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Abstract. Soil-atmosphere feedback is a key for understand-1 Introduction
ing the hydrological cycle and the direction of potential sys-
tem changes. This paper presents an analytical frameworkeedback processes between the land surface and the atmo-
to study the interplay between soil and atmospheric moissphere have long been recognized as being key to under-
ture, using as input only the boundary conditions at the up-standing the hydrological cycle, e.g. for local and regional
stream end of trajectory, assuming advective moisture transvariability of precipitation Tuinenburg et a).2011; Eltahir,
port with average wind speed along this trajectory and verti-1998 DeAngelis et al. 2010 or for the study of different
cal moisture exchange with the soil compartment of uniformsources of precipitation at continental scales, i.e. for mois-
vertical properties. Precipitation, evaporation from intercep-ture recycling studiesBurde and Zangvjl2001; Eltahir and
tion and runoff are assumed to depend through simple funcBras 1994 Trenberth 1998. Recent results in this field
tional relationships on the soil moisture or the atmosphericdemonstrate that on large continental areas, moisture recy-
moisture. Evaporation from soil moisture (including transpi- cling can be a dominant mechanism to sustain precipitation
ration) depends on both state variables, which introduces ge.g.Van der Ent et a).2010.
nonlinear relationship between the two compartments. This Nevertheless, explicit representation or assessment of
nonlinear relationship can explain some apparently paradoxmoisture recycling receives limited attention in classical me-
ical phenomena such as a local decrease of precipitatioreorological or hydrological models. From a meteorological
accompanied by a runoff increase. perspective, this is not surprising since advective moisture
The solutions of the resulting water balance equationsfluxes are often an order of magnitude larger than evapora-
correspond to two different spatial moisture regimes show-tive fluxes (e.gSclar et al, 1999, especially at small spa-
ing either an increasing or a decreasing atmospheric moistial scales. In addition, the focus is often on local precip-
ture content along a trajectory starting at the coast, deitation triggering mechanisms (e.g. the effect of soil mois-
pending on boundary conditions and parameters. The pature conditions on boundary layer stability and precipitation,
per discusses how different model parameters (e.g. time&Seneviratne et gl2010 rather than on mechanisms that sus-
scales of precipitation, evaporation or runoff) influence thesetain rainfall as in the present paper. Moreover the calcula-
regimes and how they can create regime switches. Suction of evaporation is complex as it depends in a non-trivial
an analysis has potential to anticipate the range of possiway on soil moisture, atmospheric moisture, land roughness,
ble land use and climate changes or to interpret the reenergy exchange, and indirectly on topography, soil proper-
sults of complex land-atmosphere interaction models. Basedies and land use, all of which are highly heterogeneous and
on derived analytical expressions for the Horton index, thesometimes variable in time. From a hydrological perspective,
Budyko curve and a precipitation recycling ratio, the analyt- climate is generally considered as an exogenous forcing in
ical framework opens new perspectives for the classificatiorterms of precipitation and potential evaporation. This view-
of hydrological systems. point is a natural choice when analyzing individual catch-
ments of up to few thousand square kilometers. However, if
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we model the hydrologic cycle at continental scales, if we an- l—» X
alyze climate or land use change impacts or if we try to clas-”

sify catchments across hydroclimatic regionagener et a.
2007, we can only benefit from understanding the coupled
soil-atmosphere system and moisture recycling.

Such insights can be obtained by methods ranging from el
analyzing the isotopical origin of precipitatioian et al,
2007 to analytical studies (e.d.intner et al, 2012 or dif-
ferent numerical techniques (see a discussidddminguez
et al, 2006. Numerical studies commonly use e.g. month-
long integration of regional or global coupled atmosphere-
land surface models to analyze moisture feedbacks by vary- \
ing soil and vegetation parameters and boundary conditions
(Schar et al, 1999 Dirmeyer et al. 2006 Kunstmann and Mfm Cn w
Jung 2007. Studying the sensitivity of such models can flow
give valuable insights into these feedbacks, in particular in -
the context of multi-model studieK@ster et al. 2004). It
is, however, difficult to trace back how a parameter change ‘

/
Y
[]

T

z

modifies, directly or indirectly, a system output such as evap-
oration. This is, in contrast, the strength of analytical re- ux
cycling models that quantify e.g. the contribution of local
evaporation to total precipitation based on a set of simpl
balance equations used to compute water budgets based
observed or reanalysis data of evaporation and precipitatio
(e.g.Burde and Zangvjl2001; Dominguez et a].2006.

In this paper, we present a different type of analytical
model: it describes the hydrologic cycle at points along an2 Method
atmospheric trajectory using only the atmospheric storage at
the upstream boundary (at the coast) as input. Atmospheri®Ve adopt an approach based on dominant atmospheric mois-
moisture is transported along the trajectory with advectionture trajectories, which can be obtained from data (e.g.
and exchanged with the soil through precipitation and evapDominguez and Kumar2008 Van der Ent et al.2010.
oration which are formulated as functions of atmospheric andAn atmospheric moisture trajectory starts at the coast; the
soil moisture. Evaporation from transpiration and interceptedpositive x-direction is pointed inland. At a given location
water are quantified separately and the model also accounts, we assume that the atmosphere and the soil compart-
for runoff. It may be considered a “toy model” that can be ment are each composed of a single, well-mixed layer con-
used to analyze moisture regimes and their sensitivity to inhected by the vertical exchange fluxes of precipitation and
terception, advected moisture, soil moisture and runoff andevaporation (see Fid). Lateral transport through advection
evaporation time scales. is modelled only for atmospheric moisture; for soil mois-

In the following, we first present our coupled model, its ture, lateral transport is neglected. The only influx of wa-
analytical solutions and the possible moisture regimes alongder to the soil compartment is precipitation, the outfluxes are
a flow path (Sect. 2). To illustrate the use of the model, werunoff, groundwater recharge and total evaporation (evapo-
present three different types of analyses (Sect. 3): (i) the efration from the soil surface and transpiration). The boundary
fect of parameter changes on moisture profiles along an ateondition of the atmospheric compartment at the upstream
mospheric moisture flow path; (ii) the relationship betweenboundary of a trajectory is given by atmospheric moisture at
atmospheric moisture and the Horton index and the Budykahe coast.
curve, which are used to describe the hydrologic behaviour
of a system Troch et al, 2009; and (jii) the relationship 2.1 Modelling framework
between the key parameters and precipitation recycling. Be- i )
fore summarizing our main conclusions (Sect. 5), we briefly Consider the control volum&', a tropospheric column of
discuss the potentialities and limitations of the proposed™assM
model (Sect. 4).

e_. . . .

Fig. 1. Sketch of the model (top view and a side view); note that
ateral transport through advection is only modelled for the atmo-
l%pheric control volume, not for the soil.

C
M=oVW=oV—, Q)

Cm

wherew [M/L3] is the density of water andV [-] is the
relative atmospheric moisture filling, defined as the ratio of
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precipitable watelC [L] to the maximum water holding ca-

pacity of the control volumey, [L]. W is in fact a relative dw dw 1 1db

humidity measure integrated over the entire heightofthe col-— =y, — = —— (P — ET— E)) —u, W=—. (6)
umn (called column-relative humidity bgretherton et al. dx cm b dx

2004. C andcm are the height integrals of specific humidity The |ast term in the above equation encodes the net change

and of saturation specific humidity respectively. . of the shape of the moisture carrying trajectory (of its width)
The conservation of mass fof reads as (see also Fi):  zongx (see Fig.1), corresponding either to a convergence

I(VW) AVW) 32(VW) (gg <0)or _divergence% > 0). In the case of convergence,
o T Wy + Dy 922 the narrowing of the control width results in an increased
—(P — E1— E))bdx ) concentration of water in the control volume, which results

in an apparent inflow of moisture. For simplicity, this in-
whereP [LT 1] is the precipitation£1 [LT ~1] is the evap-  flow due to convergence is termed relative lateral inflow,
orative flux from the soil moisture compartment to the at- 7 = —uxw%gx—b [T-14.
mosphere mostly due to the transpiration of vegetation (but For soil moisture, we assume absence of lateral transport
it also includes soil evaporation) arfg is the evaporative and of volume change; the conservation of mass becomes
flux from water intercepted on vegetation, forest floor or bare
surfaceb dx [L?] is the area of the control volume through 98 _ P—E —ET—R, (7)
which these fluxes pas®, [L2T~1] is the dispersion coef- 91

ficient andu, [LT 7] the wind speed in the flow direction, where § [L] is the soil moisture andk [LT 1] represents

which should be seen as an effective wind speed (i.e. mois- . )
. . ; all water that is lost from the soil compartment through other
ture weighted), such as used, e.g.®gessling and Reick

(2011). Note that all state and flux variables depend on spacg;]ocesses than evapc&ration,(ij.e. it inclu?]es slow aﬂd ][alpl)id (_jis-
and time but for reasons of readability, we use the short formsc arge processes andgroun waterrec. arge._lnt € foflowing,
_ . we refer toR as runoff. We assume a simple linear relation-

W=W (x, 1) where appropriate. ship toS through a residence timg:
Horizontal atmospheric mixing rates in the troposphere '
are typically in the order of magnitude of 4M?s~1 (e.g. 1
Pisso et al.2009. Given the very small horizontal con- R =—S5. (8)
centration gradients for atmospheric moistardL] (a few d
mm per 100km, i.e. a gradient of 10mm~?%, (e.g.Ran-  This corresponds to the frequently used assumption of a lin-
del et al, 1999), the dispersive flufg = D, 9, has an or-  ear relationship between slow discharge or recharge pro-
der of magnitude of 1 m?s~1. Assuming average hori- cesses and soil moisture (eEgnicia et al. 2006. Tq [T]
zontal wind speeds of the order of 10 mtsand atmospheric  is the time scale of the sum of these processes. We assume
moisture storage in the troposphere of the order of?1, here that rapid discharge processes (e.g. surface runoff) are
it is readily apparent that the advective flEx= u, C > Fy. negligible.
We therefore neglect dispersion at the spatio-temporal scales The formation of precipitation in the atmosphere is known
considered here. to be a non-trivial physical procesSavenije(1995h sug-
Expressing the control volume height in terms of a con-gested to model precipitation as a linear function of the at-
stant water holding capacitym, i.e. V = cmbdx, the left- mospheric moistur€ above a certain moisture thresheid

hand term reads as corresponding to the moisture that always remains in the at-
(VW) PRV PRI b aW mospherg'(renberth eF a).2003. Analyzing moisture and
o = WE + VE = Wcmdxg +cmbdx¥, 3) precipitation over trop|<_:al oceanBre_therton et al(2009
proposed an exponential relationship betwdeand W at
and we can re-write Eq2) as daily to monthly timescales. In order to make the model ana-
W W 1 lytically tractable, we adopt here the simplifying assumption
5 T = —C—(P —ET—E) that precipitation has a squared relationship betweemnd
m W, which appears to capture their relationship reasonably
—}W (% + Mx%) , (4) well (see Supplement, Fig. S1).
b ot 9x
Note that the control volum¥ refers to the moisture carry- P = 1CW = C—mWZ, 9)
ing part of the tropospheric column only. Equatidh¢an be p p

written in a Lagrangian framework using the substantial or

i )it wherery [T] is the effective time scale of the precipitation
Lagrangian derivativeTtenberth 2009:

process.
df af af df Interception is generally_alsg assumed to bg a threshold
o e Ty Tl (5)  process at an hourly to daily time scale (e3grrits et al,
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2010. De Groen and Savenije2@06 derived an expres- transpireey, if neither atmospheric moisture nor soil moisture
sion for monthly interception as a function of monthly pre- was limiting (W = 0, S = sy); this value is characteristic for
cipitation and number of rain days. However, to be able toa given vegetation-soil system.

derive analytical solutions, we retain here the simple linear Evaporation as parameterized in Eq3) is limited by
relationship between interception and precipitation with thethe available soil moisture as well as by the capacity of

interception parameter: the atmosphere to receive water and, thus, couples the
two compartments.
Ei=aP. (10) Combining the above equations, the coupled water balance

. . — . o model becomes
Following classical transpiration formulations in rainfall-

runoff models (e.gClark et al, 2008, Et is modelled as a del __1 ((1_a)c’“w2 _ iim(l_ W)5> F1(14)

function of potential evaporatiofp and the degree of soil dx Cm Tp Te Sm
saturationS /sm
S . 1 1
s M2 ZMa s . (15)
Et=Ep—, (11) ot Tp Te Sm Tq
Sm

) ) ) Recall that in the above equations we use the short notation
whereS = S(x, ) [L] is the actual soil moisture storage and w s and7 for Wt x), Sz, x) andl (, x).

sm [L] the maximum soil moisture storage [LEp [L] de-
pends on the actual meteorological conditions. Its estimatiorp.2  Analytical solution
is generally based on the Penman-Monteith equatitonf
teith, 1965 (or modifications thereof), which corresponds to Soil moisture is well-known to undergo a seasonal cycle of
a combination of the available energy for evaporation (bal-gradual filling and emptying, depending on the seasonality of
ance of net radiation and sensible heat flux to the soil) andrecipitation and of vegetation growth. We, thus, assume that
of the aerodynamic evaporation potential accounting for av-this temporal cycle can roughly be described by a constant
erage wind speed, surface resistance and air saturation deficibil moisture increase during the wet season and a constant
(e.g.Howell and Evett 2004. A well-known simplification ~ soil moisture decrease during the dry season, which trans-
of this approach is the Priestley-Taylor equatiétriéstiey  lates into an approximation o%% with a constant rate of
and Taylor 1972, which replaces the aerodynamic term by change, for each of the seasons.
a constant factor. This assumption of;=cst is similar to linearizing a differ-

In the present modelling framework, the saturation deficitential equation, where one assumes some variasie(Yo)
can be expressed a$,— C =cm(1— W) and can, thus, wheninfactz =z(Y). Here we USéa—f:%—fl(S = So) =&;.

be included explicitly in the estimation afp. All other Equation {5) can be re-written as:
components and namely the available energy have to be
. . . . X Tq 2 Tq 1
parameterized. We propose the following parameterization.— = ( (1 - a)—W* - —& | ———M——, (16)
cm Tp cm ) 14+k(1—W)

1 where we have introduced= {"2. This parametex corre-
Ep= ;em(l - W, (12) sponds to the ratio of maximum potential evaporatigyite
to maximum runoffsy,/7q and is a parameter which controls
whereem [L] is the maximum amount of water that could be the spatial dynamics.
transpired over the time scale of evaporatiag,if W was Substituting the abové/c, into Eq. (14) yields a first
not limiting. em summarizes the water holding capacity of order ordinary differential equation fav:
the atmospheric columm), the available energy as well as dw (1) 1

aerodynamic conditions; accordingly, it will depend on tem-,, — —
perature and, more generally, on the season. NoteHpat dx T l+k@d-W)
is defined as the potential evaporation for transpiration. The ( o Tprés(l— W)) '

total potential evaporation includes the energy available for 1—a)em (17)

interception,E). .
ption.Ey If we assume thai, tp, 7q, Te, em, sm, I are all constant in

After substitution of Eqs.9), (10) and (3) into Eq. ©) : ;
and into Eqg. {), the coupled water balance model becomes: space, the solution of EqLD) is

1 x Wx) — Wi\ (W) —wa\ &
Er==-"1-w)s. (13) =g [( Wo — W1 Wo — W2 (9

Te Sm

Te represents the time scale of transpiration of the vegetationwhereL = u, 1’_—'301 is the horizontal length scale for this solu-
i.e. the amount of time that the vegetation would require totion, Wy is the atmospheric moisture contenkat 0 andWy
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and W5 are the two equilibrium points of Egl{) that cor- 1% ;
respond to the solutions in the special case th#fdx = 0. Wo>W,
They are given by % ool w, |
1 7 . W <W
W12 = (k(D* = I*) 3 0
2 E aaahaa RiaTa A a
+/k2(DF = [)2 = 4k (D" — 1) + 41" a9 £°9 1
<
Q.
where we have used the scaled moisture convergEnce é 0.7 |
©
=P (200 o
- 2
w 0.6} 1
and the scaled soil moisture variatidrf 4
x___ ™ 0.5 ‘ : : :
b= (1—a)cm‘§"' (21) 0 1 2 3 4
Scaled distance x/L
The dimensionless quantitp* relates the soil moisture 25 ‘ ‘ W W
variation &, to the maximum precipitation input to the soil 0"
(1—Q)Cm/fp. é 20 W1 |
The exponentad* andB* in Eg. (18) are o - WW,
w
— [0)
qr = LEK oKW 22 5 15} ]
W1 —W> @2
o
1S
1—k+&W. g 10 )
B* = # (23) 3  aaanRaa A a
Wi1—Ws ©
& 5 |
It holds that A* + B* = —«, W1 > W> and Wi+ Wy =
k(D* —I*).
The behaviour of EqJ@) and the shape d¥ (x) is further 00 1 2 3 ‘*1

_ci|sgusse_d hereafter. The corresponding soil moisture content Scaled distance x/L
is given in Eqg. 16).

) ) ) Fig. 2. Moisture profiles obtained with default parameter values (Ta-
2.3 Behaviour of the analytical solution ble 2, L = 5400 km) for Wy = 0.5 (increasing regime) antVg =

) o ) o 1.0 (decreasing regime); the top plot shows atmospheric moisture,
The implicit solution of Eq. 18) shows thatW (x) is either  the bottom plot soil moisture.

monotonically increasing along or decreasing, depending

on the model parameters and the boundary conditigniw

is the equilibrium moisture fox — +o0c0 and W, the equi-  the equilibrium pointW;. These two regimes are illustrated
librium moisture forx — —oo. It follows that if Wo > W», in Fig. 2. The soil moisture profile always shows the same
thenW will converge toW; asx — +oo0, either from above regime as the atmospheric moisture profile. Hereafter, we
or below, depending on whethévy > Wy or Wo < Wy. If first present the solutions for some special cases before dis-
Wo < Wa, thenW will reach 0 at a finite positive value af, cussing in detail the behaviour of the coupled system in
and the mathematical solution is not physically meaningful Sect.3.

beyond that. ) ) )
Given that it has to hold that ® W(x) <1, a physi- 2.3.1 Case la: no moisture convergence, stationary soil
cal solution only exists if there is an equilibrium moisture moisture

W1 € [0, 1] thatis a real number. The conditions on the model . .
parameters for such to exist are summarized in Takle If I =0 andg; = 0, then the solution of Eq1() is
This table also summarizes the conditions 85 < [0, 1], X 1 1 W
which are relevant for the occurrence of the above speciat; = (1+#)(1 — Wo) +K|09(Wo) (24)
situationWy < Wo.

In the following, we only discuss the physically possible We have that; > 0 for W < Wp and 7 < 0 for W > Wy,
situation whereW (x) starts at the upstream boundary con- which impliesW < Wy, i.e. the relative atmospheric mois-
dition W and then either increases or decreases to reacture can only decrease if traveling inland; this loss of
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atmospheric moisture is a direct result of water removal fromspecial case might occur in very energy-limited environ-
the system by the runoff process along the trajectory. Thanents where soil water discharge is fast. This could typically

equilibrium moisture fol¥. = 0is W = 0.

be the case in high latitude or high altitude environments.
If in addition convergencé =0, Eq. @4) applies and it

2.3.2 Case 1b: no moisture convergence, non-stationary - simplifies to

soil moisture

If I =0 andg; # 0, we have physical solutions (there is a w

physical equilibrium poin#,), if and only if D* < 0, which
only holds if&; < 0, i.e. if there is soil moisture depletion.

From Eq. (7) it can be seen thatW/dx > 0 for D* <
—W?/(x(1—W)). It also holds that-W?2/(x(1— W)) <0

Wo

= 28
1+Wo% (28)

which goes faster to zero if interception is small (recall
L = u, 1. For the same slope i¥ (x = 0), it goes to zero
more slowly than the often assumed exponential decay (e.g.

for all W. Accordingly, if, in absence of convergence, the Savenije 19953.

moving atmospheric column finds, along its trajectory, soil

columns that are on average drying oDt‘(< 0, &; < 0, then

2.3.5 Case 4: High potential evaporation, low discharge

the moisture content of the atmospheric column has to be in-

creasing along its trajectory (otherwise the soil moisture de-
pletion regime would not be sustainable). This kind of regime

If maximum potential evaporation is high and maximum dis-
charge is very low so that tends to infinity (almost all

might occur in regions where water removal via runoff is Precipitation is returned to the atmosphere), then Ed) (

more efficient than water input through the net infRix E|.

reduces to

dw(x) 1 Tp&s

2.3.3 Case 2: scaled moisture convergence =1, & L A e +1%) (29)
stationary soil moisture (1—a)em
) ) and the solution is
If I* =1 andé; =0, Eq. (L7) has the special solutioW; =
ich impli i - o
1, which implies tha@ mdependent of the qther parameter yal W(x) = (— £s + Dyt we. (30)
ues, the atmospheric moisture can only increase if traveling UxCm Uy

inland. This special case corresponds to a setting where the
atmosphere is accumulating water because moisture loss tB

the soil is negligible.
2.3.4 Case 3: Low potential evaporation, high runoff

If maximum potential evaporatiofgig is very low and maxi-
mum runoff£2 very high so thak = <™ tends to zero, then
q SmTe

Wio =1, A = (W1—Wo) "l = 2V/T") 7L, B* = —A*
and Eq. 18) becomes

1
X (W(x)—\/F)Z*/T*
Z:-Iog 7

Wo — \/1_*
1
w*\ 2V
W(x) +T* (25)
Wo +VT*
The above equation has an explicit solution:
1+B
=VI* 2
W) =V (26)
with
_ N\ 2VTF
g Mo I (e’i> @27)
Wo + NIE

his special case could occur in areas where the evapora-
tive demand is high (energy not limiting, low relative humid-
ity and sufficient wind for air renewal) and where soil wa-
ter percolation is very low. This would typically be the case
in irrigated areas in (semi-)arid climates where the water is
managed such as to minimize water loss through soil water
runoff.

In this case, the moisture profile alongdepends only
on the variation of soil moisturg; and the climatic factors
uy, cm and/. In a climate with convergencd & 0), the in-
creasing regime will prevail during the soil moisture deple-
tion (dry) season and a switch to a decreasing regime during
the wet season is only possible if convergence is low or soil
moisture accumulation is very fast (short wet season).

If I =0, the regime only depends gnand an increasing
regime occurs during the dry season; during the wet season,
a decreasing regime occurs. In this last case, the moisture ac-
cumulates in the soil before being re-evaporated into the at-
mosphere, which might typically be the case in an expanding
wetland system in semi-arid climates.

The assumptions behind the above solution will break
down at largex, because the atmospheric moisture content
W cannot exceed unity. This simply follows from the fact
that very fast evaporation combined to slow soil runoff leads
to too much water in the atmosphere that cannot be evacu-

Since no moisture is returned from the soil, the moistureated. Such unrealistic conditions will of course not occur in
decay process is only driven by the precipitation of mois-nature where any excess water would be removed by surface

ture from the atmosphere, convergence and interception. Thig!noff (not included in the current model).

Hydrol. Earth Syst. Sci., 16, 18634878 2012
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3 System behaviour Table 1. Conditions on the parametetsD*, I* for the existence
of Wy €[0,1] or W5 € [0,1] (see Eq.19); for simplification, we
3.1 Plausible parameter values usey = k(D* — I*), a measure of the difference between the con-

vergence and the rate of soil moisture change, scaled by all other
The water holding capacity,, can be estimated based on process parameters. If situations 1 and 5 occur jointly Wifgh<
the average amount of precipitable water in the atmospherd},, then the solution is not physically realistic for alk> 0 (see
which corresponds to around 50 to 80 mm near the equatobect.2.3).
and around 10 times less at the polBaiidel et al.1996.
The time scale of precipitation is of the order of magnitude Situation

of a few days (see, e.grenberth 1998. The time scale of number  Condition1 ~ Condition 2 Conclusion
transpiration can vary considerably depending on vegetation 1 x <0 x<I*<1 W1 €[0,1]
and climate; it is of the order of a few weeks to months. 2 O<x<2 %x(4—x) <I*<1 W1€[01]
Runoff processes are generally slow and have a time scale 3 X > 2 - W1 ¢10,1]
much higher than evaporation (months to years). The amount 4 x <0 - W2 ¢10,1]
of interception depends on vegetation and the rainfall regime 5 O<x<2 %x(4— X <I*<x W2el01]
and is of the order of magnitude of 10 % up to 50 % of the 6 x>2 1<rI"<x W2 €[0,1]

rainfall (de Groen and Savenjj006§. Some authors do
not treat the slowEt and the fastt| separately (see also

Savenije 2004, which leads to low total evaporation time given set of parameters. Fig.shows the corresponding
scales (e.gTrenberth 1998. fluxes.

sm is of the order of magnitude of a few hundred mm g hresented solution to the coupled moisture equations
(Brutsaerf 2009 and can be obtained based on a poros-,gqmes that all parameters are constant in time and in space.
ity estimate multiplied with the root zone depth (delimiting 1, study the behaviour of a particular system, this assump-

the zone from which vegetation can extract water). The ratjon might be relaxed by discretizing the moisture trajectory
of change of soil moisture, for different seasons is ide- into portions with constant parameter values.
ally obtained based on observed water balance data. An or-

der of magnitude of; can be obtained by dividing,, by 3.2 Relationship betweer® and S
the length of the wet season, respectively of the dry sea-

son. The potentially evaporable water in a year ranges froMrpg rg|ationship between the two state variableands de-

a few hundred mm up to 2500 mm, depending on the chmatependS on all hydroclimatic parameters (see Egy. For plau-

(e.g-Matsoukas et 82011). - _ _ sible parameter values, the soil moisture increases slower
Lateral convergence can be positive or negative (diver- han the atmospheric moisture for low values but goes faster

gence). It corresponds to a relative humidity flux and hasyy its maximum. Figure4 shows a dimensionless plot of

an absolute ?rdgr of magnitude between 0 and 10 mépth S/max(S) againstw/max(W)) for different parameter val-

(I =5month = with cm =20 mm corresponds to a lateral in- 65 (see Tabl8), for the two cases af, = 0 ands, = 10 mm

l . .
flux of 100mm month™). Possible values of for physi- o1 The figures also show the case of no coupling term
cal solutions of the system have to be studied for dlfferent(l_W) in Eq. (L3); in this case the degree of soil filling for a

settings of the values af and D* (see Tabldl).
Finally, to ensure physical soil moisture value$ g
[0, sm]) for Wy and for Wy, it has to hold that (see E4.6)

given relative atmospheric moisture would be overestimated
with respect to the case with coupling. This overestimation
would be even stronger if precipitation was parameterized as
a linear function ofW(Fig. 4). If, in addition, & = 0, then

& l-a_, the soil storage would behave exactly like the atmospheric
o = % W; (31) storage (Fig4, top); in all other cases, the relative filling of
the soil is lower than the relative filling of the atmospheric
and storage.
S The functional relationship betwed#i and S represents
£ N (1—01)7ij ~ (32) a valuable tool to derive first order estimates of the effect of

process modifications on both compartments. Since this re-
lationship is nonlinear, a parameter modification will have a
whereW; stands for eitheWg or W1. rather different effect on the profile & and ofS and on the

The above values and the order of magnitude of the cli-related fluxes. If the evaporation process becomes faster (an
matic parameters discussed in S@aire summarized in Ta- assumed effect of increasing temperature), the atmospheric
ble 2. If nothing else is stated, we use the reference parammoisture and, thus, precipitation increases along the entire
eter values of Fig2, which illustrate how the atmospheric trajectory (see Fig5a), which is a commonly assumed and
and soil moisture contents vary with distance downwind for observed effect (seBenberth1998 and references therein).

cm~ 1+x(@A-W))

www.hydrol-earth-syst-sci.net/16/1863/2012/ Hydrol. Earth Syst. Sci., 16, 186878 2012



1870 B. Schaefli et al.: Analytical soil-atmosphere feedback

Table 2. Order of magnitude of parameter values used for numerical applications and default values used if nothing else is stated. The value
for em is obtained based on estimates of the maximum annual potential evapofgigrasem = teEpm.

Parameter  Unit Min. val. Max. val. Def.val. Meaning

Wo - 0 1 0.8 Initial atmospheric moisture

s days 5 20 10  Precipitation time scale

Te months 0.5 4 1 Evaporation time scale

q months 4 24 12 Runoff time scale

o - 0 0.5 0.2 Interception

sm mm 0 1000 300 Max. soil moisture

& mm months 1 —300 300 10 Rate of soil moisture change
Epm mm year 1 100 2400 1200 Max. annual potential evaporation
em mm f(te, Epm)  f(te, Epm) 100 Max. evaporable water

I [month_l] -10 10 1.2 Lateral convergence

Uy ms1 0.5 10 5  Wind speed

cm mm 10 80 20 Atmosph. water holding capacity

Table 3.Parameter values of the examples of Bignd corresponding equilibrium moistuiig and maximum soil moisture max) for two
different values of; (for & = 10 mm montir1, one of the parameter sets leads to a negative §aix¢. this parameter set is physically not
possible); units and other parameter values as in Table

Low Fast Slow Fast
Parameter Reference convergence precipitation evaporation evaporation
1 1.2 0.3 1.2 1.2 12
p 10 10 5 10 10
Te 3 3 3 6 1
Wy for& =0 0.8 0.5 0.6 0.8 0.9
W1 for & =10 0.8 0.2 0.6 0.7 0.8
max(S) for & =0 288 72 288 288 287
max(S) for & = 10 168 -48 168 167 168

For soil moisture storag, the effect depends on the location 1. if W(x'|®) < W1(®) < W1(0), the rate of moisture
alongx: S decreases close to the coast and increases inland; increase slows down;

this is illustrated in Fig5c, which shows the runoff profile
alongx (and thus also the form of the soil moisture profile
thatis linearly related to the runoff profile). The related evap- 3. if W (x'|®) > W1(®’), the moisture starts decreasing
oration increase shows a maximum at a certain distance from  in x’.

the coast. Of course, such a simplistic analysis of a poten- . o )

tial climate change impacts has to be handled with care sincdVe call this last situation, where the slope of the moisture
a temperature modification will simultaneously affect many Profile changes sign, a regime switch. For the decreasing

2. if W1(®') > W1(®), the rate of increase accelerates;

other parameters and most notalgy; em andxp. regime, a regime switch occursif (x'|©) < W1(0").
In mathematical terms, if the parameter €ets modified
3.3 Regime switches to ® at a given point’, a regime switch occurs id’ if and
only if it holds

A given hydroclimatologic parameter s@tcorresponds to a AW (x|©)

particular moisture profile (in the atmosphere and in the soil)[wy(®") — W (x'|©)] ————

that is characterized by the length scéleand the equilib- dx x=x

rium moistureW,. If the parameters change to anew value at  The susceptibility for a regime change, thus, depends on

agiven point’ of the trajectory, this can first of all modify, W (x) and on the sensitivity di; with respect to a parameter

which only modifies the characteristic length scale of the pro-change. Since there is no explicit solutidt(x) of Eq. (17), a

file but not its shape. The effect of a parameter modificationqualitative analysis of this susceptibility has to be completed

on W can create three different situations in an increasingfor individual parameter sets.

regime: In nature, a sudden variation of the hydrometerological pa-
rameters can occur due to land use (e.g. large wetlands) and

) (33)
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Fig. 3. Top: Point scale fluxes along corresponding to the two  Fig. 4. Relative atmospheric moisture plotted against relative soil

regimes of Fig2; top; Wo = 1.0, bottom:Wg = 0.5; F5 stands for  moisture filling for the reference case of Taleand 4 addi-

the advective fluxf; for the lateral influx. Note that fowg = 1.0, tional cases (see TabB, top: for&, = 0, bottom: forg; = 10 mm

ET =0, see Eq.3). month1 (note the different y-axis scale). The last two cases corre-
spond to a model without the coupling term ) in Eq. (13) and
with P given as a linear function d¥.

topography. Mountain ridges can decrease the water holding

capacity of the atmosphere or the precipitation time scaledown the increasing regime or lead to a regime switch, de-
they can induce very different evaporation time scales, Ofpending on the values of all other parameter values and on
modify lateral convergence. Spatial gradients of climatolog-the location of the land use change (see Bjdgpottom, where
ical convergence also typically exist in the North American 3 modification ofre in two different locations is illustrated).
system Higgins et al, 1997).

Particularly interesting are potential regime switches due3.4 The role of interception
to land use changes. A common question is to anticipate
the impact of a modification of the evaporation process onFor given climatic parameters and p, an increase in in-
runoff. Considering the feedback system rather than the isoterception always leads to an increase of the atmospheric
lated hydrologic system suggests that the expected responsguilibrium moisture (#1/de > 0V ®). Accordingly, in the
depends on the moisture regime and on the lateral converdecreasing regime, even a small increase @an cause a
gence. For example, a decrease of interception could causegime switch. A regime switch induced by a change iis
a regime switch further downstream if an increasing mois-illustrated in Fig.6.
ture regime is dominating close to the coast (Bigop). An Furthermore, an increase efleads to a decrease of soil
increase of the evaporation time scadecould either slow  moisture at any location (dS/de < 0V ®). This resultsin a
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Fig. 5. Effect of faster evaporation on fluxes (default parameter val- — 12110 1.6, 0:0.2, i Xs>X;
ues withWo = 0.5 andsm = 200 mm). Note the different y-scale |
for precipitation and the negative scale for advection.
0.8t i
decreased runoff coefficienk defined as = I ——
0.7} LT ]
R -
=—. 34 -7
R= (34) /-
. TR T 0.6¢ g 1
Using Eq. 8), Eq. ©) and substituting- with Eq. (16)
shows the direct relationship between the interception
parameter andcg: 05 ‘ ‘ ‘ ‘ ‘ ‘
0 1000 2000 3000 4000 5000 6000 7000
l-« D* x (km)
e -
1+k(1-W) 4 Fig. 6. Moisture profile modifications and regimes switches due to

. - . . parameter changes (parameter units as in TAblep: for changes
If we consider the runoff coefficient for an entire yegr= of 7p, Te, @ in x1, bottom for a change at in two different locations

cr(§ =0), it can easily be seen th§ft < ove, ie. any  y, < x; andxs > x1; note the role ofr in the switch induced with
increase of interception will decrease the runoff coefficient.ihe parameter sep=10 daysze=6 months (top figure).

Interception also determines the length scale of the feedback

systemL, which increases for increasing implying that for

highera, the equilibrium moisture is reached further inland. soil) through evaporation and total water entering the soil
Given the joint effect ofr on L and the equilibrium mois- compartment, i.e.

ture, it can also be shown (E6) that for a higher, the ET

same relative moisture is reached at a shorter distance inlantl = P_E (36)

in an increasing regime, and at a longer distance inland for ) ) _ )

a decreasing regime. This results in both cases in an increafePlacing?” with Eq. ), Et with Eq. (13), £ with Eq. (10)

ing atmospheric moisture at a given locatiorior a higher ~ @nd substituting/cm with Eq. (16) yields

«. This simply translates the fact that with increasing inter- k(1—W) D*

ception, the net water flux from the atmosphere to the soil,” = 11— w) ( N W) ‘

P = Ey, decreases. The Horton index is often estimated with meteorological

3.5 Horton index quantities averaged over yearly time steps, where it is as-
sumed thag(,,) = 0; making the same assumption here,

From a hydrological point of view, the system can be char-i.e. H = H (&, = 0), yields

acterized by the so-called Horton index (see, &pch

et al, 2009, defined as the ratio between the average__ k(1—W)

amount of water leaving the hydrologic system (i.e. the H = m (38)

(37)
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Fig. 7.Horton indexH as a function of humidity inde®/ Ep com-
puted forW e [0.2, 1]; for each parameter set, only part of the hu-
midity index domain is covered by the possible model outcomes.

This relationship only depends on the parameters of the hy-,  E o +«(1-W)

drologic systemsm, tp, Te) and the climatic parametef,
i.e. the analytic relationship betweéhandW does not de-
pend on the chosen relationship betwdeand W (because

P cancels out from the equation). It summarizes the assumpc-)]c

tions aboutET (S, W) andR(S). For the increasing moisture

regime, the Horton index is decreasing inland; for the de-

creasing moisture regime, the Horton index is increasing.
H is an increasing function afL — W) and has the form
of the the well-known Langmuir equatiohgngmuir, 1916

that expresses the equilibrium between adsorption to a soli
surface and the concentration in the surrounding medium,
with a constant corresponding to the ratio between rate of"

adsorption and desorption. This analogy is interesting: th
relative outflux from the soil surface (i.&l) is a function of
available storage in the atmosphéte-W). The shape of this
function is given by the rati@ of maximum evaporation to
maximum runoff.H has the limitd (W — 0) =k (14«) 1,

which corresponds to the relationship that we would obtain

if there was no feedback tert@ — W) in Eq. (L3).
In a recent empirical studyroch et al.(2009 suggested

1873

whereEp+ E| corresponds to the total potential evaporation
(see the comment on Eg2).

Expressingc(1— W) as a function of7, Eq. 38), and as
a function ofg, Eq. 39), we find

H
p=a+——, (40)
v(1-H)
T w2 . -
wherey = ﬁcmr—p represents the ratio of precipitation to

maximum runoff. This relationship represents well the type
of relationship found byVoepel et al.(2011) (see their
Fig. 3c; note that they did not consider interception losses in
their analysis). As postulated pepel et al(2011), it sum-
marizes how the climate interacts with landscape properties.

3.6 Budyko curve

Closely related to the Horton index, but more well-known,
is the Budyko curveBudykao 1984 Gerrits et al.2009), re-
lating the ratio of annual evaporation to annual precipitation
to the aridity index. Following the same derivation as for the
Horton index, we obtain foB, = E/ P:

P 14+k1-W)
with E = ET + E).
Expressing(1— W) as a function o3, and as a function
¢, we find

(41)

u=

l-«
1+y(@—a)
The equation gives a reasonable approximation of the re-

1 (42)

u=

lptionships proposed by previous authors (see a collec-

tion in Gerrits et al. 2009 and namely of the simplest
odel, By =1-exp(—¢), proposed bySchreiber (1904).

t has the main advantage of explicitly highlighting the
role of interception. Note, however, that the model only
holds for¢ > o and that certain parameter values lead to
non-physical solutions.

3.7 Recycling ratio

A fundamental property of the hydroclimatic feedback sys-
tem is the recycling of water originally evaporated over the

that the Horton index could be some linear decreasing funcycean through multiple cycles of evaporation and precipi-
tion of the humidity index, the ratio between annual precipi- ation over the continent along a moisture trajectory (e.g.
tation and potential evaporation. For plausible parameter Va'Dirmeyer et al,2009 Van der Ent et a201Q Worden et al.
ues, our analytical model reproduces this almost linear relazoo-,)_ So-called recycling ratios are used as indicators of
tionship (Fig.7), with slopes very similar to the ones found how important moisture recycling is to sustain rainfall at a
by Troch et al(2009. Voepel et al(2011), on the other hand, given location.

found a power-law-like relationship between the Horton in- — There are different methods to characterize this recycling
dex and the aridity indeg, the inverse of the humidity index. (seeVan der Ent et 2010 for a discussion); we retain here
For our modelg equals: the scale-independent formulation of precipitation recycling
p(x) as a function of the distancetraveled along a trajec-
tory proposed byan der Ent and Savenij@011) based on

Ep+ E)
- the work ofDominguez et al(20086):

P

smTp k(1 —=W)
_ 2

= a, (39)
Cqu
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X
/
o(x)=1—exp —/ E(jc ) dx’ ® ) increasing regime 07
o Cxuy 5 — — ~ A decreasing regime 10.6
p Increasing regime
=1— exp(—i) , (43) — p decreasing regime {051
A(x) 45 8.
\!
where E is the total evaporation.(x) is the length scale ' 104%
of precipitation recycling, which is a measure of the distancez 30\ o
over which evaporated water is removed from the atmospheres ceil 10.3 S
through precipitation and which characterizes the process. < 2| 8
It holds that® > 0 andp (x — o0) = 1. 1027
In the above formulationp (x) is the recycling ratio de- 11 lo.1
fined inx, whereas.(x) is an integrated value ovep — x. )
Accordingly, there is no analytical expression fqw), and ‘ ‘ ‘ 0
p(x) can only be approximated numerically. Using the dis- 0 0.5 1 1.5
cretizationy; = x;_1 + 8,, we re-write Scaled distance x/L [-]
i Fig. 8. Continental recycling ratio and recycling length sca(éx)
pxi, hi) = 1_eXp<_m) (computed according to E@l6 relative to the moisture regime
Xi 146, length scaleL) alongx for the two regime_s of Fig2 (Wo=0.5
=1- exp(——) . (44) resp.Wg = 1.0, W1 = 0.83, L = 5400 km) withs,, = 5km.
Alxi—1+8y)

Given thati varies gradually along, we assume that o ) ) ]
Axi—1+8,) =~ A(xj_1) = Aj_1. The above can then be de-  Thisfigure illustrates that the shape of the recycling profile

composed as follows: alongx has a more complicated shape than what could have
been expected from Eqg49); this results from howt and
o(xi hi) ~1— exp<_x"—1—+5x) C vary alongx and explains why the above discretisation is
i-1 necessary.
1 exp(—u> exp(—a—x> _ Considering an entire yearé(=0) and assuming
N X1 hi1 W(xi—1,x;) = W(x;) and E(x;-1,x;) >~ E(x;) = ET(x;) +
X1 E|(x;), we can further analyze the behaviour)a$,) as a
=1- exp(—rl> [1— 0@ 2i1)] function of the model parameters:
Xi—1 Xi—1 -~ W (x;)
=1 exp( A,-1> +exp( Ai1> P ki) A(Ox) = Uxm ET (xp)+ Ei (x7)
= p(xi—1) + [1— p(xi—1) ] p(Sx, Ai-1). (45) - 1 1+6@—W(x)
W) a+x(1—=W (x;))
The last term of the above expression can be estimated 1 1
following van der Ent and Savenij¢2011), who showed = U Bt (47)
that, choosing a sufficiently fine discretisation, the recycling ' '
length scale.s, = A(8,) can be approximated as where the middle equality is obtained in two steps: (i) re-
placing E| with Eq. 9) combined to Eq.10) and ET with
C(x;_1,%;) W(xi_1,X;) Eq. (13), (i) isolating S/cm and replacing it with Eq.16).
AGBy) =ty — " — e ———— (46)

As expected, the wind speed directly influences the recy-
cling length scale; the a priori not expectedoessling and
where E (x;_1, x;) is the average total evaporation in the Reick, 2011) direct effect of the precipitation time scatg
interval [x;_1, x;]. results from the moisture compartment coupling and the ef-

Using Eq. @6) and assuming (8, A;—1) =~ p(8x, Asyx), WE fect of rp on W and onS. The effect of these two parameters
can iteratively compute (x;, A;) with Eg. @5), starting in  is modulated by a factor depending ¥h « andk, just as the
x =0. An example is illustrated in Fig for the default pa-  length scale of the moisture regime= 7-2, is modulated
rameter values and the increasing and the decreasing regimby a factor depending only on interceptidnis longer thark
Since the trajectory starts at the coasly;, 1;) gives an es-  for high values oW and of«a. Equation 47) also shows that
timate of continental precipitation recyclinyygn der Ent  if the Budyko valueBy increases (i.e. for increasing aridity),
etal, 2010. the recycling length scale decreases.

m=
E(xi—1,x;) U EG-1,x)
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4 Discussion to questions of the type “what happens if rainfall increases?”.
We presented only a generic example but we anticipate that
We presented an analytical, coupled model of the moisturea detailed analysis for seasonally dominant moisture trajec-
fluxes between the soil and the atmosphere. This feedbactories on different continents could give valuable indications
model has the potential to give insights into nonlinear mois-on how different the effect of climate or land use changes can
ture recycling mechanisms that sustain rainfall along domi-be in regions that play a crucial role for moisture recycling,
nant moisture trajectories at continental scale$Q0km), at  especially in regions that are moisture suppliers during a part
which the rainfall sustaining effect of recycling represents anof the year Koster et al.2004 Van der Ent et a).2010.
important aspect of soil-atmosphere moisture coupling. The Furthermore, the analytic framework reveals how the dif-
model can distinguish between interception (fast feedback oferent parameter values could influence the seasonal mois-
moisture) and delayed feedback through the soil by way ofture regimes and what types of parameter modifications
transpiration and soil evaporation, which are two major ad-could create regime switches. Such a regime switch at a given
vantages over existing analytical approaches that only conlocation would cause a major modification of the hydrologic
sider the atmospheric moisture explicitly and make simplify- cycle further downstream, possibly resulting from some mi-
ing assumptions about fluxes that depend on the soil moisturaor change of process time scales (e.g. due to vegetation
(Bierkens and van den HurR007, Savenije 19953 1996. change) if this change extends over a significant scale.
Before briefly exposing potential applications of the Insummary, the presented model is designed to study how
model, we hereafter discuss some obvious limitations relatedhe influence of (land-use) changes propagates downwind on
to the underlying assumptions. First of all, the presented sothe continental scale (on weekly to monthly time scales),
lution to the coupled moisture equations assumes that ali.e. where the spatially integrated evaporation along a mois-
parameters are constant in time and in space. To study thiure trajectory reaches the same order of magnitude as the ad-
behaviour of a particular system, this assumption might bevective flux. The value of such an analysis is to complement
relaxed by discretizing the moisture trajectory into portionsthe various modelling studies that analyze the influence of
with constant parameter values. land use changes on the circulation. This suggests that studies
Another strong assumption is the completely mixed atmo-that analyze and try to anticipate climate or land use changes
sphere. It follows that the model cannot be used to study(Pitman et al.2009 could profit from a preliminary analy-
strongly layered systems where the origin of moisture de-sis of the relationship betweé# and S along the dominant
pends on the height in the atmosphere. This is for examplérajectory for dry and wet seasons, focusing on: (1) the mois-
the case for the West-African monsoon system that develture regime (decreasing or increasing inland), (2) how close
ops at the confluence of low-level moist southwesterly windsthe actual processes are to a potential regime switch, and
and higher-level dry northeasterly windsu(tan and Janicpt  (3) which system characteristics could cause it. As discussed
2003. Ongoing research with the moisture tracking model of for interception, such a preliminary analysis could, e.g. show
Van der Ent et al(2010 suggests that assuming a 2-layers at-that even a parameter with a priori minor importance could
mospheric system significantly improves the moisture track-be decisive for a regime switch. A next step would be to an-
ing results. In an analytical model, however, the parameteralyze the dynamics of the system, to show, e.g. how long it
ization of such a layered system and of the exchange fluxetakes for a step change in moisture at the coast to propagate
between the layers is far from being trivial. to some distance inland, but this is left for future research.
For the parameterization of the soil moisture compart- Finally, the analytic framework could also be useful to
ment, the constant rate of soil moisture change,might quantify hydrologic similarity. Such an analysis aims at un-
appear as being utmost limiting. As previously mentioned, aderstanding how the basic hydrologic functions “partition-
constantt; per season describes well the seasonal (i.e. lowing”, “storage” and “release” of water (s&é¥agener et aJ.
frequency) dynamics of soil moisture at many places but2007) are related to physiographic characteristics and cli-
might not be adapted to places where high frequency dyimate, especially for the prediction of future hydrologic be-
namics dominate (i.e. extremely dry or wet places). The ashaviour. An example of how to make use, hereby, of purely
sumption that all water infiltrates into the soil further re- analytical tools is the work ofMoods (2009, who pre-
stricts the use of the model to environments where directsented an analytic seasonal snow cover model to under-
runoff is not an important component of the water balance.stand the interplay of the temperature regime, meteorological
The model also neglects any evaporation-sustaining effect ofeasonality and precipitation rates.
large groundwater reservoirs, which might play a role dur- For the present analytical model, the Horton index shows
ing the dry season in wet-to-dry climate transition zonesnicely what we can gain from analytical modelling of soil and
(Bierkens and van den HurR007). atmospheric moisture for understanding hydrologic similar-
Keeping the above limitations in mind, we see three typesity: potential relationships between how the hydrologic sys-
of applications of the analytical framework. First of all, tem partitions water between runoff and evaporation and cli-
the resulting nonlinear relationship between soil and atmo-mate are not “blurred” by some exogenous forcing of which
spheric moisture can explain why there is no simple answemwe do not know how representative they are for the behaviour

www.hydrol-earth-syst-sci.net/16/1863/2012/ Hydrol. Earth Syst. Sci., 16, 186878 2012



1876 B. Schaefli et al.: Analytical soil-atmosphere feedback

of the system. The precipitation recycling ratio has beenEditor B. van den Hurk for their careful review of our manuscript
derived for the same purpose of understanding how differ-and the fruitful public discussion (available online), in particular
ent time scales “conspire” to increase or decrease moisturfl. Goessling, whose comments significantly improved the quality
recycling along a trajectory. and the readability of our manuscript.

Edited by: B. van den Hurk
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