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Abstract. The purpose of present work is to model the behmagfosoil water
potential (SWP). The model is constructed as aineat combination of precipitation
and evapotranspiration (ET). It is designed antbtewith simulations of SWP with a
time step of one hour. Investigation is done ovatadrom two stations located in
Borisova Garden, Sofia and Plana Mountain area afoperiod over one year.
Verification is performed over obtained and actuatheasured values at both
meteorological stations. It is concluded that treled adequately describes the course
of SWP except in periods of drought where somealiewi from measured data is
observed. The designed mathematical model candu asa tool for simulations of
local soil water potential and hence for periods Which SWP values are not
measured. Also SWP is important parameter comiglibzone flow through the
stomata of the leaves and can be used to asseswshkhef damage of vegetation
caused by ground-level ozone.
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I ntroduction

Soil water content has an important role in scéifplatmosphere continuum. The
actual content can be determined by using soil waidget (KoSkova et al., 2008, Gusev et
al., 1998, Schulte et al., 2005, see fig.1), bet ldck of information about some of the
components of soil water budget like runoff andrtage makes this task difficult.
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Fig. 1. Soil water budget: INPUT (Precipitation + Irrigat) = OUTPUT (Evapotranspiration +/-
Drainage + Overland Runoff + Subsurface Runoff)STORAGE

At the viewpoint of plant physiology, soil watertpatial is a more descriptive
parameter, and drought stress plays a significah¢ in net ecosystem exchange
(Baldocchi, 1997). There are many empirical relaghips betwee®WPand soil water
content at fixed soil water conditions and soileyredlund and Xing, 1994, Mintz and
Walker, 1993). Zweifel and Stampli (2008) proposedpler model, which describ&NP
changes as a function of precipitation rain angetranspiration.

ET has been frequently a subject of theoretical axgk®mental research and
there are different models that describe it (Piegsand Taylor, 1972, McNaughton and
Black, 1973, Penman, 1948, Fisher et al., 2005, tMtn 1965, 1981). Rece&iT models
calculate potential evapotranspiration by using hoes driven by meteorological data
and/or vegetation characteristics and scale thimat down to actual evapotranspiration
based on limitations in available water (Stanna8$3)

The purpose of this study is to obt&@lVPseries for periods prior measurements
were carried out and to use them in stomata fluxlehoA satisfactory overlap with the
actual measure8WPvalues is looked mainly for the plant’s activiterfpd, i.e. without
winter. It is clear that during winter soil wateotpntial is constantly high and depends
mainly on soil characteristics, geographical ameh&tic characteristics of site location.

Study sites and measur ements

The first station referred as Station Sofia is pHrta typical urban ecosystem
located in Sofia Central Park which is the largesest area in the city (latitude 42° 40'
34.8" N, longitude 23° 20' 41.83" E; altitude BiJ7 The other is a mountain station
(latitude 42° 28' 34.65" N, longitude 23° 25' 39" altitude 1 234m) referred as Station
Plana.

Station Sofia is in the area of Astronomical Obatwy of Sofia University “St.
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Kliment Ohridski” located in the northeastern pairthe park far from buildings. Near the
station at about 100m distance there is a relgtibeisy thoroughfare. Station Plana is
located in the central part of Plana Mountain whiglabout 25km south from Sofia. The
station is on a plateau and is close to the bastiarforest at northeast. It is on the territory
of Bulgarian Central Geodesy Observatory and absut west from the site there is a
highway.

The time-series are collected from August 2009 eweéinber 2010 at station Plana
and from October 2009 to November 2010 at statmfiiaSSoil water potential is measured
together with soil heat flux, wind speed, wind diien, temperature, relative humidity,
atmospheric pressure and total solar radiationidfad balance is measured only in station
Plana. The sensors and units of measurement aaéedein Table 1. For the scope of
present studySWP is measured at 0.15m depth. Solar radiation, tiadiabalance,
temperature and relative humidity are collected at height and wind speed and direction
at 10 m height. Hourly means and standard devisitidrguantities measured are recorded
at 0.1 Hz sampling rate with Campbell ScientificXDKX data logger.

Table 1. Information about the equipment used and thempetiers measured at the stations

Sensor Parameter units
257 Soil Moisture sensor Soil Water Potential bars

HFT -3 Soil Heat Flux sensor Soil Heat Flux W m'2
05103 YOUNG wind monitor Wind Speed and Wind Diieat ms'

SP1110 Skye Pyranometer Total Solar Radiation W m'2

Q — 7 Net Radiometer Radiation Balance W m'2

MRI Precipitation mm
Vaisala HMP45C Temperature °c

Vaisala HMP45C Relative Humidity %

PTB101B Atmospheric Pressure sensor Atmospheesdare mb

Model description

SWP alteration P.i - Psoiioid) IS coOnsidered as a function of soil wetting by
precipitation P) and the soil drying by evapotranspiratidal). The processes of wetting
and drying depend on soil resistance, which itsel€hanging with%,;. The recursive
model couples these two processes withigy (Zweifel and Stampli, 2008):

f*ET _f,*P

soil,old
IQET RP

Y=y

(1)

soil

whereRs is the wetting resistanc®gr is the evaporating resistance and f, are soil-
specific weighting parameters.

Allen et al. (1998) state that there is a threshatlie for precipitation where
changes in th&WP does not occur. When daily precipitation is ldsant about 0.ET

Bulgarian Geophysical Journal, 2011, Vol. 37 39



V. C. Danchovski, D. M. Ivanov et al: Parameteii@atand verification of soil water potential...

water is entirely evaporated and can be ignoresaiter balance calculations. The criterion
used is the amount of rain for the last 3 houtsetanore than 1.5mm.

In a feedback loop¥, determine®er: the drier the soil is the bigger is the resistato
the withdrawal of water:

RET = (_ l'IJsoiI)f3 + COI’]SET (2)

wheref; is soil-specific dehydration resistance paramétereach station. The constant
constr is added in this paper for greater consistenchefmodel with the observed data.
The penetration of precipitation water into soitlietermined by the dynamic resistame

which proportionally changes with the sum of préeiied rain over the last twelve hours

(P12):
R. =P, * f,*(-W,,)" +const 3

wheref, andconst are specific soil resistance parameters for tloegss of wetting and
specific for each station constarff is added for natural limitation of model resultsane
saturation and for greater consistence of the mwilbklthe observed data.

Zweifel and Stampli (2008) state that the speesoifwetting depends mainly on
the dryness of the uppermost soil layer betweefaseirand measurement sensor and less
on the absolute value df,, at the measurement depth. In this work a migtipl

(— Wsoi,)fS is added to reduce the weight of the second adddweth soil is saturated. For

this adjustment the type of characteristic curgessed from Fredlund and Xing (1994). Its

structure shows that close to saturation chang&\iRare too small compared to the rest

of the range if the same change in soil water ctariteapplied. It can be observed that the
wetting resistance depends less WP at the point of measurement but rather on the
condition of the soil located above this poBY¥WPis measured at depth of 10 - 15 cm while
this is observed at greater depths.

As it was notedSWPseries represents precipitation well. This carcdesidered
due to introduction of water into soil which leadsincrease oEWR During dry periods
soil water potential decreases and the amount ofedse depends on evapotranspiration
(ET). ET is determined byWPD (vapor pressure deficit of the air) and the inaaogni
shortwave radiation which is the main componertharadiation balance (Crawford et al.,
2000). As a result, the driest periods should bgepled when solar radiation a@PD
have high values. For that reas8NYPreaches its minimum values at the end of sumrher. |
is due to lower values of summer precipitation drigher evapotranspiration. The
measured values &WPconfirmed these assumptions and such behaviotdheumplied
in theSWPmodel.

The course of soil temperaturésf;) showed falls dictated by the amount of
precipitated water which cools the soil. The pesiofl minimum daily variations ofs; are
during wet periods. This is because water is a dest conductor and the temperature of
soil easily equilibrates with the temperature ofido layers, and also because soil water
contributes to increase in soil heat capacity. Th&ds to decrease in soil temperature
contrasts during the day. On the other hand, penidgth a significant positive trend iy
should have periods of drought.
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Following Walter et al. (2002) the standardizederefice evapotranspiration
equation is calculated with one hour time step:

0* (Rn _Gsoil) + y* Cn *U *VPD
’ o+y*(1+C,*U)

Wherel is latent heat of vaporizatioR, is the net radiation (estimated following Allen et

al., 1998),G,; is the soil heat flux,c represents the slope of the saturation vapor press
temperature relationship,is the psychrometric constaftis air temperature,U is wind
speedC, andCy are numerator and denominator constants for sbfatence vegetation.

When the surface is different from the referencdase it is necessary to use a
correction factor - crop coefficienk(). It is defined as the ratio of crop evapotrareon
under standard conditions and the evapotranspiratidhe reference surface. In this paper
the reference surface is used, so it does not phulvith the crop coefficienK, nor with
the dual crop coefficient, because the evapotraaspn is multiplied in the equation for
SWPby factorf;, which is assumed to contaia. The parameters that are modified in this
work concern the non-growing plant period, i.e. Biobwer, December, January and
February. By analogy witK. in Allen et al. (1998) a factor 0.4 is used andnigltiplied
with the reference evapotranspiration for these thgnThe aimed not to obtain accurate
values of evapotranspiration, but satisfactoryltedar soil water potential, which could be
used in vegetation grown parameterization scheme.

The standard conditions of crop evapotranspiratefar to crops grown in large
fields under ideal agronomic and soil water coodsgi A correction on the
evapotranspiration is required where the growthd@amns differ from standard unstressed
conditions (Wetzel, 1986). Soil water shortage meduce soil water uptake and limit crop
evapotranspiration and the water stress coeffidigmhay be derived from a water balance
of the root zone (Jensen et al., 1991). WB&Pis over -0.5 MPa water stress is not
observed (Rana et al., 1997), i.e~K In interval from -0.5 to -1.5 MPa (the so-cdlle
permanent wilting point), Kdecreases linearly to 0.

Combining equations 1 and 4 gives the equationshdmodel. Its verification is
done for two separate stations. Model's parameéges strongly dependent on local
microclimate at the stations. At other stationskibbavior of this model may be different.

Results and discussion

As noted factors that influence the course&S@¥Pare the amount of precipitation
(P) and evapotranspiratiox{) (see equation 1). The latter depends on radidtdance at
soil surface R, — Gyoj) and the vapor pressure deficit in the air abmsee (equation 4).
Comparison of these two factors showed that tfs¢ siddend (the energy balance) is much
larger than the second term (the deficit of watgpar), which has a significant impact at
night. The contribution of th&PD term is 21.9% at station Plana and 9.8% at station
Sofia. During daylight hours, this it is 12.6% #dten Plana and 6.1% at station Sofia. The
night values are respectively 41.4% and 15.8%.unight, the radiation term is negative
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but much smaller in module than during day. Thigli® to negative evaporation, which
some authors like Walter et al. (2002) recommenbdetdeft in the equations because it is
much less than the daily component, but it expl#iesphenomena like morning dew (table
2).

Table2. ET components in daytime, nighttime and daily [mm]

Periods Daytime Nighttime Daily
Station Plana Sofia Plana Sofig Plang Sofja
Component
Radiation balance 758 658 -111 -95 64y 563
Vapor Pressure Deficit 96 40 46 15 142 54

The difference invVPD term for both stations can be explained by thekerewind
at station Sofia. Slowing of the wind is causedh®y  closeness
of tall trees at station Sofia, which distorts wiprfile and reduces wind velocity.

Because of the significant contribution of the aidin term in equation 4 at Plana
Station during the period 4 August 2009 — 4 Noven284 0 the total radiation balance was
also measured. The data obtained showed increake modeled radiation balance (Allen
et al., 1998). However, 23% overestimationRincauses only 16% increase in estimated
ET,.This contributes between 10-th and 16-th houhefday and leads to more pronounced
peaks in evaporation diurnal course. Theref@@/Pshould be overestimated during the
afternoon. The increase of reference evapotrarigpira however, is inhibited by
parameters in the equation 1 and significant défiee in theSWPmodel is not observed.

The data show that at Plana Station after 10 Au2@0 there is a 20 day period
of drought in which short-wave solar radiation, ajon component in the radiation balance
and the deficit of water vapor have high valuesréfore, in this period the water in the soil
should have its lowest values a@@/Preached its minimum values. For this same perfod o
drought, there is gradually increasing daily averagil temperature, and this trend is
interrupted by precipitated rain. At Sofia Statiavhich is about 25 km far from Plana
Station there, measurements have similar structimeSWPreaches its minimum values at
the end of summer, which is due to lower valueswinmer precipitation and higher
evapotranspiration. The measured values of SKéP confirm these assumptions. Such
behavior should be regarded in B&/Pmodel as well. In the station Sofia the period of
drought is late August and early September. Itus tb period of about a month without
rain with high levels of solar radiation and watapor deficit. There are very clear streaks
of Tsei' S plunging, when there was rain.

M oddl verification

The constructed model is verificated with measuwlath from August 2009 to
November 2010(Plana Station) and from October 2008ovember 2010(Sofia Station).
Determination of the parameters in the models isedoy minimizing the mean squared
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deviation of the measured data. Parameters ugbe imodel for both stations are presented
in Table 3.

Table 3. Parameters of the model

f1 fo fa fa fg constr | consp
Plana 0.0151 2.70 -0.60 2.1 -1.2 2 10
Sofia 0.0122 3.50 -0.50 2.1 -1.3 2 10

It is clear that evaporation described by the sédenm in the equation is highly
dependent on upstream water in the soil. It praviglgough water to leave the top layer of
soil by evapotranspiration. This flow is greatehem the difference in potential between
that point and the levels below it is greater. s reasorSWPdecreases faster when the
soil is dry. Yet the process of evapotranspirateuces when the soil dries. When the soil
is wet, the water has high potential energy, andl&ively free to move and is easily taken
up by plant roots. In dry soils, the water has fmtential energy and is strongly bound by
capillary and absorptive forces to the soil materd is less easily extracted by the crop
(Allen et al., 1998). Such behavior can be impheth negativefs. In order to limit the
contribution of the second term in equation 1 resdurationfs is assumed to be negative.
In this state excess water is drained and / orrabsdn the lower layers.

The simulated and observed daily soil water paaéifdir Sofia and Plana Stations
are compared on figure 2 and figure 3.
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Fig. 2. SWP[MPa] - measured and modeled at station Plana

An agreement of the model with measured data afioBt Plana is observed
during wet seasons. The data shows a gap arouhdune. It is because tB&VPsensor’s
readings fall below the range for which it is cedited to work. An approach to the series
during such periods is made as two sixteen dayso@eeries were taken - one of them is
during the drought, correctly registered by thesseifrom 15 to 31 May 2010 and the other
is the one mentioned above - from 4 to 20 June 20tk6se periods were selected because
they have similarity in microclimatic parameterspecially in precipitated rain. Table 4
gives the average and total amounts for the pammetiated t&8WR It can be noted that
actually evaporated water is about 77% more insdmnd period. Also, diurnal variations
of Ts are significant, and in accordance with the assiomp made before soil should be
dry and Ty should have positive trend for the period. Thougbe amount of rain
precipitated is about 43% more, this period is abrized by drought as the average soil
temperature shows.
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Table4. Case study cBWPat Station Plana

Amount

Period Average Soll Evapotranspiration Amount
Temperature [°C] P [mm] P Precipitation [mm]
15May2010-31May201(Q 11.08 46.71 29.72
04June2010-20June2010 16.25 82.65 42.42

When obtaining values f@WPsoil temperature is used. For the second intetrval
is higher, and this may further distort the obtdim@lues. This is especially notable near
the boundaries of the scope for which the senstalibrated.

As in station Plana, in station Sofia greater dii@r of the model with measured
data is during the dry periods (figure 3).
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Fig. 3. SWP[MPa] — measured and modeled at station Sofia

During the period from end of August until early tQlwer there are the most
significant differences of modeled and measurediesl A detailed look at the two
segments of the chart (figure 3) - shows that tlaéchn between modeled and measured
SWPis very good for the first series from 15 Jun€#July 2010, ending with the fall of
1.65 liters rain, and in the second from 05 Augas19 September 2010, ends with a fall of
2.79 liters rain there are significant differencd$ie main meteorological parameters
affectingSWPfor these periods are shown in table 5.

Table5. Case study cBWPat Station Sofia

Average Soll Amount Amount
Period Temperature | Evapotranspiration Precipitation
[°C] [mm] [mm]
15 June - 22 July 2010 18.73 93.71 46.23
5 August - 9 September 2010 18.72 91.27 8.85

Although both periods start at approximately sameddions (values oEWPare
approximately -0.01MPa) and have almost the semehey end at a different conditions.
It is due to the different amount of rain for tlweotperiods, and especially its irregularity
for the latter.SWPas a function of water content has hysteresis,ate¢he same water
content, SWP values are different depending on whether the isoilvetting or drying
(Childs, 1940; Braddock et al., 2001) and it carsbggested that the behavior of the sensor
in the second period is influenced by such effetso, the 46.22 mm rain precipitation is
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scattered in a few periods of rainfall, most ofnthabout 1 mm, which the rain sensor for
SWPdid not detected. This suggests that there igeshiold value for rain precipitation
below which that amount precipitated does not leadvetting of soil and evaporates
quickly without penetrating in depth. Almost 3 fieof rain on 09 September 2010 did not
change the values 8WP It may be caused by residual effects in the nesp@f the sensor
caused by excessive drying or difficulty in releasihe air from soil pores and replacing it
with water. The sensor shows an ordinary state sithll but regular precipitation in mid-
October.

As from the discussion made above, it can be cdeduthat the built model
describes satisfactorily the behavior of the studikaracteristic. This is confirmed by the
high values of correlation between measured anduleded value of th&WP for both
stations. Correlation for station Sofia is 0.85 @itk for Station Plana.

Conclusion

Present work combined a classical approach to ibescevaporation from
underlying surface with water balance in the soibider to obtain simple parametric model
describing the behavior #@WR It depends on the amount of precipitated rain and
incoming short wave solar radiation by means opetwanspiration. The parameters are set
and the model is verified for two different polygowith different soil and microclimate
characteristics.

Preliminary analysis of the behavior 8WP based microclimatic parameters
(mainly Tso; and Gg,;) for both stations is confirmed by the measuremeftheSWR Such
behavior has the constructed model. The verificasloowed that it correctly describes the
periods when the vegetation is not subjected tem&tess and thus the leaves stomata are
most open. These are the periods in which theneotential for damage of vegetation
following the entry of tropospheric ozone in thafléissue according to the contemporary
understanding on this matter. For this the modellma used to assess potential hazards to
plants through a stomatal flux index. Also, it denused to determine periods of sustained
drought and the consequent limitation in the groamid development of vegetation. For
that purpose it should be verified with data frorsemsor running around and below the
permanent wilting point.

The results satisfactorily describe synoptic spateeesses, except during summer
when the model is unable to represent daily fluxbna of SWPdue to the simple form of
the model, which smoothes the daily course of egBadSWPR

Another confirmation of the good match of modeledrteasured data is the high
value of correlation coefficient between the twoes
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HapaMeTpﬂsauml H Bepnq)mcauml Ha MHKPOKIHUMATHYCH MOJAEC]T 3a BOJAHHUAT
noTeHIMa HA mouBaTa. U3cieaBaHe 3a CTAHUUM B CO(l)ﬂﬂ u Ilnana

B. HandoBcku, /. UBanoB, A. biaroes, E. JloneB

Pesrome: Ilen ma HacTosmara paboTa € MOJENIMPAHETO HA TOBEICHWETO Ha BOTHUS
noteHpaia Ha mousara (BIIII). MogaensT mnpeacTaBisBa HEIMHEHHA KOMOWHALIUS OT
MaHaNNS BaJjie)k W M3MapeHueTo. Toi € KOHCTpYUpaH U n3npoOBaH 3a cumyianuu Ha BIITT
ChC CTBIIKA IO BPEMETO eIWH dYac. V3cienBaHusTa ca W3BBPIIBAHM C ITAHHU OT JBE
cTaHIMH, pasnojoxkeHu B bopucosara I'paguna B Codus u Ha [lnana mmaHuHA 32 MEPUOT
OT HaJ egHa ToAWHA. Taka Ch3JaJeHUs MOJIEN ce Bepu(HIpa C peasHo H3MEPEHHTE
croitHOCTH. CHMYyJNHpaHUTE CTOWHOCTH KOpPEKTHO omucBaT moBeaenuero Ha BIIIT xaro
W3BECTHH OTKJIOHEHHWS C€ HaOMogaBaT CcaMO TMPH NIPOABIDKUTEIHH 3acCyIIaBaHUS.
Ch3aaneHIIT MaTeMaTHIeH MOJIETT MOXKeE [Ia Ce M3II0JI3Ba KaTo CPENICTBO 3a CUMYJIMPaHe Ha
nokanHoTo noBeaeHue Ha BIIII, a oT Tyk u 3a ycTaHOBsIBaHE Ha MEPUOJIU HA 3acylIaBaHe,
3a xouto HsaMma m3MmepBanus Ha BIIII. Cemio taka, BIIII e kmo49oB mapamMeTsp 3a IMOTOKA
030H TIpe3 YCTHIIaTa Ha JINCTaTa M MOXeE Jia CIIY)KH 3a OICHKa Ha PHUCKa OT YBpeXIaHe Ha
PaCTUTETHOCTTA IPUIMHEHO OT IPU3EMHIS 030H.
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