southern). This can be explained as follows. If the rainfall
increases, the local temperature is reduced, and further, ET
would be less and the local recycling of water vapor would
decrease. In summer, there is still a weak negative correlation
in arid regions, but the reduction of temperature by precipita-
tion does not affect the ET. This indicates that in seasons with
high ET values, it is possible that a negative feedback
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(a)

(b)

(c)

(d)

(e)

Fig. 3 The a annual precipitable
water (g/m2), b precipitation
(mm/day), c evapotranspiration
(mm/day), d moisture flux
(g/hPa cm s), and e recycling ratio
(%) in period of 1981–2010
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(a)

(b)

(c)

(d)

(e)

Fig. 4 The same as Fig. 3
but in DJF
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(a)

(b)

(c)

(d)

(e)

Fig. 5 The same as Fig. 3
but in JJA
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recycling mechanism could promote rainfall when atmospher-
ic conditions are dry (Dominguez and Kumar 2008).

4 Temporal variability of recycling ratio in arid
regions

The variability of the regional recycling ratio (PRR) calculated
in Eq. (6) is considered next. The interannual temporal vari-
ability over the period 1981–2010 of precipitation (P), RP, r,
and ET is given in Fig. 7 for the four Northern Hemisphere
arid regions: CM (a–c), WA (d–f), NAF (g–i), and NA (j–l).

The left, middle, and right columns are the variations in an-
nual, DJF, and JJA averages, respectively. The black bars are
precipitation (mm day−1), the black line is RP (mm day−1), the
gray bars are recycling ratio PRR, and the evapotranspiration
ET is the gray line. The average values of the ratio are 4.5 %
(CA), 10.3 % (WA), 20.4 % (NAF), and 8.3 % (NA), which
differ from those of Bosilovich and Schubert (2002, about
15 % in the USA), Dirmeyer et al. (2009, about 6.2 % global),
and Dominguez et al. (2006, less than 24 % in the USA) and
are far less than those of Burde and Zangvil (2001) and Kang
et al. (2004, 2005; about 40 %). The possible reasons for these
differences are the different recycling models chosen and the
size of the study regions. Furthermore, the datasets used may
also lead to different values of the recycling ratio. As the errors
in the different values of the recycling ratio are not the main
subject of this discussion, we do not pursue this issue here.

According to Fig. 7, the features of PRR vary greatly in
different regions. The variability of the annual and seasonal
averages in CM is smooth, ranging from 3.9 to 5.4 % for the
annual mean, 0.6 to 1.9 % in DJF, and 6.9 to 11.8 % in JJA,
and the trend of PRR is increasing in JJA and decreasing in
DJF, while the annual average has a weakly increasing

(a)

(b)

Fig. 6 The correlation between recycling ratio and precipitation from GPCP in JJA (top) and DJF (bottom) in period of 1981–2010. The shadings pass
90 % t significance

Table 1 The correlation coefficients between PRR and P in CA, WA,
NAF, and NA

CA WA NAF NA

Annual −0.36a −0.50a −0.43a −0.18
DJF −0.49a −0.47a −0.33a −0.37a

JJA −0.16 −0.13 −0.46a −0.06

a Passing 95 % significance
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trend (Table 2). The most obvious increasing trend in P is in
winter when the trend line slope is 0.03 (Table 2), while the
annual average trend is smoothly increasing and the summer
average is smoothly decreasing. The evapotranspiration
ranges from 0.2 to 7.4 mm day−1; the trend is increasing,
which is consistent with the results from IPCC (AR5 2014).
The correlation coefficients between PRR and P are −0.36,
−0.49, and −0.16 for the annual (Table 1), winter, and summer
averages, respectively, and are significant at the 95% level for
the annual and winter averages. But the values ofP in different
seasons (lower than 0.45 mm day−1 in winter and in summer
the average value is 1.3 mm day−1) show that the main pre-
cipitation occurs in JJA. Therefore, how the recycling precip-
itation works in JJA should be investigated. The mechanism
can be explained as follows. Decreasing P results in a higher
temperature and enhanced evapotranspiration; the increased
ET puts more local moisture into the atmosphere where it
participates in precipitation, enhancing the recycling precipi-
tation but will not offset the total precipitation, and the local
rainfall is reduced. The reduction in precipitation in the
Central U.S. Plains can be explained by this mechanism
(Dominguez and Kumar 2008). In winter, P increases signif-
icantly with time, while the evapotranspiration is relatively
lower (less than 0.36 mm day−1); the PRR is also small, less
than 2 %. This means that in winter, although the RP in-
creases, the recycling precipitation can be ignored although
RP and P have the same trend.

In the WA arid region (Fig. 7d–f), both ET and PRR have
an increasing trend in all time periods. The range of ET is from
3.2 to 11.9 mm day−1. The seasonal variation of PRR is ap-
parent; the range may be from less than 3 % to about 25 %.
The minimum is about 3 % in DJF and the maximum may
reach about 26.7 % in JJA. In summer, the variations in PRR
are also large: the maximum is 26.7 % and minimum is
17.34 %. However, in winter, the range is small, from 3 to
5.5 %. Considering the increasing trend, the role of recycling
precipitation in total rainfall becomes more important.
Precipitation has a decreasing trend except in JJA. The trends
are distinct and there is considerable interannual variability.
The maximum and minimum precipitation can reach 1.6 and
0.6 mm day−1 in DJF, with the precipitation anomaly varying
from −50 to 50 %. Considering the trend of precipitation var-
iation in WA is decreasing as CA. The recycling ratio and P
are correlated significantly in the annual and seasonal cases
(annual = −0.5; DJF = −0.47; JJA = −0.13; all significant at
the 95% level except in summer) (Table 1). This suggests that
as the total precipitation decreases, recycling precipitation
makes more of a contribution to total rainfall. A comparison
with CM suggests that the decreased P and increased RP and
PRR in WA (Table 2) indicate that the mechanisms of precip-
itation recycling in different arid regions are the same.

In NAF, the situation is unlike that in CM and WA; the
main precipitation is in JJA, there is an increasing trend of

annual, and JJA precipitation change but a decreasing trend
in DJF. The annual, DJF, and JJA average precipitations are
0.2, 0.13, and 0.5 mm day−1, respectively. However, in this
region, ET is large. The maximum, minimum, and average are
11.3, 5.4, and 8.6 mm day−1, respectively, and the precipita-
tion recycling ratio ranges from 32.5 to 9.2 %. Unlike the
Asian arid regions, the trends of PRR and ETare not the same.
The annual and JJA average ET is increasing but r is decreas-
ing. Taking into account the increasing trend in recycling pre-
cipitation, this indicates that local recycling vapor is enhanced
but the proportion of recycling precipitation in total rainfall is
decreasing. The reason for precipitation increasing is that
there is more vapor transportation into the region. In DJF,
although ET and PRR are increasing, which means the
recycling precipitation is enhanced and try to offset the total
rainfall, the decreasing trend of precipitation is not changed.
This situation is similar to CM in JJA and WA in DJF. Note
that the correlation coefficients between seasonal and annual
average PRR and precipitation are all significant at the 95 %
level, with values −0.43 (annual), −0.33 (DJF), and −0.46
(JJA) (Table 1). This means that changes of total rainfall are
sensitive to variations in the recycling precipitation.

In the NA arid region, the annual, DJF, and JJA aver-
ages of P are 1.1, 1.0, and 1.4 mm day−1, respectively, and
this is the region of most abundant rainfall of the four. The
correlation between P and PRR is the least significant of
that in the four chosen regions, while the coefficients for
the annual and summer cases are not significant. This in-
dicates that P in NA is not sensitive to PRR. But the trends
of the variables are similar with those in NAF. The trends
of P and PRR are reduced in the annual and JJA average.
Values of PRR range from 1.6 to 16.8 %, with an average
value of 8.3 %, similar to the results of previous studies
(Bosilovich and Schubert 2002: about 10 %; Dominguez
and Kumar 2008: about 8 %). ET has a similar seasonal
variation to that in CM; the maximum appears in JJA and
averages 8.4 mm day−1 while the minimum (1.3 mm day−1)
is in winter. The annual and seasonal variations of ET all
have an increasing trend. This means that the recycling
moisture that evaporates into the atmosphere is increasing.
The decreasing tendencies of P, RP (JJA), and PRR may be
explained as follows. In the warm season, the reduced pre-
cipitation enhances the surface heating, leading to more
evapotranspiration, so more locally evaporated moisture
will enter the atmosphere, but the extra water vapor does
not convert into precipitation and counter the reduced pre-
cipitation. This is just like CM in JJA and WA and NAF in
DJF.

�Fig. 7 The annual (left), DJF (mid), and JJA (right) evolution of PRR, P,
RP, and ET in CA (a–c), WA (d–f), NAF (g–i), and NA (j–l) arid region
from 1981 to 2010
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5 Discussion and conclusion

Water recycling couples the land, atmosphere, and other com-
ponents of the earth system into a unified system and main-
tains the system in a dynamic balance. This work investigates
the water recycling on climate scale, calculated and compared
features of water recycling in four arid regions in Northern
Hemisphere. However, considering the regional features, un-
like precipitation and precipitable water, β in arid regions is
not lower than in regions with abundant rainfall, which ranges
10–15 %. This indicates that the local recycling ratio is posi-
tively correlated with evapotranspiration, which is dominated
by radiation and dynamic conditions. This suggests a mecha-
nism in which reduced precipitation leads to enhancement of
the local recycling precipitation. In other words, precipitation
has self-make up effects.

The PRR was calculated for four arid regions, CM,
WA, NAF, and NA, with annual average of 5, 12, 18,
and 8 %, respectively. The ratio has an increasing trend
in the Asian arid regions and a decreasing trend in NA
and NAF in last 30. And there is a significant seasonal
variation of PRR, higher in JJA and lower in DJF in all
four regions. Considering the season of precipitation
concentrated (JJA for CM, NAF, and NA; DJF for
WA), the different trends of precipitation recycling ratio
and variables also imply that the different relation be-
tween PRR and precipitation in each regions. In CM and
WA, PRR increases significantly, and it indicates the
decreasing rainfall in CM and WA is not controlled by
local precipitation recycling but by reduced advection
vapor (Xu et al. 2016). The increasing PRR shows that
the recycling precipitation is a kind of self-make up
mechanism for total rainfall when precipitation de-
creases. In NA, PRR and total rainfall decrease and ET
increases. It indicates more evaporated vapor passes into

the atmosphere but does not convert into actual precip-
itation to offset the reduced rainfall. However, in NAF,
like NA, the trend of recycling ratio is decreasing. But
precipitation and ET increase. It implies the property of
local evapotranspiration vapor in total rainfall decreases,
and increasing precipitation is affected by enhanced ad-
vection vapor.

It should be pointed out that the precipitation
recycling also has a robust impact on the precipitation
on weather scale, for example, the extreme precipitation
which is mainly related to the circulation and vapor
transport anomaly (Krichak et al. 2014). However,
Sodemann et al. (2006) used water vapor tracers in
CHRM with a 25–50-km horizontal resolution to assess
the contribution of moisture from local evaporation and
other vapor sources to flood events in Central Europe,
in two flood cases in 2002 and 2005. Their result indi-
cated that land surface vapor (precipitation recycling)
has a notable contribution in Central Europe extreme
precipitation events. Huang and Cui (2015) used a
Lagrangian method to estimate extreme precipitation in
Sichuan, West China and found that the main vapor
source causing heavy precipitation is vapor that
transported from Indian Ocean and the local moisture
contribution still reaches to 32 %. Dominguez and
Kumar (2008) also pointed out that the precipitation
recycling ratio change was more of high frequency
when extreme precipitation happened in Central U.S.
Plains. Furthermore, Raddatz (2005) suggested that there
is an intra-summer feedback between evapotranspiration
and rainfall. This feedback affects moisture and energy
from the surface water budget to the atmospheric water
balance and will decide whether dry and wet summers
maintained. The mean summer recycling ratio attribut-
able to evapotranspiration within target region is a fac-
tor for determining whether an area had a dry, normal,
or wet summer. Precipitation in target region is predom-
inately convective. Namely, the water vapor is converted
into rain less frequently over drought areas than over
areas which received normal rainfall and more frequent-
ly over the pluvial areas (Raddatz 2005). Thus, the in-
fluence of precipitation recycling is not only on climate
mean but also on weather events.

Another issue is that the land use and cover also strongly
influence the PRR via affecting evapotranspiration. Vervoort
et al. (2009) found PRR in large irrigation region in Australia
ranges from 10 to 20 %, which is larger than the ratio in grass
underlying region. Harding and Snyder (2014) investigated
the impact of irrigation on precipitation recycling using
Weather Research and Forecast Model (WRF) in North
America and found that evapotranspiration increased by 4 %
approximately and precipitation increased by 1 % due to irri-
gation expansion. This irrigation impact on PRR can be

Table 2 The trends of PRR, P, ET, and RP in CA, WA, NAF, and NA

PRR P ET RP

CA Annual 0.2 0.01 0.09a 0.00

DJF −0.11a 0.03 −0.00 0.00

JJA 0.93a −0.02 0.15a 0.00

WA Annual 0.43a −0.04a 0.11a −0.00
DJF 0.62a −0.04 0.08 0.00

JJA 0.38 0.00 0.13a 0.00

NAF Annual −0.23 0.01 0.14a 0.00

DJF 0.92a −0.00 0.1a 0.00

JJA −0.26a 0.06 0.22a 0.01a

NA Annual −0.04 −0.05 0.07a −0.00
DJF 0.02 0.01 0.05 0.00

JJA −0.45 −0.02 0.07 −0.01

a Passing 95 % significance

500 R. Li et al.



explained in a sense that irrigation increases soil moisture and
supplies abundant vapor for evapotranspiration, which en-
hances the precipitation recycling and precipitation. The ob-
servations show that the irrigation areas are intensively
expanding from 1960s in arid region of North Africa and
West Asia (Jomaa et al. 2015; Martín-Queller et al. 2010),
which consist with PRR increases in this study.

In additional, according to Eqs. (9), (11), and (13), ET
should increase with the temperature and radiation, which
may be caused by land use/cover changes. A lot of ob-
servations show that the land use/cover has significantly
changed in arid region. Chuluum and Ojima (2002) re-
ported that the movement of population changed the land
use in Asian ar id/semiar id region from 1960s.
Widespread reduction of grasslands and expansion of
croplands cause anabatic desertification in China–
Mongolia. Paz-Kagan et al. (2014) evaluated the soil
quality index and aboveground net primary productivity
by comparing the magnitude and the direction of the land
use changed in Negev Desert West Asia. The expansion
of large-scale agricultural land in North Africa and the
area of forest cover in 1990s reduced to 13 %, and the
Lake Malawi level was about 1 m lower comparing with
the amount in 1960s in Sub-Saharan Africa (Calder et al.
1995). Those land use/cover changes will affect
temperature and radiation. Bayer et al. (2012) analyzed
the regional climate feedback to land use changes in Sub-
Saharan, Europe, Amazon, and South Asia, and the
results indicated that land use changes, like expansion
of arable land and desert, would enhance the surface
temperature. Liang et al. (2010) suggested that land
use/cover changes, like grass degeneration and irrigation
expansion, would change surface albedo and outgoing
radiation, which contribute substantially to land warming
trends. Generally speaking, land cover/use changes in
arid regions increase air temperature and the increasing
temperature enhanced the evapotranspiration, further en-
hancing the vapor recycling.

This study investigated mean change of PRR on climate
scale. PRR in weather events under land surface changes is
our future work. Particularly, the showery precipitation is fre-
quent in those target arid regions in this study. It is still an open
question what is the contribution of PRR on annual and sea-
sonal scale. Although the evapotranspiration changed in this
study included the influence from land use/cover changes in-
directly via the temperature and radiation changes, the impact
of land use/cover changes, like irrigation extension, on PRR in
arid regions remains uncertain. Comparing observations with
weather model simulations to quantitatively evaluate vapor
changes on local and large scale will benefit for energy and
water recycling on more large scale. Therefore, PRR changes
considering land use and cover including irrigation in arid is
our further work.

Further, another notable issue is the estimation of evapo-
transpiration that has large uncertainty, which must affect the
estimation of precipitation recycling; hence, more accredited
precipitation recycling depends on accuracy of evapotranspi-
ration estimation.
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