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Abstract. Moisture recycling estimates are diagnostic mea-in the title, but it demonstrates that recycling estimates do not
sures that could ideally be used to deduce the response afecessarily mirror the consequences of land-use change for
precipitation to modified land-evaporation. Recycling esti- precipitation.

mates are based on moisture-budget considerations in which
water is treated as a passive tracer. But in reality water is

a thermodynamically active component of the atmosphere. )
Accordingly, recycling estimates are applicable to deduce the-  Introduction

response to a perturbation only if other mechanisms by which . . ,
evaporation affects climate do not dominate the response — gource-target refations of passive atmospheric trace gases

condition that has not received sufficient attention in the lit- Provide straightforward information on consequences for the
erature. In our analysis of what moisture recycling estimated2r9et region from modified emissions at the source region.

tell us, we discuss two such additional mechanisms that reJ NS concept is also at the bottom of a number of studies
sult from water's active role. These are (1) local coupling, by dealing with the transport of water over the continents. Re-

which precipitation is affected locally via the thermal struc- 2iSing that water is not a passive trace gas but an active con-

ture of the atmosphere, and (I1) the atmospheric circulation,Stit“e”t of the Earth’s atmosphere, it appears that in this case

by which precipitation is affected on a large spatial scale. the applicability of this concept crucially dependg on the as-
We perform two global climate model experiments: One SUMPtion that the atmospheric response following a hypo-
with and another without continental evaporation. By this thetical perturbation in evaporation is dominated by the “pas-

extreme perturbation we test the predictive utility of a certainSIV€" ffect evaporation exerts on the atmospheric moisture

type of recycling measure, the “continental recycling ratio”. budget, i.e. by “moisture recycling”. But water, existing in

Moreover, by such a strong perturbation the whole spectrunfnd transitioning between its different phases, strongly af-
of possible responses shows up simultaneously, giving us thECts the atmospheric budgets of heat, momentum, and radi-
opportunity to discuss all concurrent mechanisms jointly, ~ 2tON. As a result, evaporation affects precipitation not only
The response to this extreme perturbation largely disagree$2 Mmoisture recycling (sometimes referred to as “direct cou-
with the hypothesis that moisture recycling is the dominantP!ing’), but also via local mOd,'f'Cf‘t'on of the atmosphere’s
mechanism. Instead, most of the response can be attributdfi€ma! structure (*local coupling”, sometimes referred to as
to changes in the atmospheric circulation, while the contri- Indirect coupling” or “indirect recycling”) and via its influ-
butions to the response by moisture recycling as well as locaf'c€ On the atmospheric large-scale circulation (EigAc-
coupling, though noticeable, are smaller. By our case study icordingly, general statements about the predictive utility of

is not possible to give a general answer to the question poseHacycling estimates that ignore possible implicit limitations
should be treated with caution. One such statement is the

_ following by van der Ent et al(2010: “The magnitude of
Correspondence td. F. Goessling moisture recycling can be used as an indicator for the sen-
BY (helge.goessling@zmaw.de) sitivity of climate to land-use changes.” We argue that the
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(1) Moisture recycling Our investigation proceeds as follows. We first estimate
i continental recycling ratios from the climate data we obtain
— e “ = from a global model experiment that represents present-day

u \ = L D conditions. In a second model experiment we completely

suppress continental evaporation and compare the simulated
response with the response that is “predicted” by the con-
tinental recycling ratios. Finally, we analyse in more detail

(1) Local coupling the contributions from changes in the atmospheric circulation
—> —> and from local coupling to the overall response.
U ‘ AE L D As the terms “local coupling” and “large-scale circula-

tion” imply, these mechanisms act on different spatial scales.
It thus seems reasonable that the relative importance of the
three processes (including moisture recycling) depends on

(111) Circulation the spatial scale of the perturbation. While local coupling
acts already on comparatively small spatial scales, effects

wy w A ) mm' from moisture recycling and from changes in the large-scale
U L \ D circulation are expected to be relevant only if the spatial scale

of the perturbation is sufficiently large. By suppressing conti-
Fig. 1. Schematic of three mechanisms via which evaporation af-nental evaporation globally, which is an extreme land-surface
fects precipitation. The effect of each mechanism is shown isolatednodification, we ensure that all mechanisms contribute to the
from the others. The arrows pointing to the right indicate the wind response simultaneously — a desirable condition for a case
direction. The colour gradients indicate the regions where precipi-study that is intended to demonstrate that in general several
tation responds (either positively or negatively). U= upwind region, different mechanisms contribute to the response to changes
L =local region, D =downwind region\ E =imposed evaporation i eyaporation, and that a single mechanism like moisture

anomaly. (I) Moisture recycling: The precipitation response, causedreycling thus can only be employed to deduce the response if
by changes to the atmospheric moisture budget, grows graduall ther mechanisms are of minor importance

over the region of the imposed evaporation anomaly, then decay . .
(slowly) over the downwind region. (If) Local coupling: The pre- 1 h€ paper is structured as follows. In Sezwe review
cipitation response, caused by changes to the thermal structure dhree mechanisms through which evaporation affects climate
the atmosphere, collocates with the imposed evaporation anomalySects.2.1-2.3) and discuss at what spatial scales they act
A slight downwind shift is indicated because the structural change(Sect.2.4). In Sect.3 we describe the climate model ex-
may need some time to develop. (lll) Circulation: The precipita- periments (Sect3.1) and the method we apply to quantify
tion response may occur anywhere, caused by changes to the 3-Bontinental moisture recycling in the reference experiment
large-scale atmospheric circulation (indicated by the hatching of thqSect.3.2). In Sect.4 we present the resulting continental
wind-arrows). While mechanism (l) accounts for the effechdf recycling ratios. In Sects we analyse in how far the re-
on the vertically integrated atmospheric moisture budget, mecha-Sponse can be attributed to moisture recycling (Sed,
ni_sms (1 _and (II_I) account for modified energetics that come alongto the atmospheric circulation (Se&t2), and to local cou-
with AE (in particular changes in temperature). pling (Sect5.3). Finally, we critically reflect on our study in
Sect.6, summarise our results in Se@t.and draw conclu-

conditions under which such a claim is valid have not yetSIOns in Sects.
been examined sufficiently.

A comprehensive specification of the conditions under
which moisture recycling estimates can be used reliably to> Background

indicate the sensitivity of climate to land-use change is be-

yond the scope of the present study. Instead we make Yve disting_ui_sh _three _mechanisms by Which evaporation af-
first step in this direction by exploring the response of cli- feCts precipitation (Figl). These mechanisms are com-

mate to a well-defined extreme perturbation. From the wholgMOnly investigated in separate studies. In this section we
suite of recycling diagnostics, we concentrate on one parProvide some (non-exhaustive) background for each of the
ticular called “continental recycling ratio”, that is the frac- three mechanisms (Sec&1-2.3) and discuss at what spa-

tion of moisture in precipitation that stems from continental i@l scales they act (Se@.4).
evaporationBosilovich et al, 2002 Yoshimura et a|.2004

van der Ent et al.2010. For this measure the perturbation
considered in our simulations is a natural choice to test its

predictive utility concerning the response of precipitation to In mo_st stud|e_s_ de_allng with m0|stur_e recycling the exte_nt
changes in surface evaporation. to which precipitation in some location depends on mois-

ture recycling is linked directly to the recycling rati® (

2.1 Moisture recycling
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the fraction of recycled moisture in precipitation). Since the An alternative non-local measure not suffering from scale
earliest studies on moisture recyclingenton et al. 1950 issues is the continental recycling rati®:§, where the con-
several types of measures have been introduced to quarsidered region is the global land-surface. In case of the conti-
tify moisture recycling. In the following we provide a basic nental recycling ratio “recycled moisture” equates to “mois-
overview of different recycling measures. ture of continental origin” or “terrestrial moisture”, art

In many studies, including most of the earlier work, mois- equates to the fraction of continental moisture in total mois-
ture recycling is quantified by the regional recycling ratio ture. In principle bulk recycling models can be applied to the
(Rr), which measures the contribution of evaporation from global land-surface, but the assumptions made in the model
a particular region to precipitation inside the same regionderivations are not appropriate given the size, shape, and het-
(e.g.Benton et al.195Q Budyko, 1974 Lettau et al. 1979 erogeneity of the continents. Also, with growing complex-
Brubaker et al.1993 Eltahir and Bras1994 Burde and ity of the considered region, one is interested in spatially
Zangvil, 200Z, Burde 2006 Fitzmaurice2007). These stud-  resolved recycling ratios rather than one single mean value.
ies are based on bulk recycling models that relate horizontalnstead, continental recycling ratios can be computed numer-
moisture influx and land-surface evaporation. For examplejcally by tracing water that is tagged according to its origin.
the bulk recycling equation applied Brubaker et al(1993 This approach is adopted Byumaguti(1999, Bosilovich

reads et al. (2002, Yoshimura et al.(2004, and van der Ent
E, et al.(2010. While Numaguti(1999 andBosilovich et al.
R, = E T2 F (1) (2002 trace moisture 3-dimensionally within general circu-
r : r

lation model (GCM) simulationsYoshimura et al.(2004
whereR; is the region’s mean fraction of recycled moisture andvan der Ent et a{2010 use reanalysis data to trace mois-
in precipitation,F; is the region’s horizontal moisture influx, ture 2-dimensionally.

a_nd E; is the regipn's Iand-surface 9vaporation. The indi-  voshimura et al(2004 andvan der Ent et al(2010 ap-
wdual bulk recycling models _d|ffer shghtly from each other, p|y the well-mixed assumption which reduces the problem
with more recent models typically designed to relax the un-y, two spatial dimensions. This assumption implies that the
derlying assumptions. They are easily applicable to availableyimosphere is vertically well-mixed with respect to moisture
data on moisture fluxes and land-surface evaporation, be §actions of different origin, which is one of the simplifica-
from models, observations, reanalyses, or other hybrid dat&;ons also employed in most of the bulk recycling models (see
However, the bulk formulauon; hgve to.employ simplifying gyrde 200§ Fitzmaurice 2007, for details). The approach
assumptions that are hard to justify (s&&maurice 2007 taken byNumaguti(1999 andBosilovich et al.(2002 does
for details). Also, the results depend strongly on the size angyot require the well-mixed assumption, because the vertical
the shape of the considered region, becalisecales with — mqistyre exchange is resolved explicitly. Despite this differ-
the region’s area anfl; scales with its diameter perpendic- ence the authors of the four studies cited above find similar
ular to the prevailing wind dwecpon. Becaus_e of t.h|§ scale- continental recycling ratios. As expectek}, increases from
and shape-dependence the regional meagure of limited  ;hwind to downwind continental regions, for example from
use for the intercomparison of estimates between differenfyest to east over North America and Eurasia (in particular
regions (se&an der Ent and Savenjj2011], for deta|_ls). in northern summer), and from northeast to southwest over
Trenberth (1999 overcomes this problem by introduc-  Amazonia. R, maxima are around 60 % in the tropics (year-

ing a local measure, the local recycling ratio. He modifiesround), and even 80 % in the eastern part of central Eurasia
Brubaker’s formulation by replacing the spatial integrals of (qyring northern summer).

E and F with their local values scaled up to some length
scale, which gives globally comparable valueBirmeyer
and Brubake(2007) estimate in principle the same quantity
but with a more sophisticated method. Instead of applying
a bulk formulation that entails the use temporal means, they
compute a large number of back-trajectories to determine th&€.2  Local coupling
source regions of precipitation, thereby accounting for the
effect of transient fluxes. Another way to look at the local re- While moisture-recycling studies focus on the influence
cycling ratio is to replace the (length-scale dependent) locakvaporation exerts on precipitation via the atmosphere’s
recycling ratio by the length scale at which the local recy- moisture budget, i.e. in a spatio-temporally integrative man-
cling ratio reaches a certain value. A natural choice for thisner (see Figl), another class of studies focusses on the influ-
value is 1— % which makes the resulting length-scale cor- ence evaporation exerts on precipitation via the atmosphere’s
respond to the distance atmospheric air travels until the inthermal structure, which we refer to as local evaporation-
tegrated surface evaporation measures up to the atmosphefigecipitation coupling, or simply local coupling (following
moisture contentvan der Ent and Savenijj2011). the nomenclature irBeneviratne et al2010. In contrast

to moisture recycling, wher@creasedevaporation can only

The continental recycling ratioR) is the measure that
we use in this case study to quantify moisture recycling (see
below).
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lead toincreasedorecipitation (positive coupling), local cou- evidence that current atmospheric models do not well repre-
pling can be both positive or negative. sent the local couplingdirmeyer et al. 2006

General circulation models of the atmosphere provide a The Global Land-Atmosphere Coupling Experiment
convenient way to investigate the local coupling with per- (GLACE), to which a dozen climate-modelling groups con-
turbation experiments (e.gowntree and Boltor1983 Bel- tributed with global experiments, presents a different view
jaars et al. 1996 Schar et al, 1999 Pal and Eltahir200%, on soil moisture-precipitation couplingl@ster et al. 2004).
Hohenegger et al2009. The perturbed variable in these Instead of uniformly increasing or decreasing the soil wet-
studies is not evaporation directly but the initial soil wet- ness in a certain region, a set of model runs generated with
ness, and the mechanism is consistently referred to as soffeely developing soil wetness is compared to a set of runs
moisture-precipitation coupling. The link between soil mois- generated with prescribed soil wetness. The (local) land-
ture and evaporation is strong as long as moisture availabilatmosphere coupling strength is then measured by the degree
ity rather than energy is the evaporation-limiting factor (seeto which the variability of precipitation decreases due to the
Seneviratne et g1201Q for details). Most of these studies (global) prescription of soil wetness. This measure of cou-
find a positive coupling between soil moisture and precipita-pling strength is considerably different from the definition
tion, i.e. more precipitation above wetter soils. Studying con-used in the sensitivity studies cited above. First, the measure
vective summer precipitation over Europe with a regional cli- does not contain the sign of the coupling. Second, the mea-
mate modelSchar et al.(1999 find that the low Bowen ratio  sure implies that regions without naturally occuring inter-
of wet soils leads to the buildup of a comparatively shallow annual variability of soil wetness are diagnosed to exhibit
boundary layer with high values of moist entropy, which is a no land-atmosphere coupling, even if imposed changes in
source of convective instability. Further, the level of free con- soil wetness (e.g. due to irrigation or other land-use changes)
vection is lowered, which facilitates the release of convectivewould affect local precipitation. The latter is one of the rea-
instability. Also, despite increased cloud cov8clar et al.  sons whyKoster et al.(2004 find significant local coupling
(1999 find larger net radiation into wet soils, meaning that only in the transition zones between arid and humid climates
more total moist entropy gets into the boundary layeénd- where soil wetness naturally varies from year to year. Be-
ell and Eltahin20033 initialise a one-dimensional boundary sides these differencekpster et al.(2004 agree withHo-
layer model with different vertical profiles based on early- henegger et a(2009 on the point that there is considerable
morning observations from lllinois in North America and disagreement between models regarding the local coupling.
find that, depending on the early-morning situation, the trig- The uncertainty associated with the representation of lo-
gering of moist convection can be favoured above either wetal coupling in atmospheric models highlights the need to
soils or dry soils, or the triggering can be independent of theconfront models with evidence from observations. How-
soil wetness, i.e. atmospherically controlled. Based on thesever, observational long-term soil-moisture data with suffi-
resultsFindell and Eltahir(20038 find that during north-  ciently high resolution are scarc8dneviratne et gl2010.
ern summer the eastern half of the United States of AmericaAnother serious disadvantage of observational studies com-
tends to show positive soil moisture-precipitation coupling, pared to modelling studies is that causal relations are much
while large parts of the western half are atmospherically con-harder to establish, in particular due to the persistence of
trolled. Only a small region in the arid southwest tends to precipitation on different timescales. For this very reason
show negative coupling. Salvucci et al.(2002 question the observational evidence

Hohenegger et {2009 demonstrate that the strength and Findell and Eltahi(1997) provide for positive soil moisture-
even the sign of the evaporation-precipitation coupling inprecipitation coupling in lllinois during northern summer.
atmospheric models can vary strongly with the representaHowever, in a more recent studyindell et al.(2011) pro-
tion of moist convection. For a situation with weak synoptic vide new evidence for positive local coupling in large parts
forcing in a domain around the Alps they find that two of of North America using observationally strongly constrained
the three investigated parameterisation schemes yield posreanalysis data.
tive coupling, while negative coupling occurs with the third  Analysing satellite-derived soil-wetness data and aircraft
parameterisation scheme and when moist convection is repneasurements from the Sah&gylor et al.(2007) find for
resented explicitly through higher resolution. The differ- situations where soil wetness varies spatially that meso-scale
ent signs of the coupling relate to the presence of a stableirculations act to place moist convection preferably in the
layer sitting on top of the planetary boundary layer, which circulations’ updrafts, which correspond to dry patches (see
in the explicit case can be penetrated only by the more vig-also Taylor et al, 2011). However, this finding can not be
orous boundary-layer thermals occuring over dry soils. Itequated with a negative soil moisture-precipitation coupling.
remains unclear to which extent the resultsHathenegger  The latter would imply that (total) precipitation decreases in
et al. (2009 can be generalised, because they may be ratheresponse to an imposed increase of soil wetness — a relation
special for the synoptic situation and the mountainous terthat does not follow from the negative spatial correlation. Fi-
rain under investigation (C. Hohenegger, personal communinally, we leave the question open whether this kind of cou-
cation, 2011). On the other hand, there is also observationgbling, where meso-scale circulations are involved, should be
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classified as “local coupling”, or rather as an effect associ-far-reaching consequences. To give another exankés
ated with changes in the atmospheric circulation (comparedon and Heimanf2000 compare global model experiments
Fig.1). with different rooting depths in tropical South America and

According to current knowledge positive evaporation- Africa. They find that enhanced land-surface evaporation
precipitation coupling seems to be the rule rather than thduels the release of latent heat in the Intertropical Conver-
exception Beneviratne et gl2010. However, understand- gence Zone (ITCZ). This in turn results in amplification of
ing local coupling is an ongoing effort that is a central objec- the Hadley circulation, with implications also for the subsid-
tive of the Global Land/Atmosphere System Study (see e.ging branch in the subtropics and even beyond.
van den Hurk and Blythi2008.

2.4 Scale aspects
2.3 Circulation

In reality as well as in global climate models surface-
Besides moisture recycling and local coupling, land-surfaceevaporation affects climate through all of these mechanisms
evaporation alters climate also via its influence on the large{Fig. 1) simultaneously. However, in some cases a (mod-
scale atmospheric circulation (Fi). The climatic response elled) response can be attributed quite clearly to one of the
mediated through changes in the large-scale circulation is naechanisms. For exampl&char et al. (1999 carry out
restricted to the region of anomalous surface-evaporation itmoisture-budget calculations and conclude from these that
self (as in case of the local coupling) or to regions along“the simulated sensitivity (of precipitation to soil-moisture
the downwind trajectories (as in case of moisture recycling),anomalies) cannot be interpreted with the classical recy-
but can occur principally anywhere. Remote effects con-cling mechanism”.Seneviratne et a{2010 put it this way:
veyed through the large-scale circulation are also known asThe key for understanding soil moisture-precipitation inter-
“teleconnections”. actions lies more in the impact of soil moisture anomalies on

The most obvious link between surface evaporation andooundary-layer stability and precipitation formation than in
the large-scale circulation relates to the surface-pressure dighe absolute moisture input resulting from modified evapo-
tribution. When heated by solar radiation, the oceans exiranspiration”. InSchar et al.(1999 it is also clear that the
port most of the absorbed energy as latent heat to the atmagesponse is not caused by changes in the large-scale circu-
sphere (low Bowen ratio), while at the land surface a largerlation because the integration domain, Europe, is relatively
fraction is exported as sensible heat (high Bowen ratio) andmall. As a consequence the velocity field is largely deter-
hence warms the atmosphere. This contrast, which is thénined by the driving lateral boundary data, such that even
stronger the drier the continents are, results in rising motiorthe transit of individual low pressure systems across the do-
and low-level convergence associated with low surface presmain is largely prescibed.
sure (“thermal lows”) over the warmer continents and sinking The larger integration domain iBaeed et al(2009 al-
motion and low-level divergence associated with high sur-lows for more flexibility of the velocity field in response to
face pressure over the cooler oceans. Due to geostrophy thehanges within the domain. However, the full response of the
surface-pressure distribution in turn results in cyclonic low- large-scale circulation can only be accounted for with global
level circulations around the continents and anticyclonic low-experiments, as iBhukla and Mint1982 andKleidon and
level circulations around the ocean basins. Not surprisinglyHeimann(2000. One may speculate whether a remake of
this effect is strongest on the Northern Hemisphere duringthe study ofSchar et al.(1999 with a global model would
northern summer, the low-level westerlies over the Indianreveal that changes in the large-scale circulation significantly
subcontinent as part of the cyclonic circulation around Eura-modify the response from local coupling alone. However, it
sia being a prominent example. Note that these circulationseems plausible that below some spatial scale of the perturba-
are superimposed by other features of the large-scale circuion the local coupling rather than the circulation dominates
lation like the extratropical westerlies. the response at least at the place of the perturbation.

Shukla and Mintz(1982 demonstrate with global cli- Similarly, there should also be a spatial scale above which
mate model experiments for northern summer that most otonsiderations of the atmospheric moisture budget, i.e. mois-
the surface-pressure contrast between land and ocean amare recycling, become important. The result$Scfaér et al.
the associated circulations vanish when the land surface i§1999 suggest that this threshold seems to be larger than
kept wet, and that the contrast and the associated circuthe spatial scale considered in local-coupling studies (typi-
lations are amplified when the land surface is kept dry —cally 100—1000 km). The length scale of moisture recycling
with strong implications for the global distribution of pre- (Sect.2.1) might be a useful indicator.van der Ent and
cipitation. Saeed et al(2009 show with a regional cli- Savenije(201]) estimate that the length scale of moisture
mate model that the present-day intensity of irrigation on therecycling can be as small asL000 km in strongly evaporat-
Indian subcontinent acts to attenuate the differential heating regions with moderate horizontal moisture flux densities
ing between land and ocean significantly, thereby weaken{largeE/F, in July e.g. tropical Africa, southern Europe, and
ing the monsoonal low-level westerlies over the region with eastern North America);v2000—-4000 km in regions with
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intermediateE / F (in July e.g. central Europe, large parts of a quasi-equilibrium is omitted) with dynamically modelled
South America, and western North America), and larger tharalbedo and roughness that is otherwise identical to the REF
5000 km in regions with lowt / F' like deserts (see Fig. 8ain experiment. The two equilibrium experiments REF and DRY
van der Ent and Savenjj2011). Probably the scale at which span 30 years each (again without transient phase).
moisture recycling becomes significant is already substan- To account for the uncertainty associated with the parame-
tially below the length scale at which the integrated evapo-terisation of moist convection, we run each of the two model
ration flux measures up to the atmospheric water content. lexperiments with two different convection schemes. One of
any case it seems that for evaporation perturbations imposethese is the original Tiedtke mass-flux scheme. The scheme
to regions larger than-1000 km cumulative changes in the includes both deep and shallow convection. Single-parcel
atmospheric moisture content can not be neglected anymorascents are used to test whether convection is triggered.
The key for understanding the response of precipitation toThe cloud-base mass-flux is determined by a moisture-
an evaporation anomaly may lie in local coupling if the scaleconvergence closurdigdtke 1989. The other convection
of the perturbation is sufficiently small, but at larger scalesscheme, which is the standard scheme of the MPI-ESM, is
moisture recycling and the large-scale circulation come intostill based on the Tiedtke mass-flux scheme, but the moisture-
play. With this study we approach the issue of scale-convergence closure is replaced by a closure that is based
dependence from the largest possible scale, namely the comn convective available potential energjofdeng 1994
tinental scale. Roeckner et al.2003. Accordingly, the entrainment rates
are also handled differently.

3 Methods 3.2 Moisture tracing

3.1 Model experiments To quantify moisture recycling we compute continental re-
cycling ratios R, see Sect2.1) from climate model data

For our investigations we use the Earthsystem model of thdn the following way. We destinguish two types of atmo-
Max Planck Institute for Meteorology (MPI-ESM), com- SPheric moisture: oceanic and recycled. While oceanic mois-
prising the atmospheric general circulation model ECHAM6 ure stems from ocean evaporation, recycled moisture stems
(Roeckner et a].2003, including the land-surface scheme from continental evaporation. The continental recycling ratio
JSBACH Raddatz et al.2007), at T63/L47 resolution IS the fraction of continental moisture (i.e. continentally recy-
(1.875 x 1.875, 47 levels, 10 min time step). We do notuse Cled moisture, hereafter recycled moisture) in total moisture.
the interactive MPI-ESM ocean component, but prescribe M,

climatological seg—_surfacg temperatures (SST_s) r_gpresgntinﬁc = —Mc + M, )
present-day conditions without interannual variability. Given , . ) , ,

the strong perturbation we apply (see below), the comparaVNeréMc is recycled moisture ansfl, is oceanic moisture.
tively slight biases in the means of atmospheric quantitiesn Principle this measure is defined at every point in space

that are introduced through the use of climatological ssTand time in the atmospher(_e for mﬂmtesu_nal voI_ume_s. We,
are tenable. however, apply the well-mixed assumption which implies

We run the model in two configurations. The referencethat R is taken to be vertically constant. Accordinghy.

experiment “REF” represents present-day conditions. In the’slnd Mo are \{ertically ir?tegrated' moisturc'e.densities. Ignor-
second experiment “DRY” the continents are not allowed to'NY tem_poranly that horizontal wind velocities gengrally vary
exchange moisture with the atmosphere through evaporatio '_th height, 'ghe p_r_oblgm reduces to tW(.) spatial d|men_3|ons.
(and, less importantly, condensation) but only through pre- ith the;e S|mpl|f|cat|on§ we can con5|der a Lagrgng|an at-
cipitation. Thereby the continents behave essentially as imosphencdcqlukn:n trav%l;ng hgnﬁ;ontally W'gh the wind. The
they were kept completely dry. In reality a similar hydro- Source and sink terms 1ac and /Mo NOW rea

logical behaviour of the continents could in principle be pro- dM.

voked by transforming the continents into coarse-textured or dr Ec = Re- P (3)
rocky deserts with sufficiently steep slopes allowing for ex- dm.
haustive runoff. = Eo— (1—Ro) - P 4)

Since we focus on the direct effect of continental evapo- d

ration, or rather its absence, we prescribe continental albedwheret is time, P is precipitation from the air column, and
and roughness from climatologies in both experiments. ThisEc is evaporation into the air column from land, afg
reduces the number and complexity of interactions and feedis evaporation into the air column from the ocean. Using
backs that would otherwise add secondary alterations to th&gs. @)—(4), substitutingM. + M, by W (precipitable wa-
modelled differences in climate. The albedo and roughnesger), and transforming into Eulerian formulation yields
climatologies stem from a 30-years model run in equilibrium ;5 z Re dRe  Ec

3 Eo
(meaning that the transient phase before the model reacheg,” T “eff = + veff By W (1 — Re) — W R (5)

Hydrol. Earth Syst. Sci., 15, 3213235 2011 www.hydrol-earth-syst-sci.net/15/3217/2011/



H. F. Goessling and C. H. Reick: What do moisture recycling estimates tell us? 3223

continental recycling ratio evaporation , moisture flux

January REF % January REF kg/m?/d , kg/m/s
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Fig. 3. Surface evaporatios (colours, kg nT2d~1) and horizontal
moisture flux densityQ (arrows, kg nt1s1) in the REF experi-
ment.

Fig. 2. Continental recycling rati®k¢ (% continental moisture in
precipitation) in the REF experiment.

whereues is the effective wind component along the zonal
coordingtgx, andvest i_s the ef_fective wir_ld component along Egs. @) and @), does not influenc&; directly. The rea-
the meridional coordinate. Since the air coilumn cannotbe . .o that, with the well-mixed assumption, precipitation
over land and over the ocean at the same time, only one of thFemoves; recycled moisture and oceanic moisture from the

right-hand-side terms can be nonzero at a time, dependlngtmospheric column in proportion to their respective abun-

on the !ocatlon. The_ effective w_md components in th's 2- dance. Precipitation affectg; only indirectly through its
dimensional formulation are vertical mean values weighted

. effect onWw.
by the local water vapour partial pressure, such that We discretise Eq.5) with upwind differencing (e.gPress

4 Po et al, 2007 on the spatio-temporal grid of the model data
Qu = ueff - W = ueff - (g ' /0 a(p) dp) (6) (1.875 x 1.87%, 10min time step) and run the algorithm
over all model years of the REF experiment. Again we in-
corporate only the results from the last 30 years of equilib-
rium climate into our analysis. Since there is no continental

moisture in the DRY experiment, there is no need to apply
whereQy is the zonal component of the vertically integrated the tracing to it.

horizontal moisture fluxg is gravitational acceleratiom, is

pressurepg is surface pressure, amdis specific moisture

(all phases). Equatior] analogously applies to the merid- 4 Recycling in the reference experiment

ional component of the vertically integrated horizontal mois-

ture flux, Qv. Equations§) and 6) can also be derived from  The distribution of the continental recycling ratio (FR).is

vertical integration of the full 3-dimensional equations (not determined by the rate of surface evaporation, the horizon-

shown). tal moisture flux density (Fig3), and the land-sea geom-
etry. As a result the continental recycling ratio increases

Equation b) reveals that precipitation, although occuring

L Po
g fo u(p) - q(p) dp
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from continental upwind coasts to downwind coasts with near the poles but treat moisture entering from the polar
respect to the prevailing winds. Stedjg-gradients occur regions as oceanic moisture. In northern summer, when
where strong evaporation combines with moderate horizontalve obtain almost 70% continental moisture in the Arctic,
moisture-flux density (e.g. tropical Africa), or where the air Yoshimura et al(2004 andvan der Ent et al(2010 ob-
flows perpendicular to a steep evaporation gradient (e.g. Saain significantly lower values adjacent to the Arctic. Due
hel in January), or a combination thereof (e.g. China in July).to the prevailing zonal direction of the moisture transport,
Since R is bound between zero and one (as follows from this seems to have minor influence on the continental recy-
Eq.5) and, hence, saturates when approaching these boundsling ratios below~70° north. Second, in contrast to the
the Rc-gradient also depends on the valuergfitself. other four studies including our§yumaguti (1999 shows
Please note that the monthly averaged continental recyuniformly weighted time-averages instead of precipitation-
cling ratios shown in Fig2 are precipitation-weighted val- weigthed values. The resulting differences are small for
ues rather than uniformly weighted time-averages (see thenonthly means, but not negligible for annual means be-
last paragraph in this section and Fig. S1 in the Supplementause on the annual time scale continental recycling ratios
for a discussion of the consequences of this choice). and precipitation covary significantly (see Fig. S1 in the
In the REF experiment continental moisture contributes upSupplement).
to 80 % (on monthly average) to the atmosphere’s total water Please note that in all studies, includiBgsilovich et al.
content. This peak value is reached in central Asia, Siberia(2002 andvan der Ent et a(2010 who show values only on
and the north-eastern parts of North America in July. At thisthe continents, continentally recycled moisture (i.e. moisture
time of the yeaR. exceeds 60 % in the whole Arctic region, of continental origin) is also tracked in the atmosphere over
meaning that the main sources of moisture are the large lanthe ocean. One can argue that moisture of continental origin
masses enclosing the pole. In Janu&yin the northern that rains into the ocean should not be calbesitinentally
extratropics hardly reaches 20 % because of strongly reducectcycled However, although we show values also over the
land-surface evaporation. In the southern extratroficss ocean, we use this term to emphasise that our continental
low even during the Southern-Hemisphere summer (Januarydecycling ratio is the same quantity as the one discussed in
because of the absence of comparatively large land massesvan der Ent et al(2010.
In the tropicsR; peaks at about 50 % in the downwind
regions of Africa and South America with weak seasonality.
Despite strong land-surface evaporation continental moistur® Response to suppressed continental evaporation
does not accumulate in the tropics as much as it does in the
northern extratropics during summer, because air travellingfo keep this paper concise, in the following we focus on
between the tropical continents encounters large, stronglyhe results for July only, when continental evaporation and,
evaporating ocean basins. In consequence, air reachinigence, moisture recycling are most pronounced (compare
South America or Africa contains almost no recycled mois- Figs.2 and3). The main conclusions we draw from the anal-
ture. This is different in the northern extratropics, wh&e  ysis of the situation in July are consistent with the situation
is still relatively high after an ocean crossing. Additionally, in January. We provide all corresponding figures for January
horizontal moisture flux densities are usually higher in thein the Supplement.
tropics because the warmer atmosphere contains more mois- The use of the original Tiedtke convection scheme in place
ture (Fig.3, see also Figh, top panel). of the standard scheme yields a significantly different precip-
Comparing estimates averaged over the same period dfation distribution in some places, particularly in the trop-
time, our results agree well with the estimates publishedics. However, the response to the suppression of continental
by Numaguti (1999, Bosilovich et al.(2002, Yoshimura  evaporation is very similar with both schemes (see Fig. S2 in
et al. (2004, andvan der Ent et al(2010. (In the latter  the Supplement), indicating that our results are to some ex-
study the continental recycling ratio is termed “continental tent robust to the choice of the convection scheme. Due to the
precipitation recycling ratio” and is different from the also similarity of the responses, in the following we discuss only
discussed “continental evaporation recycling ratio”.) The the results obtained with the standard convection scheme.
similarity of the estimates obtained with 2-dimensional trac- We argue that, without local coupling and changes in the
ing, which our study has in common wit¥oshimura et al.  large-scale circulation, the hydrological response to the sup-
(2009 andvan der Ent et al(2010, compared to the esti- pression of continental evaporation would closely resemble
mates obtained with 3-dimensional traciddufmagutj 1999 the pattern of continental recycling ratios in the REF ex-
Bosilovich et al, 2002, suggests that the error introduced by periment. Building on this argument we suggest that the
the vertical integration is acceptably small for our large-scalesignificance of continental moisture recycling compared to
considerations. other mechanisms can be judged by the similarity between
Regarding the comparability of the results there are twothe pattern of continental recycling ratios and the pattern of
more technical differences to mention. Fitdbshimuraetal.  the hydrological response. In the following we thus first try
(2009 andvan der Ent et al(2010 do not trace moisture to interpret the response to the suppression of continental
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evaporation from a moisture-recycling perspective by com-
paring these patterns (Sebtl), and then analyse in how far
changes of the atmospheric circulation (S&c®) and local
coupling (Sect5.3) contribute to the response.

precipitation

July REF kg/m?/d

5.1 The moisture-recycling perspective

If moisture recycling were the dominant factor controlling
the response to the suppression of continental evaporation
the response of precipitation (Fig) and precipitable wa-
ter (Fig.5) would mirror the pattern of continental recycling
ratios in the REF experiment (Fi@, bottom). To under-
line the moisture-recycling perspective, the difference plots
of precipitation and precipitable water show relative differ-

the colour scale of the continental recycling ratios.
For the moment ignoring the sign of the response, the July DRY kg/m®/d

changes in precipitation and precipitable water in July

(Figs. 4 and 5) conform to the continental recycling ra-

tios in two large-scale aspects (Taldle First the response

is stronger on the Northern Hemisphera K =—21%,

AW =—-3%) than on the Southern HemispheteR = —8 %,

AW =-0.8%). This is in line with the continental recy-

cling ratio (NH: Rc=31%, SH:R.=3%). However, this

tendency would be expected also for effects due to local cou-

pling or effects due to changes in the large-scale circulation,

because the perturbation is much stronger on the Northerr == ' <
Hemisphere (see continental evaporation rates inFigot-
tom panel). Second the response is much stronger over the | 0‘1 0‘2 0‘4 0‘7

continents A P =—54%, AW =—7 %) than over the ocean
(AP=—7%, AW=-0.4%). This is also in line with the
response one would expect if moisture recycling were the
dominant mechanism (land®; =50 %, ocean:R; =14 %). ,
However, a stronger response on the continents compared ti |. -~
the ocean would also be expected if local coupling were the
dominant factor. Regarding effects from the large-scale cir-
culation one expects a response not only over the continents
but also over the ocean, although it is less clear to what extent
changes in the circulation should affect the continents more |.
than the ocean (compare Se213). In summary, these two .
large-scale aspects (the stronger response (I) in the North- |, . > == — g =
ern Hemisphere and (Il) over the continents) conform to the
moisture-recycling perspective but, because they could alsc
be due to non-recycling mechanisms, they do not suffice to
attribute the response to moisture recycling.

Now also accoqnting for the sign of the response, the pro_bFig_ 4. Precipitation (kgrm2d—1) in July in the REF experiment
ably strongest evidence from large-scale aspects supportings, panel), in the DRY experiment (middle panel), and the differ-
that moisture recycling contributes at least to some extenknce between the two (bottom panel, %). Note that the red part of
to the response is the globally prevailing decrease of precipthe colour scale of the difference plot is kept identical to the one
itable water, in particular over the continents (Tabje The used in Fig.2 to allow for direct comparison. The values of the
much stronger decrease of precipitation is also in line withblue part of the colour scale of the difference plot equate to (10 %,
the continental recycling ratios, but in contrast to precipitable20 %, ..., 90 %) in relation to the DRY experiment. See Fig. S3 in
water a strong decrease of precipitation over the continent&e Supplement for January.
could also be due to positive local coupling.

July DRY—-REF % of REF

—90-80—-70-60-50-40-30—-20—-10 11 25 43 67 100 150 233 400 900
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A clear indication that other mechanisms than moisture
recycling contribute substantially to the signal is the occur-
rence ofincreasedprecipitation andncreasedprecipitable
water in many regions (Figgl and5). The atmosphere in
July REF kg /m* the Arctic carries about 30 % more water in the DRY exper-
iment, although almost 70 % of the atmospheric water in the
REF experiment stem from continental evaporation. Green-
land receives 40% more precipitation in the DRY experi-
ment. Other regions with increased precipitation include the
Himalayas, eastern Brazil, the Andes, and the edges of the
Pacific ITCZ. While moisture recycling can not explain any
increase in precipitation or precipitable water in response to
decreased evaporation, negative local coupling is a possible
explanation for a precipitation increase only over land. The
latter might be the case in eastern Brazil, where evaporation
rates in the REF experiment are high, but negative local cou-
pling as an explanation is implausible in Greenland, where
(I) evaporation rates from the icy land-surface are low al-
ready in the REF experiment and (Il) precipitable water is
simultaneously increased in the whole region including the
upwind located eastern coast of North America. It therefore
seems that large parts of the response are not attributable to
moisture recycling, but rather to differences in the large-scale
circulation (see Sech.2for details).

Even without differences in the large-scale circulation it
seems implausible that moisture recycling can “act” across
an ocean basin as large as for example the Atlantic. First,
in contrast to land, the ocean is an inexhaustible water reser-
voir for atmospheric considerations. Second the boundary
layer, which contains most of the atmospheric moisture, is
July DRY-REF % of REF mostly well-mixed. This suggests that the hydrological state
of the atmosphere has a short memory over the ocean, mean-
ing that the moisture content returns to a quasi-equilibrium
faster than it takes the air to cross a sufficiently large ocean
basin. This implies that, for example, Eurasia is not affected
by North America’s evaporation and vice versa, at least not
through moisture recycling — despite the substantial fraction
of moisture they receive from each other as continental re-
cycling ratios reveal (Fig2). Over land the situation is dif-
ferent: Since evaporation is constrained by moisture avail-
ability, an atmospheric dry-anomaly can persist and inten-
sify. These considerations conform to the finding that the

_ T 7 [ I _ atmosphere over the ocean is no_t systematically _drier i_n re-

0 B0 70 50 50 40 30 2010 11 25 43 67 100 150 233 400 500 sponse to the suppression of continental evaporationgfig.

To take into account that the continental recycling ratio of an
Fig. 5. Precipitable water (kg m?, vapour + liquid +ice) in July in ~ &r mass is irrelevant for its hydrological state after having
the REF experiment (top panel), in the DRY experiment (middle crossed a large ocean basin, in the following we only con-
panel), and the difference between the two (bottom panel, %). Notesider intra-continental gradients of the continental recycling
that the colour scale of the difference plot is kept identical to the ratio when trying to attribute aspects of the hydrological re-
ones used in Fig2 and4, bottom, to allow for direct comparison.  sponse to moisture recycling. Note that the consideration of
The values of the blue part of the_ colour_ scale of the differen_ce p|°trecycled (continental) moisture over the ocean is not specific
equate to (10 %, 20%, ..., 90 %) in relation to the DRY experiment. 1o oy study because in all earlier studies estimating conti-
See Fig. S4in the Supplement for January. nental recycling ratios the recycled moisture is tracked also

over the ocean (compare Settlast paragraph).

precipitable water

5 10 15 20 25 30 35 40 45 50 55 60
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Table 1. Areal mean (July) continental recycling rati®d), evaporation k), precipitation ¢), and precipitable wateri¥) in the REF
experiment, the response Bfand W to the suppression of land-evaporation (DRY-REF), a®lin relation to the imposed evaporation
decreaseA E = ERgf, valid for land only).

Region Location Rc  EREF PREF AP WREE AW

°N/°E % kgnm2d1l kgm2dl %ofREF kgm?2 9% of REF
Europg 37..71+10..59 66 3.0 2.2 -95 25 -29
Africa* —34..37/-18..59 52 1.0 0.9 —66 27 -12
Northern Asi& 37..76/59..179 77 24 25 -79 23 -5
Southern Asia 7..37/59..140 41 2.4 54 -29 39 -3
Oceanid —47..7/97..177 8 1.0 11 —46 21 -7
North Americd (excl. Gr.) 11..78+166.-53 59 2.9 2.8 —69 25 -3
Greenland 60..84~70.~14 69 0.14 1.2 +40 8 +34
South America —54..11/-82.—35 23 24 2.2 -38 30 —4
Global land 50 1.8 2.1 —54 24 -7
Global ocean 14 37 3.6 -7 29 -0.4
Northern Hemisphere 31 238 3.9 -21 35 -3
Southern Hemisphere 3 35 2.4 -8 20 -0.8
Global land & ocean 20 3.2 3.2 -16 28 -2

* land only

Continental recycling ratios increase from continental up-response of precipitable water (F§. However, focussing
wind regions to downwind regions (Fig). This conforms  only on those parts of Africa located south of the equator
to the expectation that dry-anomalies should intensify alongwith prevailing easterlies in July, the response to some extent
atmospheric trajectories over the continents in response teonforms to the moisture-recycling perspective: Continental
suppressed land-evaporation. Hence, from the moisturerecycling ratios increase from approximately 0% at the up-
recycling perspective, changes in precipitable water andwind (eastern) coast to 10-40 % at the downwind (western)
consequently, precipitation are expected to be smaller ircoast, while precipitable water and precipitation are more or
upwind regions and progressively larger (negative) towarddess unchanged at the upwind coast, but decreased by 20 %
downwind regions (compare Fi@). But our experiments and almost 100 %, respectively, at the downwind coast. Note,
show a different response. Over Eurasia the hydrologicahowever, that the absolute amounts of precipitation and pre-
response is opposite to what would be expected from thesipitable water in this region are already low in the REF ex-
recycling ratios: In the upwind (western) parts of Eurasiaperiment, with strong meridional gradients (Figsand 5,
the atmosphere carries up to 40 % less moisture in the DRYupper panels).
experiment compared to the REF experiment. The drying Similar to Africa, in tropical South America we find on the
declines in eastward direction until at the eastern coast obne hand that mechanisms other than moisture recycling sub-
Asia the atmosphere carries even 20% more moisture irstantially contribute to the signal, while on the other hand the
the DRY experiment (Fig5). The precipitation response response to some extent conforms to the moisture-recycling
is similar, though stronger in magnitude: The largest partperspective. The increase of precipitable water and precipi-
of western Eurasia receives less than 10% of the precipitatation along the downwind located tropical part of the An-
tion in the REF experiment. Only in the easternmost partdes (Figs.4 and 5) stands in contrast with the coinciding
of extratropical Eurasia the precipitation decrease declinesnaximum of the continental recycling ratio (Fig. bottom
(Fig. 4). These tendencies recur very similarly in North panel). At the upwind located eastern coast neither the pre-
America. Apparently the extratropical response is dominatectipitation increase south of the equator, nor the decrease of
by non-recycling mechanisms. precipitable water as well as precipitation from the equator

In the Tropics the hydrological response is strongly in- northward can be explained by moisture recycling. However,
fluenced by non-recycling mechanisms as well. In tropi- the drying around the Tropic of Capricorn seems to be at least
cal Africa the continental recycling ratio peaks north of the partly attributable to moisture recycling. When the air is ad-
equator, in particular in tropical West Africa (Fig, bot- vected from the Atlantic to eastern Brazil it is still as moist
tom panel). In contrast, precipitable water is almost un-in the DRY experiment as in the REF experiment, but along
changed in tropical West Africa, but considerably decreasedhe south-bending trajectory (compare Rgbottom panel)
south of the equator along Africa’s western coast (Blg. a dry-anomaly intensifies until around Paraguay the atmo-
The response of precipitation approximately resembles thesphere is 20 % drier in the DRY experiment, accompanied
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by 70 % less precipitation. Compared to southern tropical near—surface temperature

Africa the absolute amounts of precipitable water and pre- july DRY—REF K
cipitation are considerably larger and, hence, the response

more meaningful. ,

5.2 Response of the atmospheric circulation

As elaborated in the last section the response of precipitable
water and precipitation seems to be largely dominated by |
other mechanisms than moisture recycling (compareZjig.

In this section we show how the large-scale circulation reacts
to the suppression of continental evaporation (compare alsc
Sect.2.3).

Due to the absence of latent cooling at the land surface,
the continents are substantially warmer without continental
evaporation (Fig6, top panel). Not surprisingly the spa-
tial distribution of the warming conforms rather closely to sea—level pressure
the evaporation rate in the REF experiment (Bgbottom July DRY_REF hPa
panel), though the response is amplified in the northern ex-
tratropics in summer because of reduced cloud cover in thej}
DRY experiment (not shown). While tropical Africa and
tropical South America are about 7K warmer in the DRY
experiment, the continental northern midlatitudes, which ex-
hibit comparable evaporation rates in summer in the REF ex- |-
periment, are 10-15 K warmer in the DRY experiment. Devi-
ations of the warming from the evaporation rates in the REF
experiment are also due to the fact that the surface tempera
tures are not only locally determined, but also by advection. |_
For example the record warming (more than 15K) around
Lake Baikal, located in the downwind parts of Eurasia, is
supported by the intensification of heat-anomalies along the
air's path over the largest of all continents.

The direction of the response of the large-scale circula-Fig. 6. Top panel: Difference in near-surface (2m) temperature
tion is basically in agreement witBhukla and Mint{1982), in July (K, DRY-REF). Bottom: Difference in pressure reduced to
althoughShukla and Mintz1982'’s wet-soil case is much sea-level in July (hPa, DRY-REF). See Fig. S5 in the Supplement
wetter than our REF experiment. As 8hukla and Mintz ~ for January.

(1982 the warming of the continents (Fi§, top panel) is

accompanied by a decrease of surface pressure over the con-

tinents and a compensating increase of surface pressure oveonsiderably weaker in the DRY experiment (Fi§. This

the ocean basins (Fig, bottom panel). In particular the results in more continental and, hence, drier conditions in
summerly heat lows over Eurasia and North America and theparticular in the western parts of the continents (Figs.
corresponding highs over the North Atlantic and the Northand4). Precipitable water is most affected in a large region
Pacific are strongly enhanced, such that the pressure diffeispanning from the western coast of northern Africa over the
ence between the ocean basins and the continents (15-25 hRtediterranean to the Caspian Sea because the westerlies over
in the REF experiment) almost doubles. In consequence th&urope are not only weaker, but partly even turn into norther-
anticyclonic low-level circulations over the North Atlantic lies, such that drier air masses from the north are advected
and the North Pacific as well as the cyclonic low-level cir- into the region.

culations over Eurasia (together with northern Africa) and The strengthening of the cyclonical low-level circulation
North America are strongly amplified (Fig, arrows). The around Eurasia and northern Africa is also apparent in its
associated amplification of low-level convergence (and high-southern branch, which includes the monsoonal low-level
level divergence) over the continents, measured by the meawesterlies over the Indian subcontinent (Ffy. In conse-
vertical velocity at 500 hPa, is inhomogeneously distributedquence more moisture is advected from the Arabian Sea and
(Fig. 7). precipitates when encountering the high mountain ranges of

Owing to the modified surface-pressure field the mid-the Himalayas (Fig4). As a side remark, the strengthening
latitude westerlies over Eurasia and North America areof the westerlies over the Indian subcontinent also explains

-15-10 -7 -4 -2 -1 1 2 4 7 10 15

-8 -6 -4 -3 -2 -1 1 2 3 4 6 8
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the salient cooling in northern India and Pakistan (Bidop

B panel).
Q at 500hPa , lower atm‘;naSSﬂux The differences in surface pressure (Fgbottom panel)
July REF 107% Pa/s , kg/m/s result in stronger low-level southwesterlies along the east-

ern coast of North America and the eastern coast of Eura-
sia north of Japan (FidZ) in the DRY experiment. Conse-
guently, more moisture is transported into the Arctic, where
precipitable water is increased by about 30 % and precipita-
tion is also considerably enhanced, particularly in Greenland.
Because of the absence of the Coriolis force at the equa-
tor, the decreased surface pressure in tropical South Amer-
ica and tropical Africa (Fig6, bottom panel) does not cause
continental-scale changes of low-level vorticity (Fig. But
the low-level convergence patterns (in particular the ITCZ,
measured by the vertical velocity at 500 hPa, Fiy.are
strongly altered in response to the suppression of continen-
tal evaporation. While in the REF experiment in July the
ITCZ is similarly strong to the west and to the east of Central
America, the western part over the Pacific is much stronger
than the eastern part over the Atlantic in the DRY experi-
ment, associated with increased and decreased precipitation,
respectively (Fig4). In Africa the ITCZ is shifted southward
in the DRY experiment. While most of tropical Africa expe-
riences much drier conditions, the precipitation rates around
5°N, now located within the ITCZ, are not as much de-
creased as to the north and to the south. Over the tropical
warm pool areas in the Indic and the western Pacific the ITCZ
is considerably shifted to the north, while over the central
Pacific the double-ITCZ is more pronounced in the DRY ex-
periment than in the REF experiment. Again, these changes
are reflected in the precipitation rates (F4. The strong
modifications of the low-level convergence patterns and pre-
cipitation over the ocean are particularly remarkable given
that the two experiments are driven with identical SSTs.

DRY-REF 107% Pa/s , kg/m/s

5.3 Effects from local coupling

From the comparison of continental recycling ratios with the
actual hydrological response (Se6tl) and the elucidation

of changes in the large-scale circulation (Sécg) it be-
comes apparent that effects associated with the large-scale
circulation rather than moisture recycling dominate the over-
all response. However, it still seems astonishing that (I) the
precipitation response is so extreme, whereby the most ex-
treme decrease of almost 100 % is comparatively sharply de-
limited to the continents, and (Il) that, apart from some trop-

-75 -6 -45 -3 -15-05 05 15 3 45 6 7.5

Fig. 7. Vertical velocity ) at 500hPa (colours, Pa$) and

horizontal total mass flux in the lowest 13 model levels (arrows, . . . ! . .
kgm~Ls-1)in July in the REF experiment (top panel), in the DRY ical exceptions, the upwind to downwind drying-gradients

experiment (middle panel), and the difference between the two (botON€ Would expect from moisture-budget considerations are
tom panel). The lowest 13 model levels correspond approximatelycOmpletely absent. Admittedly the latter is to a large part due
to the lower half of the atmosphere. Hence, the vertical velocity atto changes in the large-scale circulation, but one has to note
500 hPa approximately corresponds to the divergence of the showthat for example the westerlies over Eurasia and North Amer-
mass flux. Note that the scale for bathand the mass flux are ica, although significantly attenuated, are still westerlies in
changed by a factor 2 in the bottom panel to make the differenceshe DRY experiment. These arguments suggest that another
better visible. See Fig. S6 in the Supplement for January. factor contributes to the overall response, namely (positive)
local evaporation-precipitation coupling (compare Hig.
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with land-evaporation without land-evaporation

“complete” positive local coupling
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Fig. 8. lllustration of two principally possible idealised responses to the suppression of land-evaporation as 1-D-transects through a con-

tinent. Left panel: reference situation with continental evaporation. Middle panel: response to the suppression of continental evaporation

dominated by moisture-recycling. Right: response to the suppression of continental evaporation in a special case: The decrease in precipi
tation completely compensates for the missing evaporation, suctPthat is unaffected.W = precipitable waterMq = oceanic moisture,

M¢ = continentally recycled moisture, = precipitation,E = evaporation. The graphs at the bottom show the relative redu&i‘é’é‘%)

of P (blue, solid) and¥ (grey, dashed). Units are arbitrary.

The comparison of local vertical profiles of the thermal coupling completely compensates for changes in evapora-
structure of the atmosphere between our two experimentsion, such that the net water loss from the atmosphere to the
is not as instructive as in the typical local-coupling studiesland (precipitation minus evaporatioR,— E) remains unal-
(compare SecR.2) because the advected profiles at any lo- tered despite the suppression of evaporation. This possibility
cation are already different between the experiments due tguggests a simplistic but yet instructive picture that is illus-
the strong response of the large-scale circulation. Howeverrated in Fig.8.
it is reasonable that the substantially drier and warmer conti- The figure contrasts two possible idealised responses to
nental surfaces (Fig, top panel) strongly influence the local the suppression of land-evaporation, one with moisture recy-
generation of precipitation. cling dominating the response (middle panel), and one with

In eastern Brazil, where neither moisture recycling nor non-recycling mechanisms acting to cancel out the effect
changes in the large-scale circulation seem to be responstrom moisture recycling (right panel). The figure shows pro-
ble for the precipitation increase (Fig), the response may files of precipitable water and surface fluxes as 1-D-transects
be caused by negative local coupling. Otherwise the stronghrough an idealised continent along the prevailing wind di-
precipitation decrease over most continental regions correrection, with oceans situated upwind and downwind. Before
lates to the evaporation rates in the REF experiment @ig. landfall the air is in a quasi-equilibrium humidity state over
bottom panel), which points at positive local coupli@gtar  the ocean, meaning that precipitation and evaporation are in
et al.(1999 find with regional simulations for summerly Eu- balance f — E =0). In the reference situation (Fi§, left
rope that the decrease of precipitation amounts to approxipanel), the evaporative fraction over the continent is assumed
mately half of the imposed decrease of evaporation (see alsto be constant at 60 %, meaning that 40 % of the precipita-
next section). This makes it also quantitatively plausible thattion are removed from the system as runoff. With precip-
a significant fraction of the precipitation decrease we find initation assumed to be a function of precipitable waté) (
response to the suppression of continental evaporation magnly, here exemplarily a® o« W (compareSavenije 1995,
actually be attributable to positive local coupling, although precipitable water and the surface fluxes decrease continu-
this is hard to prove from our results. ously (exponentially) from the upwind coast to the down-

In principle it seems possible that under certain circum-wind coast. In parallel the continental recycling ratlé(W)
stances the response of precipitation due to positive locaincreases. When the air leaves the continent it returns to
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its initial equilibrium, with the ocean providing the moisture precipitation minus evaporation
needed to remove the defic®  E < 0).

Like in the reference situation, in the moisture-recycling
case (Fig.8, middle panel) precipitation is assumed to be
a function of precipitable water onlyP(x W) and, hence,
evolves continously with precipitable water. Without conti-
nental evaporation the progressive atmospheric moisture los:
is stronger than in the reference situation. The relative reduc-
tion of both precipitable water and precipitation compared to
the reference situation (bottom graph) increases from upwind
to downwind, conforming to the increase of the continental
recycling ratio in the reference situation.

Instead we now assume the special case that, due to stron
positive local coupling, the decrease in precipitation results ;.
in unchangedP — E (Fig. 8, right panel). In consequence,
precipitable water evolves as in the reference situation, and
the relative precipitation decrease is 60 % on the whole con-
tinent — the upwind to downwind drying-gradient vanishes
(bottom graph). In other words, the upwind response due to
“complete” positive local coupling annihilates the effect one
would expect from moisture recycling.

Before coming to the major conclusion we draw from s
this simplistic picture, we analyse in how far the response =

July REF kg/m?/d

by evaporation in our model experiments. Fig@égbot-
tom panel) reveals that in July — E over land tends to in-
crease in response to the suppression of continental evapc
ration. This means that, in contrast to the simplistic case of
“complete” positive local coupling illustrated in Fig, the .
response of precipitation does not completely compensate fol
the missing evaporation in most continental regions.

Relating the local response of precipitation to the local
land-surface evaporation in the REF experiment (BiQ).
however shows that in large parts of the continents the de-
crease of precipitation compensates for a substantial fractior |
of the missing evaporation. Closer inspection of the pat-
terns in Figs.9 and 10 further reveals that regions where
the response of precipitation compensates for much less thai
100 % of the missing evaporation are almost exclusively lo- _:l:l:l:_

. . . -5 -3 -2 -1 -05-02 0.2 05 1 2 3 5

cated where in the REF experiment the land is a source of
moisture in July. Such places include the tropical wet-dry cli- Fig. 9. Precipitation minus evaporation (kgRd—1) in July in the

mates that have their dry season in July v_vhen_the ITCZis loggr experiment (top panel), in the DRY experiment (middle panel),
cated further to the north, but also the mid-latitude summer-anq the difference between the two (bottom panel). See Fig. S7 in

dry climates of Eurasia and North America. Where the landthe Supplement for January.

is a moisture source in the REF experiment (a situation that is

not captured by the simplistic picture in F#g), not even the

total loss of precipitation could completely compensate forregions. On the other hand, for Eurasia and North Amer-

the missing evaporation. In these regions moisture recyclingca the simplistic picture illustrated in Fi§.may partly ex-

must contribute to the response that follows the suppressioplain why there are no upwind to downwind drying-gradients

of evaporation a priori. in response to the suppression of continental evaporation in
It is probably no coincidence that the South American re-July, even though we know that a large part of the response is

gion around the Tropic of Capricorn and the western coast otaused by changes in the atmospheric circulation (Set.

southern Africa — the regions where the drying in July seems Although largely unrealistic for several reasons, the sim-

to be partly attributable to moisture recycling (Seetl) — plistic picture illustrated in Fig8 demonstrates in a striking

are located downwind of strong continental moisture-sourcemanner that moisture recycling estimates could in principle

July DRY-REF kg/m?*/d

www.hydrol-earth-syst-sci.net/15/3217/2011/ Hydrol. Earth Syst. Sci., 15, 32852011



3232 H. F. Goessling and C. H. Reick: What do moisture recycling estimates tell us?

A(precipitation) / A(evaporation) coupling is subject to considerable inter-model variation that
probably is largely attributable to the parameterisation of
moist convection (see Se@.2). On the other hand we find
a very similar response with an alternative moist convection
scheme. Since the large-scale circulation is less susceptible
to questionable parameterisation schemes it stands to reason
that general circulation models are more reliable in this as-
pect than for local coupling. And indeed, with a comparable
setupShukla and Mint1982) find a similar large-scale re-
. sponse. Note however that in the wet-soil cas8hfikla and
- Mintz (1982 the continents are much wetter than in our REF
= - experiment, so that the response they find is even more pro-
nounced. Anyway, our results claim for validation by similar
I | | ] studies using other models.
0 25 50 5 100 However, we argue that for the purpose of this case study
— to demonstrate that recycling estimates domestessarily
Fig. 10. The response of precipitation in relation to the im- mjrror the consequences of changes in evaporation — the re-
posed evaporation decreas€2f_LREE, o) in July. Note that  glism of the perturbation and the accuracy of the simulated
AE=—ERerand (P — E)pRry = Ppry becauseEpry =0. Violet  regponse are not of great relevance. More important is that
'r?d'(?ates overcompensation (the land becomes a weaker MoIStug perturbation we apply to test the predictive utility of the
sink; Ppry < (P — E)ReF), blue, green, yellow and orange indi- recycling measure considered in this study, namely the conti-

cate incomplete compensation (precipitation still decreases, but the tal i 0. is | diatel ted by its defini
land becomes a stronger moisture sink or weaker moisture sourceqen alrecycling ratio, Is iImmediately suggested by Its defini-

(P— E)Rer < Pory < Prep), and red indicates an amplification of tion. By subjecting the continental recycling ratio to critical
the effect from the evaporation decrease (precipitation increases argcrutiny instead of recycling measures that quantify moisture
thus adds to the evaporation decrea@syy > Prep). Continental  recycling on a smaller spatial scale (e.g. the local recycling
regions with negative evaporation (= dew) in the REF experimentratio), we approach the question posed in the title from the
are left white. See Fig. S8 in the Supplement for January. largest possible scale.
The computed recycling patterns are based on a vertically
integrating tracing scheme (Se8t2). It is evident that this
be completely useless to predict the consequences of landimplification introduces some error into the estimates, in
use change, even without changes in the atmospheric circulgarticular where the usually stably stratified free atmosphere
tion. While we do not at all claim that the case of “complete” is seldomly mixed in the vertical through high convection
positive local coupling is a prevalent situation in reality, the and/or where horizontal winds are substantially sheared in
simplistic picture strongly supports our key argument: mois-the vertical. The latter is typically not so much the case in the
ture recycling estimates have first to be shown to actually tellextratropics, where the flow is dominated by cyclones and
us something before they can be used to deduce the responagticyclones, but may be more relevant closer to the equa-
of precipitation to land-use change. tor. For example in tropical western Africa during northern
Finally, it seems worth to mention that, ignoring the high summer a north-east directed moisture flux in the monsoon
latitudes, regions with particular high compensation in Julylayer below 750 hPa is essentially compensated by a reverse
(Fig. 10) are to some extent spatially correlated with the flow above 750 hPa. The weak horizontal moisture flux re-
northern-summer “hot spot” regions Koster et al.(2004). maining after vertical integration presumably results in an
This supports the idea that some of the precipitation responseverestimation of moisture recycling. However, the errors
may be due to local coupling. The obvious mismatch in highare acceptably small given the similarity of recycling esti-
latitudes is not surprising given that the “hot spotsKimster ~ mates obtained withYpshimura et al.2004 van der Ent
et al.(2009) include the precondition that evaporation is sub- et al, 2010 and this study) and withoutNumagutj 1999
ject to interannual variability. Bosilovich et al, 2002 vertical integration. Furthermore, the
focus of our study is on continental-scale patterns, in partic-
ular intra-continental upwind to downwind gradients, rather
6 Discussion than on accurate regional estimates.
To keep the interpretability of our results as clear as pos-
The MPI-ESM is capable of reproducing the most importantsible, we use identical climatologies of surface albedo, sur-
aspects of present-day climate (dagemann et g12006. face roughness, and SSTs in both experiments. The climatic
This does not guarantee that the model behaves realistic umesponse of the fully dynamical atmosphere-ocean-land sys-
der strongly perturbed conditions, as it is the case in our DRYtem to the suppression of continental evaporation could be
experiment. In particular the part of the response due to locatonsiderably different from the response we obtain with our
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more tightly controlled setup. Important missing feedbackscontinental thermal lows. A major consequence in the extra-
involve for example albedo changes associated with the extropics is that the westerlies over Eurasia and North Amer-
tent of snow and sea-ice covered areas. However, our setup isa are weakened, which in turn results in drier (more con-
not designed to give a most realistic full-dynamics responsetinental) conditions in the western parts of these two con-
but to make a first step in assessing the informativeness dfinents. The fact that the most severe decrease in precipita-
moisture recycling estimates. We have no reason to assuméon is rather sharply restricted to the continents suggests that
that one or more of the missing feedbacks would change th@ositive local coupling adds to the continental drying. The
response in such a way that our conclusions would have t@ontinental recycling ratios obtained from the reference ex-
be revised significantly. periment reveal that effects due to moisture recycling should
Throughout the paper we distinguish three mechanismsffect the eastern (downwind) parts of Eurasia and North
by which evaporation affects precipitation (Fit). How- America rather than the western (upwind) parts. That the
ever, the sharp separation of the mechanisms, in particular cfictual (simulated) response does not conform to this expec-
moisture recycling and local coupling, is not beyond ques-tation suggests that the non-recycling mechanisms dominate
tion. We argue that moisture recycling acts slowly, i.e. spatio-the response. However, the magnitude of the overall drying,
temporally integrative, by its influence on the (vertically in- although occuring in the “wrong” parts of the continents, is
tegrated) atmospheric moisture budget. In contrast, locaprobably also due to moisture recycling (or, more precisely,
coupling acts fast, i.e. locally, by its influence on the verti- its absence).
cal thermal structure of the atmosphere. This point of view Also in the tropics the response to the suppression of con-
seems to conform tBchar et al.(1999 andSeneviratne etal.  tinental evaporation is to a large part due to changes in the at-
(2010 (see Sect2.4). However, this distinction is not always mospheric circulation. In contrast to the extratropics, where
made so clearly. For example, Ddirmeyer et al(2009 and  the surface-pressure distribution alters mainly the strength
in van den Hurk and van Meijgaaf@010 local recycling  and the pattern of horizontal atmospheric motions, the tropi-
ratios (more precisely the temporal correlations of local re-cal response is dominated by changes in the strength and the
cycling ratios and soil moisture) are used together with othemposition of the regions of low-level convergence (the ITCZ).
indicators to decide which locations might be susceptibleHowever, in tropical wet-dry climates during the dry season,
to local land-atmosphere coupling. We think that the con-when these regions are strong moisture sourBes £ < 0),
ceptual separation of local coupling and moisture recyclingwe find that the atmosphere in response to the missing sur-
might help to better understand the complex interactions beface evaporation becomes progressively drier along the pre-
tween the land and the atmosphere. However, we concedeailing wind direction. Here it seems that moisture recycling
that in reality the two mechanisms may not be as clearly disis at least as important as the other mechanisms. Our re-
tinguishable as we think. sults thus indicate that, for continental-scale perturbations,
in some (tropical) regions moisture recycling estimates may
be more useful than in other (extratropical) regions.
7 Summary

The idea that moisture recycling estimates can be used to if8  €onclusions

dicate the sensitivity of climate to land-use change relies OM9ur case studv demonstrates that moisture recveling est
the condition that the atmospheric response following a per- y ycling

turbation in evaporation is dominated by the “passive” ef'fectmhates cgtr_l QOt cfonS|s_te_:1tlty bet used dz.if.s :je: |abclie |nd|cat(:.rs for
of evaporation on the atmospheric moisture budget, i.e. b € sensitivity of precipitation to modilied land-evaporation.

moisture recycling. We argue that this implicit condition has More spegifically our regults inQicgte that th? p.redictive util-
not sufficiently been examined yet. Besides moisture recy—'tyhOf contlrr:en_tal rec;]yclmg ratios s ratr?_er I|r_n|(tjed b deck:)ause
cling, changes in evaporation influence climate also througrf;r,sragiz racl)rllésir:Str:ezrt]mng;ISthlgree rzgﬁirfi,el?h:fss o}r/1$\,,(\;at-o
local coupling and changes in the atmospheric circulation h : ¢ nosp | ' . | P il b
(Fig. 1), where the latter two mechanisms are due to the ac{ne suppression of continental evaporation. It may still be

tive role water plays in the atmosphere. Since the three mecht_hat smaller perturbations yield higher correlations between

anisms act on different scales, it stands to reason that the|t|he response one expects from correspondingly defined re-

relative importance depends on the spatial scale of the per(EyCIIng estimates and the actual (simulated) response — but

turbation. In the present study we approach this issue frorr%hIS hope must be supported by scientific evidence that is

the largest possible scale by exploring the relation betweer?wremly missing. Specific analyses that build on the prin-

continental recycling ratios and the response that follows thegl:p;?ess c::fozllg ﬁ:lse tzt:gzavngeot)rcﬂizgrgstgg dsi'rTalcl)?rmsgig::Jarle
complete suppression of continental evaporation. P 9

Focussing on July we find that the largest part of therecyclmg and its interplay with local coupling and the atmo-

response can be attributed to the atmospheric circulation?pherIC circulation.

which changes largely due to the intensification of the
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It seems that the range of spatial scales at which the preBurde, G. I.: Bulk recycling models with incomplete vertical mix-
dictive utility of moisture recycling estimates might be high  ing, Part I: Conceptual framework and models, J. Climate, 19,
is narrowed not only from the large scale, as our case study 1461-1472, 2006.
demonstrates, but also from the small scale: Studies on loBurde, G. 1. and Zangvil, A.: The Estimation of Regional Precipita-
cal coupling suggest that below 100-1000 km effects from tion Recycling, Part II: A New Recycling Model, J. Climate, 14,
local coupling dominate the response to land-surface pertur- 2509-2527, 2001. . -
bations (see Sec®.4). Without further investigations one Dirmeyer, P A. and Brubaker, K. L... Characterlzgtlon of the globgl

. . . hydrologic cycle from a back-trajectory analysis of atmospheric
can only specu_late Whether at.mterme_dlate sp_ana] spales water vapor, J. Hydrometeoral., 8, 2037, 2007.
moisture recycling estimates might be informative indica- Dirmeyer, P. A., Koster, R. D., and Guo, Z.: Do global models
tors. Therefore, further modelling studies (and, ultimately, properly represent the feedback between land and atmosphere?,
observational studies) are needed to replace speculations by J. Hydrometeorol., 7, 1177-1198, 2006.
evidence. Our case study does not suffice to answer the queBirmeyer, P. A., Schlosser, C. A., and Brubaker, K. L.: Precipi-
tion what moisture recycling estimates tell us, but we think tation, recycling, and land memory: An integrated analysis, J.
that it is a first step towards an answer. Moreover, we hope Hydrometeorol., 10, 278-288, 2009.
that our study stimulates a wider discussion on the prediCEItahir, E. A.B. and Bras, R. L.: Precipitation recycling in the Ama-

tive utility of moisture recycling estimates for the response _ 200 basin, Q. J. Roy. Meteorol. Soc., 120, 861880, 1994.
of precipitation to land-use change. Findell, K. L. and Eltahir, E. A. B.: An analysis of the soil moisture-

rainfall feedback, based on direct observations from lllinois, Wa-
ter Resour. Res., 33, 725-735, 1997.

Supplementary material related to this Findell, K. L. and Eltahir, E. A. B.: Atmospheric controls on soil
article is available online at: moisture-boundary layer interactions, Part I: Framework devel-
http://www.hydrol-earth-syst-sci.net/15/3217/2011/ opment, J. Hydrometeorol., 4, 552-569, 2003a.
hess-15-3217-2011-supplement.pdf Findell, K. L. and Eltahir, E. A. B.: Atmospheric controls on soil

moisture-boundary layer interactions. Part Il: Feedbacks within

the continental United States, J. Hydrometeorol., 4, 570-583,

2003b.
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