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We consider both stationary and time-dependent versions of a model describing the vertical
movement of water and salt in a porous medium in which a continuous extraction of water takes
place (by the roots of mangroves). The problem is formulated in terms of a coupled system of
partial differential equations for the salt concentration and the water flow which generalizes previous
models. We study the existence and uniqueness of solutions and the conditions under which the
maximum principle does hold, showing a counter-example for the general situation. We also analyse
the stability of the steady state solution. Finally, we investigate the occurrence of dead cores (sets
where the threshold salt concentration is attained) by means of the comparison principle in the
stationary problem and of suitable energy estimates in the evolution problem.
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1. Introduction

Mangroves grow on saturated soils or muds which are subject to regular inundation by tidal water
with salt concentration ¢, close to that of sea water see, for example, [9]. The mangrove roots take
up fresh water from the saline soil and leave behind most of the salt, resulting in a net flow of water
downward from the soil surface, which carries salt with it. As pointed out by Passioura et al. [13],
in the absence of lateral flow, the steady state salinity profile in the root zone must be such that
the salinity around the roots is higher than c¢,,, and that the concentration gradient is large enough
so that the advective downward flow of salt is balanced by the diffusive flow of salt back up to
the surface. In [13] the authors disregarded daily variations of evapotranspiration, and presented
steady state equations governing the flow of salt and uptake of water in the root zone, assuming that
there is an upper limit ¢, to the salt concentration at which roots can take up water, and that the
rate of uptake of water is proportional to the difference between the local concentration ¢ and the
assumed upper limit c¢.. They also assumed that the root zone is unbounded, and that the constant of
proportionality for root water uptake is independent of depth through the soil. They gave numerical
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results for variation of salt concentration with depth, obtained from a perturbation solution of the
steady state water and salt flow equations.

Their results showed salt concentration increasing with depth from the value c¢,, at the surface,
and approaching the limiting value ¢, at large depth, with a corresponding decrease in water uptake
from a maximum at the surface to the limiting value of zero at large depth. The assumption of an
infinitely deep root zone requires that the concentration at large depth approaches c., otherwise the
total uptake would be infinite. For real mangroves the root distribution is not uniform and does not
extend to an infinite depth. For one mangrove species Lin and Sternberg [11] measured the root
distribution and found that the root density decreased with depth, with more than half of the fine
roots being contained in the top 50 cm of the soil. The depth distribution of root water uptake is
expected to be related to the distribution of fine roots in the soil.

In this paper our aim is to extend the steady state model of [13] in two important ways. First, we
will consider more general root water uptake functions, which vary with depth and which depend
on a general power p of the concentration difference ¢, — ¢. Denoting by S the volume of water
taken up by the roots per unit volume of porous material per unit time, we use

c p
S = K(Z)<1——> for0 < ¢ <ec,

Cc

(1.1)

0 forc > ¢,

where p > 0 and «(z) is determined by the root distribution as a function of the depth z below the
soil surface. This root distribution function will be non-negative, and in accordance with [11] we
assume that it is non-increasing with z. Passioura et al. [13] used the value p = 1 corresponding to
a linear dependence of uptake on concentration difference, which is consistent with the assumption
that uptake is governed by osmotic pressure difference. However, there is no experimental evidence
for this choice. Therefore, we investigate the consequences of more general values of p in the uptake
model. In particular, we show that the behaviour of the salinity profile differs in an essential manner
between the two cases p < 1 and p > 1.

As shown in Remark 2.1, the estimated values of the physical parameters imply a time scale
which allows us to disregard daily variations in the salt concentration at the boundary and which
yields, well within the life span of the mangroves, a steady configuration in which diffusion
balances the tree-induced convection. Therefore, we will study time-dependent behaviour of salt
concentration and flow. In addition to the theoretical issues of existence and uniqueness, we
rigorously show some characteristic qualitative properties of the solutions. Using a finite difference
solution procedure, we also demonstrate these properties numerically.

The outline of the paper is the following: in Section 2 we formulate a mathematical model for
arbitrary root distribution «. This model involves two coupled differential equations: a convection—
diffusion equation for the transport of salt, and an ordinary differential equation describing the fluid
balance. We restrict ourselves to one-dimensional transport only.

The time-independent state is considered in Section 3. Under stationary conditions the model
reduces to a single second-order ordinary differential equation, with well known properties of
existence, uniqueness and comparison of solutions. We present a qualitative analysis for two simple
but realistic functional forms of the root distribution «. Both choices allow us to use a phase plane
argument to investigate the steady state.

In Section 4 we discuss some results concerning the evolution problem. The existence of
solutions is shown by means of a fixed point argument. The uniqueness and comparison of solutions
is a more subtle problem. Under certain restrictive conditions uniqueness is proven. We also show
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that a comparison principle holds between spatial monotonic solutions and general solutions. We
present a counter-example showing that in general terms a comparison principle cannot be expected.

In Section 5 we prove some qualitative properties of solutions. In particular, we demonstrate the
stability of the steady state solution.

Next, in Section 6, we study the formation of dead cores, regions in which the concentration
reaches the threshold value c.. We first state a result for the stationary problem, giving conditions
under which solutions have a dead core. The proof uses the comparison principle. For the time-
dependent case, such a principle does not hold in general, and here we have to rely on techniques
using energy estimates to show the occurrence of dead cores.

Finally, in Section 7, we show some numerical examples.

2. The mathematical model

In this section we formulate the mathematical model which describes the salt movement below
the surface where the mangroves are growing and the uptake of fresh water by the root system
of the mangroves. We consider the case where the mangroves are present in the horizontal x, y
plane, with an homogeneous porous medium located below this plane. This porous medium is
characterized by a constant porosity 6, indicating that we are assuming the mangroves roots to
be homogenized throughout the porous medium, without affecting its properties. As discussed in
the introduction, they are accounted for by the distribution function x. Assuming further that the
hydrodynamic dispersion tensor, D, is constant and isotropic, i.e. neglecting the velocity dependence
in the mechanical dispersion, we find for the salt concentration the equation, see [4],

a .
ea—‘ + div(cq — 6DVe¢) = 0, 2.1)
T

where the vector ¢ denotes the specific discharge of the fluid, D = DI, I is the identity matrix and
7 denotes time. We also have a fluid balance. Disregarding density variations in the mass balance
equation of the fluid, we obtain a fluid volume balance expressed by

divg+S =0, 2.2)

where S is given by (1.1). If the mangroves are uniformly distributed throughout the x, y-plane
and there is no lateral fluid flow, we may consider the problem as one-dimensional in the vertical
z-direction. If the z-axis is positive when pointing downwards, the flow domain is characterized by
the interval 0 < z < L < oo. In the one-dimensional setting equations (2.1) and (2.2) combined
with (1.1) become

ple  Beqt _,pd% 2.3)
dt ' Bz 9z2 '
with g* the z-component of ¢, and
9g* c\?
Y +xk@(1-=) =0, 2.4)
9z Ce

which we want to solve for 0 < z < L and T > 0, say. Note that in writing (2.4) we implicitly
assume that ¢ < c.. We prescribe along the bottom of the domain a no-flow condition for water and
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salt:
ac
q*(L,t) = 8—(L, 7)=0 forall 7 > 0. (2.5)
Z
Along the top boundary and initially we assume the salt concentration to be given:
c(0, 1) =cp(1) forall t >0, (2.6)
and
c(z,0) = co(2) forall 0 <z < L. 2.7)

In many cases of practical interest one would choose the seawater salt concentration along the top
boundary, implying cp(t) = ¢, for all T > 0. Throughout this work we assume

0 < cp(z), cp(t) <ce forall 0<z<L and 7 2>0. (2.8)

Regarding the root distribution, «(z), we shall keep in mind the following two characteristic
examples. For the first, we assume that the function « is a positive constant above a certain depth
Z4, and zero below that depth, i.e.

ko/Zx 0 <2z < 2zy,

k(z) = (2.9)

0 Ze < 7 < O0.
For the second distribution we assume that the strength of the uptake decreases with depth according
to

K(z2) i= ko/zx(1 + 2/2:) 2, (2.10)

where z, is a reference depth. This choice is inspired by a transformation that allows for a phase-
plane analysis of the associated stationary problem (see Section 3). Both distributions have the same
weight k¢ since both of (2.9) and (2.10) satisfy

/ k(z)dz = «o.
0

Therefore for both distributions the quantity xo is the total amount of root water uptake in the
profile with no salt present, in volume per unit surface per unit time, i.e. the transpiration rate of
the mangrove plants in the absence of salinity. For the first root distribution (2.9) the depth z, is at
the bottom of the root zone. For the second distribution (2.10)

Tx
/ k(z) dz = %o,
0

S0 z, corresponds to the median depth in that case. Note that for the distribution defined by (2.10) a
mean depth cannot be defined because the relevant integral diverges. We recast the equations in an
appropriate dimensionless form. Introducing the dimensionless variables and constants

c Cco (&)} Z L
u:=—, up:=—, uUp:=— x:=—, d:=—,

Ce Ce Ce Tk Tk

Dt Z4q° 22K Z4K0 .11
t:= G q = ) = ) kO = 9’

z2 6D 6D 6D
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we arrive at the following mathematical statement. Let Q7 := {2 x (0, T] and {2 := (0, d), with
d € (0, 00) given and T € (0, 0o) arbitrarily chosen. Find u, g : Q7 — R such that

ur+ Wg)x —uxx =0
qx + f(-xv I/t) = O
with

u(0,t) =up(t)
ux(d,1) =q(d,1) =0

u(x,0) =up(x) forx e .

} in Qr,

P)
} forO <t <T,

Here the subscripts r and x denote partial differentiation with respect to these variables. Note
that (2.8) implies

0<up(®),up(x) <1 (2.12)
forall x € (0,d) and ¢ € (0, T). In Problem P we introduced the notation
fx,s) = k@) (1 —9)F. (2.13)
The two characteristic distributions (2.9) and (2.10) become
kp 0<x <1,
k(x) := 2.14
x) IO 1l<x<d, ( )
or
ko
k(x) = ——. 2.15
W)= (2.15)

Instead of restricting ourselves to the special case (2.13), with k for example given by (2.14)
or (2.15), we will consider in Problem P a function f : {2 x [0, 1] — R satisfying
1.1. f(x,-) € C([0, 1]) fora.e. x € £2;
H) 1.2, f(-,5) € L*®(2) forall s e[0,1];
2. f(x,-) is non-increasing in [0, 1] and f(x,1) =0 fora.e. x € (2.

Note that (H») implies f > 0in £2 x [0, 1].

REMARK 2.1 Using [13] as a reference we find the following values for the physical constants:
D = 7-107m?/day, # = 0.5, and ko/z* = 0.1/day. Taking z* in the range 0.2-0.5 m, this
implies a time scale in the range 2—10 years.

3. The stationary problem

To select candidates for the long-term behaviour of time-dependent solutions, we consider the
stationary problem, with f satisfying (H):
(ug) —u" =0
q'+ fx,u) =0,
with boundary conditions
u(©) =i, u'(d)=q(d) =0,

} in {2,
(S1)
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with & € [0, 1] and where primes denote differentation with respect to x. Clearly, # = 1 and 4 = 0
imply the trivial solutions u = 1,¢g = 0andu = 0, g(x) = f Xd f (s, 0)ds, respectively. The latter
corresponds to the physical situation when no salt is present in the system and the mangroves extract
the maximal amount of water. We therefore restrict our discussion to the case & € (0, 1). Integrating
the first equation in Problem S; over (x, d), and using the boundary conditions, we obtain

u' (x) = u(x)g(x) for x € 0. (3.1)
Clearly u > @i > 0 in £2. Therefore we can set
w(x) :=logu(x)  forx e £2, (3.2)

for which we find the boundary value problem

(Sy) w’ +gx,w)=0 for x € 12,
Nw©) =logii,  w'(d) =0,

with g(x, w) := f(x,e"). As a consequence of (H) the function g satisfies:

(a) g(x,-) € C((—o0,0]) fora.e. x € (2,
(b) g(-, ) € L°(£) forall s € (—o0,0];
(c) g(x, -) is non-increasing in (—oo, 0] and g(x,0) =0 fora.e. x € £2.

We can apply well known results (see, e.g. [S]) to prove the existence of solutions of Problem S,
in the class W!1(2). By the additional regularity in (b) it is straightforward to show that solutions
of (S2) belong to W% (£2) (note that W1 (£2) < L% (£2) in one space dimension). Finally, due
to (c), we observe that the solution of Problem S, depends monotonically in u#. We also point out
that the possible non-Lipschitz continuity of f(x, -) carries over to g(x, -). Consequences of this
will be discussed in Section 6 which deals with the formation of dead cores.

When f and k are given by (2.13) and (2.14) or (2.15), qualitative statements about the behaviour
of solutions can be made relatively easily. The reason is that in these cases the non-trivial part of a
solution of Problem S, is determined by two first-order autonomous equations (directly, when k is
as in (2.14), or after a straightforward transformation when k is given by (2.15)). We briefly sketch
the corresponding phase plane analysis.

Let k be given by (2.14) with xg = 1 and d > 1. In the interval 1 < x < d, where no uptake of
water takes place, we deduce directly

g(x)=0 and u(x)=u(l) for x €[1,d]. 3.3)
In the interval (0, 1) we consider the system

I —
w=a (3.4)
q" =ko(1 —e")P.
Without giving the details of the phase plane analysis, we show in Fig. 1a (with u = 0.25, ko = 10
and p = 1) the result of the shooting procedure starting from #(0) = # with ¢(0) as shooting
parameter. The behaviour of the orbits is typical for all values of p > 1. The right-hand side of
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FIG. 1. Construction of the orbits. Parameters are g = 0.25, ky = 10, and the root distribution k(x) is given by (2.14).
Numbers on curves are values of ¢(0) used for shooting. The dashed lines indicate the values of w(0) and ¢(0) that are
found. In the case p = 1, the curve {z = 1} has been obtained numerically by shooting. (a) p = 1. (b) p = 0.5.

the second equation of (3.4) is smooth for that range of p, which means that the critical point
(w,gq) = (0,0) (corresponding to u = 1, ¢ = 0) can never be reached at finite distance see, for
instance, [1, 8]. Consequently, the threshold concentration u = 1 can never be attained. The desired
orbit is the one that satisfies g (1) = 0. The solution for x > 1 is constant, see (3.3).

For 0 < p < 1 the qualitative behaviour of the solution is drastically different. Then, the right-
hand side of the second equation of (3.4) loses its smoothness near w = 0, implying that now the
singular point (0, 0), or the threshold concentration, can be attained at finite depth. Note that the
situation in the w, g plane is quite different from the p > 1 case. This is shown in Fig. 1b, where
p = 0.5. For an appropriate choice of the parameters, the orbit will enter the origin at a distance
less than or equal to x = 1. That is to say, the threshold concentration # = 1 occurs in or just below
the mangrove root zone.

For other choices of the parameters a situation as in Fig. 1a may occur. Then the ¢ = 0 axis
is reached at x = 1 with w(1) < 0, leading to a salt distribution that again can never attain the
threshold value.

Next we consider k given by (2.15). A direct phase plane analysis for system (3.4), which is now
non-autonomous, or otherwise a reduction of Problem S to first integrals, seems not so transparent.
However, because of the special form of k we can transform (3.4) into an autonomous system which
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we can analyse as before. Set v(x) := ¢g(x)(1 + x). Rewriting (3.4) in terms of w and v yields

A+x)w =v, 35)
(14+x)0 = v —ko(1 —e¥)P. '

Changing the independent variable into
s :=log(1l + x), when 0 < s <log(l+4d),

we obtain

dw

— =,
515 (3.6)

— =v—ko(l —e")?,

ds
with w(0) = logit < 0 and v(0) = u’(0)/u. Again the shooting procedure is: to find a value of
v(0), or equivalently of u'(0), so that the corresponding orbit intersects the v = 0 axis, precisely
when s = log(1 + d). This implies u'(d) = 0, the desired boundary condition at x = d. A similar
smoothness argument as mentioned previously gives that for all p > 1 an orbit cannot enter the
origin w = 0, v = 0 at finite distance. Hence for all p > 1 we have w(log(l + d)) < 0, implying
that u(d) < 1. Since u is monotone in x, which follows from the positivity of v along the appropriate
orbit, we conclude that

ux) <u(d) <1 for 0<x<d andforall p>1. 3.7

Again this changes for 0 < p < 1. As before, for certain parameter combinations we may find an
orbit that reaches the origin at a distance s* < log(1 4 d). This implies that

N

u(x)=1 and gkx)=0 for x* =¢ —1<x<d. (3.8)
For other parameter combinations the desired orbits intersects the v = 0 axis as s = log(1 + d) for
negative w, giving for u the inequalities from (3.7).

REMARK 3.1 In the case of an arbitrary root distribution function k(x) > 0, a simple reduction
to a phase plane analysis as in the previous examples is not possible. Nevertheless, it is possible to
analyse solutions of (3.4) qualitatively. The results are:

(1) If p > 1, then u(x) < 1 for all x € [0, d]. Hence no maximal concentration can occur in or
below the root zone.

(2) If p < 1,then u = 1 in [xg, d] for some xq € [0, d], is possible. As in the two examples, this
depends on the value of the parameters i, ko and d.

(3) When comparing solutions corresponding to different root distribution functions, we have
the following ordering: if u; (x) corresponds to the root distribution k; (x), fori = 1, 2, and if
k1(x) = ko(x) then u1(x) > us(x) for all x € [0, d].

A more detailed analysis concerning conditions under which the threshold concentration is
reached is presented in Section 6.
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4. The evolution problem

In this section we study the mathematical setting of Problem P. In the time-dependent case,
integration and change of variable as performed in Section 3 is no longer useful and a direct
treatment of the coupled system is required. One of the main difficulties in studying Problem P is
that, in general, the comparison principle does not hold. As a consequence, techniques involving
comparison with sub- and super-solutions are not available and a more general approach must
be considered. Using a fixed-point argument, we prove existence of a strong solution. Sufficient
conditions for the uniqueness of solutions follow from a duality technique. We also give a counter-
example for the comparison principle.

4.1 Existence of solutions

Because only boundedness of f with respect to x is required (see also example (2.14)), one cannot
expect in general to find classical solutions. Therefore, we introduce the following class of strong
solutions.

DEFINITION 4.1 Avpairu : Q7 — [0, 1],q : Qr — Ris said to be a strong solution of Problem P
if

(i) foranyr < oo and for V := {v € W2"(£2) : v(0) = 0},

u€cup+WwhH©,T; L"(2)NL (0, T;V)
g € L®(0, T; Wh® ().

(i) The differential equations and boundary conditions are satisfied almost everywhere, and

(iii)
tim lu(x, 1) = w0 ()20 = 0. (@.1)

Concerning the data of Problem P we assume u : 2 — O,11and up : [0, T] — (0O, 1] such
that

uo € H'(92), up € H(0,T) 4.2)
and
up(0) = up(0). (4.3)

THEOREM 4.1 Let (H) and (4.2), (4.3) be satisfied. Then there exists a strong solution (u, g) of
Problem P, for which

min{ inf up, infuo} <u<l ae.in QOr. 4.4)
0,T) I7)

If f(x,u)=kx)(1 — u)_’; for some p € (0, 1), and if k, ug, up are smooth enough, then

ue CHPITE(Qr),
g € C'TPP(Q7).
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Proof. The proof uses a fixed point argument. First we extend the domain of f (x, -) to R by setting
for each x € (2,

0 ifs > 1,
fx,s):={ fx,s) if0<s <1,
f(x,0) ifs <O,

and we introduce Problem P by putting f = f in Problem P. Fix a € (2, 00) and consider the set

K :={(F,G) € LX(Q1+) x LX(Q1+) : | Fll 2(9,0) < R. [GllLocope) < o),

for certain positive numbers 7%, R and p which will be chosen later. Clearly, K is a convex weakly
compact subset of L2(Q7+) x L>(Q7+). We define the mapping Q : K — L*(Q7+) x L>(Q7+) by

Q(F. G) := (—(uq)y, — f (x, u)),
where u, g are solutions of

Ur —Uyy = F in Qrx,
u(0,t) =up(t) in(0,T%),

. 4.5)
uy(d,t) =0 in (0, T™),
u(x,0) =ug(x) in f2,
and
{%c =G inQr (4.6)
qgd,t) =0 in (0, T%).

Note that a fixed point of Q is a (local in time) solution of (P). The regularity for F, G, ug and up
implies, see for instance [10], that (4.5) and (4.6) have unique solutions in the classes

ue HYO, T*; L2(2)) N L2(0, T*; H2(£2)) N L>™(0, T*; H1(2)),

g € L*0, T*; W' (2)). @7

In fact, replacing F, G, ug and up by smooth approximations, testing the differential equation
in (4.5) with (4« — up), and taking the limit yields the estimate

||Mt||L2(Q,) + ||ux(T)||L2(Q) < C{||u6||L2(Q) + ”u,D”LZ(O,T*) + ”FHLZ(QT*)} (4.8)
which implies
lu(@) Loy < up() + Clllugl 2oy + lupll20 74 + 1F Nl 2(0,0)) (4.9)
for all T € (0, T*). Note that using (4.8) we deduce from the differential equation in (4.5)
litell 20, < Cllugl 200y + Nl 2074 + Il 20m)- (4.10)
Clearly Problem (4.6) leads to
lgllzeo, 75022y < CIGILe(0m)- (4.11)

Finally, the regularity of u implies that the initial data is satisfied in the sense of (4.1).
Having established the bounds of (4.5) and (4.6), we are now in a position to apply the fixed
point theorem of [3]. For this we need to show:
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(i) Q(K)CK;
(ii) Q is weakly—weakly sequentially continuous in L2(Q7+) x L?(Q7+).

To verify (i) we need to show that for appropiately chosen T*, R, and p,

”(uCI)x”LZ(QT*) <R and |[f(x, u)”LD‘(QT*) < p. (4.12)

Using (4.8)—(4.11) we get

||(“4)x||L2(QT*)§ ||”x||L00(0,T*;L2(Q))||C]||L2(0,T*;L°0(Q)) + ||“||L°°(QT*)||fo||L2(QT*)
< Clllugl 20y + lupll20,7%) + 120000 HIG Lo (070
< C{llugll 22y + llupll 20,7 + RIp

and from (H) we obtain

1fCwlleom) < C(T*)l/a||f||L°°(.Qx(0,l))~

Wenow fix 0 < p < 1/Cand 0 < T* < p*(c|| fllLoo(2x(0.1y)) ~%. By choosing R large enough,
we can ensure that condition (4.12) is satisfied.

To verify (ii) one has to show that for every sequence (F,, G,) € K such that (F,, G,) —
(F, G) € K weakly—weakly in L2(Q7+) x L2(Q7+), the images Q(F,, G,) converge to Q(F, G)
also weakly—weakly in L2(Q7+) x L?>(Q7+) (at least along a subsequence). Since (F,, G,) is
bounded in LQ(QT*) x L¥(Qr+) it follows that the solutions (u,, g,) of (4.5 ) and (4.6) associated
with these data satisfy uniform bounds of the type (4.8)—(4.11). Therefore, there exist subsequences,
again denoted by the subindex 7, and functions u, g, such that

Up —> U weakly star in L>(Q7+),
Uy —> U weakly-star—weakly in L*°(0, T; HCI(Q)), (4.13)
with H!(2) := {v e H'(2) : v(0) = 0},
Unt = Up,  Upxx = lxx, weakly in L>(Q7+) (4.14)
and
Gnx = qx weakly in  L¥(Q7~). (4.15)

Applying [14] we deduce from (4.13), (4.14) that u,, — u strongly in C([0, T]; L%(2)) and
strongly in L2(0, T; HC1 (£2)). Therefore, it also converges a.e. in Q, at least for a subsequence.
Consequently, using the continuity of £,

FCoun) = FC,u) strongly in L2(Q7+).

Let ¢ € L?(Q7+). Then

/ (Ungn)xp = / Un(Gnx — 4x)¢@ +/ Ungx@ +f Unxdn@
Orx Orx* Orx Orx
= Iln + IZVL + I3n~
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Using (4.15) and the observation that u, — u strongly in L"(Qr+) for any r € [1, co) we find
along a subsequence n — 00

Iiy >0 and I, — Uuqgx Q.
Orx*

As a consequence of estimates (4.8) and (4.10), u,, — uy strongly in L2(QT*) (see [12] ). Using
further that [Jux|l oo (0. 7+:12(2)) < C, we deduce uyx — uy strongly in L"(0, T%; L%(£2)). Again
with (4.15) this gives

I3 — UxqgQ.
Or+
To conclude the proof of (ii) we note, by the linearity of Problems (4.5) and (4.6), that u and g are
solutions corresponding to F' and G, respectively.

Hence, there exists a fixed point (u, g) of Q which is a local (in time) solution of (P). By
iterating the construction we can extend the solution to one which is global in time. Next we show
that this solution satisfies Definition 4.1. Since f € L>(£2 x IR) the second equation of (P) implies
g € L%(0, T; W>°(£2)), and then, applying a bootstrap argument in u, the first equation yields
ur — uyx € L°(Q7). Then the regularity stated in Definition 4.1 follows from well known results
in [10].

Using ¢ := min{0, u} and ¢ := max{0, u — 1} as test functions one easily shows that u > 0
and u < 1in Q7. We note at this point that 0 < u < 1in Q7 implies f(-, u) = f(-,u)in Q7 and
therefore the pair u, ¢ is also a solution of Problem P. To show min{inf(y r) up, infp uo} < u we
use f > 0 and the maximum principle. Indeed,

Up + quyx — Uxy >”t+qux_uxx_u];(xvu):07

and the maximum principle implies the assertion. Finally, the additional regularity of Theorem 4.1
follows from classical regularity theory for linear problems: for instance, see again [10].

4.2 Uniqueness and comparison of solutions

In many parabolic scalar problems involving monotone or Lipschitz-continuous nonlinearities,
the uniqueness of solutions arises as a particular case of the comparison property. However, this
situation, in general, changes for systems of equations, where the comparison principle may be
violated even though uniqueness may still hold. In this section we show that this is the case for
Problem P. We start with the following example.

Counter-example to the comparison property. Let ¢ : [0,1] — [0, 1] be a smooth function
satisfying ¢(0) = ¢(1) = « € (0,1), and ¢’(0) = ¢”(0) = ¢'(1) = ¢”"(1) = 0. Setd = 3
and define the initial data u 9, uog : [0, 3] — [0, 1] by

@ (x) x €[0,1],
w0 = 12 xelo o = 1o xe(l,2),

0 x e (1,3],
¢3 —x) x €[2,3].

Note that u 19, u29 € C2([0, 3D and u19 < uyg in [0, 3]. Further, let f(x,u) = l—uandup(t) = «,
both C* functions in their domains. By Theorem 4.1 there exist solutions of (P), (u1, g1) and
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(u2, q»), corresponding to these data such that u1, us € C>'(Q7). Att = 0 we have
3
q1(x,0) — g2(x,0) = —/ (u10(s) — u20(s)) ds.
X

For x < 2 this expression is equal to the constant ¢ = fol ¢ (x) dx > 0. By subtracting the equations
corresponding to u1 and u, we find

(w1 —u2)r = (1 — u2)xx — (W1 — u2)q1)x — (W2(q1 — q2))x,

and if we consider this equation for 0 < x < 2 and at r = 0 we get
(U1 — uz); = —cuy.

Then it follows from the form of u»q that (41 — u2); cannot be non-positive everywhere on [0, 2] at
t = 0, and that therefore we can find points (x, ¢) such that u(x, t) > ua(x, t). This contradicts the
comparison principle.

We show below, however, that uniqueness holds for this example. In fact, we demonstrate
uniquenes for f(x, -) being Lipschitz continuous in [0, 1]. For general, i.e. non-Lipschitz, functions
f(x,-) we only have a partial result. It involves an additional condition on the component u. In
Section 4.3 we show that the class of solutions satisfying this condition is non-empty.

THEOREM 4.2

(1) Uniqueness of solutions. Let (u1, q1) and (u2, g2) be two strong solutions of Problem P and
let (H) be satisfied. If either

f(x,-) 1is Lipschitz continuous in [0, 1] for almost all x € {2, (4.16)

or any one of the solutions satisfies
X
u(x,t) > / lux(y, t)|dy a.e.in Qr, “4.17)
0

then (u1, q1) = (u2,q2) a.e.in QOr.
(2) Comparison of solutions. Assume now that (11, q1) and (12, g2) correspond to ordered data,
i.e.uip <uzpin (0, T) and uyg) < upo. Then, if

uix 20 in Qr and u;p >0 1in (0, T], (4.18)
for eitheri = 1 ori = 2, then
uy <upy and gy =>¢q2 inQr.

REMARK 4.1

1. By (3.1) we have that the solution of the stationary problem is monotonic in space.
Theorem 4.2 implies then thatif (u1p, u10) < (vp, v) < (u2p, Uzp), where v is the stationary
solution corresponding to the boundary data vp, then

up<v<uy and qr=2r=2q in Or.
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2. For both (4.16) and (4.17) it is unclear why they should influence the uniqueness of solutions.
We believe that both are in fact only technical restrictions, and that uniqueness should hold
under weaker assumptions on f and u.

Proof of Theorem 4.2. We first discuss the proof of part (1). Let (41, ¢1) and (u2, g2) be solutions
of Problem P and set (1, ¢) := (41 — uz, q1 — q2). Then (u, q) satisfies

ur + (uqy +u2q)y —uxy =0 } a.e.in QOr,

gx + O ur) — fx,up) =0
with

up,)=0
uy(d,)=q(d,)=0
u():O in Q.

(4.19)
} in (0, T),

Multiplying the differential equations of (4.19) by smooth functions ¢, i satisfying
00,1) =px(d,t) =¢¥(0,1) =0 forany t € [0, T, (4.20)
integrating in O, with T € (0, T'), and adding the resulting integral identities we obtain

/u(r)w(r) =f u[¢t+‘]l‘ﬂx+(ﬂxx]_/ ql¥x + u2c ]
@ Or Or 4.21)

+fQ (f Gy ur) — fx,u2)uze + 4]

We consider the function

SO, u) — fe,u) |
o) = p it u#0, 4.22)
0 if u=0,

which is non-positive because f(x,-) is non-increasing. For m € N, m > 1, we consider the
functions h H (h + m), where H denotes the Heaviside function: H(s) = 1 fors > 0, H(s) = 0
for s < 0. We regularize these functions in such a way that we obtain a smooth sequence {h™} C
C%(0,) satisfying

(i) A"t <h™in Q.
@) 0= W™ > max{—m, h},
(iii) A™ — ha.e.in Q.

The regularity of solutions of Problem P allows us to introduce sequences {q{’}n>1, {ug}n>1 C
CZ(QT) such that

g > q1 and  uj — up strongly in L2(0, T; H'(12)) (4.23)
as n — oo with

H||51111||L°°(QT) lg1llLecor) H”qlfx”LZ(QT) ||q1x||L2(QT)’

<
4 (4.24)
lim||u3 || Loo(07) <

<
[uzallL=(0r)s Hllugxlle(QT) < ||“2x||L2(QT)
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and u, satisfying (4.17). Using these approximations we rewrite (4.21) as

fgu(r)w(r)=/Q u[¢z+q?<px+<pxx+hm(u§¢+w)]—/ ql¥x +uy,0]

T

+/Q u(h—hm)(u2<p+1/f)—/ ux(qr — g

Q¢

- / u(qix — qi)e +/ uh™ (uy — uy)p — / q(uzx — up,)g. (4.25)
Next we select the functions ¢ and ¥, being the solutions of

¢+ a9 + oo +h" w9 +9) =0 0
Ve +uh =0 o (4.26)
p(t)=§& in{2,

with ¢, ¥ satisfying (4.20) and with & € C5°({2), & > 0.

LEMMA 4.3

(1) Assume either (4.16) or (4.17). Then, for each n and m there exists a unique solution ¢, ¥ €
C>1(Q,) of (4.26) such that lellLo(o,) and |[¥]l Lo (@,) are uniformly bounded with respect
to n and m.

(i1) Assume (4.18). Then, in addition to the uniform bounds we have

>0 inQr and ¢x(0,1) >0 in (0, T). 4.27)
End of proof of Theorem 4.2. Using the functions provided by Lemma 4.3 we obtain from (4.25)
/ u(t)§ =/ u(h — ") (20 + V) —f uy(q1 —q7)¢
Q 0 0
- /Q u(qix = 41,9 +/Q uh™ (up — uy)g — /Q quax —uz g, (4.28)

Finally, by the uniform estimates from Lemma 4.3 and (4.24), we can pass to the limit in (4.28) and
obtain for n — oo

/ u(r)é = / uth — ") (u20 + ¥). (4.29)
2 0:
Using Lemma 4.3 again and the convergence properties of the sequence {h™} we find
/ uth — ™) (urp + ) — 0 as m — 00, (4.30)
O«

and hence we obtain from (4.29)

/ u(t)E =0, 431
2
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for any test function & > 0. We therefore deduce that u; = uj a.e. in Q; for any t € (0, 7).
Checking that this implies g1 = ¢» is straightforward.

To prove part (2) we define again (u, q) := (u1 — uz,q1 — q2) and consider the problem for
(u, q) given by (4.19) but with up = u1p —uzp < 0 and ug := ujo — uzo < 0. Following the
proof of part (1) we get

T
/u(f)w(f)=/ uo¢(0)+f up)ex(0,1)dr + I, (4.32)
n 2 0

with 17 given by the right-hand side of (4.25). By Lemma 4.3 the solution (¢, ) of (4.26) satisfies
©(0,1) > 0 and ¢, (0, ) > 0. Hence, we obtain from (4.32) and (4.26)

/ u(0)§ <0,
2

for all & > 0, from which the assertion follows.

Proof of Lemma 4.3. Because (4.26) is linear with smooth coefficients and data, the existence,
uniqueness and regularity of solutions is well known [10]. To show the uniform L bounds we
consider separately the cases (4.16) and (4.17). If (4.16) holds, then / defined by (4.22) is bounded,
and consequently, {#™} is uniformly bounded in L°°(Q.) with respect to m. Further, (4.24) ensures
that g, u’, and u’j . are uniformly bounded in L*>°(Q:) with respect to n.

Next assume (4.17). We assert that the global maximum of |¢| is attained either at the boundary
x = Oorinitially at = 7 implying ||¢|| > (@,) uniformly bounded with respect to m and n. Suppose
this is not true. Let (xg, 79) € Q. be the point where the global maximum of |¢]| is attained. Then
(x0, T0) is either a point of global maximum or a point of global minimum for ¢. Let us consider
first the case in which (xg, 7o) is a point of global maximum. The boundary data for ¢ implies
¢ (xg, t9) > 0 and the p-equation in (4.26) yields, using 2™ < 0,

us (X0, T0)¢(xo0, T0) + ¥ (x0, T0) < 0. (4.33)
Integrating the yr-equation of (4.26) in (0, x) gives
X
Y(x, 1) = [0 (—uy, (v, )y, 1) dy. (4.34)

Therefore, from (4.33), (4.34) and assumption (4.17) we obtain

X
us (x0, 70)@ (X0, 70) S/ uy, (v, 1)@ (y, 1) dy
0

xo
<f W (o)l dy sup lo(y. )|
0 ye(0,xp)

X0
=/0 lufy, (v, 10) | dy @(x0, T0) < uh(x0, T0)@(x0, T0), (4.35)

a contradiction. If the global maximum is attained at a point (d, tp), then by the strong maximum
principle ¢, (d, o) > 0. This gives again a contradiction. Finally, if (xo, 79) is a point of global
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minimum for ¢, we may repeat the argument above, obtaining a similar contradiction. To finish the
proof of (i) we use (4.34) and (4.24) to find

IV llLoc0,) < l@lliLeonlluallpo w2y

which is also independent of m and n.

The proof of (ii) follows the same ideas as that of (i). We assume (4.18) and assert that the
global minimum of ¢ is attained either at the boundary x = O or initially at # = t implying (4.27),
see (4.20) and (4.26). Suppose this is not true. Then, using the arguments of part (i) for the function
¢ instead of |¢|, we are led to an expression similar to (4.35):

X0
u’ (xo, T0)¢(xo0, T0) > / uy (v, 10)e(y, 10) dy
0

X0
2/ uy (v, 0)dy inf @(y, 1) > u5(xo, T0)¢(x0, T0),
0 y€(0,x0)

a contradition.

4.3  Condition (4.17)

Since inequality (4.17) is difficult to verify directly, the following observation is useful.
PROPOSITION 4.4 Let upi, > 0 be given by (4.4). If there exists L > 0 such that

Umin

2d

uy <L inQr, with L < (4.36)

then (4.17) is satisfied.

Proof. Define w(x,t) := u(x,t) — Lx for (x,t) € Q7. Then wy < 0in Q7 and |uy| < —wyx + L,
implying

X
/ luy| <up—u+2Ld in Qr.
0
Using (4.4) and (4.36) we obtain
X
/ luy| <2Ld < Upin <u in Q7.
0

Clearly, the condition of Proposition 4.4 is stronger than (4.17). However, the following example
shows that it is relatively straightforward to obtain.
PROPOSITION 4.5 Let f(x,s) := k(x)(1 — s)i, with k > 0 and ¥’ < 0 a.e. in {2. Assume

uy = up = u, with

i > max{

1 — (d? —ry, 4.
T (d°k(0))" "} (4.37)

Then (4.36) holds.
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Proof. We regularize f by f,, with { f;,} a sequence of smooth functions converging to f strongly-
uniformly in L”(£2) x C([0, 1]), for any r < oco, and with the following properties:

in2x[0,11 and  2fy4unfuu <0 inQr.  (4.38)

It is easy to see that due to the special form of f assumed in the statement of the proposition such
a sequence exists. We then consider the sequence of regularized problems {P,} and their solutions
{u,, gn}. Note that Theorem 4.1 implies u,, > u in Q7. Differentiating the first equation of Problem
P,, with respect to x, we obtain the following problem for v, := uyy:

Vnt + GnUnx — Vpxx — Qfn + tn fau)vn = fuxun  in Or, (4.39)
with

v,(0,7) >0 in (0, 7),
v,(d,t) =0 in(0,T),
v,(x,0) =0 1in (0,d).

Applying the maximum principle to (4.39) we deduce that the maximum of v, is at x = 0. We
now consider the solution (U, Q,) of the stationary problem (S,,) corresponding to (P,) and use
Theorem 4.2 to deduce U,, > u, in Q7, and therefore Uy, (0) > u,, (0, t) in (0, T)). We then obtain,
see (3.1),

Upx (x,1) < Upx(0) = Uy (0)Q,(0)
and then, by (4.38),

d
Unx (X, 1) < ﬂ/ Ja(y, U(y))dy < dal(1 —a)Pk(0) + %l (4.40)
0

To pass to the limit we note that the bounds obtained in Theorem 4.1 are valid for Problem P,,,
uniformly in n. Therefore the sequence (u;, g,) converges pointwise to (u, g). To show that this
limit is a solution of Problem P only requires to consider the limit of f, (-, u,) since the other
terms are treated as in Theorem 4.1. But this is a consequence of the pointwise convergence of u,,
to u and the strong-uniform convergence of f, to f in L"({2) x C([0, 1]). Note that (4.40) gives
uy(x,t) < du(l —u)Pk(0), which implies (4.36).

5. Qualitative properties

In this section we derive some properties of solutions of Problem P. For simplicity we confine
ourselves to the case of constant boundary data, i.e.

up =ii € (0, 1), 5.1)

and let (U, Q) be the stationary solution corresponding to this boundary condition. Since U is
increasing in x, it is admissible as a comparison function by Theorem 4.2: if the initial data, ug, and
U are ordered, e.g. ug < U, then this ordering persists through time: u(x, ) < U(x) forall x € 2
and ¢ > 0. This property allows us to prove the convergence for t — oo to the stationary state.
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THEOREM 5.1 Let (u, g) be a solution of Problem P and let (U, Q) be the corresponding steady
state solution of Problem S1. Let ug and U be ordered, i.e. either ug(x) < U(x) for all x € {2, or
ug(x) = U(x) for all x € (2. Then

u(-,t) > U
q(,1) = Q

ast — o9,

uniformly in {2.

Proof. For the proof we assume that ug < U for the opposite inequality the argument is identical.
Writing

q(0, t):/ f(x,u(x,t))dx,
2

the inequality u(-, ) < U, provided by Theorem 4.2, implies that g (0, ) > Q(0). It also follows
from this inequality that u, (0, t) < U,(0). By integrating the first equation of Problem P we find

i/ u(x,t)dx = —u,(0,1) + uq (0, t) (5.2)
dr Jo
> —U,(0) +70(0) = 0.

The last equality follows from the equation satified by (U, Q) and the boundary conditions U, (d) =
Q(d) = 0. This implies that the mass [ u is a Lyapunov function, and even a strict Lyapunov
function if ¢ (0, ) > Q(0).

We next derive a priori estimates that provide the necessary compactness. The function w =
u — u satisfies the equation

wy +wyg — (w+u)f(,w—+ i) —wyey =0,

and by a standard partial integration we derive from this equation the energy inequality

1 5 T+1 ) 1 )
— w, T+ 1D)“dx + wy < = w(x, 7)°dx
2 Jo : Jo 2 /0

T+1
+/ /Q(w—i—ﬂ—%wz)f(-,w—i—ﬁ).

Since w is bounded, it follows that there exists a constant C, independent of 7, such that

T+1
/ / wng.
T 02

Therefore there exists a sequence 1, — o0, with |t,+1 — 7,| < 2, such that

/ u?(x, 7,) dx < C,
(7

and by combining this sequence with the argument of the existence proof (Theorem 4.1) it
follows that the bounds on u and ¢ in the spaces L*°(0, T’; H! (£2)) and L*°(0, T, W]’OO(Q)) are
independent of T'.
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We choose a sequence t,, — oo such that (u, ¢)(-, t,;,) converges uniformly to a limit (4o, ¢oo)-
Standard Lyapunov arguments imply that the mass is constant for the solution with initial data u .
The final part of this proof consists of showing that this property implies that uo, = U.

To do this, we now switch to the solution (v, r) of Problem P which has u, as its initial datum.
Note that by construction u, < U and therefore v(-,#) < U for all > 0. As remarked above, the
mass is a strictly increasing Lyapunov function if 7 (0, #) > Q(0), in which case a contradiction is
obtained and the proof is complete. We therefore only need to concentrate on the situation v(-, ) #
U,but r(0,1) = Q(0) for all ¢. It follows from the latter equality and v(-,¢) < U that r(x,t) =
Q(x) for all x and ¢; therefore v and U satisfy

v+ W)y — v =0 and U+ UQ)x — Uy =0.

By hypothesis v(-, 1) < U forall ¢ > 0, and v(-, t) # U, it follows from the boundary point lemma
that v, (0, 1) < U,(0) for all # > 0. At the same time, the fact that the mass f v remains constant
implies (by (5.2)) that v, (0, t) = 2 Q(0). This contradicts the properties of U and Q:

0 < Ux(0) — v (0,8) = Q(0) —2Q(0) =0.
This concludes the proof of the Theorem.
In the remainder of this section we consider the special case when f is given by
Flo,u) = k@) (1 —uw)l, 0<p<l, (5.3)

with k satisfying (2.14). Of particular interest here is the formation of the dead core {u = 1}, where
the salt concentration reaches its maximum value and when the uptake of water by the roots of the
mangroves stops. In Section 6 we will discuss the existence of dead cores for both the steady and
time-dependent problem. In particular we show that a dead core can be formed in finite time. Here
we show the opposite. By using appropiate super-solutions we will estimate the set {u < 1}. To
simplify the discussion we assume for the rest of this section that ug = u.

Let (U, Q) be the solution of Problem S; and suppose parameters are chosen such that

Ux) <1 ifx e]0,xg) and Ux)=1 ifx e [xg,d] 5.4
with xg < 1. As a first observation we have the following proposition.
PROPOSITION 5.2 u < 1in (1,d] x [0, T].

Proof. Inthe set (1,d) x (0, T) we have
U —uxx =0, qg=0
and
u(l,t) e lu, 1], ux(d,t) =0, u(x,0) =u.

We construct an explicit supersolution on (1, d) x (0, T']:

. 2 . Tx—1
p,0)=1-(1 —u)exp<—m’> S”‘(Ed—l)'

It follows that u(x, 1) < ¢(x,t) < lon (1,d] x [0, T].
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Using the steady-state solution we find the following proposition.

PROPOSITION 5.3 u < 11in [0, x¢) x [0, T].

Proof. Theorem 4.2 gives u < U in Q. Using (5.4) the assertion follows.

Finally, we use a time-dependent super-solution to show the following proposition.

PROPOSITION 5.4 There exists Tp > 0 such that u < 1in [0, d] x [0, Tp].

Proof. Leté& : [0, 00) — R be the solution of

{é =kot(1l =)L 1>0,
£0) = a.

Clearly, there exists 7p > O suchthatu < & < 1 andé‘ > 01in (0, Tp), and &€ = 1 in [Ty, 00). The
pair

(5.5)

i, 1) = £0),
G0t = / F £ dy

is a solution of Problem P with data up = & > u and 9 = u. Since u is constant in space,
condition (4.18) is trivially satisfied. Then, by Theorem 4.2 we have

u(x,t) <&@y  for(x,1) € Or,

which proves the assertion of the proposition.

6. Formation of a dead core

In this section we present results concerning the formation of dead cores in the stationary and time-
dependent problems. For the stationary problem we use the comparison principle to give accurate
conditions on the data implying the existence of a dead core. For the time-dependent problem the
comparison principle can provide some results on the occurrence of dead cores (see the previous
section), but to obtain more general results we need to apply more sophisticated techniques.

We therefore use a local energy method for free boundary problems [2, 7]. First we introduce
an energy functional given in terms of the norms of the natural energy spaces associated with the
problem. Then we obtain a differential inequality for such a functional and, finally, we deduce the
formation of a dead core from the properties of this inequality.

6.1 The steady state problem

To study conditions implying the formation of a dead core in the stationary problem we consider
the formulation (S;). Note that, by the maximum principle, the solution satisfies logit < w < 01in
{2, and that the dead core, if it does exist, is given by the set {x € [0, d] : w(x) = 0}. We will define
a subsolution of Problem S, vanishing in a subset of {2 and use the comparison principle to deduce
the same property for the solution of Problem S;. We assume, in addition to (H), the following
structural property on f:

fCGs) = ko(l —s)P, fors € [0, 1], 6.1)

in (0, d), with k¢ a positive constant and p € (0, 1).
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THEOREM 6.1 Assume (6.1) and

~ )
L L1l 2 6.2)
(1 —u)r 2(1+ p)

Then {x : w(x) = 0} D (x¢, d), with xo given by (6.4).

Proof. We consider the following subsolution of Problem S5:

2
wix) = alxo—x)T=r if x € (0, xg), 6.3)
0 if x € (x9,d),
with
1—il? (1= p)2 = log it I_Tp
a:=—\ko —? ﬂ ' and xg := ogu . (6.4)
logu | 2(1+ p) a

It is easy to check that if (6.2) holds then x9p < d from where the result follows by applying the
maximum principle.

REMARK 6.1 The result of Theorem 6.1 may be localized. Assuming that (6.1) holds in an interval
(z0,z1) C (0,d) then we can define a local subsolution by (6.3) with a given by (6.4) but xg
redefined by x¢ := z9 + (m%)(l—p)/z. These conditions imply w < w in (2o, z1) and w(x) = 0 in

(x0, z1). Besides, since w’ > 01in (0, d), we deduce w = 0 in (xq, d).

6.2 The evolution problem

Since the stationary solutions considered above are the long-term profiles for the time-dependent
problem, the presence of a dead core in the stationary profile suggests that the non-stationary profile
approaches the value 1 in that region. In fact, more is true: in this section we show that the time-
dependent profiles can attain the value 1, i.e. the dead core appears in finite time. Theorem 6.2,
which gives sufficient conditions for the occurrence of dead cores, is proved by using local energy
estimates, following the ideas of [2, 7].

We first introduce some notation. Performing the change of unknown v := 1 — u in Problem P
to remove the singularity from u = 1 to v = 0, we get

v+ (Vg)x — Vxx + fx, 1 =) =0 .
G+ f1—v) =0 } in O,
with (6.5)

Ux(d,l‘)zq(d,t):o } m (0, T)

For any ¢ € (0, T)) we consider the set
P@) :={(x, 1) : |x —xo| < R(z;1), Te @}
with R(7;¢) :=(t —1)”,0 < v < 1 tobe fixedand a > 0, xg € (0, d) such that

R(T;0) < x9 <d— R(T;0),
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FIG. 2. The set P(t).

implying P(¢) C Qr for all ¢ € (0, T) (see Fig. 2). For brevity, we shall write P instead of P ().
We decompose the boundary of P into final and lateral parts:

OP(t) :=0,P@)UP(1),
with 3P (t) := {(x,T) € 9P} and 8;P(t) := {(x,7) € 9P : t < v < T}. Finally, we define the
local energy functions

E@®) = / |vx|2dx dr and C@) = / vP* dx dr. (6.6)
P@®) P

Concerning function f we assume, in addition to (H), the existence of constants ko and k1 such that
0 < kos?TV < sf(, 1 —5) <kisPT' fors €0, 1] (6.7)
in P(¢) fora.e.t € (0, T), with p € (0, 1) and ko > k1/2.

THEOREM 6.2 Assume (6.7). Then there exists a positive constant M such thatif E(0)+C(0) < M
then v = 0 in P(¢*), for some * € (0, T).

REMARK 6.2

1) If f(x,u) = k(x)(1 —u)?, with k given by ( 2.14) then (6.7) is trivially satisfied in the region
where k # 0.

(i1) Testing the first equation of (6.5) with v and using the second equation of (6.5) leads to the
following estimate:

T
£ +cO < [ wiedcr [ unu .0
9] 0

In some situations, for instance when vp(t) > vg(x) fort € (0, T) and x € (0, d), we have
vx(0,7) < Ofort € (0, T), allowing us to obtain an estimate of E(0) 4+ C(0) only in terms
of the initial datum. Notice that a typical data is vp = vy = constant, for which the above
condition is satisfied.



38 C. J. VAN DUIIN, G. GALIANO, & M. A. PELETIER

Proof. The proof consists of three steps.
Step 1. Multiplying the first equation of (6.5) by v and integrating in P gives

/ {3000+ 3@ 02 +%0 + (0l = o) + v (1 =) | drdr =0,
P

Using the divergence theorem, the second equation of (6.5) and (6.7) we find

/lvx|2dxdr —i—ko/ vp“dxdtg/ vuen, dx dt
P P P

1 k
——/ vz(nf—i—qnx)dxdt—}——l/ P t2
2 Jorp 2 Jp

with (n,, n;) the unitary outward normal vector to P, given by
O, indsP,

(ny,ne) := (t =07, —v)
(UZ + (‘L’ _ t)2(17v))1/2

in 0;P.

Using v < 1, g < dkj in Q7 and (ny, n,) unitary we obtain

k 1+dky [T
E(1) + <k0 — —1>C(t) < + ki / [v]dt +f |v||vy| dx dz, (6.8)
2 2 t P

where we introduced the notation [v] := |v(xg + R(t; ), T)| + |v(xg — R(7; 1), T)|.
Step 2. Our aim is to estimate the right-hand side of (6.8) by means of the functions at the left-hand
side and their derivatives. First notice that

dE T~ ,0R
E(t)_/; [vel"] - (2 1) de,

and therefore we can use Holder’s inequality to get

T 12 / 1 ) 1/2
/ |v||vx|dxdr<(/ —a—anxﬁdr) (/ (—8—R> [vzldr)
P t 8t t at
dE \'/? d(E+C 172
— () (—d—a)) 0 (_g@ , 6.9)
t dr

with

T -1 1/2 T
oR ) s
Ii(t) := (/ <—¥> [v ]dl’) and L (1) :=/ [v-]dr.
t t

To handle /1 (¢) and I>(¢) of (6.8) we shall apply a simple version of an interpolation-trace inequality
introduced in a more general setting in [7]. The proof is given in Section 6.2.1.

LEMMA 6.3 Letg € H'(xo — P, xo + p), for xg € R and a positive constant p. Then

— 1—
lp(xo — P + lo(xo + p)| < Lo(lgella + ool 1) ol (6.10)
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with Lo < 16,7 € [1,2], p > 0,

2 3
y = and S 6.11)
24r 2(p+ 1
Here we used the notation || - |5 := || - | L5 (xg—p,x0+p)-
. .. y - . . 1=
We take r < 2 and find, by applying Holder’s inequality with exponent 6 := z_f
2 pt
el < llelly” el )1y (6.12)
Combining (6.10) and (6.12) with ¢(x) := v(x, ) and using v < 1 we get
1 2(1—y) Z(I*K)(PH)
[ < I < LgmR)lvell3 + Il 5 1 )Y 10717 vl ™ (6.13)
with m(R) := max{1, R~2%7}. We then deduce from (6.13)
1oy r AR\ ! 1 2(1-y) 172
Iy < Lo| Q7| (/t m(R) <_¥) (||Ux||%+ ||v||§il))/+ 9 dr) . (6.14)

Due to the crucial assumption p < 1, itis compatible to choose r < 2 andr > ﬁ. Then we obtain
that u given by

2(1 —
Mil-— +M

_ — (6.15)

satisfies u > 1. Using Holder’s inequality with exponent p and substituting the explicit expression
of R we obtain from (6.14)

1

I < AQ)(E@) +Ca) >t (6.16)

with
1=y r / 12
A(t) := Lo| Q7|7 v™1/? (/ (r — pH A=v=2%vy) dr) . 6.17)
t

Function A is finite whenever we choose v < % which is always possible since the only
restriction assumed on v is 0 < v < 1. Gathering (6.9) and (6.16) we get

1/2 .
f ullux| dx dr < A1) (‘MU)) (E@) + Ca 3+
P dr

In a similar way, but choosing r = 2 in (6.10), we get the following estimate:
L < LoI'(1)(E(2) + C(2)), (6.18)

with T2(1) == [T (t — )™ dr < 0 if v < 1/8.
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Step 3. From (6.8), (6.14) and (6.18) we deduce

d(E+C 172 _
co(E(t) +C@) < AQ) <—%(r>) (E@t) + Cunst7,

with ¢ < ko — %‘ — %LOF(Z). Notice that making 7' — ¢ small enough, say T — r < ¢, we

can ensure c¢g > 0. Making the assumption, to force a contradiction, that E(t) + C(¢) > O for all
t € [0, T'], we arrive at the inequality

—r_Lv d(E+C
AE®D + oy ) < _/1@)2%@). (6.19)
Due againto p < 1 we find 0 := 2(1 — % — 1:)') < 1. We assume T > ¢ and restrict ¢ to

take values on (T — ¢, T) (so T —t < ¢ is fulfilled). Integrating ( 6.19) int € (T — ¢, t*) with
t* € (T — e, T) we obtain

(E+O"7 (") <(E+O)"(T —¢) — (1 —0)c} A2 dr.
T—¢

Therefore, since E + C is non-increasing we have that if the initial energy satisfies
[*
(E+O)'70) < (- a)c(%/ A@)2dt = M
T—¢

then E(t*) + C(t*) = 0 and therefore v = 0 in P(¢*).

6.2.1  Appendix: an interpolation trace inequality. Lemma 6.3 is a particular case of a more
general result obtained in [7] for any spatial dimension and a wider range of exponents. However,
due to the space dimension, the proof is much simpler in our case, and all the constants appearing
in it can be explicitly computed.

Proof of Lemma 6.3. We proceed in several steps:
Step 1. We first consider ¢ € H'(0, 1). From the identity

X

9*(x) — 9?(0) =2 /O @)@y (x) dx (6.20)

and

1 1 x
¢2<0)=f0 goz(x)dx—Zfo fo @)y (x) dx < lloll3 + 2llgl2llex 2,
we obtain

[p°] == ¢*(1) + ¢*(0) < 8llell2(llll2 + llexll2) = Bll@l2llel 410.1)- (6.21)

Step 2. If ¥ € H'(0, 1) with ¥ (0) = 0 then from (6.20) and Holder’s inequality we get [|[/[l2 <
V8|¥x 2. Taking v (x) := ¢(x) — ¢(0) we find

2
1 1 1 1 1
/0¢2+¢<0>2<8/0 ¢§+2<p<0)/0 ¢<8/0 <p§+<p(0)2+2</0 w)
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and then [¢[> < v8(llgxll2 + ll@ll1), from where we deduce

lell 0.1y < (V84 Dllgxlz + el (6.22)
Step 3. We use Holder’s interpolation inequality:

1 1 -
lolls < Tolfloly ™ with S=T 4= and 1<I<s<2<00 (623)

This inequality is true even if / € (0, 1). Indeed, if we set ¢ := Y™ withm < % the above inequality
reads [|¢llsm < N@llimll@llgm, with % =7+ I_T"‘ and Im < 1. Applying (6.23) to the function ¢
with the parameters s := 1,/ = o :=r/2, g = 00 we get

1—r/2
lol? < ol g3l

By Sobolev’s theorem
Moo < 2092w 0.1y = 200015 + 1@,
but [[(@?)x]l1 < 2ll¢ll2ll@x |2 and therefore
el < 4llll2(ll@llz + llgxliz) = 4llell2liel 1.1y

We then obtain

lells < el 4l el o)~
implying

2—r

ol < 45 gl 2 e 0 - (6.24)
Step 4. From (6.21) and (6.24) we get

2—r

172
2 T )"+ r r
[p] < [9*]'/? < (4 ) 7 ||<plli?|<o,n> =255 )" llwllifuo b’

and using (6.22) we obtain

o] <25 (lgxllz + lloll) 7 ||<ﬂ||2+’-

Finally, since [l¢|l1 < |||l p+1 (recall that the measure of the domain is 1) we find

< 2% 7 )| 77 6.25
[¢] < (loxllz + el p+D) 2 el . (6.25)

Notice that since r € [1, 2] we have 2]20% < 16.
Step 5. Finally, we consider the change of unknown y := xo — R 4+ 2x R which maps the interval
(0, 1) onto (xg — R, xo + R). We obtain for any ¢ > 1

¥ a1 = 19 19 (xo—R.x0+R) s 1V a0, = V2RIV 51 (xg—R,xo+R)-

(2R)4

Therefore, from (6.25) we deduce

1047 _ 3+p 2 Zr?
[p] <227 (lloxll2 + QR) 2P0 |l p+1) 7 (@]l
for any ¢ € H'(xo — R, xo + R).
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0 z 4

0.65

FIG. 3. Evolution of dimensionless salinity « for root distribution k(z) given by (2.14), and for parameter values p = 0.5,
ko = 15,d =4, and ug = 0.7. Numbers in the figure are values of ¢.

7. Numerical examples

For the numerical solution of Problem P we considered the equivalent non-local formulation

d
Mt+(“f fCG u))x —uyy =0 1in Qr,

u©,1) =up(), uy(d,t)=0 forO<t<T,
u(x,0) =ug(x) for0 < x <d,

(7.1)

which is obtained after the integration in (x,d) of the second equation of Problem P. To
compute approximate solutions we employed an explicit upwind finite difference scheme with
51 equidistributed spatial nodes in the region 0 < x < d = 4, and with fixed time increment
steps.

We calculated numerical solutions for the evolution of the u(x, ¢) profile when up = ug = 0.7
and f takes the form (2.13), with a non-uniform root distribution, k, given by (2.14) with kg = 15.

We investigated the effects of linear (p = 1) and strong (0 < p < 1) absorption on the formation
of dead cores. Figs 3 and 4 show several time slices of u for p = 0.5 and p = 1, respectively. It
is clear from the pictures that in the superlinear case a dead core arises in finite time, meanwhile it
never occurs in the linear case. Remark that the region 1 < x < d salinizes slowly by diffusion of
salt down from the root zone.

Note that in the case p < 1 the results of Section 4 do not guarantee uniqueness of the solutions
calculated here. However, as remarked before, we believe that the hypotheses of Theorem 4.2 are
unnecessarily restrictive, and that uniqueness in fact holds in a suitably general sense. This should
also include the cases studied here numerically.
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F1G.4. As Fig. 3, but for p = 1.

8. Discussion and conclusion

In the preceding sections we have analysed a problem that arises in the study of soil salinization.
The root systems of mangroves extract water from the soil, leaving most of the dissolved salt behind.
Since the sea water that enters the soil to replace the extracted water is saline, the salt concentration
¢ in the root zone increases. One of the aims of this paper was to investigate the possibility that
this mechanism can (locally) bring the water uptake to a complete standstill. In order to study this
question, a system of equations was formulated that govern the transport of both salt and water in a
general time-dependent setting. We introduced a critical salt concentration c., above which the root
system is unable to extract water.

The stationary version of this problem is relatively simple in nature, and allows for a detailed
analysis. We used a phase plane approach to investigate solutions of this problem, and discussed
some qualitative properties. We showed that if the water uptake function is proportional (at least
locally, around ¢ = ¢.) to (1 — ¢/c.)?, then the character of the solutions depends critically on p. If
p = 1, then the stationary salt profile shows an increased level of salt, but this level remains below
c¢, and therefore water continues to be absorbed. On the other hand, if 0 < p < 1, then under
suitable conditions a ‘dead core’ forms, in which the critical concentration is attained, and therefore
no water is extracted.

The time-dependent problem exhibits a coupling of the mass-balance and the fluid-balance
equations via convective terms. The theory of such systems is relatively underdeveloped, and no
general well-posedness results in the literature are known to us. In this paper we have proved a
general existence theorem, as well as a uniqueness/comparison result. However, the latter requires
an a priori restriction on the solution, and although this restriction appears purely technical, other
problems are known in which similar restrictions appear [6], and the question of the optimal
hypotheses for a uniqueness result remains open. The comparison principle only holds for this
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system of equations when one of the solutions is monotone; this condition can not, in general, be
relaxed.

The stationary solutions are natural candidates for the long-term behaviour of the time-
dependent solutions, and in Section 5 we show that this suggestion is justified. However, the
comparison principle is necessary in the current formulation of the proof of this result, and therefore
the theorem only applies to a certain class of initial data. This restriction again appears to be purely
technical, and this is also borne out by numerical simulations.

The behaviour of the root water uptake function near the critical salt concentration is crucial in
determining the appearance of dead cores, not only for the stationary solutions but also for time-
dependent ones. In Section 6 we employ a method based on local energy estimates to show that if
0 < p < 1, the salt concentration may attain the critical value c. after finite time.
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