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� Consideration of condensation dynamics reveals temperature-related

tipping points

� Additional heat over land can block oceanic moisture import causing

severe drought

� As the land warms faster than the ocean, these tipping thresholds ap-
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� Deforestation increases sensible heat and exacerbates these water cycle
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Abstract

Destabilization of the water cycle threatens human lives and livelihoods.

Meanwhile our understanding of whether and how changes in vegetation

cover could trigger transitions in moisture availability remains incomplete.

This challenge calls for better evidence as well as for the theoretical concepts

to describe it. Here we brie�y summarise the theoretical questions surround-
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ing the role of vegetation cover in the dynamics of a moist atmosphere. We

discuss the previously unrecognized sensitivity of local wind power to con-

densation rate as revealed by our analysis of the continuity equation for a

gas mixture. Using the framework of condensation-induced atmospheric dy-

namics, we then show that with the temperature contrast between land and

ocean increasing up to a critical threshold, ocean-to-land moisture trans-

port reaches a tipping point where it can stop or even reverse. Land-ocean

temperature contrasts are a�ected by both global and regional processes, in

particular, by the surface �uxes of sensible and latent heat that are strongly

in�uenced by vegetation. Our results clarify how a disturbance of natural

vegetation cover, e.g., by deforestation, can disrupt large-scale atmospheric

circulation and moisture transport: an increase of sensible heat �ux upon

deforestation raises land surface temperature and this can elevate the tem-

perature di�erence between land and ocean beyond the threshold. In view of

the increasing pressure on natural ecosystems, successful strategies of miti-

gating climate change require taking into account the impact of vegetation

on moist atmospheric dynamics. Our analysis provides a theoretical frame-

work to assess this impact. The available data for the Northern Hemisphere

indicate that the observed climatological land-ocean temperature contrasts

are close to the threshold. This can explain the increasing �uctuations in

the continental water cycle including droughts and �oods and signi�es a yet

greater potential importance for large-scale forest conservation.

Keywords: Drought, Heatwaves, Vegetation cover, Evapotranspiration,

Wind power
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1. Introduction1

Reliable water is crucial for human life. Long-term data indicate that2

in recent decades many regions of the world, including Eurasia and Western3

Europe, have been steadily losing soil moisture during the vegetative season4

(Gu et al., 2019). Other regions have experienced unprecedented droughts5

(Marengo and Espinoza, 2016) and �oods (Cornwall, 2021).6

Drought stresses plants and modi�es their in�uence on the water cycle7

and climate. These water-vegetation feedbacks present both risks and op-8

portunities. The risks include the potential for a complete switch from a wet9

to an arid climate state. The opportinities arise in the ability to slow down10

and reverse aridi�cation.11

Given the scale and nature of these trends and opportunities, our un-12

derstanding of the underlying feedbacks and mechanisms remains inade-13

quate. Here we will consider the concepts of biotic pump (Makarieva and14

Gorshkov, 2007) and the associated condensation-induced atmospheric dy-15

namics (CIAD). These concepts were invoked to explain spatial and tem-16

poral precipitation patterns in various regions (e.g., Andrich and Imberger,17

2013; Poveda et al., 2014; Molina et al., 2019). These triggered multiple18

discussions (Meesters et al., 2009; Makarieva and Gorshkov, 2009; Angelini19

et al., 2011; Makarieva et al., 2013a; Jaramillo et al., 2018, 2019; Makarieva20

et al., 2019; Pearce, 2020). The main implication of the biotic pump for21

the vegetation-atmosphere dynamics is that large-scale forests, by generating22

and maintaining atmospheric moisture through transpiration, can power the23

ocean-to-land winds and the associated atmospheric moisture transport. Es-24

sentially, water vapor removal from the gas phase produces non-equilibrium25
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pressure gradients that generate both vertical and horizontal wind. Using26

the CIAD framework, we will explore how atmospheric moisture transport27

can be a�ected by the changing land-ocean temperature contrasts.28

In this temperature-related context, theoretical studies of vegetation-29

water relations have long featured conceptual controversies. Charney (1975)30

proposed that increased albedo from vegetation dieback should cool land,31

reduce the land-ocean temperature gradient, weaken ocean-to-land moisture32

advection and thus further enhance droughts. Ripley (1976) objected that33

drying warms the land surface via a reduction in evapotranspiration (latent34

heat �ux): a negative rather than a positive feedback. Charney (1976) replied35

that extra cooling over the drier land will manifest itself in the upper atmo-36

sphere and not on the surface, but agreed that the ultimate land-ocean tem-37

perature contrasts are model-dependent � as was illustrated by later studies38

(Claussen, 1997).39

This debate about evapotranspiration, latent heat and related tempera-40

ture di�erences persisted through many years. Discussions focused on whether41

and how changes in vegetation could trigger an abrupt switch of ocean-to-42

land air circulation (Fig. 1a,b). Levermann et al. (2009) proposed that mon-43

soonal regimes can switch via a tipping point involving a positive feedback44

of moisture advection on the land-ocean temperature contrast. The idea was45

that the more moisture comes from the colder ocean to condense over the46

warmer land, the more latent heat is released warming land even further.47

Boos and Storelvmo (2016a,b) used a global climate model to demonstrate48

that such a scenario is physically implausible. To descend over the ocean,49

the air warmed by latent heat release over land must give the extra heat50
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Figure 1: Air circulation between (a) the ocean and a hot and dry land (cf. Fig. 3 of

Charney, 1975) and (b) the ocean and a cool and moist land. The ocean and the forest

have higher evaporation rates (thick blue arrows) than the dryland (thin blue arrows). The

vertical pro�le of the pressure di�erences between the atmosphere over land and over the

ocean in (a) and (b) can be qualitatively illustrated by, respectively, Fig. 2c and Fig. 2b

of (Makarieva et al., 2015). In (a), there is a pressure surplus over land in the lower

troposphere at the height of the out�ow, and pressure shortages above and below; in (b),

there is a pressure shortage in the lower atmosphere and a pressure surplus in the upper

atmosphere.

away (Fig. 1b) � otherwise the circulation would stop. The �nite cooling51

rate limits the enhancement in circulation by latent heat release. In their52

reply, Levermann et al. (2016) did not specify any mechanism that could en-53

able warm air to overcome buoyancy and descend. The controversy persists:54

recently, Boers et al. (2017) proposed a similar drought-related tipping point55

but neglected previous discussions (Levermann et al., 2009, 2016; Boos and56

Storelvmo, 2016a,b).57

In a related context, Kuo et al. (2017) investigated the causality between58

deep convection and high tropospheric moisture content. Is high water va-59

por content a consequence of the atmosphere being moistened by convection,60
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or, conversely, does high water vapor content trigger convection? Kuo et al.61

(2017)'s modelling results appeared to support the latter. Similarly, on a62

much wider spatial scale, another study concluded that high transpiration63

by the Amazon rainforest during the late dry season moistens the atmosphere64

and triggers the beginning of the Amazon wet season well in advance of the65

arrival of the Intertropical Convergence Zone (Wright et al., 2017). Thus, the66

switch between circulation patterns in Fig. 1 can be enforced by atmospheric67

moistening via evapotranspiration. Pradhan et al. (2019) also found that68

the onset of summer monsoon in Northeast India is preceded by enhanced69

transpiration. Recent studies indicate that evaporation during rainfall can70

be signi�cant, highlighting the tight coupling between these processes (Mu-71

rakami, 2021; Jiménez-Rodríguez et al., 2021).72

One long-standing challenge in the analyses of vegetation-atmosphere73

feedbacks has been the inadequate representation of continental moisture74

convergence in global models (Hagemann et al., 2011). In the steady state,75

the net amount of atmospheric moisture brought to land by winds from76

the ocean (moisture convergence) must match the runo� from land to the77

ocean. While runo�R is measured directly, moisture convergence C is model-78

derived. The match tends to be imperfect: instead of the equality, R = C,79

implied by mass conservation, the discrepancy between C and R can be of80

the order of 100% (as it is, for example, for the Amazon basin (Hagemann81

et al., 2011)). For the continental moisture budget, P − E = C, the un-82

derestimate of moisture convergence C implies that either precipitation P is83

underestimated, or evapotranspiration E is overestimated, or both. Evapo-84

transpiration is generally the least certain component of the terrestrial water85
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cycle (e.g., Lugato et al., 2013). Reliable analyses of vegetation-atmosphere86

feedbacks and their spatial and temporal propagation in large river basins87

such as the Amazon requires these inconsistencies to be resolved (e.g., Salati88

and Nobre, 1991; Zemp et al., 2017a,b; Molina et al., 2019; Ruiz-Vásquez89

et al., 2020).90

Incomplete understanding of vegetation-water feedbacks as related to91

temperature have implications for models and resulting global climate pro-92

jections. Recent studies demonstrate that the warming that results from93

reduced transpiration more than compensates for the cooling that results94

from increased albedo, such that deforestation results in an elevation of local95

surface temperatures during the vegetative season by up to several kelvin96

(Huryna and Pokorný, 2016; Alkama and Cescatti, 2016; Hesslerová et al.,97

2018). The net change of global mean surface temperature resulting from98

changes of albedo and transpiration following a large-scale deforestation is99

estimated at about ±0.05 K (the sign varies among models) (Winckler et al.,100

2019). The gross changes, however, are more than an order of magnitude101

larger and comparable in magnitude to observed global warming. The nature102

of this �ne balance between physically distinct e�ects has not been explained103

and requires an investigation. If it turns out to have resulted from model104

tuning, the impact of deforestation on climate destabilization may be greatly105

underestimated. The �rst systematic analyses of the forest control of cloud106

cover indicate that the previous assessments of the forest contribution to the107

maintenance of global surface temperature require a re-evaluation (Duveiller108

et al., 2021; Cerasoli et al., 2021).109

This brief account demonstrates the many challenges and unresolved110
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problems surrounding the �eld of moist atmospheric dynamics. The recent111

trajectory of environmental and climate research revolved more around the112

development of numerical models and empirical data gathering. Considering113

achievements to date, leading researchers have begun to re-emphasize the114

need for strong theoretical knowledge as a framing and foundation for e�ec-115

tive climate science (Emanuel, 2020). Theory is required to judge and under-116

stand the adequacy and outputs of numerical models. Vegetation-atmosphere117

feedbacks, with their complexity and profound implications for the human-118

ity's well-being, appear to be the topic where new theoretical approaches119

could be particularly useful.120

In Section 2 we brie�y introduce the main equations of CIAD with an121

emphasis on how local wind power can be estimated from the continuity122

equation. We highlight and explain the sensitivity of the wind power to the123

formulation of the condensation rate. Next in Section 3 we formulate CIAD124

in an integral form that allows the estimation of the role of the horizontal125

temperature di�erences for the moisture transport. In Sections 4 and 5 we126

use climatological data to estimate the relevant quantities for several regions127

in the Northern Hemisphere. Regional cooling provided by the transpiring128

vegetation cover can bu�er the land-ocean temperature di�erences and pre-129

vent the drought-related tipping points. Conversely, deforestation and the130

associated extra warming can trigger such extremes of the atmospheric mois-131

ture transport. In the concluding sections we outline a few implications of132

the obtained results for current climate policies.133
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2. Condensation rate and wind power134

Two vertical scales characterize our atmosphere. One is the hydrostatic135

height h ≡ −p/(∂p/∂z) = RT/Mg ∼ 10 km determined by the inter-136

play between the gravitational and internal energy of the atmospheric gases.137

Another is the vertical scale height for the condensable gas, water vapor,138

hc ≡ −pv/(∂pv/∂z) = RT 2/LΓ ∼ 2 km, that is determined by the interplay139

between the cooling rate of ascending air and latent heat release during any140

resulting condensation. Here p is air pressure, pv is partial pressure of satu-141

rated water vapor, R = 8.3 J mol−1 K−1 is the universal gas constant, T is142

absolute temperature, M ≃ 29 g mol−1 is mean molar mass of atmospheric143

gases, g is the acceleration of gravity, L ≃ 45 kJ mol−1 is the latent heat144

of vaporization, Γ ≡ −∂T/∂z ≃ 6.5 K km−1 is the vertical lapse rate of air145

temperature.146

That hc ≪ h means that the vertical gradient of water vapor partial147

pressure is strongly non-equilibrium. This allows the formulation of the rate148

of potential energy release (W m−3) during condensation in the ascending149

air as150

s ≡ −wpv

(
1

hc

− 1

h

)
≡ wp

∂γ

∂z
≡ −wfe, fe ≡ −∂pv

∂z
+

pv
p

∂p

∂z
≡ pv

hγ

, (1)

where hγ ≡ −γ/(∂γ/∂z) = 1/(h−1
c − h−1), γ ≡ pv/p, w is the vertical air151

velocity and fe has the meaning of a vertical force associated with the non-152

equilibrium partial pressure gradient of water vapor.153

The main proposition of the biotic pump concept � and the underlying154

condensation-induced atmospheric dynamics � is a power source for atmo-155

spheric circulation (Makarieva and Gorshkov, 2007, 2010; Makarieva et al.,156
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2019). Applied locally in a hydrostatic horizontally isothermal saturated at-157

mosphere, where all wind power is generated by horizontal pressure gradients,158

this proposition takes the form159

u
∂p

∂x
= s, (2)

where u is horizontal air velocity directed along x-axis.160

Theoretical relation (2) agreed with observations in di�erent atmospheric161

contexts, including general atmospheric circulation, the Amazon basin and162

the more compact circulation patterns like hurricanes and tornadoes (see163

(Makarieva et al., 2019) and references therein). In these compact vortices164

partial pressure of water vapor pv sets the scale for maximum wind velocity165

umax =
√

2pv/ρ ∼ 70 m s−1, where ρ ≃ 1 kg m−3 is air density. This general-166

ity � i.e., the validity of Eq. (2) across several orders of magnitude for vertical167

velocity w � is satisfying for a theorist and incentivizes e�orts to understand168

the underlying mechanisms and their implications more comprehensively.169

Noting the di�erent equivalent expressions for s (1), we observe similarity170

between s and the term containing vertical velocity in the continuity equation171

expressed in terms of pressure:172

w

(
∂pv
∂z

− pv
pd

∂pd
∂z

)
+ u

(
∂pv
∂x

− pv
pd

∂pd
∂x

)
= σ. (3)

Here pd = p − pv is the partial pressure of dry air, σ = SRT is the rate of173

phase transitions in power units (W m−3), S (mol s−1 m−3) is the molar rate174

of phase transitions (see Eqs. (1), (6) and (8) of (Gorshkov et al., 2012) and175

Eq. (A.4) in Appendix A). Such a representation of the continuity equation is176

only possible for an ideal gas with its equation of state relating molar density177

and pressure.178
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The relation between s (1) and179

sd ≡ −wpv

(
1

hc

− 1

hd

)
≡ w

(
∂pv
∂z

− pv
pd

∂pd
∂z

)
≡ wpd

∂γd
∂z

, (4)

where γd ≡ pv/pd, hd ≡ RT/Mdg, Md is the molar mass of dry air, is180

s ≡ (1− γ)sd. (5)

They di�er by a small magnitude γ ≡ pv/p ≪ 1.181

At constant relative humidity, pv grows with increasing temperature T in182

accordance with the Clausius-Clapeyron equation183

dpv
pv

= ξ
dT

T
, ξ ≡ L

RT
. (6)

Assuming relative humidity to be constant and the air to be isothermal184

in the horizontal plane1, such that ∂pv/∂x = 0, we can write the continuity185

equation (3) in the following form:186

u
∂p

∂x
= u

∂pd
∂x

=
1

γd
(sd − σ) . (7)

Since the vertical motions associated with adiabatic cooling are the most187

important mechanisms that bring moist air to saturation, one can argue that188

condensation rate can be approximated as189

σ ≡ αsd, (8)

where α ≲ 1 (see, e.g., Jaramillo et al., 2019). Then Eq. (7) can be re-written190

as191

1While turbulent di�usion is not explictly accounted for in the continuity equation, it

is implicitly present in the condition ∂pv/∂x = 0, i.e., turbulent di�usion is what ensures

constant relative humidity on an isothermal plane.
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u
∂p

∂x
=

sd
γd

(1− α), (9)

where γd ≡ pv/pd. Equation (9) contains a product of a large factor γ
−1
d ∼ 102192

and an unknown small factor 1 − α ≪ 1. Thus, assuming that a certain (a193

priori unknown) α ≃ 1 matches the observations, a mere 10% reduction of α,194

while still obeying α ≃ 1, would lead to an order of magnitude overestimate195

of u∂p/∂x. Conversely, any pd/p < α < 1 will produce unrealistically low196

values of u∂p/∂x (down to zero).197

To illustrate this, putting α = pd/p + ∆α into Eq. (9) and taking into198

account Eq. 5, we obtain199

u
∂p

∂x
=

sd
γd

(
1− pd

p
−∆α

)
= s

(
1− p

pv
∆α

)
. (10)

In the atmosphere of Earth with a typical value of pv ∼ 20 hPa, we have200

p/pv = 50 and pd/p = 0.98. With an exemplary ∆α = 0.018, we have201

α = 0.998. Then the term in braces in the right-hand side of Eq. (10) is202

equal to 0.1 and we obtain a wind power ten times less than the observed.203

Conversely, with ∆α = −0.2 and α = 0.78, the term in braces is equal to204

11 and we obtain an order of magnitude higher wind power. In both cases,205

α = 0.998 and α = 0.78 the speci�cation α < 1 and are su�ciently close to206

unity to satisfy the stipulation that the vertical motions and gradient make207

a dominant contribution to condensation rate (8). Nonetheless, the derived208

wind powers di�er greatly � the 20% change in condensation rate σ relative209

to sd (8) has caused wind power to vary by two orders of magnitude. While210

it follows from Eq. (2), that α ≲ 1 in the continuity equation (10), the main211

dynamic equation of CIAD, Eq. (2), cannot be derived, even approximately,212

from the parameterization α ≲ 1 (cf. Jaramillo et al., 2019).213
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Table 1: Physical meaning of the two expressions for condensation rate.

Equilibrium Condensation rate σ �Horizontal� power �Vertical� power

∂p

∂z
+ ρg = 0 s ≡ wp

∂γ

∂z
u
∂p

∂x
= s w

(
∂p

∂z
+ ρg

)
= 0

∂pd
∂z

+ ρdg = 0 sd ≡ wpd
∂γd
∂z

u
∂p

∂x
= 0 w

(
∂p

∂z
+ ρg

)
= sd + wpv

ϵ

hd

Here ρ = MN and ρd = MdNd are the densities of total air and dry air, respectively;

ϵ ≡ Mv/Md − 1. If one sets condensation rate as indicated, then the expression for the �hori-

zontal� wind power follows from the continuity equation and ∂pv/∂x = 0. Assuming addition-

ally the equilibrium condition yields the expression for the �vertical� wind power.

We note that condensation-induced power s (2) was introduced from ba-214

sic principles without referring to the continuity equations (A.1). Thus, its215

relation to condensation rate σ (A.4) is not a priori obvious. Using Eq. (2)216

to replace u∂p/∂x with s in Eq. (7) gives s = σ, such that217

u
∂p

∂x
= σ. (11)

While the estimate of wind power from the continuity equation is extremely218

sensitive to the formulation of the a priori unknown condensation rate σ,219

the realistic values of wind power are consistent with the continuity equation220

under the assumption that wind power is exactly equal to condensation rate.221

This is an independent theoretical argument in favor of CIAD.222

In the CIAD framework, the high sensitivity of wind power to the mag-223

nitude of σ can be interpreted as follows. Let us consider the �rst row in224

Table 1. If condensation rate is put equal to s (1), then it follows from225

the continuity equation (3) that the wind power generated by the horizontal226

pressure gradient is equal to condensation rate. The physical justi�cation for227

13



the expression for s (1) consists in the idea that the gradient of the partial228

pressure of water vapor is non-equilibrium relative to the hydrostatic equilib-229

rium of air as a whole. When the air as a whole is in hydrostatic equilibrium,230

the wind power generated by the vertical pressure gradient is zero (work of231

the upward pressure gradient force is compensated by gravity).232

Now let us consider the second row in Table 1. As compared to the233

�rst row, in the expression for condensation rate total pressure p is replaced234

by partial pressure pd of dry air, σ = sd. In this case it follows from the235

continuity equation that the wind power generated by the horizontal pressure236

gradient is zero. Indeed, putting α = 1 in Eq. (9) (or, equivalently, ∆α = γ237

in Eq. (10)), gives u∂p/∂x = 0.238

If we assume that now the dry air is in hydrostatic equilibrium (which239

would justify using pd instead of p in the expression for σ), we �nd that240

now the wind power generated by the vertical pressure gradient is equal to241

condensation rate � plus an additional term proportional to the di�erence in242

the molar masses of the water vapor and dry air. This term is relatively small243

and its physical nature is not related to condensation2. In an atmosphere244

where Mv = Md = M the symmetry would be exact: if the �horizontal� wind245

power is equal to condensation rate, then the �vertical� one is zero, and vice246

versa.247

As condensation rate changes from s to sd (4), the wind power gener-248

2This term represents an additional work by gravity associated with the fact that it

is the lighter gas (water vapor) that is compressed in the vertical relative to equilibrium.

With hc ≃ 2 km, hd ≃ h ≃ 10 km and Mv/Md ≃ 0.6 this term increases the absolute

magnitude of the wind power by approximately 10%.
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ated by the horizontal pressure gradient diminishes from s to zero, while the249

wind power generated by the vertical pressure gradient grows from zero to,250

approximately, sd. (The atmosphere changes then from a hydrostatic to a251

non-hydrostatic with the non-equilibrium vertical pressure di�erence of the252

order of pv.) At intermediate values the power of condensation is allocated253

to both vertical and horizontal dimensions. These considerations indicate254

that equations (2) and (11) should remain valid for describing condensation-255

induced circulation patterns if the kinetic energy of the vertical motion is256

much less than the kinetic energy of the horizontal motion. For example,257

it remains valid even in tornadoes where the air is non-hydrostatic, but the258

squared vertical velocity is still a few times less than the squared horizontal259

velocity (e.g., Makarieva et al., 2011, Fig. 1B).260

3. Wind power and horizontal temperature gradient261

Applying Eq. (11) to the non-isothermal case, i.e., solving it together262

with the continuity equation in the form of Eq. (7), leads to the following263

modi�cation of Eq. (2) (see (Makarieva et al., 2014a) and Appendix A for264

derivation details)265

u
∂p

∂x
= s+ u

∂pv
∂x

= wp
∂γ

∂z
+ u

∂pv
∂x

. (12)

This shows that if the partial pressure of water vapor grows along the hor-266

izontal air streamline, the condensation-induced wind power is diminished.267

While condensation reduces air pressure, evaporation adds gas to the �ow and268

thus increases air pressure along the streamline inhibiting the condensation-269

induced air �ow.270
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Using the Clausius-Clapeyron equation (6) we can re-write Eq. (12) as271

follows (Makarieva and Gorshkov, 2010; Makarieva et al., 2014a):272

−∂p

∂x
=

w

u

pv
hγ

− ∂pv
∂x

,
∂pv
∂x

= pv
ξ

T

∂T

∂x
. (13)

Linearizing Eq. (13) by assuming that w/u ∼ hw/l, where hw and l are273

the characteristic vertical and horizontal scales of the moisture in�ow in the274

lower atmosphere, and ∂p/∂x ∼ ∆p/l, ∂pv/∂x ∼ ∆pv/l, ∂T/∂x ∼ ∆T/l, we275

obtain276

−∆p(β) = pvA
hw

hγ

− pvDξ
∆T

T
= pvD

[
β − ξ

∆T

T
(1− β)

]
, (14)

where ∆p(β) ≡ pA − pD and ∆pv ≡ pvA − pvD = pvDξ∆T/T . The quantities277

of pressure with indices D and A refer to the region that exports moisture278

(the �donor�) and the region that receives this moisture (the �acceptor�),279

respectively. Factor β ≡ hw/hγ ≲ 1 corresponds to 1−ζ of (Makarieva et al.,280

2013b) and describes the completeness of condensation in the ascending air,281

i.e., the share of water vapor that has condensed by the altitude when the282

air �ow changes its horizontal direction (e.g., for the schematic circulation283

patterns in Figs. 1a and 1b we have, respectively, hw = 2 km and 10 km).284

Equation (14) shows that, for a given β < 1, when temperature increases285

signi�cantly along the horizontal air �ow, the negative pressure di�erence286

∆p < 0 that drives the �ow diminishes and, at su�ciently large ∆T , can287

become zero. In this situation, condensation in the ascending air removes as288

much water vapor as is added to the horizontally moving air near the surface.289

As a result, the warmer area is locked for condensation-induced air circula-290

tion and the condensation-induced moisture in�ow ceases. Equation (14) is291
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a manifestation of the general principle that if condensation and evapora-292

tion are not spatially separated (e.g., if evaporation in the acceptor region293

is compensated by condensation), no condensation-induced circulation can294

develop.295

When condensation is complete (β = 1), all the additional water vapor296

that evaporates into the air as it moves from the donor to acceptor region297

ultimately condenses in the acceptor region. The temperature gradient makes298

no impact on ∆p.299

Under global climate change, land surface is warming faster than the300

ocean due to its lower heat capacity and deforestation that reduces tran-301

spiration and elevates surface temperatures during the warmer season (e.g.,302

Alkama and Cescatti, 2016). Thus, the temperature di�erences between land303

(that receives moisture from the ocean) and the ocean (which supplies mois-304

ture to land) can be expected to grow. It is thus important to estimate305

observed ∆T values to �nd out whether major ocean-to-land moisture �ows306

may be close to a tipping point (when the term in square brackets in Eq. (14)307

becomes zero).308

4. Data and Methods309

We compared temperature di�erences between land and ocean in six re-310

gions in the Northern Hemisphere with pronounced seasonal dynamics of311

land-ocean temperature contrasts and precipitation (Fig. 2). We addition-312

ally considered Sahara and the inner part of the Arabian Peninsula, to enable313

comparison with some of the driest regions on Earth.314

Data for the land cover (Friedl et al., 2010) used in Fig. 2 were down-315
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Figure 2: Regions in the Northern Hemisphere where the land-ocean temperature contrasts

∆T were investigated: 1: Boreal Atlantic, 2: Boreal Paci�c, 3: Western Europe, 4: China,

5: North America, 6: North America2, 7: Sahara, 8: the inner part of the Arabian

Peninsula. Di�erent types of vegetation cover (with blue indicated permanent water/ice,

yellow � unvegetated or sparsely vegetated areas, green � forested areas, and brown � areas

with non-forest vegetation) are shown following Friedl et al. (2010) and Makarieva et al.

(2013a).

loaded from the The Oak Ridge National Laboratory Distributed Active316

Archive Center at http://daac.ornl.gov/cgi-bin/dsviewer.pl?ds_id=317

968, which is the International Geosphere Biosphere Program (IGBP) Land318

Cover Data for the 2000-2001 time period. The original land cover data were319

arranged in 17 classes, which we grouped into four, emphasizing forest ver-320

sus non-forest vegetation and unvegetated (or sparsely vegetated) regions like321

deserts and urban areas (see Makarieva et al., 2013a, their Online Resource).322

The oceanic and terrestrial parts of the regions were chosen to be of equiv-323

alent size and latitude and to exceed in length the characteristic exponential324

length scale of precipitation decline inland (a few hundred kilometers, see325

Makarieva et al., 2009). (For the inner part of the Arabian peninsula, the326

nearest water body of comparable size is the Mediterranean sea, which has327
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a di�erent latitude.) We focused on the Northern Hemisphere as it harbors328

most landmasses that have been experiencing most warming as compared329

to the oceans (e.g., Rohde and Hausfather, 2020, their Fig. 4). Therefore,330

the land-ocean temperature contrasts in the Northern Hemisphere have in-331

creased in recent decades possibly approaching the threshold that we aim to332

investigate.333

We used NCEP Reanalysis Derived data concerning the long term monthly334

means (derived from years 1981 to 2010) of air temperature, relative humid-335

ity and zonal and meridional wind at the surface and geopotential height and336

air temperature at 13 pressure levels (from 1000 to 70 hPa), as provided by337

the NOAA/OAR/ESRL PSD, Boulder, Colorado, USA from their website at338

https://psl.noaa.gov/data/gridded/data.ncep.reanalysis.derived.html339

(Kalnay et al., 1996). The data represent 2.5 degree × 2.5 degree global grids.340

Our analysis followed the procedure introduced by Makarieva et al. (2015).341

For each month, we averaged temperatures and geopotential heights at the 13342

pressure levels separately over land and over the ocean and, by interpolation,343

obtained vertical pro�les of mean temperature and pressure on land TL(z),344

pL(z) and over the ocean TO(z), pO(z). From these pro�les we calculated the345

temperature and pressure di�erences between the air over land and the air346

over the ocean at the mean height zL of land surface above the sea level (zL.347

These temperature and pressure di�erences are shown for each region in the348

�fth and sixth columns in Fig. 3), respectively.349

The minimal pressure di�erence between land and ocean occurs in June in350

the Atlantic boreal region and in July in the remaining regions (Fig. 3, sixth351

column). The maximum of precipitation occurs nearly simultaneously with352
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Figure 3: Zonal and meridional wind, mean monthly precipitation and surface tempera-

tures on land (circles) and over the ocean (squares) in the studied regions, the temperature

di�erence between land and ocean at the mean land elevation zL (shown in the �fth col-

umn) and the mean pressure di�erence at the same altitude. Note that TL(zL) − TO(zL)

is not equal to the di�erence in surface temperatures in the fourth column.
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the minimal pressure di�erence: in July in the two boreal regions, in June in353

Western Europe and China, and in August in Sahara (Fig. 3, third column).354

These rainfall maxima on land are close in time with rainfall minima over355

the ocean, which indicates ocean-to-land moisture transport (Fig. 3, third356

column). In contrast, the rainfall maxima on land and over the sea coincide357

in the Arabian region, where moisture transport is negligible.358

The temperature di�erences between land and ocean are maximum during359

the summer months (Fig. 3, �fth column) except in China. The China region360

has the highest elevation (zL = 1.3 km) among the four regions. Its land361

surface is always colder than the oceanic surface, but it is warmer than362

the atmosphere over the ocean at equivalent elevation (Fig. 3, fourth vs363

�fth column). The meridional wind in China increases during maximum364

rainfall both over land and over the ocean indicating moisture transport365

from southern regions rather than from the same latitude.366

We estimated β in Eq. (14) for the month with the minimal pressure di�er-367

ence from the condition that the pressure di�erence between two hydrostatic368

air columns with the vertical temperatures pro�les TL(z) and TO(z) (Fig. 4,369

second column) and the pressure di�erence at zL equal to ∆p(β), turns to370

zero at height z0 where the ratio of local pv(z0) to surface pv(zL) equals β:371

pA(β, z0)− pD(z0) = 0, β =
pv(z0)

pv(zL)
, (15)

where

pA(β, z) ≡ [pO(zL) + ∆p(β)] exp[−(z − zL)/hL], hL ≡ RTL(z)

Mg
, (16)

pD(z) ≡ pO(zL) exp[−(z − zL)/hO], hO ≡ RTO(z)

Mg
. (17)
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The ratio of water vapor partial pressures at z0 and zL in Eq. (15) was372

calculated from the Clausius-Clapeyron equation (6) assuming that at z0373

water vapor is saturated and at zL the relative humidity is equal to the mean374

monthly relative humidity. Equations (15)-(17) represent an algorithm of375

calculating δT for any pair of ocean (donor) and land (acceptor) regions376

with any type of vegetation cover.377

5. Results: Longitudinal land-ocean temperature contrasts in the378

Northern Hemisphere379

The β values obtained by solving Eq. (15) numerically are shown in the380

third column of Fig. 4 together with the actual pressure di�erence pro�les.381

These solutions correspond to z0 below 3 km and β values ranging from 0.30382

to 0.41 (except in China where β = 0.12 possibly due to its higher elevation,383

see discussion above). Similar values are obtained for the June and August384

temperature pro�les (data not shown). These �ndings are consistent with385

the observation that most kinetic power in the extratropical atmosphere is386

generated below the 800 hPa level (e.g., Makarieva et al., 2017, Fig. A1c,d).387

We emphasize that the existence of the solutions to Eq. (15) and their388

plausibility is not guaranteed a priori. The ratio of CIAD pressure di�erence389

∆p(β) to the observed pressure di�erence pobs is shown in Fig. 4, third col-390

umn. It ranges from 44% to 118% except in China where it is 10% for the391

reasons discussed above. These new results, i.e. that the theoretical CIAD392

pressure di�erence is comparable to the observed pressure di�erence, support393

the relevance of the underlying theory.394

Using the estimated ∆T ≡ TL(zL)−TO(zL) for the month with maximum395
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rainfall in each region, we can �nd additional temperature di�erence δT that396

would turn ∆p in Eq. (14) to zero and block atmospheric moisture transport397

to the region:398

δT (β) ≡ β

1− β

T

ξ
−∆T. (18)

Table 2: The temperature di�erence surplus to block moisture import, δT , and related

climatic parameters, in the studied regions.

Region β δT (β) ∆Tmax ∆Tmax + δT (β) Pmax Pmax/P
o
max Pmax/P

o

(K) (mm d−1)

1: Boreal Atl 0.34 3.4 4.3 7.8 2.3 0.76 1.20

2: Boreal Pac 0.41 4.1 6.9 11.0 3.0 1.00 1.50

3: W Europe 0.30 1.4 5.2 6.6 2.3 0.57 1.20

4: China 0.12 0.1 2.0 2.0 6.2 0.84 0.84

5: N America 0.33 2.5 5.1 7.6 2.8 0.61 1.20

6: N America2 0.30 2.3 4.8 7.1 3.1 0.67 0.95

7: Sahara 12.0 0.4 0.17 0.65

8: Arabian Pen. 9.3 0.6 0.27 0.31

Here β and δT (β) are calculated from Eqs. (15) and Eq. (18), respectively; ∆Tmax is the maximum

monthly temperature di�erence between land and ocean at mean land height zL (see Fig. 3, �fth col-

umn), Pmax and P o
max are the maximum monthly precipitation rates over land and ocean, respectively

(see Fig. 3, third column); P o is the monthly precipitation over the ocean when the monthly precipita-

tion over land is maximum.

These solutions are shown in Table 2 and Fig. 5. The obtained results399

highlight the following di�erences between the vegetated (1-6) and practi-400
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Figure 4: Parameters of Eqs. (14) and (15)�(17). First column: seasonality of the

temperature change term in Eq. (14), with ∆T/T = (TL(zL) − TO(zL))/TO(zL) and

ξ = L/(RTO(zL)). Second and third columns: vertical pro�le of the mean tempera-

ture di�erences between air over land and over the ocean during the month with maxi-

mum rainfall (thick solid curve) and January (thin curve). In the third column, solution

pA(β, z) − pD(z) (hPa) of Eqs. (15)�(17) is shown with a dashed curve with the corre-

sponding β, month of the minimal pressure di�erence ∆pobs (from Fig. 3, sixth column)

and the ratio of theoretical to observed pressure di�erences ∆p(β)/∆pobs×100% indicated

in the graph. Fourth column: kinetic energy corresponding to the horizontal pressure dif-

ferences as dependent on altitude z for the month with maximum rainfall (thick curve)

and January (thin curve) (see Discussion).
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Figure 5: Solutions of Eq. (18) for the six studied regions: δT is the additional temperature

di�erence between land and ocean at which the condensation-induced moisture transport is

expected to discontinue. Solid squares (for the North American regions � circles) indicate

the β values from Fig. 4, fourth column. Solution for region 5: N America is shown by

the dashed curve to better discern it from region 3. The two horizontal lines indicate a

temperature anomaly (6 K) characteristic of recent heatwaves in the Northern Hemisphere

(Philip et al., 2021), and the temperature di�erence (∼ 2 K) caused by (partial) cutting

of native forests (Baker and Spracklen, 2019; Alkama and Cescatti, 2016). The black

square for Western Europe located slightly below the �Deforestation� line indicates that

at the estimated β = 0.3 in July the two degrees of extra warming due to deforestation

can potentially prevent regular moisture transport. For the two North American regions

a slightly greater warming is required.
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cally unvegetated (7-8) regions. First, at time of maximum precipitation,401

the land-ocean temperature di�erences in the unvegetated regions are by a402

few degrees Kelvin higher than in the vegetated regions. Second, despite403

these higher land-ocean temperature contrasts, maximum precipitation over404

the unvegetated regions is only about one fourth or �fth of the maximum405

precipitation over the ocean (sea), while over the vegetated regions it is not406

less than approximately two thirds of maximum oceanic rainfall (Table 2, 7th407

column). Furthermore, during the month of maximum precipitation, precipi-408

tation over land in the unvegetated regions is approximately one half of what409

it is over the ocean (sea). Conversely, in the vegetated regions, precipitation410

over land is larger than, or approximately the same as, over the ocean (Ta-411

ble 2, 8th column). While our �rst analysis has employed only rough division412

into vegetated and (largely) unvegetated land, the developed framework can413

be further applied to a more detailed classi�cation of vegetation cover types.414

One can see that the long-term temperature contrasts during the warm415

season in the Northern Hemisphere are close to the threshold where the416

condensation-induced moisture transport ceases. These contrasts can be417

driven beyond the threshold by temperature anomalies characteristic of re-418

cent heatwaves (Fig. 5). At the observed β values a few degrees extra warm-419

ing of land can cause the condensation-induced moisture transport to dis-420

continue (Fig. 5). For example, for Western Europe an extra land warm-421

ing of 1.4 K would be su�cient (Table 2, third column). Extra warming422

on land is associated with heatwaves and blocking anticyclones (e.g., Chan423

et al., 2019). During heatwaves the temperature anomaly may reach six de-424

grees Celsius (e.g., Philip et al., 2021). In this situation, the surface cooling425
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provided by transpiring vegetation can be crucial to avoid a tipping point426

where the climate switches to arid. Natural, undisturbed forests provide the427

strongest bu�er against surface warming (Alkama and Cescatti, 2016; Baker428

and Spracklen, 2019). Disturbance of the forest cover by deforestation in-429

creases summer temperatures by up to two degrees (Baker and Spracklen,430

2019; Alkama and Cescatti, 2016).431

Schematically, removing forests can initiate a dangerous feedback: as the432

horizontal temperature contrasts grow, moisture transport declines which433

further increases the temperature surplus. If the descending air in a block-434

ing anticyclone has created a critical temperature surplus, in the absence of435

vegetation nothing can disrupt the resulting circulation. Conversely, a water-436

su�cient sustainable forest can forcefully cool the area through transpiration437

and thus reduce the excess heat. A large-scale example of this process in ac-438

tion is provided by the Amazon rainforest that promotes the onset of the439

wet season by enhancing transpiration during the dry season (Wright et al.,440

2017). As forest transpiration increases, the land temperature declines (e.g.,441

Wright et al., 2017, their Fig. 2C).442

Droughts and other disruptions of the water cycle compromise the forest443

capacity to contribute to climate stabilization (Sheil et al., 2019). There is444

a long-term legacy from past land-use practices that determines ecosystem's445

response to current climate (Aleinikov, 2019; Buras et al., 2020). It is there-446

fore crucial to di�erentiate ecosystems capable of self-recovery from those on447

the degradation trajectory. Once disrupted, given the large time scale of for-448

est successional recovery towards the natural state, the moisture-regulating449

functions of intact forests cannot be rapidly restored. Given the complex450
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vegetation properties and the processes that prevent abrupt landscape tran-451

sitions from wetness to aridity (Fig. 1), a random replacement of intact forests452

by arti�cial plantations is not likely to recover the water cycle stability. This453

may explain mixed success of large-scale a�orestation/rewetting e�orts in454

China (Jiang and Liang, 2013; Ahrends et al., 2017; Zinda and Zhang, 2019;455

Zhao et al., 2021).456

Our analysis could have revealed that the values of β and ∆T in Eq. (18),457

as estimated from observations, are, respectively, too large and too small.458

Then the observed temperature anomalies δTobs (due to deforestation or heat-459

waves) would be much smaller than δT (β) and have a negligible impact on460

the parameters of the condensation-induced moisture transport. Instead, we461

found that these values are such that δTobs ∼ δT (β). This means that a462

disruption of the atmospheric water transport by extra warming is plausible463

and could be responsible for the increasing frequency of extreme events. It464

is a new result and a prediction to be evaluated.465

6. Discussion466

We have shown that within the framework of condensation-induced atmo-467

spheric dynamics wind power is reduced when horizontal air motion occurs468

in the direction of higher temperatures. Addition of water vapor by evap-469

oration in the horizontal �ow partially compensates for the pressure drop470

by condensation in the ascending air. This reduces the release of potential471

energy to power winds. The generation of wind power (the scalar product472

of wind velocity and pressure gradient) is what sustains wind despite energy473

lost to friction. Once the temperature gradient becomes su�ciently large,474
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the condensation-induced wind power becomes zero and the related air �ow475

ceases.476

Consideration of possible changes in the ocean-to-land circulation (Fig. 1)477

is conventionally made in terms of the temperature e�ects (the �breeze-like�478

circulation, see Hill, 2019). In a hydrostatic atmosphere, other things being479

equal, a higher surface temperature creates a pressure surplus in the upper480

atmosphere that pushes the air away from the warmer air column. This481

air out�ow reduces total air mass and produces a pressure shortage at the482

surface that causes the low-level air convergence towards the warmer area.483

However, in this consideration the magnitude of the resulting air in�ow and484

whether the warming is e�cient enough to explain the observed convergence,485

cannot be unambiguously quanti�ed (e.g., Lindzen and Nigam, 1987). This486

conventional qualitative picture does not rule out other mechanisms.487

Condensation-induced atmospheric dynamics provides a distinct mech-488

anism to reduce surface pressure and to power the low-level moisture con-489

vergence, but it does not specify a mechanism for the upper-level out�ow.490

Figure 4 (fourth column) shows that the kinetic energy required to move491

against the upper tropospheric temperature-related pressure di�erences are492

in the order of 103 m2 s−2. Such energies are present in tropical cyclones493

but not in large-scale transcontinental air circulation. For the CIAD to be494

realized, some mechanism for the out�ow should be present: either the di�er-495

ential warming, or latent heat release, or, as in hurricanes, the cyclostrophic496

imbalance. This results in condensation being often concentrated in the497

warmer regions (unless, like in Ferrel cells, there is an external dynamical498

driver to push the upper air against the pressure surplus in the upper atmo-499
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sphere (Makarieva et al., 2017)).500

This coupling of condensation-induced atmospheric dynamics with con-501

ventional mechanisms (like a higher moisture in�ow towards a warmer land502

surface) masks its presence in the conventional qualitative picture and could503

be the reason for CIAD having been neglected. That it produces realistic504

quantitative estimates of wind power is an indication that without CIAD the505

same out�ow mechanisms would have generated weaker circulations.506

The di�erential warming of land versus the ocean and the preferential507

release of latern heat either over land or over the ocean have di�erent impli-508

cations for the resulting circulations. It has been recognized, since the works509

of Charney (1975), that a warm land surface does not necessarily initiate a510

moisture in�ow if the land is also dry: the surface warming will be negated by511

cooling of the adiabatically ascending dry air (Fig. 1a). However, if the land512

is both warm and moist, the conditions for ocean-to-land moisture in�ow are513

conventionally considered favorable. We show that this may not always be514

the case. Too high land-ocean temperature contrasts can inhibit, and block,515

moisture in�ows and the ascending motion of moist air.516

This can be a mechanism contributing to the formation of blocking anti-517

cyclones and heatwaves, for which, as commonly recognized, there is no com-518

prehensive dynamic theory or understanding (Woollings et al., 2018; Miralles519

et al., 2019). One of the conceptual questions is the following: if the air rises520

where it is warm, why does it descend where it is the warmest, i.e., during521

heatwaves associated with blocking anticyclones? Here the above-described522

di�erence between CIAD and temperature-driven circulation provides sug-523

gestions.524
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For the CIAD circulation to work, there must be a pressure drop. This525

happens when the moist air rises and vapor condenses. As the moist air526

moves horizontally towards the area of ascent, if the surface is moist and527

its temperature increases along the streamline, the air will acquire water528

vapor. If this temperature rise is too high, the amount of acquired water529

vapor due to evaporation can exceed the amount lost due to condensation.530

The net pressure di�erence will be zero, and the CIAD circulation will stop531

or reverse. (Indeed, heatwaves are accompanied by a spike in evaporation,532

see, e.g., Sitnov et al., 2014; Miralles et al., 2019, Fig. 2). The prevalence533

of CIAD mechanisms over the temperature-driven motions will then account534

for the persistence of the descending air motion in the warmest area.535

It is critically important to continue theoretical investigations of moist at-536

mospheric dynamics and the role of vegetation, considering jointly the biotic537

pump mechanism and the temperature-driven e�ects. Previously, we indi-538

cated that a major role of vegetation in the atmospheric moisture transport539

is to keep the atmosphere moist via transpiration (Makarieva and Gorshkov,540

2007; Makarieva et al., 2014b). Here we highlighted an additional role: to541

bu�er the land-ocean temperature contrasts. Recognizing these physically542

distinct e�ects of temperature on air circulation can help better understand543

and project the diverse impacts of land cover change on the local and re-544

gional water cycle (Lawrence and Vandecar, 2015; te Wierik et al., 2021;545

Caballero et al., 2022). The e�ects of the vegetation cover change on the re-546

gional water cycle can be exacerbated by atmospheric teleconnections (e.g.,547

the Rodwell-Hoskins mechanism, Rodwell and Hoskins, 1996).548

In a broader context, the current international focus on mitigating carbon549
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emissions raises the importance of renewable energy sources and causes an550

increased pressure on global forest ecosystems (Jonsson and Rinaldi, 2017;551

Lauri et al., 2017). Deforestation leads to the emission of dioxide which552

contributes to warming the planet but in the boreal region is considered553

to cool the planet via an increase in albedo, the overall e�ect is judged554

to be small despite the uncertainties (Jia et al., 2019). This narrative has555

allowed the on-going extirpation of native boreal forests to proceed with little556

international concern.557

Meanwhile, the role of forests in transcontinental moisture transport and558

in controlling regional temperature regime, has become much clearer (e.g.,559

Nobre et al., 2009; van der Ent et al., 2010; Pielke Sr. et al., 2011; Alkama560

and Cescatti, 2016; Mahmood et al., 2016; Leite-Filho et al., 2021; Meier561

et al., 2021). Russia, for example, is home to some of the world's most562

extensive natural forest (Potapov et al., 2008). The pristine forest ecosys-563

tems are characterized by resilience to perturbations like �res, windfall or564

pests (Sukachev, 1975; Gromtsev, 2002; Rich et al., 2007; Shorohova et al.,565

2008; Debkov et al., 2019). They also stabilize regional and global climates566

(Gorshkov, 1995; Funk et al., 2019; Makarieva et al., 2020).567

Recent research has highlighted how forests bu�er downwind regions568

against �uctuations in precipitation (O'Connor et al., 2021). Conversely,569

loss of native forest cover should result in continent-scale destabilization of570

the water cycle and temperature regime. Indeed, simultaneously with pris-571

tine forests being lost in Russia (Potapov et al., 2017), the Eurasian continent572

is drying and increasingly su�ering violent winds, �oods and droughts (Gu573

et al., 2019; Krause et al., 2020; Cornwall, 2021). A strategy to mitigate574

32



climate change and stabilize the continental water cycle must include a fo-575

cused research-policy program aimed at protecting natural forests (in Russia,576

Canada and beyond). As moisture transport ignores political borders making577

downwind countries highly dependent on upwind vegetation cover (van der578

Ent et al., 2010), forest conservation and restoration policies in one coun-579

try (e.g., China) will not be successful if they are accompanied by increased580

pressure on intact ecosystems in another (e.g., Russia).581

While the appreciation of the importance of natural ecosystems is now582

on the rise (EASAC, 2017; Jonsson et al., 2020; Sabatini et al., 2020), the583

understanding, and corresponding research, of their active participation in584

the many aspects of climate stabilization, as well as of the potential of pro-585

forestation (Moomaw et al., 2019) for climate change mitigation, remain in-586

adequate. Large-scale drought-mitigation measures can only be successful587

within a broader strategic framework that recognizes the role of forest cover,588

and pristine forests in particular, in the water cycle and atmospheric dynam-589

ics. Elaborating such a framework requires a major interdisciplinary e�ort.590

7. Conclusion591

We have shown that the continuity equation yields an estimate on wind592

from a known condensation rate. Minor changes in condensation rate result593

in marked changes in wind power (Table 1). These results are pertinent to594

predicting regional changes in the terrestrial water cycle, especially where595

models disagree even on the sign of changes (e.g., Hill, 2019). Recognizing596

this sensitivity can improve model parameterizations.597

We further derived a theoretical equation, Eq. (14), which describes how598
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the CIAD-induced pressure di�erence ∆p(β) depends on the temperature599

di�erence ∆T between the donor (ocean) and acceptor (land) regions and600

on the degree of condensation β. Here, β is not a free parameter but is601

determined by the properties of the circulation. It is de�ned as the relative602

amount of moisture that has condensed as the moist air reaches height z0603

where the pressure di�erence between the donor and acceptor regions changes604

sign (and thus, above z0, there is an air out�ow to, rather than in�ow from,605

the ocean).606

Therefore, with ∆T set by observations, this equation may or may not607

have realistic solutions. We found that such solutions exist in summer (when608

precipitation reaches a maximum in the studied regions): the estimated the-609

oretical values of ∆p(β) are comparable to the observed pressure di�erences610

∆pobs between land and ocean, and so is z0 (Fig. 4, third column), indicating611

that our estimates, and the underlying mechanisms, are realistic.612

The case of China, where ∆p(β) is relatively small when compared to613

∆pobs, indicates a greater role of the meridional moisture transport from a614

(relatively) warmer ocean to a colder land. Such circulation requires further615

investigation.616

Furthermore, our theoretical framework indicates the existence of a crit-617

ical temperature di�erence ∆T (β), Eq. (18), when ∆p(β) becomes zero618

and the condensation-induced circulation stops. We estimated these criti-619

cal ∆T (β) values and found that they are only moderately larger than the620

observed temperature di�erences in the studied regions.621

Ominously, an additional regional surface warming of 1�2 K following loss622

of vegetation can disrupt the atmospheric moisture transport in the regions623
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we studied. Ecosystem resilience and transpiration are crucial to stabilising624

and maintaining the regional water cycle. The wellbeing of much of the625

World's people is threatened by destruction of forest and other natural tree626

cover.627
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Appendix A: Deriving Eqs. (9) and (12)638

For the convenience of our readers here we repeat the derivations of

Makarieva et al. (2014a). In the stationary case, the continuity equations

for the water vapor and the dry air constituents have the form

∇ · (vNv) ≡ Nv(∇ · v) + (v · ∇)Nv = S, (A.1a)

∇ · (vNd) ≡ Nd(∇ · v) + (v · ∇)Nd = 0, (A.1b)
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where Nv, Nd and N = Nv+Nd are the molar densities of water vapor, dry air639

constituents and moist air as a whole, respectively. Air velocity v = u+w is640

equal to the sum of the horizontal u and vertical w velocity components. The641

quantity S (mol m−3 s−1) represents the volume-speci�c rate at which molar642

density Nv of water vapor is changed by phase transitions. By multiplying643

(A.1b) by γd ≡ Nv/Nd and excluding Nv(∇ · v) from (A.1a), we obtain644

(v · ∇)Nv − γd(v · ∇)Nd = S. (A.2)

Using the ideal gas equation of state645

p = NRT, pv = NvRT, pd = NdRT, (A.3)

one can replace molar densities Ni in (A.2) with partial pressures pi (i =646

v, d) and the rate of phase transitions S with the power of phase transitions647

σ ≡ SRT (W m−3):648

(v · ∇)pv − γd(v · ∇)pd = σ. (A.4)

Owing to the universality of the gas constant R the contribution due to649

temperature gradient ∇T cancels.650

Substituting (11) into (A.4) and taking into account the identity651

∇pv − γd∇pd ≡ (1 + γd)(∇pv − γ∇p), (A.5)

where γ ≡ pv/p ≡ γd/(1 + γd), we obtain the following relation for (A.4):652

(w+ u) · (∇pv − γ∇p) =
1

1 + γd
(u · ∇)p.

By transferring γ(u·∇)p to the right-hand side of the last relation and taking653

into account relation between γ and γd, we obtain:654

p(w · ∇)γ + (u · ∇)pv = (u · ∇)p, p∇γ ≡ ∇pv − γ∇p, (A.6)
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which coincides with Eq. (12).655
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