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Abstract

The modern “wet” tropics are dominated by the Intertropical Convergence Zone, however “dry” tropics likely occurred in

Earth’s history. It is unclear how the tropics change between wet and dry climates because recent progress has focused on

modern and warmer climates. We show the tropical hydrological cycle undergoes a wet-to-dry regime transition when surface

wetness is decreased in a general circulation model. The dry regime occurs when precipitation is suppressed by negative

evaporation. The regime transition is dominated by near-surface relative humidity, in contrast to our traditional understanding

which assumes changes in relative humidity are small. We show near-surface relative humidity changes are controlled by

re-evaporation of stratiform precipitation. The moistening effect of re-evaporation is non-local: re-evaporation happens near

the lifting condensation level and moisture diffuses downward to the near-surface. Our results provide a first step toward

understanding tropical hydrological cycle changes between wet and dry climates.
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Key Points:6

• The tropical hydrological cycle exhibits a wet-to-dry regime transition when sur-7

face wetness is reduced in a general circulation model.8

• Re-evaporation of stratiform precipitation causes the regime transition by impact-9

ing near-surface relative humidity.10

• Re-evaporation happens at cloud base and the moistening effect diffuses to the near11

surface.12
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Abstract13

The modern “wet” tropics are dominated by the Intertropical Convergence Zone, how-14

ever “dry” tropics likely occurred in Earth’s history. It is unclear how the tropics change15

between wet and dry climates because recent progress has focused on modern and warmer16

climates. We show the tropical hydrological cycle undergoes a wet-to-dry regime tran-17

sition when surface wetness is decreased in a general circulation model. The dry regime18

occurs when precipitation is suppressed by negative evaporation. The regime transition19

is dominated by near-surface relative humidity, in contrast to our traditional understand-20

ing which assumes changes in relative humidity are small. We show near-surface rela-21

tive humidity changes are controlled by re-evaporation of stratiform precipitation. The22

moistening effect of re-evaporation is non-local: re-evaporation happens near the lifting23

condensation level and moisture diffuses downward to the near-surface. Our results pro-24

vide a first step toward understanding tropical hydrological cycle changes between wet25

and dry climates.26

Plain Language Summary27

Earth’s modern tropical region is warm and wet, however it was likely dry in the28

past icy period. Here we investigate how the tropical hydrological cycle changes in re-29

sponse to reducing surface wetness in a state-of-the-art climate model with an idealized30

surface boundary. In response to reduced surface wetness, the tropics transitions from31

a wet regime (precipitation and evaporation are positive) to a dry regime (precipitation32

is negligible and evaporation is negative). Surprisingly, this regime transition is controlled33

by the re-evaporation of rain near cloud base. In the dry regime, tropical rainfall is re-34

evaporated aloft and the water vapor is transported to the near-surface via diffusion and35

affects the relative humidity. The evaporation becomes negative because the near-surface36

air has more moisture than the dry surface. Our results represent the first step toward37

understanding tropical regime transitions between wet and dry climates.38

1 Introduction39

A defining feature of Earth’s modern climate is that precipitation maximizes near40

the equator in the InterTropical Convergence Zone (ITCZ, Hartmann, 2016). In the wet41

modern tropics, precipitation exceeds evaporation and there is moisture flux convergence42

by the large-scale circulation. However, the hydrological cycle was different in past cli-43

mates (Pierrehumbert, 2002; Schneider et al., 2014). For example, in simulations of dry44

Snowball Earth, evaporation exceeds precipitation in the tropics (Pierrehumbert, 2005;45

Abbot et al., 2013). Thus, both wet (modern Earth) and dry (Snowball Earth) tropics46

are possible on Earth. Understanding the wet/dry contrast is important for Earth and47

also for the habitability of other planets (e.g. Kodama et al., 2018, 2019).48

Recently, significant progress has been made in understanding changes in the po-49

sition, width and strength of the ITCZ (Schneider et al., 2014; Byrne et al., 2018), but50

the focus has mostly been on the modern and warmer wet climates. It is not clear how51

the tropical hydrological cycle changes as the climate dries out. Going beyond the mod-52

ern climate regime is key to pushing the boundary of our understanding of the atmospheric53

circulation (Held, 2018).54

Cronin and Chavas (2019) showed that the transition from a wet to dry surface can55

be parameterized using a surface wetness parameter. Surface wetness (β) appears in the56

equation for evaporation (E):57

E = ρCKLvVsq
∗
s (β −H) (1)

where ρ is the density of near-surface air, CK is the exchange coefficient of moisture, Lv58

is the latent heat of vaporization of water, Vs is surface wind speed, q∗s is the saturation59
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specific humidity at the surface, and H is the near-surface relative humidity. Physically60

β is the mole fraction of water in the solution and a small β value corresponds to a sur-61

face with limited water and high salinity. In arid environments like Antarctic ponds β62

can be as small as 0.28 (Toner et al., 2017).63

How does the tropical hydrological cycle change between wet and dry climates? If64

we follow hydrological cycle changes between modern and warmer climates and assume65

relative humidity changes are small (Schneider et al., 2010), one would predict tropical66

evaporation becomes negative when β < H ≈ 0.8 assuming changes in all other terms67

in (1), which are sign definite, are small. In addition, if we assume the change in mois-68

ture flux convergence is small, then precipitation may be suppressed by the cancellation69

of negative evaporation and moisture flux convergence. However, the assumption of small70

relative humidity changes has been tested for warmer climates, not for drier climates.71

As a first step toward determining how the tropical hydrological cycle changes be-72

tween wet and dry climates, we investigate the response to decreased surface wetness in73

an aquaplanet general circulation model (GCM). We use the wetness parameterization74

of Cronin and Chavas (2019). In the following sections, we begin by introducing the GCM75

simulations and moisture budget analysis (Section 2). We then present and discuss the76

tropical precipitation response to decreasing β and compare it to the predicted response77

following the assumption of small changes in relative humidity (Section 3). We conclude78

the paper by summarizing our results and discussing directions for future work (Section 4).79

2 Methods80

2.1 GCM simulations81

We use the finite volume dynamical core of the GFDL-AM2 GCM with an aqua-82

planet configuration (Anderson et al., 2004). The simulations are configured as follows:83

obliquity and eccentricity are set to zero, with no diurnal cycle; the mixed layer depth84

is 50 m with no ocean heat transport and no sea ice; greenhouse gas concentrations are85

CO2 = 348 ppmv, CH4 = 1650 ppmv, N2O = 306 ppbv, CFC-11 = 0, and CFC-12 =86

0; ozone distribution is set as in Blackburn and Hoskins (2013). All simulations are run87

for 60 years with 10 years of spin up.88

Precipitation is produced by two schemes: 1) the relaxed Arakawa-Schubert scheme89

(Moorthi & Suarez, 1992), which represents deep convection, and 2) the Tiedtke-Roststayn-90

Klein prognostic cloud scheme (Tiedtke, 1993; Rotstayn, 1997; Jakob & Klein, 1999),91

which represents stratiform clouds. In the stratiform scheme, the re-evaporation of rain92

is calculated at each atmospheric layer by integrating the diameter-dependent evapora-93

tion rate of a single raindrop over the Marshall-Palmer droplet size distribution (Marshall94

& Palmer, 1948). Re-evaporation of rain only happens if relative humidity in the unsat-95

urated part of the grid box RHclr is less than a critical value RHevap.96

In order to understand the importance of re-evaporation of rain for the tropical hy-97

drological cycle we set up mechanism denial experiments. Mechanism denial experiments98

involve disabling a physical effect in the model in order to test its importance. We dis-99

able the re-evaporation of rain in the stratiform scheme by setting RHevap to 0. We can100

also disable the re-evaporation in the relaxed Arakawa-Schubert scheme, but that does101

not cause a significant change in the precipitation. Hereafter “w/ re-evap” refers to sim-102

ulations with re-evaporation enabled, and “w/o re-evap” refers to simulations with re-103

evaporation disabled.104
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2.2 Moisture Budget105

The hydrological cycle on Earth is controlled by the time-averaged moisture bud-106

get of the atmosphere:107

P = −∇ · ~Fq + E (2)

where P is precipitation, and −∇· ~Fq is column-integrated moisture flux convergence.108

We follow Cronin and Chavas (2019) and modify the bulk aerodynamic formula for sur-109

face evaporation [see equation (1)]. We carried out simulations with β = 0, 0.001, 0.003,110

0.01, 0.03, 0.1, 0.3, 0.5, 0.7, and 1.0.111

We focus on the response of tropical hydrological cycle defined by a meridional av-112

erage over 5◦S to 5◦N, which encapsulates the width of the ITCZ (Supplementary Ta-113

ble 1). We use the δ notation to represent the difference between drier and wetter cli-114

mates with different β values. e.g.115

δE = Eβ2 − Eβ1 (3)

where β2 < β1. The moisture budget response can be written as:116

δP = −∇ · δ ~Fq + δE (4)

where δP is the change of precipitation, −∇ · δ ~Fq is the change of column-integrated117

meridional moisture flux convergence, and δE is the change of surface evaporation. Fol-118

lowing equation (1), we can further decompose the evaporation response as:119

δE ≈ ρCKLvVs[q∗sδβ − q∗sδH + (β −H)δq∗s + δ(β −H)δq∗s + · · ·] (5)

where terms on the right hand side represent the direct effect of decreasing surface wet-120

ness (q∗sδβ), the effect of near-surface relative humidity changes (−q∗sδH), the effect of121

changes in saturation specific humidity [(β−H)δq∗s ] and finally the nonlinear effect of122

changes in saturation specific humidity and deviations of β from H [δ(β−H)δq∗s ]. Other123

nonlinear terms are negligible (Supplementary Fig. 2).124

3 Results125

3.1 Regime transition of the tropical hydrological cycle126

As surface wetness (β) decreases, the tropical hydrological cycle transitions from127

a wet to a dry regime (Fig. 1a). The wet regime occurs when the hydrological cycle cor-128

responds to that of modern Earth, namely in the tropics evaporation (gray line, Fig. 1a)129

and moisture flux convergence (black dashed line, Fig. 1a) both contribute to precipi-130

tation (black line, Fig. 1a). The wet regime occurs when β > 0.1. The dry regime is iden-131

tified when precipitation is small because negative evaporation (near-surface has more132

moisture than the surface) opposes moisture flux convergence. The dry regime occurs133

when β ≤ 0.1 instead of β < H ≈ 0.8 as expected assuming relative humidity changes134

are small (see Introduction).135

The transition from wet to dry tropics is clearly controlled by the change of sign136

of evaporation. In order to understand the evaporation response, we decompose it into137

different contributions following equation (5). If the assumption of small relative humid-138

ity changes δH ≈ 0 is correct, then q∗sδ(β − H) (purple solid line, Fig. 1b) should be139

equal to q∗sδβ (red dashed line, Fig. 1b). We find q∗sδ(β−H) deviates from q∗sδβ in the140

dry regime (compare purple line and red dashed line, Fig. 1b), and the wet to dry trop-141

ics regime transition follows q∗sδ(β−H) (compare grey and purple lines, Fig. 1b), sug-142

gesting changes in relative humidity are important. The specific humidity changes (green143

solid line, Fig. 1b) and nonlinear changes (orange solid line, Fig. 1b) are large, but they144

cancel out.145
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Figure 1. Time mean, zonal mean, and tropical mean (a) moisture budget and (b) decompo-

sition of evaporation for simulations with re-evaporation enabled; (c,d) are similar to (a,b) but

for simulations with re-evaporation disabled.

Overall, relative humidity changes are not small and follow changes in β (Fig. 2).146

The transition from wet to dry tropics can be identified using the relationship between147

β and H. For example, the wet regime occurs when β > H, while the dry regime oc-148

curs when β < H (see blue line crossing black line, Fig. 2). Thus, the change of near149

surface relative humidity is fundamental to the wet to dry regime transition.150

3.2 Role of re-evaporation for the wet-to-dry regime transition151

Near-surface relative humidity clearly controls the wet-to-dry regime transition of152

the tropical hydrological cycle. Relative humidity is affected by many different factors153

including re-evaporation. Re-evaporation has been shown to have a large impact on the154

position of the ITCZ because re-evaporative cooling weakens the coupling between con-155

densational heating and vertical motion (Bacmeister et al., 2006). Here we hypothesize156

re-evaporation controls the strength of the ITCZ and thus the wet-to-dry regime tran-157

sition of the tropical hydrological cycle as surface wetness decreases.158

We test the hypothesis using mechanism denial experiments (see section 2.1). When159

re-evaporation is disabled in the GCM simulations there is no regime transition and the160

wet regime occurs for all β values, i.e. evaporation is always positive (Fig. 1c). In the161

simulations with re-evaporation disabled, relative humidity changes are too small com-162

pared changes in β to account for the changes in evaporation, i.e. q∗sδ(β−H) scales with163

q∗sδβ (compare grey and red dashed lines, Fig. 1d) consistent with the assumption that164

relative humidity changes are small. Thus, without the moistening effect of re-evaporation,165

β > H as β decreases (red line, Fig. 2).166
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Figure 2. Near-surface atmospheric relative humidity H as a function of surface wetness β

for simulations with and without re-evaporation. The thin black line from the bottom-left to the

top-right is the one-to-one line. The wet regime occurs when β > H, while the dry regime occurs

when β < H as indicated by the vertical black line.

–6–
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3.2.1 Impact of re-evaporation from stratiform precipitation167

Is re-evaporation associated with stratiform or deep convective precipitation? In168

the GCM simulations, both deep convective and stratiform precipitation are suppressed169

as β decreases with re-evaporation enabled (Supplementary Fig. 1a). When β < H pre-170

cipitation (Supplementary Fig. 1a) and the moistening tendency due to re-evaporation171

in the deep convection scheme (compare Fig. 3a to Supplementary Fig. 3a) are negli-172

gible compared to those in the stratiform scheme. Disabling re-evaporation leads to en-173

hanced stratiform precipitation but no impact on deep convective precipitation (Sup-174

plementary Fig. 1b). Consistently, the moistening tendency due to re-evaporation from175

stratiform precipitation dominates over that from the deep convection scheme (compare176

Fig. 3b to Supplementary Fig. 3b).177

Does re-evaporation from stratiform precipitation moisten the near-surface air via178

local or non-local processes? The stratiform precipitation scheme output from the GCM179

suggests that re-evaporation moistens the air aloft (non-locally) as β decreases (see dq/dt >180

0 in Fig. 3a). Moreover, when re-evaporation is disabled the moistening aloft does not181

occur (Fig. 3b). Note the positive moisture tendency without re-evaporation in the lower182

atmosphere is associated with turbulent mixing of cloud droplets and the unsaturated183

environmental air, leading to cloud erosion and moistening of the environment (Supple-184

mentary Fig. 4).185

Why does re-evaporation occur aloft as β decreases? The level where re-evaporation186

from stratiform precipitation moistens the atmosphere (blue circles, Fig. 3c) follows the187

Lifting Condensation Level (LCL, red circles, Fig. 3c). The LCL is calculated using sur-188

face relative humidity and temperature following Romps (2017). The LCL calculation189

does not depend significantly on surface temperature which changes with β (compare190

red circles and stars, Fig. 3d). Thus, as surface relative humidity decreases following β,191

the near-surface air is further away from saturation and the LCL moves upward.192

3.2.2 Role of vertical diffusion193

How does moistening due to re-evaporation near the LCL reach the near surface194

and affect relative humidity? We hypothesize that vertical diffusion is important for get-195

ting the non-local moistening near the LCL to impact the near surface relative humid-196

ity. We test the hypothesis by looking at the moistening tendency due to vertical dif-197

fusion. Vertical diffusion clearly moistens the atmosphere below the LCL in the dry regime198

(Fig. 4).199

In the GCM simulations, the specific humidity q is constant below the LCL (Sup-200

plementary Fig. 5) consistent with the Cloud Resolving Model (CRM) simulations of Cronin201

and Chavas (2019). If we assume the moistening tendency due to re-evaporation is bal-202

anced by vertical diffusion below the LCL then we obtain a vertical length scale H:203

H =
√
κτ (6)

where κ is diffusivity and τ is the time scale. We estimate the time scale using specific204

humidity just below the LCL and the maximum moistening tendency due to re-evaporation205

of stratiform precipitation:206

τ =
q

(dq/dt)max
. (7)

When using the diffusivity coefficient, maximum moistening tendency due to re-evaporation207

of stratiform precipitation (see Fig. 3a), and specific humidity below the LCL (Supple-208

mentary Fig. 5), the vertical length scale H is estimated to be 10-20 km (Table 1), which209

is on the order of the depth of the tropical troposphere. Our scaling of H can be treated210

as an upper limit. The actual vertical length scale Hact is defined as the height where211

dq/dtvert−diff = 0 (see Fig. 4). Since the estimated vertical length scale is of the same212

–7–
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Figure 3. Moisture tendency from the stratiform precipitation scheme for simulations (a)

with re-evaporation and (b) without re-evaporation. (c) Pressure where moistening tendency is

zero with re-evaporation (blue circles) and lifting condensation level (red circles) predicted from

Romps (2017) versus β. (d) Lifting condensation level versus β using surface relative humidity

and temperature (red circles) and with surface temperature fixed at β = 1 (red stars).

Figure 4. Moisture tendency from vertical diffusion for dry regime with re-evaporation (solid

line) and without re-evaporation (dashed line). When re-evaporation is enabled, vertical diffusion

transports moisture away (negative) from the lifting condensation level down to the near-surface

(positive).

–8–
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Table 1. The vertical length scale H estimated by assuming the moistening tendency from the

stratiform precipitation scheme balances vertical diffusion [see equation (6)] is calculated from

vertical diffusion (κ) and the time scale (τ). The time scale is calculated by dividing the specific

humidity below the LCL (q) by maximum moisture tendency from re-evaporation of stratiform

precipitation (dq/dt)max. The actual vertical length scale Hact is calculated as the height where

the moisture tendency from vertical diffusion is zero.

β 0.001 0.003 0.01
q (kg/kg) 4.37e-5 1.99e-4 1.09e-3
(dq/dt)max (10−10 kg/kg/s) 2.76 6.79 54.4
τ (hour) 44.0 81.6 55.8
κ (m2/s) 1243 1132 892
H (km) 14.0 19.4 12.4
Hact(km) 9.0 9.2 7.9

order as the actual scale, our scaling suggests diffusion can transport re-evaporated mois-213

ture to the near surface.214

4 Summary and Discussion215

We have studied the wet-to-dry regime transition of the tropical hydrological cy-216

cle in a general circulation model by reducing surface wetness. While the wet regime re-217

sembles the modern tropical climate, we find the dry regime corresponds to a scenario218

with negative tropical evaporation, which means the near-surface air has more moisture219

than the dry surface. By using a moisture budget analysis, the wet-to-dry regime tran-220

sition is attributed to the difference between surface wetness and near-surface relative221

humidity. From mechanism denial experiments, we find re-evaporation of rain from strat-222

iform clouds controls the regime transition: re-evaporation happens aloft near the LCL,223

which becomes higher as the surface dries out, then the moisture diffuses downward through-224

out the boundary layer. The role of vertical diffusion was confirmed using a scaling anal-225

ysis that estimated the height assuming the moistening tendency is balanced by diffu-226

sion.227

The importance of re-evaporation is unexpected but we do not believe it is an ar-228

tifact of parameterized convection in our GCM. We find multiple similarities between229

our GCM results and the CRM results in Cronin and Chavas (2019). For example, in230

both cases reducing surface wetness leads to a deepening of the boundary layer and ris-231

ing LCL, and the change of cloud fraction and precipitation flux are similar (compare232

Supplementary Fig. 5 to their Fig. 2). While we show re-evaporation from stratiform pre-233

cipitation is the mechanism controlling the GCM regime transition, it is unclear whether234

a similar mechanism operates in the CRM, in which stratiform and convective precip-235

itation are not explicitly distinguished. We expect further studies with resolved convec-236

tion to re-examine the role of re-evaporation.237

We demonstrate that our understanding of climate change between modern and238

warmer wet climates, which assume small changes in near surface relative humidity, does239

not hold for drier climates. In our simulations, the regime transition is determined by240

the difference between the surface and the atmosphere, so the relative humidity changes241

are important. Overall our aquaplanet simulations provide a first step to understand-242

ing the tropical hydrological cycle changes from wet to dry climates. Whether this regime243

transition is robust for other planetary climates remains unclear. More sophisticated lower244
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boundaries (e.g. land models, topography) are needed to extend the results beyond the245

modern climate regime.246
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