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Abstract. It is difficult to quantify the degree to which ter-
restrial evaporation supports the occurrence of precipitation
within a certain study region (i.e. regional moisture recy-
cling) due to the scale- and shape-dependence of regional
moisture recycling ratios. In this paper we present a novel ap-
proach to quantify the spatial and temporal scale of moisture
recycling, independent of the size and shape of the region
under study. In contrast to previous studies, which essen-
tially used curve fitting, the scaling laws presented by us fol-
low directly from the process equation. thus allowing a fair
comparison between regions and seasons. The calculation
is based on ERA-Interim reanalysis data for the period 1999
to 2008. It is shown that in the tropics or in mountainous
terrain the length scale of recycling can be as low as 500 to
2000 km. In temperate climates the length scale is typically
between 3000 to 5000 km whereas it amounts to more than
7000 km in desert areas. The time scale of recycling ranges
from 3 to 20 days, with the exception of deserts, where it is
much longer. The most distinct seasonal differences can be
observed over the Northern Hemisphere: in winter, moisture
recycling is insignificant, whereas in summer it plays a major
role in the climate. The length and time scales of atmospheric
moisture recycling can be useful metrics to quantify local cli-
matic effects of land use change.

1 Introduction

Humans are known to change evaporation through land use
and water management (e.g., Gordon et al., 2008). In addi-
tion, water resources are becoming more and more stressed
(e.g., Rockstr̈om et al., 2009). In this light it is important
for water managers to know where the rain comes from and
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what happens to the moisture after it has evaporated (e.g.,
Yoshimura et al., 2004; Stohl and James, 2005; Bosilovich
and Chern, 2006; Nieto et al., 2008; Dirmeyer et al., 2009;
Van der Ent et al., 2010).

Land use and land cover changes sometimes play a major
role in regional climate (e.g., Pielke Sr. et al., 2007). In fact,
many types of land-atmosphere feedback exist that influence
precipitation (moisture exchange, energy partitioning, parti-
cle emissions, etc.). Several studies focused on the sensi-
tivity of precipitation to soil moisture variations (e.g., Find-
ell and Eltahir, 1997; Koster et al., 2004; Dirmeyer et al.,
2006; Kunstmann and Jung, 2007) implicitly taken into ac-
count various feedbacks mechanisms. Unfortunately, these
studies generally result in model-based statistics about the
strength of land-atmosphere coupling that is often hard to in-
terpret.

This paper presents a different approach whereby we fo-
cus on the feedback of water mass (i.e. moisture) to the
atmosphere. This approach allows the definition of phys-
ically meaningful and easy-to-interpret metrics that quan-
tify land-atmosphere coupling through moisture feedback.
In this perspective, a widely used metric (e.g., Brubaker et
al., 1993; Eltahir and Bras, 1996; Schär et al., 1999; Burde
and Zangvil, 2001; Mohamed et al., 2005; Dominguez et al.,
2006; Dirmeyer and Brubaker, 2007; Kunstmann and Jung,
2007; Bisselink and Dolman, 2008) is what in this study is
termed the regional precipitation recycling ratio: the ratio of
regionally recycled precipitation to total precipitation in a re-
gion (see Eq.1). A disadvantage of this metric is that its
magnitude depends on the scale and shape of the region un-
der study. As a result, it remains difficult to compare and
classify regions accordingly.

The aim of this research is to derive and present scale- and
shape-independent metrics that quantify land-atmosphere
coupling through moisture feedback. In contrast to the
scale- and shape-dependent regional precipitation recycling
ratio, these newly derived metrics should allow for a fair
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Table 1. The relationship between scale and precipitation recycling ratio, as found by several authors. Note that the first four studies give
an areal average estimate of the recycling ratio, whereas the last gives an estimate for the recycling in a point depending on the recycling
distancex before that point.

Study Formula forρr [–], Derived for range Study Period Method
with X in km, (linear scaleX region
andA in km2 or area sizeA)

(Eltahir and Bras, 0.0056X0.5 X: 250–2500 km Amazon 1985– Eltahir and Bras
1994, 1996) 1990 bulk recycling model

(Dominguez 0.0573ln(A/1000) 2.5×104– Contiguous 1979– Dynamic recycling
et al., 2006)a −0.2748 4×106 km2 United States 2000 model

(Dirmeyer and 0.000440A0.457 A: 104–106 km2 Global 1979– Quasi-isentropic
Brubaker, 2007)b, (continental 2004 back-trajectory
(Dirmeyer et al., A: 103– areas only) analysis
2009)c 3.5×107 km2

(Bisselink and ∼logarithm ofA A: 1.5×105– Central 1979– Dynamic recycling
Dolman, 2008)d 5×106 km2 Europe 2001 model

Formula forρ(x) [–], Derived for
with x in km distancex

(Savenije, 1−exp(−x/306) x: 0–1000 km West Africa to 1951– Savenije analytical
1995, 1996)e Southern Sahel 1990 recycling model

a This formula is an average of monthly averages (Dominguez et al., 2006, Fig. 8). Dominguez et al. (2006) also present a formula for the months June, July and August only. It
should be noted that this formula is the result of curve fitting, and that it is thus not based on their own process equation (Dominguez et al., 2006, Eq. 20)b This is the global formula
taken from Dirmeyer and Brubaker (2007, Table 1). They present additional formulas for individual regions.c Note that on the basis of Dirmeyer and Brubaker (2007, Fig. 3) we
can estimate their global formula to be different:ρr=0.0003A0.457, and in the work of Dirmeyer et al. (2009, Fig. 3) we can estimate it to be:ρr=0.00035A0.457. Fortunately, this
inconsistency does not matter when scaling regional recycling ratios, because for that only the value of the exponent (0.457) is of interest.d No formula given (see Bisselink and
Dolman, 2008, Fig. 4).e This formula is not given explicitly, but obtained after filling in the parameters that were calibrated in the work of Savenije (1995, p. 70).

comparison among regions and seasons. To that effect we
have derived the spatial and temporal scales of moisture re-
cycling. First in Sect. 2 the scale- and shape-dependence of
regional moisture recycling will be explained. Subsequently,
a new spatial metric (length scale) and the associated tempo-
ral metric (time scale) will be derived. In Sect. 3 the results
obtained by this approach (length and time scales of moisture
recycling) are presented and discussed by continent, distin-
guishing between yearly average, summer and winter condi-
tions. Finally, Sect. 4 presents some concluding remarks on
the significance of the results obtained.

2 Methods

2.1 Scale- and shape-dependence of regional moisture
recycling

In a previous study we presented definitions for different
types of moisture recycling (Van der Ent et al., 2010). The
regional precipitation recycling ratioρr was defined as:

ρr(t,x,y|A,ς) =
Pr(t,x,y|A,ς)

Pr(t,x,y|A,ς)+Pa(t,x,y|A,ς)
(1)

=
Pr(t,x,y|A,ς)

P (t,x,y|A,ς)

WherePr is regionally recycled precipitation,Pa is pre-
cipitation that originates from moisture that was brought into
the region by advection, andP is total precipitation. All vari-
ables depend on timet and location of the region (x,y), given
an area sizeA and shapeς . This ratio describes the region’s
dependence on evaporation from within the region to sustain
precipitation in that same region. Van der Ent et al. (2010)
also defined the reverse process: the fraction of the evapo-
rated water that returns as precipitation in the same region.
This is the regional evaporation recycling ratioεr:

εr(t,x,y|A,ς) =
Er(t,x,y|A,ς)

Ea(t,x,y|A,ς)+Er(t,x,y|A,ς)
(2)

=
Er(t,x,y|A,ς)

E(t,x,y|A,ς)

whereEr is the part of the evaporation from the region which
returns as precipitation to the same region, andEa is evapo-
rated water that is advected out of the region. Averaged over
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Fig. 1. Average continental moisture recycling ratios (1999–2008):(a) continental precipitation recycling ratioρc (Eq.4) and(b) continental
evaporation recycling ratioεc (Eq.5). The arrows indicate the horizontal moisture flux field. Figure modified from Van der Ent et al. (2010).

a yearEr equalsPr (assuming no substantial change in atmo-
spheric moisture storage over a year) and hence:

Er(year,x,y|A,ς) = Pr(year,x,y|A,ς) (3)

Comparing regional recycling ratios from different regions
and authors has proven to be difficult because of their scale-
dependence. Several studies tried to find a relation between
the regional precipitation recycling ratio and region scale
(see Table 1). We observe that the formulas presented in the
upper part of Table 1 may be justifiable for the spatial range
for which they have been derived, but that none of them holds
in their limit of applicability, i.e. the very nature ofρr re-
quires it to vary between 0 (in a point) and 1 (whole Earth).
Moreover, the formulas in Table 1 have the drawback that
their coefficients are not dimensionless.

In a global study one typically has grid cells of a fixed lat-
itude and longitude; such grid cells are smaller at higher lat-
itudes. In order to compare the strength of land-atmosphere
feedback in different regions, Dirmeyer and Brubaker (2007)
use the global exponent (0.457) of their exponential function
(see Table 1) to scale regional precipitation recycling ratios
of different grid cells to a common reference area (105 km2).
Dirmeyer et al. (2009) use the same approach to scale pre-
cipitation recycling in countries to a common reference area.
Dirmeyer and Brubaker (2007, Table 1) also showed that
there is in fact a significant spread in the value of the ex-
ponent per region, which highlights one of the drawbacks of
this approach. But most importantly, their approach does not
take into account the effect of the orientation of the mois-
ture flux compared to the orientation and shape of the study
region (e.g. grid cell or country). This may lead to an un-
derestimation of the regional feedback process in rectangu-
lar shaped grid cells which are oriented perpendicular to the
moisture flux, and an overestimation when they are oriented
in the same direction as the moisture flux.

In our previous study we used scale-independent continen-
tal moisture recycling ratios to describe the land-atmosphere
feedback process at continental scale (Van der Ent et al.,
2010). We defined the continental precipitation recycling ra-
tio ρc as:

ρc(t,x,y) =
Pc(t,x,y)

Po(t,x,y)+Pc(t,x,y)
=

Pc(t,x,y)

P (t,x,y)
(4)

wherePc denotes precipitation which has continental origin
(i.e. most recently evaporated from any continental area), and
Po is precipitation which has oceanic origin (i.e. most re-
cently evaporated from the ocean). Also, we defined the con-
tinental evaporation recycling ratioεc as:

εc(t,x,y) =
Ec(t,x,y)

Eo(t,x,y)+Ec(t,x,y)
=

Ec(t,x,y)

E(t,x,y)
(5)

whereEc is terrestrial evaporation that returns as continen-
tal precipitation,Eo is terrestrial evaporation that precipitates
on an ocean andE is total evaporation. We found for ex-
ample that recycling over the Eurasian continent is the main
source of China’s water resources and that evaporation from
the Amazon region sustains precipitation in the Rı́o de la
Plata basin (Fig. 1). We also identified hotspots of regional
recycling where bothρc andεc are high, such as the area just
east of the Andes and the Tibetan Plateau. However, in this
paper we try to find directly interpretable spatial and tempo-
ral metrics for local moisture feedback, which will turn out
to be more consistent than those following from the scaling
equations presented in Table 1.

2.2 Spatial scale for local precipitation-evaporation
feedback

In order to derive a new spatial measure we start from the
assumption that the atmospheric moisture follows a certain
streamline over which it interacts with the land surface. The
process equation describing the relationship between precip-
itation recycling and distance travelled along an atmospheric
streamline was derived by Dominguez et al. (2006, Eq. 20),
which in our symbols reads:

ρ(x) = 1−

(
exp

(
−

E

Sau
x

))
, with x ≥ 0 (6)

Where,ρ is the precipitation recycling ratio,E is evapora-
tion, Sa is atmospheric moisture storage (i.e. precipitable
water),u is horizontal wind speed andx is the distance along
a streamline (starting inx=0), wherebyE, Sa andu vary in
time and space. These latter variables can be grouped into
one simple and meaningful metricλρ =

Sau
E

, which leads to
the following equation:

ρ(x) = 1−exp

(
−

x

λρ

)
, with x ≥ 0 (7)
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Fig. 2. The relationship between recycling ratios and distance using
different formulas (see Table 1). The formula of Savenije (1995)
and Eqs. (7) and (9) are defined in a pointx, while the other formu-
las are defined as an areal average recycling ratio. Note that in the
formulas of Dominguez et al. (2006) and Dirmeyer and Brubaker
(2007) the areaA was replaced byX2, thus we assumed a square
region. The results displayed here are meant to highlight different
formula behavior, not to compare magnitudes, since all have param-
eters that were calibrated for different regions.

Whereλρ is the length scale of the precipitation recycling.
Note thatρ is defined in a pointx and not as an areal average.
We also want to obtain the average precipitation recycling
ratio over a distance (i.e. the regional precipitation recycling
ratio ρr (Eq. 1). Therefore, we integrate Eq. (7), fill in the
boundary conditionρr=0 if x=0, and divide byx, yielding:

ρr =

x +λρ exp
(
−

x
λρ

)
−λρ

x
, with x ≥ 0 (8)

Equations (7) and (8) both satisfy the condition thatρ=0 if
x=0, andρ=1 if x=∞, independent of the length scaleλρ .
The formulation for the evaporation recycling ratioε is simi-

lar; forx=0 it must hold thatε=0, andε=1 if x=−∞, yield-
ing:

ε(x) = 1−exp

(
x

λε

)
, with x ≤ 0 (9)

Wherex is the distance along a streamline (ending atx=0),
λε is the length scale of the evaporation recycling. It can be
seen thatε depends on the distance that moisture still has to
travel until pointx=0, whileρ depends on the distance that
was already travelled by the moisture. The average evapora-
tion recycling ratio over a distance (i.e. the regional evapora-
tion recycling ratioεr, Eq.2) can be obtained by:

εr =

x −λεexp
(

x
λε

)
+λε

x
, x ≤ 0 (10)

Figure 2 shows how the new formulations (Eqs.7–10) be-
have compared to formulations found by other studies if we
assume recycling with a length scaleλ of 2500 km.

2.3 Calculating the length scale of moisture feedback

Suppose that the regional moisture recycling ratio over a
trajectory1x is known, then it is possible to calculate the
corresponding length scale of moisture recycling. First, we
write the general formula for the moisture recycling ratio in
a point:

γ (|x|) = 1−exp

(
−

|x|

λγ

)
(11)

Where γ can be replaced by eitherρ (where x≥0) or ε

(wherex≤0). The general formula for the regional mois-
ture recycling ratioγr over a trajectory1x then follows from
integration of Eq. (11) between 0 and|x|, divided by1x:

γr =

1x +λγ exp
(
−

1x
λγ

)
−λγ

1x
(12)

If we assume a linear approximation ofγ (|x|) through the
origin in Eq. (11), for small values of|x|, thenγr≈γ /2. Sub-
stituting this in Eq. (11) and solving forλγ yields:

λγ ≈ −
1x

ln(1−2γr)
(13)

Using WolframAlpha we obtained an exact solution of
Eq. (12) for λγ :

λγ =
1x

W

(
exp

(
1

γr−1

)
γr−1

)
+

1
1−γr

(14)

Where,W(z) is the Lambert W-Function (e.g., Corless et al.,
1996), which is defined as the functionW(z) that satisfies:

W(z)exp(W(z)) = z (15)
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Fig. 3. Climatology of the study area taken from the ERA-Interim reanalysis (1999–2008):(a) topography and horizontal (vertically
integrated) moisture flux field (indicated by arrows),(b) average atmospheric moisture storage (i.e. precipitable water)Sa, (c) precipitation
on landP , and(d) evaporation from landE. Parts of the figure (a, c andd) modified from Van der Ent et al. (2010).

Note that in Eqs. (13) and (14) the length scaleλγ depends on
the regional moisture recycling ratioγr over a trajectory1x,
while it is more conventional that the ratio is calculated for
a grid cells with area sizeA (e.g., Dirmeyer and Brubaker,
2007; Van der Ent et al., 2010). This discrepancy can be
overcome by calculating a representative length of the grid
cell; it is the zonal plus the meridional length of the grid cell
both weighted by ratio of moisture fluxes in that direction di-
vided by the total horizontal (vertically integrated) moisture
flux:

1x = LZ
FZ

FZ +FM
+LM

FM

FZ +FM
(16)

WhereLZ is the length of a grid cell in zonal direction,LM
is the length of a grid cell in meridional direction,FZ is the
moisture flux in zonal direction, andFM is the moisture flux
in meridional direction. In conclusion, it should be noted
that the methodology presented here follows directly from
the process equations, while other studies essentially used
curve fitting (top half of Table 1).

2.4 Time scale of moisture feedback

Besides the length scales of precipitation-evaporation inter-
actions we are also interested in its time scales. Trenberth
(1998) offers an approach to calculate these time scales; he
defines the depletion time of atmospheric moistureTP as (us-
ing our symbols):

TP= Sa/P (17)

WhereSa is atmospheric moisture storage (i.e. precipitable
water). Similarly, Trenberth (1998) defines the restoration
time, which we prefer to term the replenishment time of at-
mospheric moistureTE as:

TE = Sa/E (18)

When both replenishment timeTE and depletion timeTP in
a region are small one would expect high regional moisture
recycling, but this obviously also depends on the horizon-
tal atmospheric moisture fluxes coming in and out of a re-
gion. Note that bothTE andTP (Eqs.17 and18) are local
timescales for precipitation and evaporation, which give an
indication for the residence time of atmospheric moisture
if horizontal moisture transport is small. Actual residence
time should be calculated by taking a Langrangean approach
(Bosilovich et al., 2002). However, that does not yield local
metrics, which is the objective of this paper.

2.5 Data

The meteorological input data are taken from the ERA-
Interim reanalysis (Berrisford et al., 2009). We have used
precipitation and evaporation (3 h intervals), and addition-
ally: specific humidity, zonal and meridional wind speed at
the lowest 24 pressure levels (175–1000 hPa), and surface
pressure (6 h intervals) in order to calculate the horizontal
(vertically integrated) moisture fluxes and precipitable water
(see Fig. 3). All data are available at a 1.5◦ latitude×1.5◦

longitude grid. The data used cover the period of 1999 to
2008. We refer to our previous study for further details (Van
der Ent et al., 2010).

Moreover, we have used regional moisture recycling ratios
within a grid cell, as calculated by Van der Ent et al. (2010)
(see Fig. 4a, b). The water accounting model, which under-
lies these calculations was described in our previous work
(Van der Ent et al., 2010). We downscaled the reanalysis data
set to 0.5 h resolution to reduce the Courant number. The
most important simplification in this model is probably the
assumption of a well-mixed atmosphere (see e.g., Burde and
Zangvil, 2001; Burde, 2006; Fitzmaurice, 2007). However,
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Fig. 4. Average regional moisture recycling ratios (1999–2008):(a) regional precipitation recycling ratioρr within a 1.5◦×1.5◦ grid cell,(b)
regional evaporation recycling ratioεr within a 1.5◦×1.5◦ grid cell, (c) regional precipitation recycling ratioρr scaled to a reference area of
105 km2, and(d) regional evaporation recycling ratioεr scaled to a reference area of 105 km2. The arrows indicate the horizontal moisture
flux field. Parts of the figure (a andb) modified from Van der Ent et al. (2010).

the results of Van der Ent et al. (2010) were shown to cor-
respond well with water vapor tracer studies that did not in-
voke the well-mixed assumption (e.g., Bosilovich and Chern,
2006; Bosilovich et al., 2002), and therefore we believe that
this assumption will not significantly affect the results pre-
sented in this paper.

However, it should be noted that the results presented here-
after are (just like in any other study) limited by the validity
of the input data. Reanalysis data is known to have an imbal-
ance in its water budget, mostly affecting precipitation and
evaporation. In Van der Ent et al. (2010) we provided a global
comparison of ERA-Interim’s water budget with other global
estimates (Oki and Kanae, 2006; Trenberth et al., 2007) from
which we found that ERA-Interim has slightly higher esti-
mates of precipitation and evaporation. This might in general
lead to slight underestimation of the recycling length scales
and depletion and replenishment times, although locally it
may be the opposite.

3 Results and discussion

3.1 Length and time scales of moisture feedback

Figure 4a, b shows the annual average regional moisture re-
cycling ratios (ρr and εr) on the 1.5◦ latitude×1.5◦ longi-
tude grid. Following the approach of Dirmeyer and Brubaker
(2007) we have scaled these ratios with an exponent (0.457)
to a common reference area of 105 km2 (Fig. 4c, d). We see
that on higher latitudes new regions of high regional recy-
cling pop up. However, as mentioned before, this scaling
approach does not take into account the orientation of the
moisture flux compared to the shape of a region.

Figure 5 shows the annual average length scales of mois-
ture recycling (λρ and λε) calculated with Eq. (14). We
like to emphasize that these length scales are local scale-
independent characteristics. They are process scales: the
inverse value ofλ represents the spatial gradient of the re-
cycling process andλ itself is a length scale of the spatial
variability of moisture recycling. Note, that these process
scales are different from actual travel distances (e.g., Sode-
mann et al., 2008). However, the length scalesλρ andλε can
be interpreted as the mean distance a water particle travels
under local hydrological and climatological conditions. This
is analogous to e.g. human travel, where someone’s local
speed can differ significantly from his average speed. Fur-
thermore, it should be noted that a smaller length scale indi-
cates a higher feedback strength, since this means that there
is more recycling of moisture (see Eqs.6, 7 and11). As a
result, we believe that these length scales (Fig. 5) have more
physical meaning than the scaled regional recycling ratios
(Fig. 4c, d). From visual comparison the patterns in Figs. 4c,
d and 5 appear to be similar, except at higher latitudes, where
the approach of scaling (Fig. 4c, d) is weak.

Therefore, we have made a numerical comparison in Ta-
ble 2 between different metrics for moisture feedback for two
differently shaped grid cells (one in North-West Canada and
one in the Amazon). If one would look at theρr within a
1.5◦

×1.5◦ grid cell one would conclude that the local feed-
back strength is higher in the Amazon grid cell. Next, taking
into account the difference in grid size, and thus scalingρr
following the approach of Dirmeyer and Brubaker (2007),
one would consider the local feedback strength to be about
the same. However, taking into account also the orienta-
tion of the moisture flux compared to the shape of the grid
cell, we can observe that the length scale of the precipitation
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Fig. 5. Average length scales of moisture recycling (Eq.14) (1999–2008):(a) length scale of the precipitation recyclingλρ , and(b) length
scale of the evaporation recyclingλε. These are local characteristics of feedback strength, which can be interpreted as travel distances of
atmospheric water, under the local conditions of a grid cell. The arrows indicate the horizontal moisture flux field.

recyclingλρ for the grid cell in North-West Canada is shorter
than for the grid cell in the Amazon, thus indicating a higher
feedback strength. The same reasoning can be followed for
evaporation recycling.

To complete the picture, Fig. 6 shows the depletion and
replenishment time of atmospheric moisture (TP and TE,
Eqs.17 and18), computed following the approach of Tren-
berth (1998). Looking at Figs. 5 and 6 jointly, we can observe
that the local moisture feedback strength is very heteroge-
neously distributed over the world. In general, the highest
feedback is observed in tropical and/or mountainous regions,
while the least feedback is observed in arid climate zones.

3.2 Local moisture recycling by continent

Looking at North America the length scale of precipitation
recyclingλρ (Fig. 5a) is typically between 1500 and 4000 km
over the Rocky Mountains. This indicates relative high local
feedback, but the average precipitable moistureSa (Fig. 3b)
is low. The windward side of the Canadian Rocky Mountains
beautifully illustrates the difference betweenλρ (Fig. 5a) and
λε (Fig. 5b): most precipitation is brought to the continent
over the ocean indicated by lowλρ , but λε is only about
1500 km, thus indicating a relative fast feedback of evapo-
rated moisture. In the East of North America depletion and
replenishment times (TP andTE, Fig. 6) remain in the same
order (3–12 days) as in the West of the continent. However,
local recycling plays a less dominant role and moisture is
transported over greater distances (Fig. 5) indicating that hor-
izontal moisture fluxes are greater.

In the northern part of the Amazon region, the length scale
of precipitation recyclingλρ (Fig. 5a) is about 3500 km but
in the southern part of the Amazon regionλρ is less than
2000 km, indicating a less important role for convergence
and a more important role for moisture recycling. The length
scale of evaporation recyclingλε is less than 2000 km for
the whole Amazon region, and this in fact corresponds with
Fig. 1a where we can observe that 70% of the precipitation
in the center of the South American continent is of terrestrial

Table 2. Different measures of moisture feedback for a rectangular
grid cell (in North-West Canada) an almost square grid cell (in the
Amazon region). Note that a shorter length scale indicates more
moisture recycling.

Grid cell in Grid cell in
North-West the Amazon
Canada region

Coordinates of the center of the
grid cell (latitude,

64.5◦ N, 6◦ S, 49.5◦ W

longitude) 129◦ W
Area size grid cell (km2) 1.20×104 2.76×104

Zonal length (km) 76 165
Meridional length (km) 167 167

Regional precipitation recycling
ratioρr within

0.017 < 0.027

a 1.5◦×1.5◦ grid cell (−)
Regional precipitation recycling
ratioρr scaled (with

0.047 ≈ 0.049

exponent 0.457) to a reference
area of 105 km2 (–)
Length scale of the precipitation
recyclingλρ (km)

2.4×103 < 3.0×103

Depletion time of atmospheric
moistureTP (days)

4.2 5.6

Regional evaporation recycling
ratio εr

0.045 < 0.059

within a 1.5◦×1.5◦ grid cell (–)
Regional evaporation recycling
ratio εr scaled

0.122 ≈ 0.108

(with exponent 0.457) to an area
of 105 km2 (–)
Length scale of the evaporation
recyclingλε (km)

0.9×103 < 1.3×103

Replenishment time of atmo-
spheric moistureTE

11.0 12.3

(days)
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Fig. 6. Average time scales of moisture feedback (1999–2008):(a) depletion timeTP (Eq. 17), i.e. the average time it would take to
completely deplete atmospheric moisture assuming precipitation to remain constant and not considering lateral fluxes, and (b) replenishment
time TE (Eq. 18), i.e. the time it takes to completely replenish atmospheric moisture by assuming evaporation to remain constant and not
considering lateral fluxes. The arrows indicate the horizontal moisture flux field.

origin. Local moisture recycling is highest near the Andes
mountains, which is indicated by both Figs. 5 and 6.

In Africa we can observe two very different systems. First
there is the Sahara, which basically has no water and there-
fore no local moisture feedback. Second, we can observe a
relative strong moisture feedback over the rest of the conti-
nent, especially in the Congo basin, where the length scale
of the evaporation recyclingλε (Fig. 5b) can be as low as
500 to 1000 km, and depletion timeTP (Fig. 6a) well below
7 days. The Congo region lacks major mountain ridges to
trigger rainfall, and in this light the forests, sustaining atmo-
spheric moisture through evaporation, are of utmost impor-
tance for the region’s water resources.

The strongest feedback in Europe is observed around the
Mediterranean (see Figs. 5 and 6). Furthermore, the northern
part of Eurasia is characterized by a long belt wherein the
length scale of precipitation recyclingλρ (Fig. 5a) is around
4000 km and replenishment timeTE (Fig. 6b) around 10 days.
Below that belt (the Middle East, central Asia and the Gobi
desert) land-atmosphere feedback is very low and this is also
reflected by small precipitation amounts (Fig. 3c) observed
for these regions. Despite that depletion timeTP (Fig. 6a) in
the most northern parts of Siberia is as low as 5 days. This
does not necessarily reflect strong moisture feedback, since
replenishment timeTE is around 15 days.

Over the Tibetan Plateau we can observe a very strong
local moisture recycling, withλρ and λε (Fig. 5) around
1000 km. This strong feedback was also found by earlier
studies on the isotopic compositions of rainfall around the
Tibetan Plateau (Tian et al., 2001; Yu et al., 2007; Liu et al.,
2008). In India and the east of China, local moisture recy-
cling plays again a less important role. Very strong local re-
cycling is observed in the tropical regions of Southeast Asia
whereλε (Fig. 5b) can be well below 1000 km. Given that
total P andE (Fig. 3) are very high as well, there is also a
high absolute feedback of moisture.

Finally, recycling of moisture is of little significance over
most of Australia; the length scales (λρ andλε, Fig. 5) are
over 7000 km, and the time scales are over 30 days. Local
recycling is only significant in the outer north and east of
Australia as well as in New Zealand. In New Zealand the
length scales (λρ andλε, Fig. 5) are around 4000 km while
the time scales of recycling are around 7 days (TP andTE,
Fig. 6).

3.3 Seasonal variations

Figures 7 and 8 show the length and time scales of moisture
recycling for typical winter and summer conditions. For the
calculation of the regional evaporation recyclingεr (and thus
also the length scaleλε, Figs. 7b and 8b) we did invoke the
assumption thatPr = Er, which is only true if there is no sub-
stantial change in atmospheric moisture storage. However,
this is probably only fully justified on the timescale of a year
(Eq. 3), so the results presented in Figs. 7b and 8b should be
interpreted with caution.

Yet it is clear that there is considerable seasonal varia-
tion in local moisture feedback. For example, the Northern
Hemisphere above 45◦ N in winter (Fig. 7) shows a depletion
time of atmospheric moistureTP (Fig. 7c) which is generally
lower than 10 days, however replenishment timeTE (Fig. 7d)
is over 30 days, resulting inλρ (Fig. 7a) being over 7000 km.
Even thoughλε (Fig. 7b) above 45◦ N indicates a relative fast
feedback of evaporated moisture, total evaporation in winter
is known to be low for this region. For this region, local
moisture recycling can be observed to play a much more im-
portant role in July (Fig. 8). For other regions similar dif-
ferences between winter and summer conditions can be ob-
served, whereby land-atmosphere feedback is generally (and
not surprisingly) greater during wet and warm periods.
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Fig. 7. Average length and time scales of moisture recycling in January (1999–2008). The arrows indicate the horizontal moisture flux field
and the other symbols are explained in the text.

Fig. 8. Average length and time scales of moisture recycling in July (1999–2008). The arrows indicate the horizontal moisture flux field and
the other symbols are explained in the text.

4 Concluding remarks

We have successfully found a method that can convert scale-
and shape-dependent regional moisture recycling ratios into
representative, and physical meaningful, length scales of
moisture recycling (λρ andλε, Fig. 5) that do not suffer from
scale- or shape-dependence. They allow for a fair compari-
son between regions and seasons. Moreover, they consider
recycling from both a precipitation and an evaporation per-
spective. For the study of land-atmosphere-interactions these
new metrics are therefore more useful than the regional pre-
cipitation recycling ratioρr alone.

In addition, we calculated the representative time scales
of moisture recycling (TP andTE, Fig. 6). Analysis of both
the length and times scales yielded the identification of sev-
eral hotspots of high local moisture recycling, in particular

in and around mountainous areas (such as the Rocky Moun-
tains, Andes, Alps, Caucasus and Tibetan Plateau), and in
the regions with tropical forest (such as the Amazon, Congo,
Indonesia). Moreover, considerable seasonal differences can
be observed which overall indicate that local moisture recy-
cling is most significant in summer.

Although this paper provided a global analysis of local
moisture recycling, the methodology may also be applied on
smaller grids, with more detailed topography, and on periods
smaller than years and months. Potentially, it can thus be a
useful tool for detailed analysis of local effects of land use
and/or change. Whereby the length scale of precipitation re-
cycling λρ (Fig. 7a) can provide a measure to quantify the
effect of deforestation on local climate (λρ a priori will be
larger after deforestation).
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Finally, we would like to note that although local recycling
may be of minor significance as a rainfall bringing mech-
anism in some regions, evaporation from those regions can
still play an important role in sustaining rainfall elsewhere
through continental moisture recycling. As is for example
the case with the northern Amazon sustaining rainfall in the
Rı́o de la Plata basin (Marengo, 2006; Van der Ent et al.,
2010).

Edited by: S. Buehler
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