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Abstract. In this paper the basic geophysical and ecologi-cover by a low leaf index vegetation leads to an up to tenfold
cal principles are jointly analyzed that allow the landmasseseduction in the mean continental precipitation and runoff, in
of Earth to remain moistened sufficiently for terrestrial life contrast to the previously available estimates made without
to be possible. 1. Under gravity, land inevitably loses wateraccounting for the biotic moisture pump. The analyzed body
to the ocean. To keep land moistened, the gravitational waef evidence testifies that the long-term stability of an intense
ter runoff must be continuously compensated by the atmoterrestrial water cycle is unachievable without the recovery
spheric ocean-to-land moisture transport. Using data for fiveof natural, self-sustaining forests on continent-wide areas.
terrestrial transects of the International Geosphere Biosphere
Program we show that the mean distance to which air fluxes
can transport moisture over non-forested areas, does not ex-
ceed several hundred kilometers; precipitation decreases ex-

ponentially with distance from the ocean. 2. In contrast, pre-jquid water is an indispensable prerequisite for all life on
cipitation over extensive natural forests does not depend o grth. While in the ocean the problem of water supply to liv-
the distance from the ocean along several thousand kilomeng organisms is solved, the landmasses are elevated above
ters, as illustrated for the Amazon and Yenisey river basinghe sea level. Under gravity, all liquid water accumulated in
and Equatorial Africa. This points to the existence of an ac-soj| and underground reservoirs inevitably flows down to the
tive biotic pump transporting atmospheric moisture inland gcean in the direction of the maximum slope of continental
from the ocean. 3. Physical principles of the biotic mois- syrfaces. Water accumulated in lakes, bogs and mountain
ture pump are investigated based on the previously unstudiegjaciers feeding rivers also leaves to the ocean. So, to ac-
properties of atmospheric water vapor, which can be either ircymulate and maintain optimal moisture stores on land, it
or out of aerostatic equilibrium depending on the lapse ratgs necessary to compensate the gravitational runoff of water
of air temperature. A novel physical principle is formulated from |and to the ocean by a reverse, ocean-to-land, moisture
according to which the low-level air moves from areas with g

weak evaporation to areas with more intensive evaporation. \when soil is sufficiently wet, productivity of plants and
Due to the high leaf area index, natural forests maintain highecological community as a whole is maximized. With nat-
evaporation fluxes, which support the ascending air motion,ra| selection coming into play, higher productivity is asso-
over the forest and “suck in” moist air from the ocean, which ¢jated with higher competitive capacity. Thus, evolution of
is the essence of the biotic pump of atmospheric moistureterrestrial life forms should culminate in a state when all land
In the result, the gravitational runoff water losses from thejs occupied by ecological communities functioning at a max-
optimally moistened forest soil can be fully compensated byimum possible power limited only by the incoming solar ra-
the biotically enhanced precipitation at any distance from thegjation. In such a state local stores of soil and underground
ocean. 4. It is discussed how a continent-scale biotic Watefnoisture, ensuring maximum productivity of terrestrial eco-
pump mechanism could be produced by natural selection actpgical communities, should be equally large everywhere on
ing on individual trees. 5. Replacement of the natural forestiangd irrespective of the local distance to the ocean. Being
determined by the local moisture store, local loss of water to
Correspondence toA. M. Makarieva river runoff per unit ground surface area should be distance-
(elba@infopro.spb.su) independent as well. It follows that in the stationary state the

Is it a trivial problem, to keep land moistened?
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amount of locally precipitating moisture, which is brought maintain powerful evaporation exceeding evaporation from
from the ocean to compensate local losses to runoff, shouldhe oceanic surface.
be evenly distributed over the land surface. The forest evaporation flux supports ascending fluxes of
In the absence of biotic control, air fluxes transporting air and “sucks in” moist air from the ocean. In the result, for-
ocean-evaporated moisture to the continents weaken expa@st precipitation increases up to a level when the runoff losses
nentially as they propagate inland. The empirically estab-from optimally moistened soil are fully compensated at any
lished characteristic scale length on which such fluxes aralistance from the ocean (Se8t3). Mechanisms of efficient
damped out is of the order of several hundred kilometersyetention of soil moisture in natural forests are considered in
i.e. much less than the linear dimensions of the continentsSect.3.4. In Sect.4 it is discussed how the continent-scale
Geophysical atmospheric ocean-to-land moisture fluxes carbiotic pump of atmospheric moisture could be produced by
not therefore compensate local losses of moisture to rivenatural selection acting on individual trees. In Sécbased
runoff that, on forested territories, are equally high far from on the obtained results, it is concluded that the long-term
the ocean as well as close to it. This means that no purelgtability of a terrestrial water cycle compatible with human
geophysical explanation can be given to the observed exisexistence is unachievable without recovery of natural, self-
tence of highly productive forest ecosystems on continentsustaining forests on continent-wide areas.
scale areas of the order of tens of millions square kilometers,
like those of the Amazonia, Equatorial Africa or Siberia.
To ensure functioning of such ecosystems, an active mec
anism (pump) is necessary to transport moisture inland from

the ocean at a rate d'Cta.‘ted by t_he needs of ec_ologlcal €OM5 1 Moisture fluxes in the absence of biotic control
munity. Such a mechanism originated on land in the course

of biological evolution and took the form of forest — a con- | ot i pe the horizontal moisture flux equal to the amount of
tiguous surface cover consisting of tall plants (trees) closely,ymospheric moisture passing inland across a unit horizontal

interacting with all other organisms of the ecological com- length perpendicular to the stream line per unit time, dimen-
munity. Forests are responsible both for the initial accumu-g;g, kg HO m~1s~L. With air masses propagating inland to

lation of water on continents in the geological past and for 5 yistancer from the oceany( is measured along the stream

the stable maintenance of the accumulated water stores ifj,e)  their moisture content decreases at the expense of the
the subsequent periods of life existence on land. In this pa-

. ) o recipitated water locally lost to runoff. Thus, changerof
per we analyze the geophysical and ecological principles OEer unit covered distance is equal to local runoff. In the ab-

the biotic water pumptransporting mqisture to the continentsgance of biotic effects, due to the physical homogeneity of
from the ocean. Itis shown that only intact contiguous coveryhe atmosphere, the probability that water vapor molecules
gf (rjl_atural forests ha\{lngbefxtensklve blordgzrs with Iarge Watelinin the runoff, should not depend on the distance traveled
odies (sea, ocean) is able to keep land moistened up 10 &\, these molecules in the atmosphere. It follows that the
optimal for life level everywhere on land, no matter how far changal F of the flux of atmospheric moisture over distance

from the ocean. dx should be proportional to the flux itself:
The paper is structured as follows. In Sexthe exponen-
tial weakening of precipitation with distance from the ocean _dF(x) 1 x
R(x)= =—-F or F(x)=F(0)exp{—— 1
is demonstrated for non-forested territories using the data for ) dx l ) (1)=F(0) expt l b @

five terrestrial transects of_the International Geosphere Bio'whereR(x) is the local loss of water to runoff per unit sur-
sphere Program (Sea.1); it is shown that no such weak- ¢, area, kg bO m~2s~1, / is the mean distance traveled by

ening occurs in natural forests, which points to the existence,, HO molecule from a given site to the site where it went
of the biotic pump of atmospheric moisture (SE&B); how 14 ynoff, F(0) is the value of flux® in the initial pointx=0.

the water cycle on land is impaired when this pump is bro-parameter reflects the intensity of precipitation formation
ken due to deforestation is estimated in S8a. In Sect.3  ,15cesses (moisture upwelling, condensation and precipita-
the physical principles of the biotic pump functioning are in- tion) (Savenije 1995; the more rapid they are, the shorter

vestigate'd. The non—equilibrigm verFicaI distribution of a't- the distancé. Moisture recycling (evaporation of water pre-
mospheric water vapor associated with the observed Ve”'caéipitated on land) is also accounted for in the magnitude of
lapse rate of air temperature (Se®tl) produces an upward parametet.

directed force, termed evaporative force, which causes the aq t4r as a certain amounk, of the precipitated water
ascending motion of air masses (Se&&B), as well as the '

ne Ocean-to-land moisture transport on forested versus
non-forested land regions

i i i ) ° evaporates from the surface and returns to the atmosphere,
horizontal air motions from areas with low evaporation to ar- precipitation P is proportional to, and always higher than,

eas with high evaporation. This physical principle explains rnt g and can be related to the latter with use of multiplier
the existence of deserts, monsoons and trade winds; it alsg (Savenije 19963:

underlies functioning of the biotic moisture pump in natu-
ral forests. Due to the high leaf area index, natural forestsP = E + R=kR, k> 1. (2)
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For example, global runoff constitutes 35% of terrestrial pre-
cipitation Dai and Trenberth2002, which gives a global A
mean multipliek~3. Equation {) can then be re-written as

P(x) = P(0) exp{—% or InP(x) =InP(0) — )l—c 3

S

where P (0)=kR(0) is precipitation in the initial poink=0. <4b
Precipitation is maximal at=0 and declines with increasing "4a
X.

Linear scalel can be determined from the observed de- Fig. 1. Geography of the regions where the dependence of precip-
cline of precipitationP with distancex on those territories itation P on distancex from the source of moisture was studied.
where the biotic control of water cycle is weak or absent al-Numbers near arrows correspond to regions as listed in Tale
together. Such areas are represented by arid low-productivi®Ws start ak=0 and end at=xmax, see Tablé for more details.
ecosystems with low leaf area index, open canopies and/or
short vegetation cover (semideserts, steppes, savannas, gra
lands). We collected data on five extensive terrestrial region
satisfying this criterion, i.e. not covered by natural close-
canopy forests, Figl. These regions represent the non- L

/ P(x)dx

Dcan be approximated by the smoothed length of the coastal
?me) is, due to Eq.J), equal to

forested parts of five terrestrial transects proposed by the InIll = D ~ P(O)ID. (4)

ternational Geosphere Biosphere Program (IGBP) for study- o

ing the effects of precipitation gradients under global changes is clear from Eq.4), I represents a characteristic linear
(Canadell et a).2002, Table1. Within each region distance Scale equal to the width of the band of land adjacent the
x was counted in the inland direction approximately perpen-coast which would be moistened by the incoming oceanic

dicular to the regional isohyetSavenije 1995, Fig. 1. air masses if the precipitated moisture were uniformly dis-

Based on the available meteorological data, the depent_nbuted overx with a densityP (0). For land areas with or-

dence of precipitatiorP on distancer was investigated in dinary orography (regions 1-3, 4b, 5) the mean valueisf

each region, Fig2a. In all regions this dependence accu- about 600 km, Tablé&, i.e. it is significantly smaller than the
rately confor'ms to the exponential law E@),(which is man- characteristic horizontal dimensions of the continents. Thus,

ifested in the high values of the squared correlation coeffiin the absence of biotic control the transport of moisture to
cients (0.90-0.99), Tablé. This indicates that the possi- land would only be able to ensure normal life functioning in a

ble dependence an of multiplier k, Eq. @), which we do narrow band near the ocean of a width not exceeding several

not analyze, is weak compared to the main exponential dehundred kilometers; the much more extensive inner parts of

pendence of precipitatioR on distance, which is taken into the cpntinents would ha\{e invgriably remained arid. AIreagjy
account in Eq.3). Estimated from parametérof the linear at th|_s stage of our cc_)n5|derat|on we come to the conclusion
regression P =a-+bx asl=—1/b, see Eq.%), scale lengtli that in order_to explain the observed existence of the extgn-
takes the values of several hundred kilometers, from 220 k ve WeI_I-m0|stened contmenta! areas §everal thogsand_kllo-
in Argentina at 31S to 870km in the North America, ex- meter_s in length (the Amazon river ba§|n, qu_JatgnaI Africa,
cept for region 4a in Argentina at 45, wherd =93 km, Ta- Siberia), where natural forests are still functioniigryant

ble 1. Such a rapid decrease of precipitation has to do withet al, 1999, itis necessary to involve a diff(_arent, biotically
the influence of the high Andean mountain range impedingcontrolled mechanism of ocean-to-land moisture transport.
the movement of westerly air masses coming to the regionz_2 Biotic pump of atmospheric moisture

from the Pacific OceanAustin and Sala2002. On the is-

land of Hawaii, high £4km a.s.l.) mountains also create a et us now consider the spatial distribution of precipitation
large gradient of precipitation which can change more thangp extensive territories covered by natural forests. As far as
tenfold over 100 kmAustin and Vitousek2000. In West  sojl moisture content ultimately dictates life conditions for
Africa, the value ofl=400km obtained for the areas with )| species in the ecological community, functioning of the
P<1200mm year!, Table1, compares well with the re-  community should be aimed at keeping soil moisture at a
sults ofSavenijg1999, who found ~970 km for areas with  stationary level optimal for life. Maintenance of high soil
P2800 mm yeaTl and[~300 km for the more arid zones of moisture contentv (units kg |—bo m*zzmm |—|20) enables
this region. the ecological community to achieve high power of func-
Total amount of precipitatiofl (kg HoO year 1) overthe  tioning even when the precipitation regime is fluctuating.
entire pathL > traveled by air masses to the inner parts of For example, transpiration of natural forests in the Amazon
the continent, &x <L, in an area of widttD (for river basins  river basin, where soil moisture content is high throughout
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Table 1. Precipitation on land® (mm year 1) versus distance from the source of moistur@m) as dependent on the absence/presence of
natural forests

Region Parameters of linear regreséide =a — bx
No Name x=0 X=Xmax xmax, ~ axls.e. ptls.e) 2 P(O)=e,  I=1/b,
°Lat,°Lon °Lat,°Lon km %103 mm year! km

Non-forested regiorfs

1 North Australid —11.3,130.5 —25, 137 1400 7.3#0.05 1.54- 0.06 0.96 1600 650

2 North East Chinta 42,125 42,107 1500 6.670.08 1.24£0.10 0.96 790 800

3 West Afric® 10,5 25,5 1650 7.280.09 2.46: 0.09 0.99 1450 400

4a Argentiné, 45 S —-44.8,-71.7 —45,-69.8 150 6.36:0.17 10.8: 2.0 0.90 580 93

4b Argentiné, 31°S —-31.3,-65.3 —31.7,—68.3 360 6.3%0.12 4.5% 0.59 0.91 570 220

5 North Americd 39.8,—96.7 41.2-105.5 750 6.6%0.04 1.15-0.08 0.93 800 870
Natural forestd

6  Amason river basth 0,-50 -5,-75 2800 7.76:0.04 -0.054+0.02 0.13 2300 —2x10%

7 Congo river basit’ 0,9 0, 30 2300 7.560.17 -0.10£0.12 0.05 1900 —1x10*

8 Yenisey river basiht 73.5,80.5 50.5,95.5 2800 646.17 -0.01+0.10 0.05 430 —1x10%

Notes:

1 statistics are significant at the probability leyek0.0001 for regions 1, 2, 3 and $=0.013 for region 4a angh<0.001 for region 4b;

p>0.05 for regions 6, 7 and 8 (i.e., there is no exponential dependene®nfx in these regions).

2 Regions 1, 2, 3, 4 (a and b) and 5 correspond to the non-forested parts of the North Australian Tropical Transect, North East China
Transect (NECT), Savannah on the Long-Term Transect, Argentina Transect and North American Mid-Latitude Transect of the International
Geosphere Biosphere Program, respectivebnadell et a).2002).

3 Precipitation data fox=0 (Prilangimpi, Australia) taken frorEook and Heerdegef2001), all other data taken from Fig. 2a ®filler

et al.(2001) assuming P Lat.=110km.

4 Data taken for 42N of NECT, because at this latitude NECT comes most closely to the ocean. LocatieQ approximately corresponds

to the border between forest and steppe zones; the dependence bEtaee:n obtained from the location of isohyets taken from Fig. 3c of

Ni and Zhang2000 assuming 10 Lon.=825km at 42N.

5 Southern border of the non-forested part of West Africa approximately coincides with the 1200 mm isohyet, hence the ehdicat of

10° N 5° E, whereP=1200 mm yearl. The dependence betwe@nandx was obtained from the location of isohyets taken from Fig. 2 of
Nicholson(2000 assuming 1 Lat.=110 km.

6 Data for region 4a and 4b taken from Table 1Aafstin and Salg§2002 and Figs. 1 and 2 dfabido et al(1993, respectively. In region

4b atmospheric moisture comes from the Pacific Océast{n and Sala2002), in region 4a the ultimate source of moisture is the Atlantic
Ocean Zhou and Lau1998, hence the opposite directions of countinim the two regions.

"Data taken from Table 1 @arrett et al(20032, x calculated assuming®Lat.=110 km.

8 Precipitation values for the three regions covered by natural forests are taken from the data sets distributed by the University of New
Hampshire, EOS-WEBSTER Earth Science Information Partner (ESH)pat/eos-webster.sr.unh.edregions 6 and 8 correspond to the
Amazon (LBA) and Central Siberia Transect of IGBP, respectivenadell et a.2002).

9 Precipitation data taken from the gridded monthly precipitation data bank LBA-Hydronet v1.0 (Water Systems Analysis Group, Complex
Systems Research Center, University of New Hampshire), time period 1960—-1990, gricbsi@eb@legreesWebber and Wilmott1998;

statistics is based oA values for 26 grid cells that are crossed by the straight line fret@ to x=xmax, Fig. 1.

10 The transect was chosen in the center of the remaining natural forest area in the EquatorialBAjaca ét al, 1997). Precipitation

data taken from the gridded annual precipitation data bank of the National Center for Atmospheric Research (NCAR)'s Community Climate
System Model, version 3 (CCSM3), time period 1870-1999, grid ske 1.4 degrees; statistics is based Brvalues for 16 grid cells that

are crossed by the straight line frorm-0 to x=xmax, Fig. 1.

1lprecipitation data taken from the gridded monthly precipitation data bank Carbon Cycle Model Linkage-CRIME®ire et al, 2001),

time period 1950-1995, grid size5X 0.5 degrees; statistics is based Brvalues for 20 grid cells that are crossed by the straight line from
x=0tox=xmax Fig.1.

the year Hodnett et al. 1996, is limited by the incom- etative season in natural forests of higher latitudes neither
ing solar energy only. It increases during the dry seasorbring about a decrease of transpirati@o(lden et al.1997,

when the clear sky conditions predominade Rocha et al.  Tchebakova et gl2002. In contrast, transpiration of open
2004 Werth and Avissar2004). Dry periods during the veg-  ecosystems like savannas, grasslands or shrublands incapable
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of maintaining high soil moisture content year round, drops InP Pmm _,
radically during the dry seasoHRi(tley et al, 2001, Kurc and s 1 AN Australia | 3’2'00
2 o NE China,42°N
Small 2004. 8 OwWAfrica” | o
Change of soil moisture content with timéWw/dt, is 7 g;vﬁﬁggzt;;:iloooslq
linked to precipitationP, evaporationE and runoff R via : meriea,sT T80
the law of matter conservatio@d,W/dt=P—E—R. In the 6 400

stationary state after averaging over the y@8t/dr=0 and
runoff R is a function of W. Therefore, high amount of
soil moisture implies significant runoff, i.e. loss of water by
the ecosystem. In areas where neither the surface slope, noi
soil moisture content depend on distanc&om the ocean, sl >3 125
W (x)=W(0), loss of ecosystem water to runoff is spatially AN T ST S S S TR SN T
uhiform as We||,R(x)=R(0). 0 500 1000 ajsﬁfn 2000 2500 3000
When the soil moisture content is sufficiently high, tran- ’
spiration is dictated by solar energy. Interception, both ™~~~ Pmm,
from the canopy, understorey and the forest floor, which 9 | (b)
can be more than 50% of the total evaporati®@ayenije
2004, is also dictated by solar energy. So if there is suf-
ficient soil moisture, then total evaporation from dense for-
est is constrained by solar radiation. Therefore, whées

1200

<1100

150

-16400

3200

411600

-1800

counted along the parallel, on well-moistened continental ¢ | 55885 Bg B Ja00
areas we havé (x)=FE(0), i.e. evaporation should not de- EL 200
pend on the distance from the ocean. Coupled with constant s |-

runoff, R(x)=R(0), this means that precipitatioA should S Qomamon 100
similarly be independent of the distance from the ocean, 4T 8 HYenisey 150
P(x)=E(0)+R(0)=P(0). When the considered area is ori- 0 500 1000 1500 2000 2500 3000
ented, andv counted, along the meridian, evaporation in- z,km

creases towards the equator following the increasing flux of

solar energy. In. such a_reas, provided SO“. moi;ture Cor]tenlgig. 2. Dependence of precipitatioR (mmyear1) on distancex
and runoff are dlstance-lnd'ependen't, preCIpItatl'on must als(Ekm) from the source of atmospheric moisture on non-forested ter-
grow towards the equator irrespective of the distance fromyiories(a) and on territories covered by natural forets Regions

the ocean. The condition (x)=W (0) andR(x)=R(0) aré  are numbered and named as in TahlSee Tablel for parameters
incompatible with an exponential decline Bfx). of the linear regressions and other details.

We collected precipitation data for three extensive ter-
restrial regions spreading along 2.5 thousand kilometers in
length each and representing the largest remnants of Earth/Arctic air masses that dominate the Yenisey bashvéer
natural forest coverBryant et al, 1997). These are the 1976 are characterized by low moisture content (less than
Amazon basin, the Congo basin (its equatorial part) and theé8 mm of precipitable water in the atmospheric column com-
Yenisey basin, regions 6, 7 and 8 in Fiy. As can be pared to 16 mm in the Pacific Ocean at NEG&(del et al.
seen from Fig2b, precipitation in the Amazon and Congo 1996. According to Eg. {), this moisture content should
basins is independent of the distance from the coast at aroundecrease even further as these air masses move inland to the
2000 mmyear?®. In the Yenisey river basin, which has a south.
meridional orientation, Figl, precipitation increases with In other words, if the modern territory of the forest-
distance from the ocean from about 400 mm yéaat the  covered Yenisey basin were, instead, a desert with precipi-
mouth to about 800 mm yeat on the upper reaches of the tation of the order of 100 mm yeat, this would not be sur-
river, Fig.2b. prising from the geophysical point of view (indeed, one is

Similar precipitation,P (0)=790 mmyear?, is registered  not surprised at the fact that the innermost part of NECT and
at 125 E in that part of the North East China Continental other non-forested regions, Figp, are extremely arid). This
Transect (NECT) (region 2), which is closest to the Pacificcould easily be explained by the character of atmospheric
Ocean, 400km from the coast. In the meantime, the uppecirculation and large distance from any of the oceans. In
reaches of Yenisey river are about four thousand kilometersontrast, the existence of a luxurious water cycle (Yenisey
away from the Pacific Ocean, and about six thousand kilo-is the seventh most powerful river in the world) as well
meters away from the Atlantic Ocean; in fact, it is one of as the southward increase of precipitation in this area is
the innermost continental areas on the planet, Eifue to  quite remarkable, geophysically unexpected and can only
the low oceanic temperature in the region of their formation,be explained by functioning of an active biotic mechanism
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pumping atmospheric moisture from ocean to land. Similar(McGuffie and Henderson-Seller200)), i.e. only 13% of
biotic pumps should ensure high precipitation rates throughthe modern basin mean precipitation of 2100 mm yéar
out the natural forests of the Amazon basin and EquatorialMarengq 2004.
Africa. Reduction of the characteristic distance of the inland prop-
It can be concluded, therefore, that all the largest and mosagation of atmospheric moisture fromto Ig<L is not the
powerful river basins must have formed as an outcome ofsingle consequence of deforestation. Impairment of the bi-
the existence of forest pumps of atmospheric moisture. Foretic moisture pump in the course of deforestation causes the
est moisture pump ensures an ocean-to-land flux of moisecean-to-land flux of atmospheric moisture via the coastal
ture, which compensates for the runoff of water from the zone to diminish. In the result, the amount of precipitation
optimally moistened forest soil. This makes it possible for P(0) in the coastal zone decrease from the initial high bi-
forests to develop the maximally possible evaporation fluxesotic value P (0)=P;(0) down to P (0)=Py(0) < P;(0). As will
that are limited by solar radiation only. Thus, precipitation be shown in Sect3.3, in the case of complete elimination
over forests increases up to the maximum value possible at af the vegetation cover, precipitation in the coastal zone can
given constant runoff (i.e., multipliet in Eq. (2), the pre-  be reduced practically to zer®y(0)=0, see Fig4a. In the
cipitation/runoff ratio, is maximized for a giveR.) For- case when the natural forest is replaced by an open-canopy,
est moisture pump determines both the ultimate distance tdow leaf area index ecosystem, cf. Fih,c in Sect3.3, the
which the atmospheric moisture penetrates on the continentharacteristic magnitude of reduction #(0) can be esti-
from the ocean, as well as the magnitude of the incomingmated comparing the observed values of precipitafgf)
moisture flux per unit length of the coastal line. Dictated by in the coastal zones of forested versus non-forested territories
the biota, both parameters are practically independent of thender similar geophysical conditions of atmospheric circula-
geophysical fluctuations of atmospheric moisture circulation.tion. A good example is the comparison of the arid ecosys-
The biotic pumps of atmospheric moisture enhance precipitem in the northeast Brazil, the so-called caatinga, which re-
tation on land at the expense of decreasing precipitation oveteives aboutP4(0)=800 mmyear?! precipitation Qyama
the ocean. This should lead to the appearance of extensivend Nobre 2004, with the forested coast of the Amazon
oceanic “deserts” — large areas with low precipitation (see river basin, where;(0)>2000 mm year! (Marengg 2004,
e.g., Fig. 1 ofAdler et al, 2001). which givesP;(0)/ P4(0)>2.5. According to Eq. %), the cu-
mulative effect of deforestation can amount to more than a
2.3 Deforestation consequences for the water cycle on langenfold reduction of the mean basin precipitation. The inner-
, . .. most continental areas will be most affected. For example,
Let us denote ag(x)=F1(0) the spatially uniform distri- 3¢, 1200 km (in the Amazon river basin this approximately

bution of precipitation over a river basin covered by natu- .orresponds to the city of Manaus, Brazil) local precipitation
ral forest (low index f stands for forest), which spreads over, || gecrease by

distanceL inland and over distanc® along the oceanic
coast. Total precipitatiorils on this territory is equal to  p(x)  p;(0) 1 25 19 ©)
IT;=P;(0) L D, where the produck D=S estimates the area = — = — =
occupied by the river basin. According to E4) @nd the PaC)  Pa(O) exp(—x/1)  exp(—1200/600)
results of Sect2.1, total precipitationlly on a territory of  times, while in Rio Branco, Brazilf~+2500 km) precipita-
the same ared deprived of the natural forest cover (low tion will decrease by 160 times, i.e. the internal part of the
index d stands for deforestation, desertification) is equal tacontinent will turn to a desert. Total river runoff from the
Mg=Py(0)lgD, wherelg~600 km. One thus obtains basin to the ocean, which is equal f§ R(x)dx=I1/k, see
n P Eq. @), will undergo the same or even more drastic changes
f t(0)L o ) -~
— = . (5) as the total precipitation, Ec), due to increase of multiplier
Mg Pa(O)l k in deserts, Eq.2).
Equation b) shows that the deforestation-induced decrease RatioIl;/I13>10, Eqg. 6), characterizes the power of the
in the mean regional precipitatioR=I1/S in a river basin  biotic pump of atmospheric moisture: the biotically induced
of linear sizeL is proportional toL. For example, for the ocean-to-land moisture flux does not decrease exponentially
Amazon river basir.~3x10° km, which means that Ama- with distance from the ocean and it is more than an order of
zonian deforestation would have led to at leadt/dg~ 5- magnitude larger than in the biotically non-controlled state.
fold decrease of mean precipitation in the region. This ef-At any distance from the ocean and under any fluctuations
fect, i.e. a 80% reduction in precipitation, is several timesof the external geophysical conditions this moisture flux pre-
larger than the available estimates that are based on globaknts forest soil from drying. As follows from the above ra-
circulation models not accounting for the proposed biotictio, geophysical fluctuations of the precipitation regime can
moisture pump. According to such model estimates, de-be no more than 10% as powerful as the biotic pump. Rel-
forestation of the Amazon river basin would have led to ative fluctuations of river runoff are dictated by fluctuations
(M—T1g)/S=270+60 mmyear! (+1 s.e.,n=22 models) in the work of the biotic pump, i.e. they do not exceed 10%
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of its power either. This prevents floods in the forested riverare pressure and mass density of moist air as a whole, respec-
basin. tively. Equation 8) can be written for gases as well as liquids

In the theoretical consideration of moisture recycling and is often called the equation of hydrostatic equilibrium. It
(Savenije 19960 precipitationP is ultimately related to the should be stressed that while the fulfilment of Ed) for
horizontal flux of moisture, which is considered as an abioticeach mixture constituent guarantees the fulfillment of By. (
geophysical constraint, an independent parameter; evaporder mixture as a whole, the opposite is not true.
tion E is known to be affected by vegetation; and rungff Atmospheric gases are close to ideal and conform to the
is the residual ofP and E. This consideration, where both equation of state for ideal gas:
P and R can be arbitrarily high or low, corresponding to ei-

RT
ther droughts and floods, should hold well for non-forestedp; = N;RT = p;gh;, hi = —,
regions like deserts, agricultural lands etc. Mig
_Inthe biotic pump consideration a different meaningis as-  , — NRT = pgh, h = E, ©)
signed to the budgeP=E+R. In the biotically controlled Mg
forest environment runofR is determined by the biotically N = ZNZ" M = p/N,

maintained high soil moisture, total evaporatiBiis dictated
by solar energy, and precipitatiof is biotically regulated ~ whereT is absolute air temperature at heighR=8.3 J K~1
(via the biotically regulated flu¥) to balance the equation. mol~1! is the universal gas constant. Therefore, Ej.and
In this consideration it is clear that, as is also confirmed byits solution can be written in the following well-known form
observations, in natural forests neither floods nor disastrougl. andau and Lifschitz1987 McEwan and Phillips1975:
diminishment of runoff can normally occur throughout the

. . z
year. Summing up, the undisturbed natural forests create aﬁlﬂ - & i(z) = pisexp(— d_Z} (10)
e d n Pi Pis o
autonomous cycle of water on land, which is decoupled from 4% i 0 M

whatever abiotic environmental fluctuations. We will now where p;, is partial pressure of theth gas at the Earth’s
consider the physical and biological principles along which syrface.
this unique biotic mechanism functions. Aerostatic equilibrium of the gas mixture as a whole can-
not be written in the form of a single differential equation
with exponential solution10), as far as functionsv (9)
and p (8) depend in different ways on molar concentra-
tions ;. In the troposphere, according to observations (see,
e.g.,McEwan and Phillips1975, gases of dry air have one
and the same vertical distribution with molar magg=29
gmol~t independent of height. As far aspy/hs=pag.
hg=RT/(M;g), hys=8.4km, see Eq.9), dry air obeys
In this section we describe a physical effect, which, as weEd. () for hydrostatic equilibrium (if it is written fop, and
show, plays an important role in the meteorological processeg« instead ofp andp). Butdry air is not in aerostatic equilib-
on Earth, but so far remains practically undiscussed in theium; vertical distribution of each particulaith dry air con-
meteorological literature. stituent does not conform to Eq<) (and (L0), eventhough
Aerostatic equilibrium of a gas mixture like moist air Vertical distribution of dry air as a whole (low inde} for-
means that changép; of partial pressurg; of thei-th gas ~ Mally obeys Eqgs.1(0) ati=d. Moist air does not conform to
over vertical distancéz is balanced by the weight of this gas €ither Eq. {) or Eq. @).

3 Physical foundations of the biotic pump of atmo-
spheric moisture

3.1 Aerostatic equilibrium, hydrostatic equilibrium and the
non-equilibrium vertical distribution of atmospheric
water vapor

in the atmospheric layer of thicknegs (Landau and Lifs- Aerostatic equilibrium of atmospheric water vapor (low
chitz, 1987: index v) with molar massM,=18g mof? is described
. by Eq. 0) with i=v and h; replaced byh,=RT/M,g,
_ api = pig. 7) hys=RT;/M,g=135km.
dz Immediately above wet soil or open water surface, water
If each gas in the mixture obeys Eq),(for the mixture asa  VaPOr is in the state of saturation. The dependence of partial
whole one has pressurepn,o of saturated water vapor on air temperature
T is governed by the well-known Clapeyron-Clausius law
_dp = pg: (8) (Landau et a].1965:
dz ’
dpH,0 PH,0 f ¢ dz
= iy = ;| = NiM;. —22——2, = expi— ,
p sz P Zpl Z i M dz Ith,0 PH,0 = PH,0s EXP 0 tho}
Herep; (g m—3) andN; (mol m~3) are mass density and mo- B T2 _ OH,0 _ 300 11
lar density of the-th gas at height, M; (g molt) is its mo- hr,0 = —dr____ Th,0 = ~5 K (1)
lar massg=9.8 ms2 is the acceleration of gravity; andp (=710
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where, as everywhere else, low indesefers to correspond- At I'>T'h,0 the situation is quite different. In this case
ing values at the Earth's surfac@n,0~44kImot! is the  atmospheric water vapor cannot be in aerostatic equilibrium,
molar latent heat of evaporization. Eq. (7), in that part of the atmospheric column where it is

Equations {1) have the same form as the aerostatic equi-saturated, i.e. wherp, (z)=pH,o(T(z)). Due to the steep
librium equations 10), but with a different height parameter decline of air temperature with height, the atmospheric col-
hu,0, Which, in the case of water vapor, depends on the atumn abovez cannot bear a sufficient amount of water va-
mospheric lapse raté of air temperaturel’=—dT/dz. por for its weight to compensate saturated water vapor par-

Written for water vapor withi, instead ofi;, Egs. (L0) tial pressure at height The excessive moisture condenses
formally coincide with Egs.X2) if the equalitysn,0=h, is and precipitates. The lapse rate of water vapor partial pres-
fulfilled. This equality can be solved for the atmospheric sure,—dp,/dz, is larger than the weight of a unit volume
temperature lapse raté. The obtained solutiod=T",0 of saturated water vapor, Eq7)( There appears an uncom-
corresponds to the case when water vapor is saturated in thgensated force acting on atmospheric air and water vapor.
entire atmospheric column and at the same time is in aeroUnder this force, upward fluxes of air and water vapor orig-
static equilibrium, i.e. at any heightits partial pressure is inate that are accompanied by the vertical transport of latent
equal to the weight of water vapor in the atmospheric columnheat. With water vapor continuously leaving the surface layer
abovez. Equating the scale heights=RT/M,g, Eq. (LO) for the upper atmosphere, saturation of water vapor near the

andhn,o, Eq. (11), we arrive at the following value dfy,o: surface can be maintained by continuous evaporation and ad-
vective (horizontal) inputs of water vapor. In the imaginary
_dr _ r T =T,e /M, case when evaporation discontinues, all atmospheric water
dz H’ vapor ultimately condenses and the stationary global partial
dT 5 1 pressure of atmospheric water vapor will be zero. In contrast,
—— =TIny0=— =12Kkm™, (12) :
dz H atI"<T'n,0 any surface value of water vapor partial pressure
RTw,0 DPvs <pH,0(Ts) can be stationarily maintained in the absence
Myg poration.

Violation of aerostatic equilibrium is manifested as a
Note that due to the large value 8£>h,, h,/H~0.05«<1,  strong compression of the vertical distribution of water va-
one can put exp-z/H)~1 for any z<h,, which we did  por as compared to the distribution of dry atmospheric air,
when obtaining Eq.142). In Eq. (2 T'h,o=12Kkm! Eqg. (10) for i=d (d stands for dry air). At the observed mean
is calculated for the mean global surface temperatureatmospheric value df=I",,=6.5K km1, see Appendid,
T,=288 K. Differences in the absolute surface temperaturesyve obtain from Eqgs.10), (11) and (L2):
of equatorial and polar regions change this value by no more h r,, M,T,
d ob
than 10%. — == ﬂs . Bs =35, (13)
The obtained value of'y,0=12Kkm=1, Eq. (12), is M0~ Thpo My T
a fundamental parameter dictating the character of atmoThe compression coefficient grows weakly withz due
spheric processes. to the z-dependent drop of temperatufecorresponding to
WhenT <Ty,0, Water vapor in the entire atmosphere is I'op=6.5K km~1. At z=hn,0, which defines the character-
in aerostatic equilibrium, but it is saturated at the surfaceistic vertical scale of water vapor distributiofi, increases
only, i.e. p,(z)<ph,o(T (z)) for z>0 and p, (z)=ph,o(Ts) by 5% compared to its value at the surfgge Ignoring
for z=0, wherep, is partial pressure of water vapor at height this change and putting constant a=pg; we obtain from
z (and pp,0, as before, is the saturated pressure of waterEgs. (0), (11), and @3):
vapor at7T (z)). Relative humidityp, /pn,o0 decreases with DH, o(z)
height. As far as in the state of aerostatic equilibrium wa- exp{— /

. . PH,0s thO
ter vapor partial pressure,, as well as partial pressures . @)
of other air gases, at a given heightire compensated by = exp{— ﬂ } {M}ﬁ_ (14)
the weight of these gases and water vapor in the atmospheric Dds

column above, in this state macroscopic fluxes of air and Equation (14) shows that the vertical distribution of water va-
water vapor in the atmosphere are absent. Evaporation angor in the troposphere is compressed 3.5-fold as compared to
precipitation are zero at any surface temperature. Solar radithe vertical distribution of atmospheric air. Its scale height
ation absorbed by the Earth’s surface makes water evaporatey,o; is calculated agn,os=h;/Bs=2.4 km. This theoreti-
from the oceanic and soil surface, but the evaporated watecal calculation agrees with the observed scale herghtkm
undergoes condensation at a microscopic distance above thaf the vertical profiles of atmospheric water vap@opdy
surface, which is of the order of one free path length of waterand Yung 1989 Weaver and Ramanathgtf95.

vapor molecules. Energy used for evaporation is ultimately Let us now emphasize the difference between the physical
released in the form of thermal radiation of the Earth’s sur-picture that we have just described and the traditional con-
face, with no input of latent heat into the atmosphere. sideration of atmospheric motions. The latter resides on the
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notion of convective instability of the atmosphere associated mbar

with the adiabatic lapse rai&, (dry or wet). If an air parcel 20 (a)
is occasionally heated more than the surrounding air, it ac- szo(z)

quires a positive buoyancy and, under the Archimedes force, 16

can start an upward motion in the atmosphere. In such a case 12
its temperature decreases with heighdt a ratel’,. If the
environmental lapse rate is steeper thai',, I'>T',, the
rising parcel will always remain warmer and lighter that the
surrounding air, thus infinitely continuing its ascent. Similar
reasoning accompanies the picture of a descending air par-

8

=

cel initially cooled to a temperature lower than that of the 0 2 4 z, km6 8 10
surrounding air. On such grounds, it is impossible to deter- mbar km™
mine either the degree of non-uniformity of surface heating
: C . o 10 (b)

responsible for the origin of convection, or the direction or
velocity of the resulting movement of air masses. After av- s\S?
eraging over a horizontal scale exceeding the characteristic 6
height 2 of the atmosphere, mean Archimedes force turns
to zero. This means that the total air volume above an area 4 J
greatly exceeding? cannot be caused to move anywhere by 2
the Archimedes force. 7

According to the physical laws that we have discussed, up- o
ward fluxes of air and water vapor always arise when the 2 4 z’km6 8 10

environmental lapse rate excedds,o=1.2 Kkm~1. This

critic_al value is significantly lower thar; either dr_y or wet adi- Fig. 3. Water vapor partial pressure and evaporative force in the
abatic lapse ratels, (9.8 and~6 Kkm~=, respectively). The  terrestrial atmosphere(a) Saturated partial pressure of water va-

physical cause of these fluxes is not the non-uniformity ofor PH,0(2), EQ. (L1), and weight of the saturated water vapor
atmospheric and surface heating, but the fact that water va- I PH0(Z)

por is not in aerostatic equilibrium and its partial pressure is” ¢ 9= ThGy ) _ .

not compensated by its weight in the atmospheric columnz atT',,=6.5Kkm~*. Saturated pa(tlal pressure at _the surface is

Fig. 3a. The resulting force is invariably upward-directed, ?H»0(9)=20mbar.(b) The upward-directed evaporative forgg,

Fig. 3b. It equally acts on air volumes with positive and neg- =9- 46), équal to the difference between the upward directed pres-

ative buoyancy, in agreement with the observation that atmo> ure.grad'em forcgft (z) and the downward directed weigfy of
.o ’ - . iy a unit volume of the saturated water vapfg=fy— f -

spheric air updrafts exhibit a wide range of both positive and

negative buoyancie$-6lkins 2006§. Quantitative consider-

ation of this force, which creates upwelling air and water va- For saturated water vapop,=ph,o, under conditions
v=FH0:

por fluxes and supports clouds over large areas of the Earth’gf the observed atmospheric lapse raig=6.5K km~1

surface, makes it possible to estimate characteristic veloci\—Nheanzo is given by Eq. £1), we have from Eq.15):

ties of the vertical and horizontal motions in the atmosphere,

dz' in the atmospheric column above height

which is done in the next sections. dpH,0 PH,0 1 1
L T
. . . . v 2 v
3.2 Vertical fluxes of atmospheric moisture and air —(B—B)pyg. (16)

The Euler equation for the stationary vertical motion of moist Here g, =1, / M~0.62, 8 is given by Eq. 3), Y=pH,0/p
air under the forcg’z generated by the non-equilibrium pres- s mixing ratio of saturated water vapofi,=RT/M,g.

sure gradient of atmospheric water vapor can be written agince y«1, we put with a very good accurady=M,,
follows (Landau and Lifschitz1987):

P=04d-
1 dw? dp dp Force fr, Eqg. (L6), acting on a unit moist air volume
Epd_:_d__’og:_ dv_p”gE fE (15) is equal to the difference between the upward directed
Z Z Z

pressure gradient forcg, (z) associated with partial pres-
Here p=ps+p, and p=p4+p, are density and pressure of sure of the vertically compressed saturated water vapor,
moist air at height;, respectively;ps, o, and py, p, are fr(@=—dpn,0(z)/dz=pn,0/ hH,0, and the downward di-
density and pressure of dry air and water vapor at height rected weightf, of a unit volume of the saturated water va-
respectivelyw is vertical velocity of moist air at height it por, fi=pH,0(z)/ hy: fE=f1—f), Fig.3b. Due to the ver-

is taken into account that dry air is in hydrostatic equilibrium, tical compression of water vapor as compared to the state of
i.e.—dpa/dz—pig=0. hydrostatic equilibrium of dry air, at any heighthe pressure
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of moist air,p=p4+ pH,0, becomes larger than the weight of distribution of water vapor, Eq.16), is the dynamic state
the atmospheric column aboyeso force f¢ arises. Acted  when parcels of moist air move under the action of the evap-
upon by this upward directed force at any heightolumes  orative force. According to the law of matter conservation,
of moist air start to rise tending to compensate the insufficientmovement trajectories should be closed for air molecules and
weight of the atmospheric column abaye partially closed (taking into account condensation and pre-
As can be seen from Eql®), force fg is proportional  cipitation of moisture) for the water vapor. The particular
to the local concentratioWy,0=pH,0/RT of the saturated shape of these trajectories will be dictated by the boundary
water vapor. As far as the ascending water vapor moleculesonditions.
undergo condensation, the stationary existence of fgds Flux of H,O molecules through the liquid-gas interface is
only possible in the presence of continuous evaporation frondetermined by temperature only. At fixed temperature it is
the surface, which would compensate for the condensationthe same al"’<I'h,0 andI'>T'n,0. At I'<I'n,0 the evap-
It is therefore natural to term forcge, Eq. (16), as the evap- orative force is equal to zero; evaporation, i.e. flux of water
orative force. vapor from the liquid water surface to the macroscopic at-
As is well-known, the horizontal barometric gradient force mospheric layers, is absent; the temperature-dictated flux of
accelerates air masses up to certain velocities when the reH,0 molecules from liquid to gas is compensated by the re-
evant Coriolis force caused by Earth’s rotation comes intoverse flux of molecules from gas to liquid at a microscopic
play. It grows proportionally to velocity and is perpendicu- distance from the surface. At>I"y,0 the evaporative force
lar to the velocity vector. These two forces along with the is not zero; it “sucks” water vapor (and air) up to the atmo-
centrifugal force of local rotational movements, the turbulentsphere from the microscopic layer at the surface; there ap-
friction force describing the decay of large air eddies into pears a non-zero evaporation. The evaporative force acceler-
smaller ones, and the laws of momentum and angular moates moist air until the dynamic upward flux of water vapor
mentum conservation together explain the observed atmowNn,0 becomes equal to the stationary evaporation fux
spheric circulation patterns like gradient winds in cyclonesdetermined by solar radiation. After this value is reached at
and anticyclones, cyclostrophic winds in typhoons and torna-a certain (quite small) height in the atmosphere, the ac-
does, as well as geostrophic winds in the upper atmosphereeleration starts to drop very rapidly with height, because
where turbulent friction is negligible. However, the origin, local water vapor concentration drops below the saturated
magnitude and spatial distribution of the horizontal baromet-value, relative humidity becomes less than unity, water va-
ric gradient — the primary cause of atmospheric circulationpor tends to aerostatic equilibrium and the evaporative force
— has not so far received a satisfactory explanatianenz drops sharply, Eq.15). In the result, vertical velocity of
1967). Below we show that the observed values of the baro-moist air can remain practically constant at any height in the
metric gradient are determined by the magnitude of the evapatmospheric column. At some height of the ordengio,
orative force. The various patterns of atmospheric circula-where water vapor reaches saturation, the evaporative force
tion correspond to particular spatial and temporal changes ifincreases. In the stationary case it compensates for the fric-
the fluxes of evaporation, so the evaporative force drives theion force acting on water droplets appearing in the course of
global atmospheric circulation. water vapor condensation, thus maintaining clouds at a cer-
In agreement with Dalton’s law, partial pressures of differ- tain height in the atmosphere, as well as for the friction force
ent gases in a mixture independently come in or out of theacting on the horizontally moving air at the surface.
equilibrium. The non-equilibrium state of atmospheric wa- In the stationary case the dynamic ascending flux of moist
ter vapor cannot bring about a compensating deviation fromair removingw Ny,o mol water vapor from unit surface area
the equilibrium of the other air gases, to zero the evaporaper unit time, wherew is vertical velocity, should be com-
tive force. (In such a hypothetical case the vertical distri- pensated by the incoming fluX bringing moisture to the
bution of air would be “overstretched” along the vertical, in considered areaK=wNn,0. On the global averagek
contrast to the distribution of water vapor which is vertically is fixed by flux E of evaporation from the Earth’s surface.
compressed as compared to the state of aerostatic equili=or the global mean value @&~10°kg H,O m2 year?!
rium.) A non-equilibrium vertical distribution of air con- ~55x10°mol m~2 year! and saturated water vapor con-
centration would initiate downward diffusional fluxes of air centration at the surfac®¥w,o0s=0.7 mol m~3 at the global
molecules working to restore the equilibrium. As soon asmean surface temperatufe=288 K we obtain
air molecules undergo a downward diffusional displacement, — 1
the weight of the upger atmospheric column dimir?ishes ren—wf:E / NHpo=2.5mms = (17)
dering partial pressure of the water vapor uncompensatedf K is determined by evaporation supported by advective
and the evaporative force reappears. (A similar effect wherheat fluxes or directly by the horizontal advective moisture
a fluid-moving force arises in the course of diffusion of fluid inputs from the neighboring areas, its value can significantly
mixtures with initially non-equilibrium concentrations is in- exceed mean local evaporati@gh In such a case vertical
herent to the phenomenon of osmosis.) Thus, the only posvelocity of moist air movement under the action of the evap-
sible stationary state in the case of non-equilibrium verticalorative force can reach its maximum valugax, When the
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evaporative force accelerates air parcels along the entire aphysical properties of state, in particular, by the mean veloc-
mospheric column. Using the expression for air pressuraty and free path length of air molecules. In contrast, turbu-

p~pq given by Eq. 10) for i=d, the approximate equality in lent fluxes are caused by air eddies that are maintained by
Eq. (14), and recalling thap=p/gh, one can estimat@emax certain physical forces acting on macroscopic air volumes

from Eq. (L6) as and making them move; thus, the eddy diffusion coefficient
~ . 4o depends on air velocity. Therefore, using the empirically es-

wmax=[2(8 — ,Bv)g)/s/ dz exp{—/ B-1)Z i~ tablished eddy diffusion coefficient for the determination of
0 0 h the characteristic air velocity via the scale length of the con-

~ \/2y,gh; ~50ms?1. (18)  sidered problem, a common feature of many theoretical stud-
ies of global circulation, e.g.Fang and Tungl999, repre-
wherey,=pp,05/ ps~2x 107, hy=8.4km, g=9.8ms™2. sents a circular approach. It sheds no light on the physical
The obtained theoretical estimate EQ8) is in good  nature and magnitude of the primary forces responsible for
agreement with the maximum updraft velocities observed ingjr motions.
typhoons and tornadoes (e 8mith 1997. The value of As is well-known, eddy diffusion coefficient can be es-
wmax EQ. (L8), exceeds the global mean upward velocity timated if one knows the characteristic velocity and linear
wz, Eq. (17), which is stationarily maintained by the global scale of the largest turbulent eddigsafidau and Lifschitz
mean evaporatiot at the expense of solar energy absorbed1987). Theoretically obtained vertical velocity, Eq. (17),
by the Earth's surface, by10* times. Such velocities can and the scale heighity,0~2 km of the vertical distribution
be attained if only there is a horizontal influx of water vapor of atmospheric water vapor make it possible to estimate the
and heat into the considered local area where the air massegobal mean atmospheric eddy diffusion coefficient (which,
ascend, from an adjacent area which~i$0* times larger,  for atmospheric air, coincides with the coefficient of turbu-
i.e. from a distance one hundred of times greater than théent kinematic viscosity) as~wzhu,0~6 M s~1. This es-
characteristic maximum wind radius in tornadoes and hurri-timate agrees in the order of magnitude with, but is about
canes. two times greater than, the phenomenological value~3.5
Movement of air masses under the action of the evaporam?s~1 used in global circulation studie§gng and Tung
tive force follow closed trajectories, which have to include 1999.
areas of ascending, descending and horizontal motion. The However, when obtaining the estimate of vertical
vertical pressure differenc®p, associated with the evapora- velocity wz, Eq. (17), it was assumed that the mean
tive force is equal ta\p.~pn,0~10"2?p,, wherep,=10°Pa  global flux of evaporationE is equal to the vertical
is atmospheric pressure at the Earth’s surface. The value adynamic flux F,=wzNu,0 of water vapor, E=F,,
Ap., about one per cent of standard atmospheric pressureyhile in reality it is equal to the sum of the dynamic
should give the scale of atmospheric pressure changes atthg, and eddy F, fluxes of water vapor, E=F,+F,.
sea level in cyclones and anticyclones; this agrees well withThe upward eddy flux of water vapor is equal to
observations. Given that the scale lengthf the areas with Fv:—v[aNHzo/az—(8NHzo/az)o]=vhﬁ210NHzo(1—/3v/ﬂ) =
consistent barometric gradient does not exceed several thoquNHzoxo,sz at v=wghn,o. Thus, the account
sand kilometers, at~10° km the horizontal barometric gra- of eddy flux reduces the estimate of vertical veloc-
dient is estimated adp/dx~Ap./r~1Paknrl. Again, this ity wz by 1.82 times, fromwfzf/Fw, Eq. (17), to
theoretical_estimate agrees weI_I with characteristic magni- +=E/(Fy+F,)=13mms . The resulting estimate of
tude of horizontal pressure gradients observed on Earth.  the global mean eddy diffusion coefficient=3.3m? s—1
Taking into account that movement of air masses undefyractically coincides with the phenomenological value. This
the action of the evaporative force with a mean vertical Ve-lends further Support to the statement that the observed
locity wg, Eq. (L7), is the cause of the turbulent mixing turbulent processes in the atmosphere and atmospheric
of the atmosphere, it is also possible to obtain a theoretitjrculation are ultimately conditioned by the process of
cal estimate of the turbulent diffusion coefficient for the ter- eyaporation of water vapor from the Earth’s surface at the
restrial atmosphere. If there is a gradient of some variableghserved™,,=6.5 K km~! and are generated by the evapo-
C in the atmosphere, the diffusion fluX, of this variable  rative force, Eq.16). Finally, we note that the evaporative
is described by the equation of turbulent (eddy) diffusion, force equally acts on all gases irrespective of their molar
Fy=—v[0C/3z—(dC/dz)ol, where(dC/dz)o is the equilib-  mass, so when the ascending air parcels expand, the relative
rium gradient and the eddy (turbulent) diffusion coefficient gmount of the various dry air components does not change.
v (m?s~?) (kinematic viscosity) does not depend on the na- This explains the observed constancy of dry air molar mass

ture of the variable or its magnitude. This relationship is for- Md (|e constant mixing ratios of the dry air Constituents)
mally similar to the equation of molecular diffusion. How- over heightz.

ever, molecular diffusion fluxes are caused by concentration
gradients alone, with no forces acting on the fluid. Molecu-
lar diffusion coefficient is unambiguously determined by the
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3.3 Horizontal fluxes of atmospheric moisture and air ther enhances terrestrial evaporation. As the evaporation flux
grows, so do the fluxes of moist air from the ocean. They
Based on the physical grounds discussed in the previous twgradually spread inland to the drier parts of the continent
sections, it is possible to formulate the following physical and weaken exponentially with distance from the ocean, see
principle of atmospheric motion. If evaporation fluxes in two Egs. (1), (3) and Fig.2a. Notably, an indispensable condi-
adjacent areas are different, the ascending fluxes of moision for summer monsoon is the considerable store of water
air are different as well. Therefore, there appear horizon-on land, which sustains appreciable evaporation year round.
tal fluxes of moist air from the area with weaker evaporationin deserts, in spite of even greater seasonal differences be-
to the area where evaporation is more intensive. The resulttween land and ocean surface temperatures, the evaporation
ing directed moisture flow will enhance precipitation in the on land is practically absent, so no ocean-to-land fluxes of
area with strong evaporation and diminish precipitation inmoisture can originate in any season.
the area with weak evaporation. In particular, it is possible Although the vegetation of savannas does support some
that moisture will be brought by air masses from dry to wet non-zero ground stores of moisture and fluxes of evapora-
areas, i.e. against the moisture gradient. This is equivaleniion, the absence of a contiguous cover of tall trees with high
to the existence of a moisture pump supported by the energjeaf area index prevents such ecosystems from increasing
spent on evaporation. This pattern provides clues for severadvaporation up to a level when the appearing flux of atmo-
important phenomena. spheric moisture from the ocean would compensate runoff
First, it explains the existence of deserts bordering, likefrom the optimally moistened soil. The biotic pump of at-
Sahara, with the ocean. In deserts where soil moisture storasiospheric moisture does not work in such scarcely vege-
are negligible, evaporation from the ground surface is practated ecosystems; precipitation weakens exponentially with
tically absent. Atmospheric water vapor is in the state ofdistance from the ocean, Figa.
aerostatic equilibrium, Eq.10), so the evaporative force, The phenomenon of trade winds (Hadley circulation) can
Eq. (16), in desert is equal to zero. In contrast, evaporationalso be explained on these grounds. As far as in the station-
from the oceanic surface is always substantial. The upwardary case solar radiation is the source of energy for evapora-
directed evaporative force is always greater over the oceation, the increase of the solar flux towards the equator should
than in the desert. It makes oceanic air rise and effectivelybe accompanied by a corresponding increase of evaporation
“sucks in” the desert air to the ocean, where it replaces thelux E, evaporative forcefr, Eq. (16), and vertical velocity
rising oceanic air masses at the oceanic surface4igthe  w, Eq. (L7). The intensive ascent of moist air on the equator
reverse ocean-to-desert air flux occurs in the upper atmohas to be compensated by horizontal air fluxes originating
sphere, which is depauperate in water vapor. This moistureat higher latitudes and moving towards the equator, where
poor air flux represents the single source of humidity in thethey ascend and travel back in the upper atmosphere4drig.
desert. Its moisture content determines the stationary relaSubsidence of dry air masses at the non-equatorial border of
tive humidity in the desert. To sum up, due to the absence oHadley cells diminishes water vapor concentration in these
surface evaporation, deserts appear to be locked for ocean#reas, producing an additional, unrelated to the geography
moisture year round, Figla. of solar radiation, decrease of the evaporative force. This
In less arid zones like savannas, steppes, irrigated landgreates favorable conditions for Ferrel circulation, i.e. move-
some non-zero evaporation from the surface is presenient of air masses from subtropics to higher latitudes.
throughout the year. Land surface temperature undergoes Finally, natural forest ecosystems can ensure the necessary
greater annual changes than does the surface temperature @fean-to-land flux of atmospheric moisture in any direction.
the thermally inert ocean. In winter, the ocean can be warmeDue to the high leaf area index, which is equal to the total
than land. In such a case partial presseigo of water vapor  area of all leaves of the plant divided by the plant projection
in the atmospheric column over the ocean is higher than orarea on the ground surface, the cumulative evaporative sur-
land. The evaporative force is greater over the ocean as welface of the forest can be much higher than the open water sur-
In the result, a horizontal land-to-ocean flux of air and mois-face of the same area. Forest evaporation can be several times
ture originates, which corresponds to the well-known phe-higher than the evaporation flux in the ocean, approaching
nomenon of winter monsoon (dry season), Big. the maximum possible value limited by solar radiation. Max-
In contrast, as the warm season sets in, land surface heatsium evaporation, corresponding to the global mean solar
up more quickly than does the ocean and, despite the precedlux absorbed by the Earth’s surfate-150 W nT2, is about
ing dry winter season, the evaporation flux from the land sur-1 /(p; Qn,0)~2 myear?, where p;=5.6x10* molm=3 is
face can exceed the evaporation flux over the colder ocearthe molar density of liquid water. (Note that this maximum
There appears an air flux transporting oceanic moisture te@vaporation does not depend on surface temperature.) Global
land known as summer monsoon (rainy season),4¢igln evaporation from the oceanic surface is substantially lower,
the beginning, only the wettest part of land, the coastal zoneabout 1.2 myear' (Lvovitch, 1979. Intensive ascending
can achieve an evaporation flux in excess of the oceanic ondluxes of moist air generated by forest evaporation induce the
This initiates the fluxes of moist air, precipitation and fur- compensating low-level horizontal influx of moisture-laden
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desert locked for moisture winter monsoon summer monsoon

natural forest

tropic equator tropic

Hadley circulation biotic pump of atmospheric moisture

Fig. 4. The physical principle that the low-level air moves from areas with weak evaporation to areas with more intensive evaporation
provides clues for the observed patterns of atmospheric circulation. Black arrows: evaporation flux, arrow width schematically indicates the
magnitude of this flux (evaporative force). Empty arrows: horizontal and ascending fluxes of moisture-laden air in the lower atmosphere.
Dotted arrows: compensating horizontal and descending air fluxes in the upper atmosphere; after condensation of water vapor and precip:
itation they are depleted of moisturéa) Deserts: evaporation on land is close to zero, so the low-level air moves from land to the ocean
year round, thus “locking” desert for moistui®) Winter monsoon: evaporation from the warmer oceanic surface is larger than evaporation
from the colder land surface; the low-level air moves from land to the océgrSummer monsoon: evaporation from the warmer land
surface is larger than evaporation from the colder oceanic surface; the low-level air moves from ocean(th) ladley circulation (trade

winds): evaporation is more intensive on the equator, where the solar flux is larger than in the higher latitudes; low-level air moves towards
the equator year round; seasonal displacements of the convergence zone follow the displacement of the area with maximum(@)solation.
Biotic pump of atmospheric moisture: evaporation fluxes regulated by natural forests exceed oceanic evaporation fluxes to the degree wher
the arising ocean-to-land fluxes of moist air become large enough to compensate losses of water to runoff in the entire river basin year round.

air from the ocean. When the incoming air fluxes ascend, thanospheric moisture inland from the ocean via the coastline.
oceanic moisture condenses and precipitates over the forestherefore, the total flu¥'(0) of moisture from the ocean to
Unburdened of moisture, dry air returns to the ocean fromthe river basin, which compensates the total runoff, is propor-
land in the upper atmosphere. tional to the number of trees in the forest and, consequently,
As far as in the natural forest with high leaf area index to the area of the forest-covered river basin. According
evaporation, limited by solar radiation only, can exceed evap1o the law of matter conservation (continuity equation), the
oration from the ocean all year round, the corresponding horhorizontal flux of moisture via the vertical cross-section of
izontal influx of oceanic moisture into the forest can persistthe atmospheric column along the coastliR¢d)=W,u Dh,
throughout the year as well, Fide. Here lies the difference whereD is the coastline length (basin widtH) ;s the height
between the undisturbed natural forest and open ecosysten® moist atmospheric columa,is horizontal air velocity and
with low leaf area index. In open ecosystems with low leaf W, (kg H2O m~2) is the moisture content in the atmospheric
area index the ocean-to-land flux can only originate whencolumn, should be equal to the ascending flux of moisture
the land surface insolation and temperature are higher thaacross the horizontal cross-section of the atmospheric col-
on the oceanic surface, Figt, c. umn above the entire river basin of arBd., which is equal
Total force causing air above the natural forest canopy tol® Waws DL, wherews is the vertical velocity of air motion.
ascend is equal to the sum of local evaporative forces genErom this we obtainvf=uh/L.
erated by local evaporation fluxes of individual trees. On The magnitudes of the velocities; and u are deter-
the other hand, this cumulative force acts to pump the atmined by the condition that the power developed by the
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evaporative force in the atmospheric column above the forsituated in higher latitudes than the forested river basin itself.
est canopy is equal to the power of dissipation of the hori-This explains the stable existence of the forested basins of the
zontal air fluxes near the Earth’s surface. The powegrof Great Siberian Rivers.
the evaporative forcgr over the forest canopy is equal to  Inthe meantime, pumping of atmospheric moisture to land
Ag=fEwthn,oDL~p(B—PBy)ysgwihn,0DL, see Eq. 16). from a warm ocean, which is realized in the tropical river
The power of dissipatiom r, associated with the friction basins, is a more complex problem. If the flux of evaporation
force fy, isequal toA = fr,uzs DL. Friction force isequal  from the warm oceanic surface exceeds the evaporation flux
to ffr=pv82u/8z2=,ovu/zs2 (Lorenz 1967, wherez; is the from the forest canopy, there appears a land-to-ocean flux of
height of the surface layer where velocitychanges rapidly — atmospheric moisture, which, together with the river runoff,
with height due to substantial friction. Taking into account will act to deplete forest moisture stores. To avoid this, it
that v~wthp,o0, We haveffrzpwthzou/zf . Equating is necessary for the forest to maintain high evaporation at
powersAg andd s, we obtain(B—pBy)ysg~u?/zs. Taking all times. Even if during the most unfavorable season of the
zs~ 25 m andy,~2x 102, we obtain an estimate of the hor- warmest oceanic temperatures this flux will nevertheless pre-
izontal velocityu ~ 4m s™1, which coincides in its order of  vent the moisture of the atmospheric column above the forest
magnitude with the observed global mean wind sp&aas(  from being blown away to the ocean. Thus, we come to a
tavson 1979. non-trivial conclusion that the more moisture is evaporated
Horizontal velocityu sufficient for the compensation of from the land surface, the less moisture is lost by land. High
the river runoffR from the optimally moistened soil in the transpiration rates observed in the Amazon forests during the
river basin of areaDL covered by natural forest is calcu- dry seasonda Rocha et al2004) can well serve this goal.
lated from the relationshi® DL=W,uD. For example, for In the next section we consider the physical principles of
the tropical Amazon we hav@~10°kg H,O m—2year!  efficient moisture retention under the closed canopy, which
(Marengg 2004, W,~50 kg H,O m~2 (Randel et al.1996  prevent uncontrollable losses of atmospheric moisture and
and L~3000km, Fig.2b, sou=RL/W,~16m s and  allow the trees to maintain high transpiration power indepen-
wr=Rh/W,~5.6mms™* ath=8.4km, see Eq.10). Itfol-  dent of rainfall fluctuations.
lows from the relationships>wz~1.3mms1, (where the
estimate ofw, Eq. (17), is corrected taking into accountthe 3.4 Water preservation by closed canopies
turbulent flux of water vapor, as discussed above) that only
undisturbed natural forests with closed canopies and highn natural forest ecosystems with well-developed closed
leaf area index can maintain optimal soil moisture contentcanopies the daytime air temperature increases in the upward
at any distance from the ocean at the expense of pumpingirection, i.e. itis higher in the canopy than at the ground sur-
atmospheric moisture from the ocean. This is because onlyace Shuttleworth 1989 Kruijt et al., 200Q Szarzynski and
such ecosystems are able to ensure evaporation fluxes grea#nhuf, 2001), because the incoming solar radiation is pre-
exceeding the fluxes of evaporation from the open water surdominantly absorbed in the canopy. When canopy temper-
face of the ocean. atureT, exceeds ground temperatufg, the under-canopy
The outlined principles of horizontal air motions, Fg—  lapse rate becomes negatiVe=—dT /dz~(T,—T,)/z. <0,
e, allow one to make several generalizations. First, if thewherez. is the canopy height reaching several tens of me-
coastal zone of widtti~600km is deforested, the flow of ters in natural forests. As far d&<0<I'n,0=1.2Kkm™1,
oceanic moisture to the inner part of the continent is switchedn this case, according to the results of the previous sections,
off, thus dooming the inner continental forest to perish. Onwater vapor under the canopy remains in aerostatic equilib-
the other hand, a narrow band of forest along the coast candum. Evaporation from soil and the upward fluxes of wa-
not develop a power high enough for pumping atmospherider vapor from beneath the canopy are absent. Water va-
moisture from the ocean in amounts sufficient for keepingpor partial pressure, conforms to Eq.10) (with p; andh;
the entire continent moistened and for supporting powerfulchanged fop, and#,, respectively) and remains practically
river systems. Moreover, if the inner part of the continent is constant under the canopy with<h,, p,(2)~p,(0)=py;s.
turned to an extensive desert with negligible evaporation, theRelative humidityR H (z), which is equal to 100% imme-
originating horizontal land-to-ocean air fluxes, cf. FHg, diately above the wet soil surface, decreases with height
may become more powerful than the small ocean-to-land aias R H (z)=1/ exp{[TH,o/ Ts1—[TH,0/ T ()1}, cf. Egs. (0)
fluxes maintained by the narrow forest band near the coast@and (L1) and see%zarzynski and AnhuR001) for data.
In such a case the forest will aridify and die out despite its The daytime aerostatic equilibrium of the saturated water
immediate closeness to the open water surface of the ocearapor above the ground surface under the closed canopy pre-
or inner sea. Third, as far as the direction and velocity ofvents biotically uncontrolled losses of soil water to the up-
horizontal air motions is dictated by the difference in evap- per atmosphere. This mechanism explains why the ground
orative forces between the considered areas, it should appasurface of undisturbed closed-canopy forests always remains
ently be easier for the biota to pump atmospheric moisturevet, which is manifested as low fire susceptibility of undis-
from a cold ocean with low evaporation, i.e. from an oceanturbed natural forests with closed canopi€s¢hrane et al.
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1999 Nepstad et al2004). In higher latitudes, where the so- liquid atmospheric water, no longer supported, precipitates

lar angle is lower than in the tropics and solar beams at mid-under gravity. Precipitation fluxes can be additionally reg-

day are slanting rather than perpendicular to the surface, thalated by the biota via directed change of various biogenic

daytime temperature inversion within the canopy can arise atondensation nuclei. Observations indicate that stomata of

a lesser degree of canopy closure than in the tropics, as fanost plants close during the middagdnd and Kavanagh

as the lower solar angle diminishes the difference in the solad999 Goulden et al.2004). This allows one to expect that

radiation obtained by canopy and inter-canopy patches, e.gprecipitation on land should predominantly occur in the sec-

Breshears et a{1998. ond part of the day. In the ocean, where there is no diurnal
At nighttime soil surface under the closed canopy is biological cycle of water vapor ascent, the diurnal cycle of

warmer than the canopy due to the rapid radiative coolingprecipitation is not expected to be pronounced either. These

of the latter Shuttleworth et a).1985 Szarzynski and An-  predictions are in agreement with the available data on the

huf, 2001). The observed temperature lapse fajgis posi- diurnal cycle of rainfall in the tropicd\esbitt et al. 2003.

tive and can exceed the mean global value of 6.5 Kkiy

dozens of timeszarzynski and Anhy2001). This leads to

a very high value of the compression coefficignEq. 13), 4 Biological principles of the biotic pump of atmo-

for water vapor. Water vapor is saturated in the entire at-  spheric moisture

mospheric column under the canopy. For example, in the

tropical forests of Venezuela the nighttime lapse rate undeBased on the analysis of the spatial distribution of precip-

the canopy is abomob=70Kkm*1>>r‘Hzo (Szarzynski and itation over forested and non-forested areas, in Skete

Anhuf, 2003, which corresponds t¢=36, see Eq.%3). demonstrated that the biotic pump of atmospheric moisture

Relative humidity under the canopy is then equal to 100%Must exist, as follows from the law of matter conservation

at all heights. In spite of the huge evaporative force, £6) ( and the small length~600 km of the physical dampening of

that arises at large values gf the ascending fluxes of air Precipitation fluxes on land. In Se&the physical principles

under the closed canopy of natural forests remain small du®f the biotic pump were described. Regarding the ecologi-

to the high aerodynamic resistance of the trees. cal and biological grounds of its functioning, the inherently
Above the closed canopy, as well as on open areas lik€omplex applications of the laws of physics by natural forest
pastures and within open Canopiesy elglahrt et al, 200()’ ecosystems have been refined and pOlIShed dUrlng the hun-

nighttime temperature inversions are common, caused by théred million years of evolution, so it will hardly be ever pos-
rapid radiative cooling of the ground surface or canopy. Air Sible to study them in detail. However, it is worthy to check
temperature increases with height up to several hundred mébat the existence of the biotic moisture pump does not con-
ters Karlsson 200Q Acevedo et al.2004. Temperature tradict the known biological principles of life organization.
inversions result in the condensation of water vapor in the Moisture enters a forest-covered river basin via the linear
lower cooler layer near the surface (or canopy) often accomcoastline, while it is spent on the two-dimensional area of the
panied by formation of fog. As far as &t<0<I'y,o there basin. Area-specific loss of water to runoff is independent of
are no ascending fluxes of water vapor, fog moisture remainglistancex from the oceanR(x)=R(0), due to the constant
near the ground surfage=0. However, with increasing solar moisture conten® (x)=W (0) of the uniformly moistened
heating during the daytime arid growing up tol'>T,0, forest soil, Sect2. Thus, the atmospheric flux of moisture
there appear upward water vapor fluxes. On open areas arida the coastline (dimension kg8 m~*s~?), which com-
areas covered by low vegetation, fog moisture is then takerPensates river runoff in a river basin of lengtf{L is counted
away from the ground layer to the upper atmospheric lay-inland from the coast)F(O):fOL R(x)dx, should grow lin-
ers and ultimately leaves the ecosystem. By contrast, fogarly with basin lengtli, F(0)=R(0)L. The biotic moisture
formed at night above the closed canopyat,. gravitates  pump works to ensure this effect. Without biotic pump the
to the ground layet=0 under the canopy, where during the value of F(0) would be independent di, cf. Eq. (), R(x)
daytime the moisture is prevented from leaking to the uppemould exponentially decrease with growing distamceom
atmosphere by the daytime temperature inversion. the ocean, while the mean basin runoff would decrease in-
This analysis illustrates that both large canopy height andversely proportionally td., Sect.2.
high degree of canopy closure inherent to undisturbed natural The problem of meeting the demand of matter or en-
forests are important for efficient soil water retention. ergy of ann-dimensional arean=2 for the river basin) by
During the day air temperature above the forest canopya flux of matter or energy via am{1)-dimensional area
rapidly decreases with height;>T'n,0 (Szarzynski and An-  (one-dimensional coastline of the river basin) is a funda-
huf, 2007). Transpiration of water vapor from the leaf stom- mental biological problem repeatedly faced by life in the
ata lead to formation of an ascending flux of water vaporcourse of evolution. Living organisms consume energy via
and air, which supports clouds. When stomata are closedhe two-dimensional body surface and spend it within the
and transpiration ceases, the ascent of air masses discontitiiree-dimensional body volume. In very much the same
ues as well. The evaporative forge, Eqg. (L6), vanishes; manner as local runoff and precipitation in natural forests are
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maintained independent of the distance from the ocean, livplex process having nothing to do with the physical processes
ing cells are supplied by an energy flux that is on averageof thermodynamics (either linear, or non-linear). As such,
independent of the size of the organism. it could have only evolved as the product of natural selec-
Analysis of the metabolic power of living organisms from tion, like any other complex function of living organisms.
bacteria to the largest mammals revealed that, indepenHowever, continue the opponents, one individual performing
dent of organismal body size, mean energy consumptiorsome job on environmental regulation makes the regional en-
of living tissues constitutes 1-10 Wk§ (Makarieva et al.  vironment slightly better for all individuals, including those
2005gb,c). The smallest organisms like unicells can sat- who do nothing. Hence, individuals capable of environmen-
isfy their energetic needs at the expense of passive diffutal control do not have a selective advantage over their con-
sion fluxes of matter, if their linear body siZeis much less  specifics. Moreover, doing something for the global environ-
than the scale lengthof exponential weakening of the dif- ment, the regulators spend their metabolic energy and can
fusion matter fluxes. For example, bacteria have to transtherefore lose to the non-regulators who spend all their en-
port the food obtained via cell surface over less than one mi-ergy on competitive interaction. Thus, since natural selection
cron (bacterial cell length), while the distance between ele-cannot favor regulatory capabilities on the individual level,
phant'’s trunk (the food-gathering organ) and its brain or hearthe biotic control of regional or global environment could
is about ten million times longer. Passive diffusion fluxes not have appeared in the course of biological evolution and,
cannot meet the energetic demands of large organisms withence, it does not exist.
L>1. Thus, large organisms had to invent active pumps (e.g., Most recently, this logical opposition could be followed in
lungs, heart), which pump matter and energy into the organthe discussion of A. Kleidon (first attitude) and V. Arora (sec-
ism and distribute them within it. Similarly, biotically non- ond attitude) Kleidon, 2004 2005 Arora, 2005. The con-
controlled geophysical fluxes of moisture can ensure suffitradiction between the observational evidence lending sup-
cient soil moistening at small distances! from the ocean, port to the existence of biotic mechanisms of environmental
while to keep large territories with>>1 biologically produc-  control, including the biotic pump of atmospheric moisture,
tive, the biotic pump of atmospheric moisture is necessary. and the apparent impossibility of finding a logically coherent
Biological pumps like lungs or heart, which supply living physical and biological explanation of this evidence, prevents
cells of large organisms with energy and matter, are com-the wide scientific recognition of the decisive role the natu-
plex mechanisms. They have evolved in the course of natral ecosystems play in maintaining the environment in a state
ural selection of individual organisms possessing most effi-suitable for life, including the biotic control of water cycle
cient pumps in the population. The biotic pump of atmo- on land.
spheric moisture, grounded in plant physiology and includ- This contradiction is solved in the biotic regulation con-
ing sensing of the environmental parameters and reaction teept (Gorshkoy 1995 Gorshkov et al.2000. First, it was
their change by a corresponding change in the physiologishown that the degree of orderliness of ecological and bio-
cal state of the plant (e.g., stomata opening/closure), is alstbgical systems is about twenty orders of magnitude higher
a complex, highly-ordered biotic mechanism. However, inthan the degree of orderliness of any of the so-called physi-
contrast to an individual organism of a given body size, natu-cally self-organized open non-linear syster@®(shkov and
ral forest ecosystem of linear sizds not an object of natural Makarieva 2001). Natural selection of competing biological
selection, as it consists of a large number of competing indi-objects (individuals) is the only way by which the biological
viduals like, e.g., trees. A fundamental theoretical questioninformation accumulates in the course of evolution. There-
is therefore how the biotic pump of atmospheric moisture orfore, any highly organized life property, including the biotic
any other biotic mechanisms regulating regional or global enjpump of atmospheric moisture, can only originate as a prod-
vironmental parameters could have been produced by naturaict of natural selection.
selection which acts on individual organisms. Second, a fundamental parameter of the biotic sensitivity
The discussion around this question has already a several was introduced Gorshkoy 1984 1995 Gorshkov et al.
decades’ history in the biological literature, e.Bgolittle 200Q Gorshkov et al.2004), which, if finite, makes it pos-
(1981); Baerlocher(1990, and is largely organized along sible for various biotic mechanisms of global environmental
two opposing lines of reasoning. The first attitude (sharedcontrol (including the biotic pump of atmospheric moisture)
among others, by many supporters of the Gaia hypothesis) ito originate in the course of natural selection acting on in-
that the state when ecosystem as a whole regulates regiondividual organisms (trees). Under tree below we shall un-
or global environment for its benefit appears is the most prob-derstand an individual tree together with all the other or-
able macroscopic physical property of the ecosystem, likeganisms of the ecological community that are rigidly cor-
Maxwell’'s or Boltzmann’s distributions characterizing gas as related with this tree (e.g., soil bacteria and fungi). Each
a whole rather than particular molecules. No natural seleciree works to maintain optimal soil moisture conditions on
tion is needed for such a state to become established. the area it occupies. If the occasional relative change of soil
The opponents of this attitude implicitly recognize that the moisture content under the tree is less thathe tree does
biotic control of any environmental conditions is a very com- not react to it. According to our estimatesdrshkov et al.
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200Q Gorshkov et al.2004), biotic sensitivity with respect  work in undisturbed natural forests only. Natural forest rep-
to changes of major environmental parameters is of the orderesents a contiguous cover of tall trees that are rigidly associ-
of e~102—103. Trees’ ability to remain highly sensitive ated with other biological species of the ecological commu-
to environmental conditions is genetically programmed vianity and genetically programmed to function in the particu-
individual selection of trees with<10-2. Those individ-  lar geographic region. The vegetation cover of grasslands,
uals who have lost this ability and have a poor sensitivity shrublands, savannas, steppes, prairies, artificially thinned
e>10"2, suffer from large fluctuations of local soil moisture exploited forests, plantations, pastures or arable lands is un-
content, which adversely affect their biological performance.able to switch on the biotic moisture pump and maintain soll
Such trees lose competitiveness and are forced out from thmoisture content in a state optimal for life. Water cycle on
population by normal trees with<10~2. such territories is critically dependent on the distance from
If the local soil moisture content occasionally deviates the ocean; it is determined by random fluctuations and sea-
from its optimum value by a relative amount exceeding bi- sonal changes of rainfall brought from the ocean. Such ter-
otic sensitivitye, the tree does notice this change and initiatesritories are prone to droughts, floods and fires. We empha-
compensating environmental processes in order to increassize that the contemporary wide spread of scarcely vegetated
or decrease the local moisture content restoring the optimagcosystems, in particular, African savannas, is rigidly cor-
conditions. Environmental impact of the tree can take a va+elated with anthropogenic activities during the last several
riety of forms, including change of transpiration fluxes via thousand years (see, e.§utin et al, 1997). Savannas rep-
stomata opening/closure, regulation of the vertical temperfesent a succesional state of the ecosystem returning to its
ature gradient below the canopy, facilitation of precipitation undisturbed forest state; this transition spontaneously occurs
by biogenic aerosols, and other unknown processes, of whichs soon as the artificial disturbances like fire and overgrazing
some are possibly unknowable due to the high complexityare stoppedvan de Koppel and Prind988. Since savan-
of the object under study. On average, functioning of thenas and other open ecosystems suffer from rapid soil erosion
tree results in pumping moisture out of the atmosphere andLal, 1990, their prolonged existence is only possible due
increase of the local precipitation, which compensates forto continuous cycling with the forest state, when the min-
the local losses of soil water to runoff. If the environmen- eral and organic content of soil is restored. Therefore, the
tal changes performed by the tree lead to optimization ofgrowing anthropogenic pressure on savannas, which prevents
the local soil moisture content to the accuracy of the biotictheir periodic transitions to forests, gradually turns savannas
sensitivity ¢, the tree and its associated biota acquire com-to deserts. The same is true for steppes and prairies of the
petitive advantage over neighboring trees incapable of pertemperate zone.
forming the needed environmental changes. These deficient Only primary aboriginal forests are able to ensure the
neighbors lose in competition with, and are replaced by, nordong-term stability of the biotic moisture pump functioning,
mal trees capable of environmental control. In the result, allas far as the genetic properties of aboriginal forests are cor-
trees remaining in the forest are genetically programmed taelated with the geophysical properties of the region they oc-
act in one and the same direction, thus forming a regional bicupy. Artificially planted exotic vegetation with geograph-
otic pump of atmospheric moisture, which compensates foically irrelevant genetic programs cannot persist on an alien
the river runoff. At the same time, individual trees continue territory for a long time; their temporal prosperity is followed
to compete with each other, and forest as a whole does nddy environmental degradation and ecological collapse. On
have a “physiology” of a superorganism. the other hand, secondary aboriginal forests that are in the
process of self-recovery from anthropogenic or natural dis-
turbances like fires, cutting or windfall, are not capable of
5 Conclusions efficiently running the biotic pump either. In such forests all
mechanisms of environmental regulation, including the bi-
In this paper we introduced and described the biotic pump ofotic moisture pump, are under repair and cannot yet function
atmospheric moisture. It makes use of the fundamental physefficiently.
ical principle that horizontal fluxes of air and water vapor are  For the biotic moisture pump to work properly, it is also
directed from areas with weaker evaporation to areas witimportant that the natural forest cover have an immediate
stronger evaporation. Natural forest ecosystems, with theiborder with the ocean or, at least, the distance to the ocean
high leaf area index and high evaporation exceeding evapobe much less than the scale lengttEq. @), of the expo-
ration from open water surface, are capable of pumping atnential weakening of the ocean-to-land moisture fluxes ob-
mospheric moisture from the ocean in amounts sufficient forserved over non-forested regions. The two largest tropical
the maintenance of optimal soil moisture stores, compensatriver basins of Amazon and Congo are covered by rainforests
ing the river runoff and ensuring maximum ecosystem pro-spreading inland from the oceanic coastline. Northern river
ductivity. basins of Russia, Canada and Alaska are covered by natural
The biotic moisture pump, as well as the mechanisms oftaiga forests, which, at the northernmost forest line, border
efficient soil moisture preservation described in Sect. 3.4with tundra wetlands linking them to the oceanic coast. If the
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natural forest cover is eliminated along the oceanic coastlindating evidence about the disastrous consequences of such
on a band~600 km wide, the biotic moisture pump stalls. practices when applied to vast continental areas. Even in
The remaining inland forests are no longer able to pump at\Western Europe one has been recently witnessing an increase
mospheric moisture from the ocean. There is no longer surin catastrophic droughts, fires and floods, likely facilitated
plus to runoff to rivers or to recharge groundwater. Soil waterby the on-going elimination of the remaining natural forests
either leaves to the ocean as runoff or is blown away via thein the mountains. The decline of Alpine forests, which, via
atmosphere after being transpired by the forests. The rivethe biotic moisture pump, used to enhance precipitation in
basin ceases to exist, the forests die back after the soil driethe mountains, should have led to the decline of mountain
up. The total store of fresh water on land including the waterglaciers, although the latter phenomenon is almost exclu-
of soil, bogs, mountain glaciers and lakes, can be estimatedively considered in the framework of global warming and
by the lake store alone and constitutes arousfick 104 m3 atmospheric C@build-up, while the biotic pump effects are
(Lvovitch, 1979, while the global river runoff is of the or- ignored.

der of 037x 10" m3yr—1 (Dai and Trenberth2002. This We also note that when the forest cover is (partially) re-
means that all liquid moisture accumulated on land runs toplaced by an artificial water body, like the water storage
the ocean in about four years. Total destruction of the bioticreservoirs of hydropower plants, the controlling function of
moisture pump due to deforestation (i.e., complete eliminaforest transpiration and the biotic pump weaken causing re-
tion of the contiguous forest cover bordering with the ocean)duction of runoff and precipitation in the corresponding river
will in several years turn any river basin to desert. basin.

In Australia, the continent-scale forested river basins The results obtained form the basis of a possible strategy
ceased to exist about 50-100 thousand years ago, a time pt restore human-friendly water conditions on most part of
riod approximately coinciding with the arrival of first hu- the Earth’'s landmasses, including modern deserts and other
mans. There is a host of indirect evidence suggesting thaarid zones. As we have shown, elimination of the forest cover
humans are responsible for the ancient deforestation of the world’s largest river basins would have the following con-
Australian continent (see discussiorBowman 2002. It is sequences: at least one order of magnitude’s decline of the
clear how this could have happened. To deforest the contiriver runoff, appearance of droughts, floods and fires, par-
nent, it was enough to destroy forests on a narrow band ofial desertification of the coastal zone and complete deser-
width [ along the continent’s perimeter. This could be eas-tification of the inner parts of the continents, see E&$. (
ily done by the first human settlements in the course of theirand @), associated economic losses would by far exceed the
household activities or due to the human-induced fires. Thissconomic benefits of forest cutting, let alone such a scenario
done, the biotic water pump of the inner undisturbed forestedvould make life of millions of people impossible. Therefore,
part of the continent was cut off from the ocean and stalled.it is worthy to urgently reconsider the modern forest policy
Rapid runoff and evaporation eliminated the stores of soileverywhere in the world. First of all, it is necessary to im-
moisture and the inland forests perished by themselves evemediately stop any attempts of destroying the extant natural
in the absence of intense anthropogenic activities or fires irfforest remnants and, in particular, those bordering with the
the inner parts of the continent. As estimated above, thisocean or inner seas. Further on, it is necessary to initiate a
forest-to-desert transition should have been instantaneous omorld-wide company on facilitating natural gradual recovery
the geological time scale, so it is not surprising that practi-of aboriginal forest ecosystems on territories adjacent to the
cally no paleodata were left to tell more details about thisremaining natural forests. Only extensive contiguous natural
ecological catastrophe. Notably, most deserts of the worldorests will be able to run a stable water cycle and subse-
border with the ocean or inner seas. As far as the coastajuently intensify it, gradually extending the river basin at the
zone is the preferred area for human settlements, the modexpense of newly recovering territories.
ern extensive deserts of Earth should all be of anthropogenic In intact primary forests the relative area of natural dis-
origin. turbances like tree gaps does not exceed 1Q¥gy and

Modern practice of forest cutting and exploitation, which Barone 1996 Szarzynski and Anhy2001). Approximately
is responsible for the unprecedented high rate of deforestathe same share of land surface is currently exploited by
tion world over Bryant et al, 1997, was born in West- man as arable land, pastures and industrial forest plantations.
ern Europe. Remarkably, in this part of land there are noTherefore, if natural forests are restored over most parts of
areas separated from the ocean or inner seacoast by mooarrently unused arid territories, such a state will be as stable
than/~600 km, the scale length of exponential weakeningas are the natural forests that have persisted through millions
of the ocean-to-land moisture fluxes in non-forested areaspf years. The recovered luxurious water resources on land
Sect.2.1 Therefore, elimination of natural European forests, will be at full disposal of the ecologically literate humanity
which today is being finalized in Scandinavia, has not led toof the future.
complete desertification of Europe. This worked to support
the illusion that the forest cutting tradition can be safely im-
ported to the other parts of the planet, despite the accumu-
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Appendix A heat increases air temperature, enhances the collisional exci-
tation of the greenhouse substances and diminishes the lapse

Physical basis of the tropospheric lapse rate of air rates of both brightness and air temperatures. In the result,

temperature the magnitude of the air temperature lapse rates is fixed at the

observed value df,,=6.5 K km~1.
The decrease of air temperature with height observed in the Therefore, the observed value Bf,=6.5 K km~ can be
troposphere is conditioned by the presence of atmospherig product of one narrow absorption line with large absorp-
greenhouse substances; however, it is not related to the magion cross-section present in the atmosphere. The green-
nitude of the planetary greenhouse effect. house substance with that narrow efficient line absorbs all

Greenhouse substances perform resonance absorption gfe released latent heat and thermal energy of the dissipating
thermal radiation emitted by the Earth’s surface and re-emitprocesses of atmospheric circulation, turns this energy into
itisotropically in all directions. Half of the absorbed thermal thermal radiation and mainly redirects to the surface. At the
radiation is re-directed back to the surface. This random walksurface the radiative energy corresponding to the narrow ab-
of thermal photons in the atmosphere results in an increase Gorption line is distributed over the entire thermal spectrum
the density of radiation energy near the surface and its drogind leaves into space.
with atmospheric height. On the other hand, if the absorption lines of the green-

The resulting negative vertical gradient of radiative energyhouse substances covered the whole thermal spectrum of the
density can be related to the lapse rate of the so-called brightsurface, but they exclusively interacted with thermal photons
ness temperature. Itis defined as the temperature of a blackmder conditions of the so-called radiative equilibrium, when
body, which emits a radiation flux equal to the upward flux of the collisional excitation of these lines is negligible, in such a
thermal radiation observed at heighin the atmosphere. In  case the planetary greenhouse effect could reach large values
the course of inelastic collisional interaction with molecules (j.e. the planetary surface would be much warmer than in the
of the greenhouse substances, air molecules lose their kinetighsence of greenhouse substances), while the lapse rate of air
energy (this energy is imparted to the molecules of the greentemperature remained close to zero.
house substances and ultimately lost into space in the form of Therefore, the magnitudes of the planetary greenhouse ef-
thermal radiation). In the result, air temperature approache$ect and air temperature lapse rat@re not unambiguously
brightness temperature of thermal radiation; there appears gelated to each other. However, in the absence of all green-
negative vertical gradient (lapse rate) of air temperature clos@ouse substances in the atmosphere, both air temperature
to the lapse rate of radiative brightness temperature. Itis dl.lﬂipse rate, e\/aporative force (Se:ﬁ;js) and greenhouse ef-
to these physical processes that the environmental tempergect are all equal to zero.
ture lapse rate arises.

Thermal radiation spectrum of the Earth’s surface is closeAcknowledgementsThis research uses data provided by the
to the blackbody spectrum at Earth’s surface temperature. [Eommunity Climate System Model project supported by the
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Brightness temperature of the entire spectrum, except fof
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