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[1] Large variations in soil water reserves and surface
temperature over the continents are linked to a positive
feedback between precipitation and soil moisture. This
mechanism can generate bimodal distributions of soil
moisture. Here, we show that bimodality results from the
existence of multiple equilibria in the continental water
balance, considering the coupled system including the upper
soil layer and the atmospheric planetary boundary layer.
This mechanism is described with an idealized box model,
that includes convergence and divergence of moisture
fluxes, convection, precipitation and evapotranspiration.
The existence of two equilibria is associated with the
variation of precipitation efficiency, which depends on
convection intensity. The two regimes correspond to
realistic values of climatic variables associated with mean
wet or dry summers, and can persist for the whole summer
season when forced by a stochastic moisture convergence
flux. This suggests that a key role for midlatitude
continental summer climate is played by the continental
soil water content. Citation: D’Andrea, F., A. Provenzale,
R. Vautard, and N. De Noblet-Decoudré (2006), Hot and cool
summers: Multiple equilibria of the continental water cycle,
Geophys. Res. Lett., 33, L24807, doi:10.1029/2006GL027972.

1. Introduction

[2] During the unprecedented August 2003 heatwave in
Europe, temperature exceeded its usual value by 5 standard
deviations [Schdr et al., 2004]. This event had dramatic
effects on vegetation productivity [Ciais et al., 2005], air
quality [Vautard et al., 2005] and health [World Health
Organization, 2003], as well as on the socio-economic
activities, ranging from agriculture to energy consumption
[Fink et al., 2004]. As a consequence, the interest in the
problems of climate extrema in midlatitudes has increased
in the last few years. Of particular importance is the
possibility of an increase of their frequency because of
global climate change.

[3] Observational studies [Chang and Wallace, 1987] and
General Circulation Model (GCM) studies [Oglesby and
Erickson, 1989; Ferranti and Viterbo, 2006; Huang et al.,
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1996] have shown the importance of the continental water
budget for summer temperature and precipitation. Due to a
positive feedback between soil moisture and precipitation/
cloud cover, the continental climate undergoes persistent
dry or wet spells. A dry soil favours sensible heat flux
relative to latent heat flux in the surface energy budget. The
heat excess and soil water deficit results in fewer clouds,
less rain and greater demand for evapotranspiration which
further depletes the soil water reservoir. A dry soil also
inhibits the triggering of convective precipitation [Schdr
et al., 1999], leading to more anticyclonic weather.

[4] Using station data from the midwest of the United
States, D’Odorico and Porporato [2004] (hereinafter
referred to as DP) showed that the probability distribution
of summer moisture in the upper 50 cm soil layer has a
bimodal shape. Summers have high likelihood to be either
in a wet or a dry state. They also found a correlation
between soil moisture and rainfall, which they interpreted
as sign of a positive feedback mechanism. They proposed a
statistical model for this feedback, similar to those of
Rodriguez-Iturbe et al. [1991] or Entekhabi et al. [1992],
where the frequency of rainfall depends on soil moisture
through a regression calculated from the observations.
Based on this regression, rainfall is stochastically forced
in their water cycle model, leading to a bimodal distribution
of soil water content. A bimodal distribution in this model
naturally originates from the state-dependent stochastic
dynamics, also known as “multiplicative noise” [see, e.g.,
Porporato and D’Odorico, 2004, and references therein].

[s] In this paper, we propose a physical mechanism for
the existence of a bimodal probability distribution of soil
moisture. Our approach is based on complementing a soil
model similar to that used by DP with a simple represen-
tation of the moist thermodynamics of the atmospheric
planetary boundary layer (PBL), which includes a simple
parametrization of moist convection. This coupled soil-
atmosphere model predicts the existence of multiple equi-
libria in the water balance of the atmospheric PBL and the
upper soil layer.

[6] In the next section the model is briefly described, for
technical details the reader is referred to the auxiliary
material.! Section 3 describes the results obtained, and
discussion and conclusions are given in section 4.

2. Model Description
2.1. Thermodynamic Equations

[7] The interaction between the atmospheric PBL and the
surface hydrology is provided by an idealized box model of

'Auxiliary materials are available in the HTML. doi:10.1029/gl/
2006GL027972.
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Figure 1. Schematics of the box-model, the formula to
compute the equivalent potential temperature of the PBL 6,
is repeated in the upper left corner. Thick arrows show input
and output water fluxes. Gray represents air humidity, black
represents liquid water.

the continental water cycle. The geometry of the model is
schematized in Figure 1. It includes a 1000 m high
atmospheric layer, and a 0.5 m deep soil layer, as in DP.
In both media, temperature and humidity are prognostic
variables, interacting by exchanges of heat, and exchanges
of water by precipitation and evapotranspiration. This gives
four prognostic variables; the four evolution equations are
the following:

0, " NG, 1

pcphaa - Qs + 5115&0—7—'3 - pcpha 7 + T_a (ea - ea) (1)

9qa 9Aq,
pha E =F phg 6[ -+ Fq (2)
pscpshs % = Fmd - Qs - ESUT: - LeE (3)

9qs

S —p_E_ (g, 4
woh, 2 () )

Table 1. Key Model Parameters and Their Values
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[8] In (2), the potential temperature of the atmospheric
PBL 6, is forced by (left to right on the r.h.s.) the surface
sensible heat flux O, the infrared radiation from the ground,
and the cooling rate due to convection. In the cooling term,
Ad, is different from zero only when convection occurs.
Convection is assumed to take place whenever the PBL
becomes statically unstable with respect to the free tropo-
sphere (see section 2.2 below). When convection occurs, the
PBL and the free troposphere are assumed to mix and the
variables 0, and ¢, are correspondingly modified. The PBL
temperature is also relaxed to a fixed external temperature
0% = 22°C (last term on the r.h.s. of (2), corresponding to
heat exchange due to transport and mixing. The relaxation
has a timescale of 7, = 3 days; our results are not very
sensitive to this relaxation term. Table 1 provides a descrip-
tion of the main symbols, while the detailed calculation of
the fluxes, evapotranspiration and precipitation is given in
the auxiliary material. The values of the parameters
are generally taken from work by Laio et al. [2001] or
Rodriguez-Iturbe and Porporato [2004] for continental
midlatitudes.

[o] The evolution of air humidity g, (equation (3)) is
driven by three terms. The second term on the r.h.s.
represents the drying due to convection that mixes the
moister air of the PBL with the drier air of the free
troposphere. Part of this water is delivered to the soil as
precipitation (see next two sections). We consider two
source terms, evapotranspiration E, and a lateral moisture
input term F,, which is due to the large-scale mass field
convergence. Atmospheric water (see the arrows in
Figure 1), comes into the box model through this term, is
lifted into the free troposphere by convection, and then is
either precipitated or evacuated by flow divergence. If the
model is thought to represent a general location in central
Europe or inland USA, F, represents an influx of maritime air
from the west (Pacific or Atlantic oceans) or from the south
(GulfofMexico or Mediterranean). The value of F, is fixed so
as to close the water budget. We use a mean value of 10 557!
(approximately equivalent to 0.8 mm of water per day), but
the behavior of the system has been tested for values ranging
from a divergence of 1 mm of water per day to a convergence
of 3 mm per day. The dependence of the model behavior on
the value of F7, is discussed at length below.

[10] Soil temperature 7; is forced by the energy
balance between incoming net radiation, F,,, in equation
(3), outgoing infrared radiation, latent heat uptake by
evapotranspiration and sensible heat flux Q, as in (2). F,,4

Symbol Meaning Value Units
Froa Net radiation at surface 450 W m?
L, Specific latent heat of Evaporation 2.501 10° JKg™!
R Ideal gas constant 287 T keK ™!
Cpa Air specific heat 1000 Jkg ' K7!
Cps Soil specific heat 1000 Jkg "K'
hy Thickness of the atmospheric boundary layer 1000 m
hy Depth of the soil active layer 0.5 m
Wo Soil water holding capacity 1500 kg m~3
€4 Blackbody absorptivity of the PBL 0.3
€ Blackbody emissivity of the Earth 0.8
p Air density 1 kg m
s Soil density 1800 kg m?
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is assumed constant; its dependence on a representation of
could cover has been tested and does not change substan-
tially the results below.

[11] Equation (4) is the same as in DP. The quantity ¢,
represents the relative soil moisture with respect to satura-
tion. Actual soil moisture is obtained by multiplying ¢, by
the soil water holding capacity wy, and the depth of the
active soil layer /. The results described below depend very
weakly on the choice of wy and A, The variation in g
(equation (4)) is the result of the balance between precip-
itation P, evapotranspiration E and leakage L at the bottom
of the active layer. The term P represents precipitation
minus runoff. The exact formulation of all these terms is
described in the auxiliary material.

2.2. Convection Parameterization

[12] The model includes a very simple parameterization
of convection. The stability of the air column is assumed to
depend only on the difference between the moist enthalpy of
the PBL and that of the free troposphere above (see
Figure 1). We assume that the equivalent potential temper-
ature of the free troposphere has a fixed value %. At all
timesteps we compute the equivalent potential temperature
of the PBL,

0, = Oqers . (5)

If 6, is less than 0%, the column is stable and no convection
occurs. Conversely, if 0, > 0%, we assume that the column is
convectively unstable.

[13] When convection occurs, the updraft cools and dries
the PBL, until its equivalent potential temperature reaches
0% and convective equilibrium is restored. This procedure is
similar to the convective adjustment scheme once used in
general circulation models [Glickman, 2000]. The PBL
height being fixed, there is no representation of entrainment.
Both drying and cooling reduce equivalent potential tem-
perature, according to its definition (5). In this simplified
parameterization, the drying and cooling terms in equations
(2) and (3) are obtained by assuming that before and after
convection the PBL relative humidity stays the same. This
allows us to express the two terms separately as a function
of moist enthalpy ¢, (0, — 0%) (K. Emanuel, personal
communication, 2006). The assumption of conservation of
relative humidity is a crucial physical hypothesis for the
results described below. Although after a single storm
relative humidity can be locally increased by the convective
downdraft associated to evaporating rain, it quickly relaxes
towards its reference value, that is set by large-scale
radiation and evapotranspiration balance. Our parameteri-
zation of convection is a representation of the bulk effect of
a convectively active period in a large area, rather than that
of an individual storm.

[14] The assumptions described above lead to the follow-
ing formulae (see the system of equations (A-1)—(A-2) in
the auxiliary material):

0 06 - 035
Ady=—f (6)
L+ F;qreléqsat
Aéu = CIreléqsatAéav (7)
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where the term dq,, in (7) is the Clausius-Clapeyron law
linearized with respect to temperature, and ¢,.; is the relative
humidity.

[15] Convective cooling and drying are assumed to take
place immediately, time derivatives in the r.h.s. of (2) and

a Ag
(3) are substituted by the terms 5 and 6(5” and the
parameter 6f is set equal to the timestep of the model

(1 hour).

[16] The parameter 0 is taken equal to 300°K. The
results reported below do not change significantly for a
reasonable range of 0}.

2.3. Precipitation

[17] The water subtracted from the PBL by the convec-
tive updraft is lifted into the free troposphere above. We
assume that a fraction of this water precipitates locally, and
the rest is lost by moisture flux divergence in the upper
troposphere. The definition of this fraction — the precipi-
tation efficiency — is one of the crucial physical hypotheses
of this work; we assume that it is a function of the intensity
of convection.

[18] If convection is weak, and thus the water updraft is
weak, e.g. below 1 mm/day, we assume that a cloud is
formed that is then transported out of the domain with little
rain. Conversely, if the convection is very intense, a greater
fraction of water is precipitated. This physical mechanism is
in agreement with the observation of Schdr et al. [1999],
who showed by a regional modelling study of European
summer that the precipitation efficiency is correlated with
soil moisture. In their case, the precipitation efficiency was
expressed in terms of rate of recycling of water, i.e. the ratio
between precipitation and all the water entering a domain,
including large scale convergence and local convection.
Depending on the regional location and dry/wet periods
this varied between 0 and 0.8.

[19] In our parameterization, at any time the precipitation

rate is given by fpha#, where f expresses the precipitation
efficiency of the convection and pha# is the convective

A
updraft. If ph, (;i“ is less tha& 1 mm/day, precipitation
9a

efficiency is low, /= 0.2. If ph, 5

3 mm/day, almost all water precipitates, /= 0.9. Between the
two, f'is joined smoothly, see Figure 2. The thresholds and
values chosen for f are inspired by Schdr et al. [1999],
however different choices do not qualitatively change the
results obtained. We will return to the importance of this
mechanism in the discussion below.

is larger, i.e. more than

3. Multiple Water Balance Equilibria

[20] For realistic values of the parameters, the simplified
model has two stable equilibria; this is illustrated in
Figure 3. Figure 3 is obtained by integrating the model
starting from various initial soil moisture conditions (from
0 to 1) and stopping the integration when equilibrium is
attained. In Figures 3a—3d, the x-axis reports the initial
condition on ¢, and the y-axis shows the final —
equilibrium — value of the model variables. The initial
values of the three other prognostic variables are kept the
same.
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Figure 2. Precipitation efficiency as a function of the
moisture updraft expressed in mm/day.

[21] The dry steady state is reached for initial conditions
of soil humidity less than 0.32. Associated with this
equilibrium, elevated soil temperature (26°C) and air tem-
perature (24.5°C) are registered (Figure 3a). Both air
specific humidity and soil moisture have low values, soil
moisture lying just above the wilting point (Figure 3b).
High sensible heat flux from the ground heats up the PBL
(Figure 3c) and precipitation and evaporation are very low,
below 1 mm/day (Figure 3d).

[22] The other state, the wet state, has much cooler
conditions for a continental summer. The mean air temper-
ature is much lower (about 16°C), and precipitation is high
with almost 4 mm/day average, which is comparable to the
observed mean values, see e.g. Figure B11 of the ERA-40
atlas [Kallberg et al., 2005]. Sensible heat flux is much
smaller. High precipitation stabilizes soil moisture slightly
above field capacity (0.58), and the excess water is elimi-
nated by bottom leakage, hence the difference between
evaporation and precipitation (Figure 3d).

[23] We have not detected any periodic or chaotic behav-
ior of the model solutions. A detailed exploration of the
model configuration and of the initial conditions indicates
that the system is very sensitive to variations in the initial
value of soil moisture, while it is relatively less sensitive to
initial perturbations in the other dynamical variables.

[24] In the equilibrium integrations above, the value of F,
is fixed at 0.8 mm/day. F, is a critical parameter in our
model and we can extend the analysis by computing the
equilibria for different values of it. When varying £, over a
wider range of values the system undergoes a hysteresis, as
shown in Figure 4a. In this plot, only air temperature and
soil moisture are shown but the other two prognostic
variables, and also heat fluxes, precipitation and evapo-
transpiration display the same behavior. It can be seen that
the region in which the two stable equilibria exist at the
same time is about 0.7 mm/day wide and includes the mean
value chosen in the equilibrium integrations above. The
values of mean temperature and soil moisture in the two
equilibrium branches do not vary much with F,; for
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example temperature in the dry state can vary by 4°C, while
the difference between the two equilibria is about 10°C.

[25] In order to estimate realistic values for the mean and
variability of F,, we computed the value of moisture flux
convergence from ECMWEF reanalysis data (not shown).
The data were vertically integrated between 1000 and
850 hPa, and averaged over a region including most of
continental France and Germany (0—10°E and 45—50°N lat/
lon intervals). The mean value is around zero, with large
spatial variations. The standard deviation is around 3 mm/
day. These values correspond to upper limits for /7, in our
model, since this parameter represents only part of the total
vertically integrated moisture convergence (the other part is
the divergence in the free troposphere).

[26] In order to simulate the impact of synoptic flow
variability on the variability of the moisture flux conver-
gence that actually drives our model, stochastic runs was
performed using random values for the parameter F,. The
integration is very long (210° days). Every 10 days a new
value of £, is drawn from a flat distribution whose limits are
the same as in Figure 4a: from —0.8 to 2.6 mm/day.
Reasonable changes of the distribution amplitude and of
the persistence time of , do not change the results.

[27] With this forcing, the model produces a bimodal
distribution of soil moisture as in DP. In Figure 4b, a 15000-
day-long portion of the evolution of ¢, is shown. The soil
moisture oscillates around the dry or the wet states and
sometimes undergoes sudden transitions between the two.
This is confirmed in the histogram in Figure 4c, which is in
qualitative agreement with the bimodal distribution that DP

o
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Figure 3. Equilibrium states as a function of the initial
condition on soil moisture. (a) Air temperature (gray) and
soil temperature (black). (b) air humidity in kg of water per
kg of air (gray) and soil moisture expressed in fraction with
respect to soil saturation (black). (c) Sensible heat flux.
(d) Precipitation (black) and evapotranspiration (gray).
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Figure 4. Sensitivity to the flux convergence F,. (a) Values of PBL temperature (gray) and soil moisture (black) as a
function of the F,, expressed in mmd~". The branches corresponding to the dry state are attained by increasing values of F, 4
and the wet branches for decreasing values. Arrows mark the sense of the hysteresis cycle. (b) Time evolution of soil
moisture in a 15000-day-long section of the stochastic run of the model. (c) Histogram of the values of ¢, of the whole

integration.

(see their Figure 3) computed from observed data. The other
variables of the model also display bimodal or skewed
probability density distributions (not shown).

[28] The long integration above does not obviously
represent a realistic time evolution. It is produced by a very
long integration of the model, while in reality we should
consider many repetitions of a summer-long (around
150 days) time series. The model behavior suggests that it
is more likely that one summer will be in one of the two
states and remain there, than that a transition would happen
during the season. This can be seen from Figure 4b, where
the typical residence times in one regime is well above
150 days. Of course the simplicity of the model does not
allow to overstate this result. Indeed there have been
examples of “transitions” in the observed summer climate,
a notable one being summer 2006 in Europe. Still, the initial
condition on soil moisture at the beginning of the season is a
key factor in determining which state, dry or wet, the
summer will be likely to be in. This is in agreement with
initialization studies such as those of Ferranti and Viterbo
[2006] and R. Vautard et al. (Summertime European heat
and drought waves follow wintertime Mediterranean rainfall
deficit, submitted to Geophysical Research Letters, 2006).

4. Discussion and Conclusions

[29] In this paper we advance a physical explanation for
the observed bimodal distribution of soil moisture in mid-
latitude summer. We formulate a 0-dimensional continental
water balance model that includes the main energetic
processes at the surface and in the planetary boundary layer
(PBL), and a simplified representation of convection. This

model displays two stable equilibria. Depending on the soil
water content at the beginning of the season, summers can
be in one of the two states, with a low probability of
transition to the other state during the season.

[30] Despite the simplicity of the model, the two station-
ary states bear realistic values of air temperature, humidity
and precipitation, which can be associated to respectively
cool/rainy or hot/dry summers. Dry summers are hot owing
to the fact that reduced evapotransiration leads to reduced
cooling by latent heat flux. High soil temperatures are
reached and the soil heats the atmospheric PBL by sensible
heat flux. Differences in heat flux of 50 Wm ™2 between hot
and cool summers have been observed in Europe [Zaitchik
et al., 2006], similarly to our Figure 3c.

[31] The equilibria are maintained by a positive feedback
between soil moisture and precipitation. Summer rains
occur through the accumulation of moisture by large-scale
convergence and by local recycling by convection. In the
dry case, moisture convergence does not compensate for the
drought created by the evapotranspiration leading to higher
temperature, less convection and therefore less precipitation
efficiency.

[32] In the model, water enters through convergence of
lateral moisture fluxes in the PBL and is evacuated into the
free troposphere. It is recycled by evapotranspiration and
rain. We use a relation between the rate of recycling of
water and the soil moisture inspired by that of Schdr et al.
[1999], but precipitation efficiency is assumed to depend on
the intensity of convection only. The physical validity of
this assumption is a crucial point of our work that needs
further investigation. The nature of precipitation efficiency
and its dependence on the physics of convection systems
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and on the microphysics of clouds has indeed been topic of
scientific enquiry since the 50’s. Recent work shows its
dependence on the relative humidity of the atmospheric
PBL, that is in total agreement with our assumption [Market
et al., 2003, and references therein]. It must also be stressed
that the results presented here are robust to changes in the
functional form of the precipitation efficiency shown in
Figure 2. Different choices of its upper and lower limit
values and of the threshold lead to moderate changes in the
values and the stability properties of the two stationary
states, and in the soil moisture value of the saddle point
between the two. As long as the efficiency increases with
the intensity of convection, two stationary states are found.

[33] The main control parameter of our system is the
external moisture flux, F,. When this parameter is slowly
varied and its values encompass the range of system
bistability, the model undergoes a hysteresis cycle between
the two stable states. When F, is varied stochastically, the
system jumps from one stable equilibrium to the other
producing the bimodal probability density as was found
by DP in observed data. Bimodality in continental soil
moisture can thus be obtained by a coupling between
convection and soil processes. It takes place because of
additive noise forcing a system that has multiple equilibria.
This physically-based mechanism extends the “multiplica-
tive noise” approach of DP or Entekhabi et al. [1992]
among others, where multimodality arises from the
prescribed dependence of the noise on the state.

[34] Clearly, many physical processes that are also likely
to affect the soil-PBL dynamics and equilibria are not
present in our simplified model. These include the depen-
dence of soil surface albedo on moisture, the effect of
clouds in shading solar radiation, the dependence of the
greenhouse effect on air humidity, and the dynamical
response of vegetation, and thus of evapotranspiration, to
soil humidity. Future work will address some of these
issues. Another direction of development is the spatial
extension of the model, which allows us to include the
spatial dependence of the different parameters, as well as
mixing and transport in the PBL.

[35] Large variations in summer temperature and soil
moisture, such as the heat wave and drought of August
2003 in Europe, is generated by the nonlinear dynamics of
the coupled soil-PBL system, which includes highly non-
linear processes such as moist convection and evapotrans-
piration. The understanding of these processes is
fundamental for the prediction of the occurrence of extreme
events, and their impacts under climate change conditions.
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Auxiliary material: Details of model equations

a. Sensible heat flux
Sensible heat flux is given by the aerodynamic bulk formula

Qs = pcpCD‘as‘CD(Ts - 90,)7

where the mean wind, is taken equal t& ms~!. The flux is by convention
positive when heating the atmosphere and cooling the soil.

b. Evapotranspiration
The formula for evapotranspiration is taken from Laio et20q1), however we
modulate the maximum evaporation efficiency by a term takmg account the
saturation deficit of the atmosphere. In detall,

E—F 4Sat — 4a
qSat

9

whereqgg,: is the saturation humidity at a given air temperature, and:

0 forgs < gqp
o ;’Z:ZZEw for g, < ¢s < qu

Ey + %(EMM - Ey) forg, <g¢s<q"

Enax for gs > ¢*

Whereq*, ¢, andg;, are the soil humidity of maximum plant efficiency, the
wilting point and the hygroscopic point respectivelyy,,. and E,, are the values
of unconstrained evapotranspiration at full plant efficigrand the value of evap-
oration at wilting point, i.e. the evaporation from the sditefer to Tab.1 in the
article text for the values.

c. Leakage
The leakage formula is taken from Laio et al (2001) and it espnts the rapid
loss of water from the surface layer by gravity-induced watetions towards the
deeper soil layers, that takes place when the soil moistulager than the field
capacityg .

eBlas—ape)—1
L(Qs) = Ksm-

Here, K, is the saturated hydraulic condutiviy of the grougds a fitting parame-
ter andg,. is the field capacity of the soil. See Tab.1.

d. Precipitation rate and runoff
The precipitation raté”’ is a fraction of the total moisture updrafq (see text).
The precipitated wateP that actually penetrate the soil layer is equaPaminus
the runoff: if the amount of precipitation in a given time erds the saturation of
the soil layer, the leftover water is lost from the PBL-sgistem.



—gs

1
P’ for P’ <
gs

1—gqs 1—
— forP' > ——
ot — ot

e. Convection
To obtain formulae (6) and (7) in the article text we consitler variation of air
moist enthalpy needed to restore convective equilibrium:

N Le ~
O — 9: = Af, + _AQSa (A'l)
Cp

and we impose the conservation of relative humidjty at the first order:
QTel5QSatA9~a = Aq~a7 (A-Z)

where the termdg,,; in (A-2) represents the derivative of the Clausius-Clapayr
law with respect to temperature. Solving the system of egusi(A-1, A-2) gives
(6) and (7).

Symbol | Meaning Value

Cp Bulk aerodynamic drag coefficient 0.008

Euae | Maximum Potential Evapotranspiration6 107° Kgm ™2 s~ 1
E, Evapotranspiration at wilting point 51076 Kgm=2s7!
Guw Wilting point 0.18
qn Hygroscopic point 0.14
q* Maximum plant efficiency point 0.46
qfe Field capacity 0.56
K Saturated hydraulic condutiviy 0.03 md!

I} parameter of water retention 14.

Table 1: Other model parameters and their values.
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