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IMPACT OF THE DHOFAR CLOUD FOREST ON SUBSUR-
FACE HYDROLOGICAL FLUXES: MODELLING ON THE
SCALE OF A NEAR-ROOT ZONE SOIL CONTINUUM

A slope forest in a semi-arid region of Oman is studied. The peculiarity of
this ecosystem is an interception of the liquid (fog and drizzle) by the tree cano-
py from a monsoon wind during a three-month monsoon period. The intercepted
water drips on the soil from the foliage and stem over the area of the projection
of the canopy. The moisture accumulates in the soil profile and is used by the
tree long after the monsoon. Capillarity and gravity drives moisture to the wa-
ter table. A modified Green-Ampt model of vertical infiltration is suggested,
with a cyclostationary «self-drip-irrigationy», vertically non-uniform water up-
take by the tree roots and the possibility of stopping of the fronts of a descend-
ing water slug owing to non-equal capillary pressures on the imbibition and
drainage fronts of the slug.

Key words: deciduous cloud forest, arid/semi-arid region, hillslope vegeta-
tion, orographic rain, root water uptake, infiltration, Darcy law, Green-Ampt
model.

Introduction. In arid and semi-arid climates, which we, following [1], call water-limited
environments (WLE), the soil moisture, salinity and temperature stresses determine the per-
formance of plants. In these environments emerge interesting patterns of soil water, which are
associated with the spatial distribution of vegetation [2]. In comparison with crops, pastures,
grasslands or shrublands, forests are usually considered more water demanding [3]. In WLE
higher water consumption of trees or shrubs is often explained by the ability of deep rooted
vegetation (such as perennial trees or shrubs) to access water from a deep wet soil and even
directly from the water table [4] (other plants with lower water use and with shallower roots
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Fig. 1. Satellite image of the study area (a) and vertical section of the mountain ridge,
forest, monsoon and temperature profile (b)
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can not do this). As a result of a combined water uptake by the roots from the soil, deep va-
dose zone and aquifer, the experimental data [1] in Kalahari showed that on the scale of 0-60
m from the top soil to the water table the moisture content decreases in the first few meters,
then remains almost constant (for approximately 5-25 m from the surface) and then increases
again (25-60 m) close to the capillary fringe, with a full saturation on the phreatic surface.
This «trough»-shaped moisture profile is attributed to the vertical water-hunting activity of
deep tree roots.

In this paper we consider infiltration (and water uptake) of a semi arid forests in South-
West Oman, in the governorate of Dhofar (in Fig.1, a a wite oval illustrates the study area on
the the Arabian peninsula). The Dhofar cloud forests are extraordinary eco-hydrological sys-
tems, since their existence depends on their ability to self irrigate their root zone through in-
terception of cloud water by the tree crowns [5, 6]. A vertical cross-section of the forest belt is
shown in Fig.1b. The forests thrive in a seasonal climate with a 3 months humid (and foggy)
season, which lasts from mid June to mid September, followed by a 9 months dry season. The
characteristic monsoon fog is caused by orographic clouds, which are formed when moist air
from the sea is pushed up against the coastal mountain range from South to North. The annual
precipitation in this area is 250 mm, most of which falls during the monsoon in the form of
light drizzle (on the average 2mm /day). The other major source of rainfall is cyclones, which
— due to high intensity and prevailing runoff — seem, however, not to penetrate the deep soils
as thoroughly as the precipitation during the monsoon [7] concluded that water, received be-
low the tree crowns, consists of about one third of rainfall and two thirds of intercepted cloud
water. This leads to a pattern where more soil water infiltrates below the tree crowns as com-
pared to a bare soil.

A typical desiduous tree is shown in Fig. 2. Trees of this type may form a cluster with
overlapping canopies.

Fig. 2. A typical tree of the cloud forest in the study area

It is noteworthy that the tree-induced drip self-irrigation in Dhofar forests guided the lo-
cal engineers to install a net-mesh devises mimicking the canopy as fog-drizzle collectors
with up to 58 liters/day/m? of the mesh water condensate productivity (see, e.g., [8]).

Cloud interception is reported from many cloud forests (i.e. [9, 10]), but particularly in

22



ISSN 1997-4647 Jec. Dxonoeus. llpupodononvzosanue

semiarid cloud forests, the additional water may substantially contribute to maintaining lush
vegetation in a comparatively dry environment [11-14, 6]. To the best of our knowledge, in
earlier works on fog forests (both humid and semi-arid) the dynamics of dripped/infiltrated
water in the soil and vadose zone has not been studied in detail and only occasional measure-
ments/modeling of the soil moisture (or capillary pressure), evaporation rate from the soil sur-
face and soil temperature were reported. This is understandable because collecting field data
from the whole soil- vadose zone — capillary fringe profile in the vicinity of a tree is instru-
mentally cumbersome. Indeed, belowground hydrological sensing, e.g. with TDR, C- or The-
ta-probes would require a good vertical density of instruments in a borehole. Even piezome-
ters (deep in WLE) should be close to the tree trunk and well adjusted to intermittent recharge
pulses from the vadose zone subjacent to the tree, with a good separation of the superjacent
tree-generated recharge pulses from regional groundwater flow fluctuations or cyclicity. So,
the objective of this paper is to develop a simple mathematical model, applicable to field con-
ditions (i.e. having as few parameters as possible), that would predict the following fog-forest
specific infiltration scenarios: depth-time- varying input from the soil surface, depth-
timevarying water uptake by the tree roots, and ascending direction of the travel of the mois-
ture content maximum as in [15]. The model should predict how the water content varies with
time and depth, in particular, the «trough» —type moisture profile of [1].

Physical and Mathematical Model. We consider a tree of a fog-forest and neglect the
interference of the drip zones of neighbouring trees (Fig. 3). Alternatively, Fig. 3, a can be
viewed as a tree cluster with an «effective canopy» (and «effective» infiltration). The real
dripping intensity, iq, radially decreases from the axis of the infiltration zone (stem flow «fun-
nel») to the periphery of the canopy projection on the ground surface. Outside the throughfall
zone (of radius R and area A) the intensity of background precipitation, i, does not vary with
the radial coordinate r counted from the stem axis. Both igand i, depend on time. The depend-
ence iq (r) is seldom measured and we assume in the model that i=14(t) is an average value for
both the stemflow and throughfall integrated over r.
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Fig.3. 3-D schematization of tree and subjacent soil (a), axial cross-section of the subsurface
with water fronts (b), cyclostationary component of water uptake function by roots (c)

We assume the following: For one monsoon period I4 continues from t=0 till t=T=const.
Outside this time interval 143=0. The intensity of infiltration during O<t<T is high enough so
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the soil surface is completely saturated. At t=0 a saturation (imbibition) front y;(0) appears
and propagates downward as y;i(t) with a vertical axis of a Cartesian coordinate system orient-
ed upward. A purely vertical infiltration takes place and we adapt the Green and Ampt (GA)
model [16] both in the under-canopy zone and outside this zone. Without any loss of generali-
ty, we suppose that during the monsoon period, transpiration is relatively small and the water
uptake from the saturated zone is negligible (corresponding to [7]). Then for assumed 1-D in-
filtration the position of the front over the interval 0<t<T in both zones is described by the
well known analytical solution of Polubarinova-Kochina [17]. The focus of our modelling
exercise is in what happens after t=T, i.e. after the end of the monsoon, when infiltration ceas-
es and transpiration starts.

When t>T another upper desaturation (drainage) front, yq(t), y¢(0)=0 is formed. Obvious-
ly, ya(t)<yi(t) and this inequality should hold for any time. The four fronts are shown in Fig. 3,
b (vertical axial cross-section of Fig. 3, a) and we neglect the smearing effect on the cylindri-
cal surface separating the zones of contrasting infiltration rate (dashed lines in the Fig. 3, b).
For the sake of brevity we will study two under-tree fronts only. We track y; until the instance
T, when this advancing front arrives at the water table (depth D). After that time a groundwa-
ter mound is formed [17] and the GA model does not work.

We assume that the porous medium is homogeneous, isotropic and incompressible, water
is incompressible and flow obeys the Darcy law. We introduce the pressure head p=h-y where
h(y,t) is the hydraulic head within the water slug located in between the two fronts, y;i(t) <y<
yd(t). The basic assumptions of the GA model are: a) in the slug water is under tension but
completely saturates the pore space, b)the hydraulic conductivity in the slug is k=const that
coincides with the saturated conductivity, c) water moves in the slug only, i.e., ahead of the
advancing front and behind the retreating front k=0.

The GA model postulates that on the front p=-p. =const. This front pressure head is one
of two physical parameters of the model (another is k). Both p. and k are tabulated for com-
mon porous materials (see, e.g. [17]). In our case of a two-front slug in Fig. 1 we assume

p=-pi, at y=yi, p=-pa at y=yu, 1)
where pgand p; are two given positive constants. Commonly, pq > pi that on the meniscus level
of an individual soil pore corresponds to a higher contact angle of the advancing front com-
pared to the retreating one. In our model, however, the inequality can mathematically have an
opposite sign.

From the Darcy law the specific discharge q(y, t) is:

L
q=—k. )

We assume that water is lost from the moving phase of the slug to an immobile (with re-
spect to the soil) storage, which is prevalently due to the uptake by the roots but can also in-
volve sorption into a stagnant film around once wetted soil particles (or water interception in
dead-end pores). The intensity of this «sink» tapping the Darcian water is E(y, t). From con-
servation of mass the total vertical discharge through any vertical cross-section of the cylinder
in Fig.1, a is Q=A g and we have
dQ
D=EGY). ©

Thus E in (3) is the intensity of interception of vertical descending seepage into an im-
mobile liquid (root) compartment. Within the roots the moisture keeps moving (upward,
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laterally or downward, see [1] but this in-root motion does not affect the GA motion in the
soil. A similar model with a distributed sink term is used in the Dupuit-Forchheimer approxi-
mation of prevalently horizontal groundwater flow in an unconfined aquifer [17]. In our case
E also should be small enough for the basic model assumption of vertical infiltration to hold.
Integration of (3) yields:

/2 E(t,y)dy = Qs(0),
where Qs is the total liquid flow rate, diverted from seepage to roots. We will assume that all
Qs are converted into the sap flow, i.e. thus ignoring tree root internal storage and evaporation
from the upper front. Moreover, this assumption ignores a potentially complex topology of
water motion within the root system [1], which one can hardly measure.
Combining (2) and (3) we get the governing equation

i =—ety), @

where e=E/(A k). This equation is similar to one for the water table dynamics in an uncon-
fined aquifer with a spatially nonuniform and transient recharge [17]. We assume

e(t,y) = eof (t) explayl], )

where a is a constant, characterizing the root system, and f(t) is a function, characterizing a
season-dependent uptake of the whole root continuum (one example of this function is shown
in Fig. 3, ¢). Instead of an exponential decrease of the uptake with depth, in (5) any other
function can be taken (see, e.g. [18]). If f=const and a=0 then the water uptake is steady and
uniform within the travelling slug. We recall that the GA limitations require that neither capil-
larity nor uptake create unsaturated conditions in the slug.

Integration of (4) gives:

h(t,y) = c1(t) + c,(t)y — eof (t) explay] /a?, (6)

where c; and c; are two functions which are expressed from the boundary conditions (1) ap-
plied on both fronts:

h(t, —yi(0) = c1(8) — 2 (DY (1) — eof (1) exp[—ay; ()] /a? = —y;(t) — p;

h(t, =ya(®) = c1(8) — c2(Oya(®) — eof (¢) exp—aya ()] /a* = =y (t) — pa.

Eqgns (7) make a system of two linear equations with respect to ¢; and ¢, from which we
immediately obtain by eliminating c, the following expression:

(7)

i—Pd _ eof (t)(exp[-ay;]—exp[-ayq]) ®)
i—Yd a?(yi=ya) '

cﬂ0=1+§

The expression for c¢; and elimination of this function follows from the first equation in

(7).
On the fronts the linear average velocity and Darcian velocity are related through the so-
called kinematic boundary conditions [17]:

m dy;(t) — Kk dh(t,—J/i(t)) — k[Cz _ eof(t) exp[—ayi(t)]/a]

- " ©)
2O = PO e, o (1) expl-aya(D)/al,

where mg and m; are constant effective porosities on the corresponding fronts. Normally mg <
m; (if the slug propagates through a dry soil) but mathematically the sign of this inequality can
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be opposite. Egns. (9) constitute a system of two ordinary nonlinear differential equations
[19] with respect to yi(t) and yq(t), c1 and c, taken from egns (7)—(8). Without any loss of
generality we rescale time as t,=t-T and drop «r» as a subscript. Then the initial conditions for
eqn. (9) are:

where Yy is a given monsoon-wetting depth, which we retrieve from the monsoon stage of in-
filtration.

If both fronts asymptotically (effectively) stop before reaching the depth D then the slug
«hangs» in the vadose zone, waiting for the next-season stronger slug to come, overtake the
stopped one and resume the descending motion as a «merged» slug. If f(t) is high enough then
the drainage front eventually catches the imbibition one. Mathematically, the Cauchy problem
can be solved for any |yi(t)|<|yq(t)| but physically this inequality is unrealistic. If it appears
from integration of (9)—(10) this means that the GA model becomes inapplicable, i.e. a ten-
sion-saturated flow can not be realized. Then an unsaturated flow model should be used as in
e.g. [15].

Modeling Results. For a free standing tree 3 m of the canopy projection radius is a large
crown. In Gogub site of Dhofar the average distance between trunks is 2.5m. The trees there
are arranged in clusters, one cluster containing five and more stems in a very small area (1 m
radius). The average distance between the clusters is much larger (about 5 m). In computa-
tions below we selected 1.5 m as the crown radius i.e. a tree density of 0.14.

Soil properties under the trees varied and systematic hydropedological studies were not
undertaken in the study area. For the modeling below we assumed that the soil is a laveen
loam (43% sand, 44% silt, 13% clay according to the USDA taxonomy [20]). From experi-
ments in [20] k=0.216 m/day, ps=0.47 m, p;i=0.22 m. Without any loss of generality we as-
sumed D=20 m, my=0.2, m;=0.3. The annual rainfall outside the canopy is about 100 mm.
Annual precipitation over the canopy projection is 300 mm/year [7]. In computations based
on [7] we assumed that 85% of precipitation in both zones (canopy-covered and bare) goes
for transpiration. For the selected crown radius this gives 1750 liters/year/tree under the cano-
py. For comparison, the most common fruiting tree in the region, date palm, consumes 30-50
thousand liters of water through regular irrigation. Most of the water uptake in the Dhofar for-
est occurs after the end of the monsoon until a certain instance when water becomes limiting
and transpiration decays [7]. It is noteworthy that irrigation of date palms and other crops re-
quires thorough scheduling over season with the range of irrigation 50-150 I/day (winter—
summer) that is time, labour and instrument consuming. The natural forest does self-irrigation
spontaneously.

The following balance equation holds:

365
f Q(t)dy = 1.75m3
0

wherefrom we calculated ey assuming different values of a. Experimental data for o are not
available for our trees. Along with the exponentially decreasing uptake — depth function other
«integrable» functions can be included into the model, for example, linear ones as in [21].

In Fig.4 the fronts y; and yq4 are shown as functions of t in the interval 0<t<365 days for a
cyclostationary sink with f(t)=sin?(0t), 0=2 [1/182.5 1/day. We solve egns. (9)—(10) as a
Cauchy problem using a standard Runge-Kutta NDSolve routine of computer algebra [23].
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We fixed yp=0.6 m and selected a=0.1 (e0=0.00064) and o=2 1/m, (e0=0.013). Curves 1 and 2
correspond to the imbibition fronts and curves 3—4 indicate the drainage fronts for these two o
values. As we can see from the graphs, the fronts decelerate with fluctuations (the slugs
shrink). Our computations also showed that with the increase of the initial slug thickness its
migration rate increases. Hydrological implications of this dynamics are clear: in Darcian
flows inertia is neglected [17] and therefore the motion of two consequitive slugs can be stud-
ied by specifying their initial positions only. If a larger «new» slug moves faster it may catch
up a smaller one. Tehn two slugs merge and move even faster to the water table.
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Fig.4. Dynamics of fronts for two different a

Discussion and Conclusion

Soil moisture distribution and its dynamics in the soil profile are vitally important for the
flora in WLE. Cloud forests in arid/semi-arid climates of the Arabian peninsula in the Dhofar
region of Oman live in unique hydrological niches. The forest in this region is highly suscep-
tible to variations of the precipitation fluxes, which are characterized by a 3-month long mon-
soon duration and annual cyclicity. Precipitation consists of two components: (1) Orographic
low-intensity rain (drizzle) and (2) fog collection (turbulent deposition of cloud droplets). Fog
collection leads to heterogeneous infiltration: Under tree canopies infiltration is estimated to
be twice as high, compared to the off-canopy surroundings. The latter leads to temporary and
radially varying compartmentalization of water in the root zone.

The forest-enhanced precipitation stimulates the biota and possibly contributes to the re-
charge of the water table. Net precipitation under the tree canopies has been estimated to be
around 300 mm over the entire 2004 monsoon season. The transient subsurface storage accu-
mulated during the monsoon is consumed later by evapotranspiration (net ascending flux) and
is composed of the gravitational, capillary and viscous (Darcian) forces (net descending flux).
In this paper we predict how much out of the 300 mm net precipitation might reach the aqui-
fer, provided the water uptake by the tree roots varies with depth and time that results in a
«trough-shaped» moisture profiles with depth.

We considered the monsoon-generated soil moisture volume as a shrinking parcel, which
travels through the vadose zone, and implemented the Green-Ampt type model on the scale of
a near-trunk cylindrical porous column. Water motion is characterized by two fronts (drainage
and imbibition) and soil water removal by the roots. The advancing front flux is greater than
the retreating one. The ordinary differential equations for the front loci are solved numerical-
ly, and the possibility of water table recharge is estimated.
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If the slugs reach the water table, then groundwater mounds (axisymmetric with respect
to the tree roots) emerge and decay cyclostationary. The possibility for the deep tree roots to
be immersed into the capillary fringe should be assessed in the future. If the forest is approx-
imated as a regular (e.g., chess-board) pattern of trees without interference of adjacent
trunkcentered moisture parcels, then the catchment-scale recharge of the aquifer can be evalu-
ated, in particular, the effect of a partial uphill deforestation (for example due to cattle brows-
ing or infections) on the drop of the groundwater level and hence capillary fringe. The latter
may induce further stress on phreatophytic species in the downhill zone.
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Cratbs nocrynuia B pegakmuro 03.08.10.

A. P. Kacumos, A. Xunvoeopanom, FO. B. Oonocos

BJIMAHUE CKJIOHOBOI'O JIECA OMAHA (PETHOH JO®AP), IMTAEMOI'O
OCAJIKAMHY U3 TYMAHA, HA TIOI3EMHBIN FI/II[POJIOFI/FIECKI/II‘/‘I PEXKHUM:
MOJEJIUPOBAHUE B MACHITABE KOPHEBOU 30HbI

Paccmampusaemces cknonosulii nec nonyapuonoi 3onvl 6 Omare, 0c06eHHOCMbIO KOMOPO-
20 AGNAEMCA Nepexsam KPOHOU 0epesbes HCUOKOCU (MyMana u 0cadkos ciabou unmeHCUsHo-
cmu) U3 MyCCOHHO20 6empa 6 meyenue mpex mecayes 6 200y. Ima 600a Kanaem ¢ IUCMEbl Ha
3eMII0 MO NAOWAOU NPOEKYUY KPOHBL U CIeKAem No CMEOLy, 8 pe3yibmame 4e2o 81az2a akKymy-
JUpyemcs 8 NPUKOPHEBOU 30He NOYBbl U UCHOTb3YeMCs 0epesoM 6 MmedeHue ONUMmenbHO0
ROCMMYCCOHHO20 Nepuooa. 3a cuem KanuiispHOCU U SPASUMAYUY NOYGEHHAs 600d Opelighyem
K 3epKany epyrmosvix 600. [Ipednosicena moouguyuposannas mamemamuyeckas mooenv I pu-
Ha-Amnma 015 6ePMUKATILHOO 1A20NEPEHOCA 6 30He NUMAHUA 0epedd, KOmopas yuumvieaen
YUKTOCMAYUOHAPHOCHD NPOYECca «KANeIbHO20 CAMOOPOUIEHUNAY, HEPABHOMEPHDIU NO 2yOuHe
nepexeam 6i1azu pacnpeOeieHHbIMU KOPHAMU 0epesa U 603MONCHOCHb OCMAHOBKU OBUINCEHUS
6000l 3a cuem HeOOUHAKOBLIX KANULIAPHLIX Oa6leHull 8 30He NPOMaYUeaiowezo u OpeHupyio-
wezo Gpornmos.

Knrouesvte cnosa: nucmonaonvlii mymantvill j1ec, 3aCyuliublil/Noay3aCyuiueslil pecuoHn,
CKIIOHOBASL PACTUMENbHOCD, 0pocpadudecKkull 002icob, 3a00p 61asu KOPHAMU paAcmenull, 3a-
kon [lapcu, mooens I puna-Amnma.

KACHUMOB Ansap Pawuoosuy — xaHmuaaT GU3NKO-MATEeMaTHUECKUX HAYK, mpodeccop,
JeKkaH (haKyabTeTa THIPOJIOTHH, TIOYBOBEICHUS M CEIbXO3MHKUHHUpHHTA YHuBepcureta Cyi-
taHa KaOyca (Oman). O0nacTs HayYHBIX HHTEPECOB — TEUCHHS B MOPHUCTHIX cpeaax. ABTop 0o-
nee 130 myOnukaruii.

E-mail: anvar@squ.edu.om

XUJIBJIEBPAHJIT Anke — muaauiuii nmpog)eccop mo 3KOJIOTHYSCKOMY MOJCITUPOBAHUIO
Wucturyra Hayk o 3emne, Yrusepcurer ®pumpuxa Illmnnepa, Mena, I'epmanus. OGmacts
HaY4YHBIX UHTEPECOB — U3MEPECHNA U MOACINPOBAHUEC 3a60pa BJIal't KOpHAMU paCTeHI/If/'I, HUHTED-
nperanus HoJer MOYBEHHOM BJIaru, O6paTHI>Ie METOAbl MOJCIIUPOBAHUA JBMKCHUA BJIaru B
TMMOYBE, B3AMMOOTHOUMICHUSA MEXKIAY CprKTypOfI OKOCHUCTEM U BEPTHUKAJIBLHBIM ITOTOKOM BOJIbI M3
aTMocdephl B TIOYBY ¥ 00paTHO, AHHAMHKA PACTUTECIHFHOCTH B MOJIYapHIHOM KiIHMaTe. ABTOD
CeMH ITyOIUKaIii.

E-mail: anke.hildebrandt@ufz.de

OFHOCOB IOpuii Buxmopoguu — NOKTOp (HU3MKO-MaTeMaTH4ecKUX Hayk, Ipodeccop,
3aBenyroumii kadeapoit muddepennmansHpx ypaBHeHni Kazanckoro ®enepansHoro yHuBep-
curera. O0IacTh HAYYHBIX HHTEPECOB — KPaeBbIe 3a/1a4l TEOPHU TOIOMOPQHBIX QYHKIMHA U UX
MIPIIOKEHNUS B 3a]la4aX MEXaHWKH CIUIONTHBIX cpea. ABTop Oonee 130 mybmukaruii.

E-mail: yobnosov@ksu.ru
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