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Summary

The floodplains of the Lower Shire River are onehaf seventeen major floodplains in Africa
and directly benefit an estimated 1 million peopleriparian communities in Malawi and
Mozambique. Certain areas of the floodplains exgose flooding are experiencing soil
salinization. Objective of the research is to datee if the soil salinization is caused by
flooding or by capillary action, by performing geliature study and setting up a 1D soil water
model.

Malawi is a land-locked country located in soutlsteafrica lying along a sector of the East
African Rift. The biggest lake, Lake Malawi, draifisely into the Indian Ocean through the
Shire River then the Zambezi. The Shire River i ¢imly outlet from Lake Malawi from
which it meanders southwards for a distance of @pprately 700 km to its confluence with
the Zambezi River.

The floodplains of the Lower Shire River studiedhe research floods every year when the
water level in the Shire River rises. After theollis water stays behind on the floodplains
which infiltrates and evaporates. Under the floadpd are two aquifers. A unconfined saline
aquifer (3779 mg/L sodium) with a groundwater leg€l0,5 m and a confined fresh water

aquifer starting at 20m below surface. The clingdtehe Lower Shire Valley is characterized

by two well-defined seasons; the hot-dry seasomfiMay to October, and the warm-wet

season from November to April. The precipitation7B8mm/year and the evaporation is
2080mm/year making the valley evaporation dominated

To study to the soil salinization, the differenbpesses that influence the soil salinization are
simulated in a 1D numerical model. Any process #ffgcts the soil-water balance may affect
the movement and accumulation of salts in the Sdiese processes include; hydrology,
climate, irrigation, drainage, plant cover and nogtcharacteristics, farming practices. Two
possible soil salinization processes might occliis Ts soil salinization due to flooding and
soil salinization due to capillary rise.

The unsaturated water flow is calculated with RidsaEquation. The solute movement is
simplified to an advective flux only. Both Richar8sguation and the solute movement are
discretizised. The discretizations are programmedatlab together with the other processes.
The hydraulic conductivity and the pressure headehlaeen determined by the relation
suggested by Campbell (1974).

Four simulations representing the floodplains & tower Shire River are preformed. From
these simulations can be concluded that the shilization is caused by capillary rise. The
average salt accumulation calculated in the mad8)9 kg/m sodium chloride. From a graph
where the total salt accumulation is plotted asration of the groundwater depth and a graph
where the total salt accumulation is plotted agretion of the effective evaporation it can be
concluded that the model holds errors though.

These errors might be caused by a various differagons. Most likely the errors are caused
by errors in the relations suggested by Campbédli74}, instability, evaporation or the
constant groundwater level. Also the simplificatiohthe solute movement could causes
errors in the total salt accumulation. With monedstthe performance of the model could be
increased greatly, and eventually it can be usedake real estimations of soil salinization.
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1. Introduction

Solil salinization is an important worldwide enviroental problem. The analysis of soil

salinization has long played a crucial role in emwimental sciences. Salinity can negatively
influence soil quality as it can threaten the biedsity, rural and urban infrastructure, water
quality and agricultural production (Wang, Xiao, &i Li, 2007).

Soluble salts are a natural feature of the landsdaging present usually in small amounts in
all waters, soils and rocks (Yaalon, 1967). Unaetain conditions these salts can accumulate
in the soil, a process called soil salinization h&®ld, Thomas & Kirkbu, 2001). Salt
accumulates when mineralized water at or near titvengl surface continually evaporates and
causes minerals to precipitates. This can be degdpotranspiration, hydrolysis and leakage
between aquifers (Salama, Otto & Fitzpatrick, 198)il salinization is closely related to
surface soil and ground water hydrological procgsas the movement of water is mainly
responsible for the transport of salt (Xu, Shad)20 These processes include; hydrology,
climate, irrigation, drainage, plant cover and nogtcharacteristics, farming practice (The U.
S. Department of Agriculture, 1998). Salts accuteulay primary (natural) processes and
secondary (human influenced) processes (Scofiehmbs & Kirkby, 2001). The main
determinants of natural salinization are climabiceanic, topographic and geological factors.
Some of the main causes of secondary salinizatenragation, deforestation, afforestation
and river impoundment (Scofield et al, 2001).

The floodplains of the Lower Shire River is onetlod seventeen major floodplains in Africa
and directly benefits an estimated 1 million peadplegiparian communities in Malawi and
Mozambique (Chimatiro, 2004). The floodplains of thower Shire Valley are an important
habitat for wildlife and for crop production (riceptton, beans, sorghum, millets and sugar
cane) (Chimunthu Banda 2008). Certain areas expdeedlooding experience soil
salinization. Salt deposits have occurred natuialiyhese areas for several decades in the top
part of the soil, see figure 1. Excessive salitegds to toxicity in crops and reduction of the
available water to crops by reducing the osmotieipital of the soil solution (Hillel, 1980),
making the soil unsuitable for crop farming. Inqda where the salts accumulate no plants
tend to grow, these parts of the floodplains carngibare soil, see figure 1.

‘ ; ':;"“’“"“ S it A R ” S
F|gure1 Salt deposmon on the floodplains of Figure 2, Salt extraction from s
the Lower Shire River, photo R.Vogt, University R.Vogt, University of Oslo

of Oslo




Currently, in some parts of the floodplains of tteaver Shire River, people are traditionally

engaged in small scale salt production from sasiods. To extract the salt the top-solil is
scraped off by the villagers and the salt is themaeted by a locally derived but somewhat
primitive process, figure 2. According to Malawidumstrial Research and Technology
Development Centre (2000) the salt rises to théaserof the soil through capillary action

and forms a thin layer on the ground. The localppebelieve the salt accumulates from the
floodwater on to the top layer of the soil.

Goal of the research is to determine if the solinszation on the Floodplains of
the Lower Shire River is caused by flooding or &épiltary action, by performing
a literature study and setting up a 1D soil watexdal.

The research exists of two stages. First stagditsrature study to gather knowledge about
the processes behind soil salinization and dathefShire Valley. Second stage is to apply
the results from the literature study into a nucedriilD soil water model. Many models are
available to simulated unsaturated groundwater #od soil salinization. These models need
a lot of input data which is not available for #@odplains of the Lower Shire River. Also
within the time scope of three months there is ermdugh time to learn and work with an
existing model. To simulate the soil salinizatiogimple numerical model is set up based on
the available data and knowledge gather in thealiee study. The model is written and run
in Matlab and holds the basics of the groundwdtewr fin the unsaturated zone. With the
model an estimation is made on the amount of sattaccumulates and its source.

The research is part of a NUFU project “Capacityldng in Water Sciences for Improved
Assessment and Management of Water Resources”. NidRbe Norwegian Cooperation
Program for Development, Research and Higher Eaucalhe NUFU program is a program
for independent academic cooperation based omatinigis from researchers and institutions in
the South and their partners in Norway. The prdj€etpacity Building in Water Sciences for
Improved Assessment and Management of Water Ressjuis a collaborative network
research project between The University of Maldwijversity of Oslo, the University of the
Western Cape and University of Botswana. The ovegadl of the project is to improve
human welfare among the resource poor through iwggloaccess and availability of
wholesome and safe water (Vogt, 2008). The resdarah initiative of the local people that
farm salt on the floodplains of the Lower Shire &iwvho would like to know more about the
source and process of the soil salinization.

The thesis contains seven chapters. Chapter twtaiognthe study area, the Lower Shire

Valley. In chapter three the Solil salinization meses are described. Chapter four contains
the numerical model. The results of the model aesgnted in chapter five. Last chapters of
this thesis, chapter six and seven, contain reispdcthe discussion and the conclusion.
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2. Sudy Area

The area of interest in this research is the Lo@kire Valley in Malawi. This chapter
describes the different layers of the study arealaMi, the Lower Shire River, climate of the
Lower Shire River, hydrograph of the Lower ShirdRiand the Floodplains of the Lower
Shire River.

2.1. Malawi

Malawi is a land-locked country located in soutlsteafrica lying along a sector of the East
African Rift Valley between latitudes’@nd 18 S, and longitudes 8&nd 36 E. It is boarded
by Tanzania in the north and north-east, Zambithénwest, and Mozambique in the south
and east. It has a population of about 10 millienge, the majority of whom (>85%) reside
in rural areas and are poor, deriving their livetids from small land holdings of between 1
to 2 ha per farm family of an average of five peof@himunthu Banda, 2008).

Malawi is heavily dependent on natural resourceainiy soils, water, fisheries from inland
lakes and fuel wood from forests. The biggest lalde Malawi, drains freely into the Indian
Ocean through the Shire River then the Zambezin(@@hthu Banda 2008).
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Figure 3, Maps "of Malawi

Mozambique

2.2. Lower Shire River

The Shire River is the only outlet from Lake Maldwam which it meanders southwards for a
distance of approximately 700 km to its confluemsth the Zambezi River. About 95 % of

the Shire River is situated in Malawi and the restMozambique (Chimatiro, 2004). The

Shire River is of great economic importance to Mald’he Shire River generates more than
98 % of Malawi's electricity, supports abundanthéiges, and provides freshwater for
irrigation in Malawi's plantations; as well as datne and industrial uses. The Shire is
generally divided into three sections, the uppeddie and lower Shire. The basins of the
Shire River are important areas for the productdrcrops and for the preservation and
conservation of forests and wildlife. Specificallije floodplains, wetlands and forests of the
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Lower Shire Valley are an important habitat fordkife and for crop production (rice, cotton,
beans, sorghum, millets and sugar cane) (ChimuBémaa 2008).

SRR T .

Figure 4, Lower Shire River,
located down stream from
Chikwawa

Figure5, panorama photo of the floodplain of the Lower &River

The lower Shire River is located down stream fromk@awa, figure 4. The Lower Shire

River meanders frequently changing course throinghltower Shire floodplains, forming

oxbow lakes, lagoons and islands. Appendix Il hadésailed figure of the Lower Shire

Valley. The Lower Shire falls in altitude from alidl07 m.a.s.l. at Chikwawa to 61 m.a.s.l.
at Nsanje, where the Shire enters Mozambique. TtweeL Shire River has a length of
approximately 250 km (Chimatiro 2004).

2.3. Climate of the Lower Shire Valley

Malawi has a sub-tropical climate, which is relabwdry and strongly seasonal. The climate
of the Lower Shire Valley is characterized by twellwdefined seasons; the hot-dry season
from May to October, and the warm-wet season frammevhber to April. Rains are generally
low and with the onset dates varying significarfitym year to year. Mean maximum monthly
temperature in October and November iSQ7while mean minimum temperatures are in the
range of 13C and 23C, in January and late October, respectively (Stakey Agricultural
Development, 1975).

2.3.1. Precipitation

Annual average rainfall in Malawi varies from 72%wo 2,500 mm ("Ministry of Lands and

Natural Resources Malawi, Meteorological Serviaes!’). The Lower Shire Valley is located
in a rain shadow resulting in a low annual preeipiin ("Ramsar Sites Information Service”
,n.d.). Figure 6 shows the average monthly preatipm in the Lower Shire Valley. The

precipitation is based on data received from thedbenent of Meteorological Services,
Chikiwawa Bomba 1971-2005 (Appendix 111.5). Therraeason lasts from December until
March. From April until November the precipitaticnlow.
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Mean maonthly precipitation Month Rainfall (mm)

25[] _____ ______ _____ ______ ______ ______ ______ _____ January 014

February 140

_200p March 116

E April 34

g 150 May 11

'E_u June 14

:% 100k July 13

5 August 6
50 September

October 20

November 71

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec December 146

Month total 789

Figure 6, Mean monthly precipitation Lower Shire Valley

2.3.2. Air temperature

Temperatures in Malawi are greatly influenced bgography, being, for example, much
warmer in the Lower Shire Valley than in the higida. Over most of the country the annual
range in temperature is about 12 °C. The lowesp&atures occur in June and July and the

highest occur in October and November ("RamsasS3itrmation Service” ,n.d.).

. Month Air temperature ()
Mean monthly air temperature
Q[ v el January 27
February 26,7
8 March 26,1
o~ April 24,8
@)
s May 22,3
2 26r June 20,2
@
g July 20,2
IS 24 August 22,4
il
= September 25,7
22 October 28,4
November 28,4
December 27,4
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
Month

Figure 7, Mean monthly air temperature of the Lower Shirel&gldata based on measurements by Chimatiro
(2004)

Data of the wind speed, cloud cover, water tempesadnd relative humidity of the Lower
Shire Valley can be found in appendix II.

2.4. Hydrograph of the Lower Shire River

The three sections of the Shire River have unidwacteristics that result in different flow
and runoff patterns. The mean annual flow at Chikavas 511 n¥s (Chimatiro 2004). The
annual hydrograph representing the flood regimihénLower Shire Floodplain fits into four
flood regime categories that correspond to thetgugrhydro-climatic seasons. These four

13



categories are: low in July to September, low-lmittg in October to December, peak in
January to March, and falling or receding in ApalJune (Chimatiro 2004). Figure 8 is a
typical hydrograph of the floodplain of the Lowehi® River which shows the different
categories. In figure 3 the water level is relatiwethe river bottom. The Sodium content in
the Shire River is estimated at 15 mg/L (Chima2004).

Mean monthly water level Month Water level (m)
T : ' January 5,45
February 5,99
March 5,54
E April 5,25
% May 4,61
3 June 4,37
g . . _ ; July 4,39
2k ....... ....... ....... ....... ........ ........ ....... ....... ........ August 4,31
N SO SO SN FUURUOE SO SUPUS URUUOE SURUUE SONURR SO September 4,07
: : : : ‘ : : : : : : October 4,15
San F;b M‘ar Alpr M‘ay JL‘m Jlu\ Ang S‘ep OL:t Nlov Dlec November 3,68
Menth December 4,34

Figure 8, Hydrograph of the floodplain of the Lower Shire é&jvat Chikwawa

2.5. Floodplains Lower Shire River

The floodplains of the Lower Shire River are onéhaf seventeen major floodplains in Africa
and directly benefit an estimated 1 million peopleriparian communities in Malawi and
Mozambique. It covers an estimated area of 1100 (Krhimatiro, 2004). Seasonal changes in
water flow make floodplain systems complex, dynaamd diverse habitats. This is mainly
caused by the process of sediment deposition, whrohs bars, levees, swales, ox-bow lakes,
and backwaters (Lorenz 1997).

The parts of the floodplains of interest in thiadst are those which flood during the peak
water level (January to March), water stays betlafidr the water level drops and dry out
during the low water level period (April to Decempd-igure 9 is a situation sketch. The
term floodplain in this report will from now on efto the floodplains situated in figure 9.

Shire River  Floodplain

l l
p——, —

1. High waterlevel, 2. Waterlevel falling, 3. Water on floodplain
floodplain is flooded water stays behind evaporates and infiltrates
on floodplain

Figure 9, Floodplain flooding and drying process

2.5.1. Sail of the floodplains

Unfortunately no grain size distribution was reeeivfrom Malawi to estimate the soil
characteristics. Instead the average soil propedielay and sandy clay are used, suggested
by Per Aagaard. Table 1 holds the soil propertesiay and sandy clay (Dingman 2002).
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Solil texture porosity [-] K, [ms?] Y, [m] b [-]

Sandy clay 0,426 2,17.70 0,153 10,4

Clay 0,482 1,28.10 0,405 11,4
Table 1, soil parameter values

In table oneK; is the saturated hydraulic conductivity, is the air entry tension and b is
pore size distribution index.

2.5.2. Aquifersand salinity

Under the floodplains are two aquifers. A (1) stallunconfined aquifer and a (2) deeper
confined aquifer, figure 10. The shallow aquifes lashigh content of salts and cannot be used
for drinking water. The deeper confined aquifeused for drinking water instead. The level
of the ground water is approximately 0,5 m undergtrface of the floodplain, estimation out
of field measurement.

Surface floodplain
0,5ml —+> Unsaturated zone

|, (1) Unconfined aquifer
20m  Saline water ( 3771 mg Na /L)

——> Boundary

(2) Confined aquifer
Fresh water

Figure 10, Profile of aquifers

According to the field measurements the sodium enbf the unconfined aquifer is
approximately 3771 mg/L, table 2. The confined &aquis located at approximately 20 m
deep. The aquifers are separated by a boundaripnfdlonation is available on the boundary.

S/IN Sample Description  Na (mg/L)

1 Site 1 water 20-40 cm 3967
2 Site 1 water 40-60 cm 3688
3 Site 2 water 40-60 cm 7278
4  Site 3 water 40-60 cm 150

Mean 3771

Table 2, water samples, field measurementdMayirice Monjerezi University of Malawi,
Chemistry Department
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3. Sail salinization processes

There are two possible solil salinization processai salinization due to flooding and soill
salinization due to capillary rise. Both processesexplained in this chapter.

3.1. Soil Salinization due to flooding
Figure 11 shows the soil salinization due to flogdiThe process starts with the flooding of
the floodplain. Water stays behind on the floodplaihich infiltrates and evaporates. Soil
salinization can only occur when the salinity o tvater reaches a critical level (for NaCl
approximately 310 g/l) (Gilman & Bear, 1994). Duethe evaporation the salinity of the
flood water rises. This may lead to soil saliniaati

Evaporation Precipitation i
Evaporation

Precipitation )
Flood water Evaporation Precipitation
Ground surface
Infiltration

Infiltration
Vadose zone ———— _ _

Recharge
Groundwater —

1. Floodplain flooded 2. infiltration and 3. Salinisation due to
evaporation flooding

imEE Infiltration front

w Salt accumulation

Figure 11, Soil salinization due to flooding

3.2. Soil Salinization due to capillary rise

Figure 12 shows the salinization due to capillasg.rWhen the water table is at a relative
shallow depth and the area is evaporation dominatater discharges from the groundwater
in to the vadose zone and is directed upwards dwagillary rise. If groundwater is saline,
this flow transports salts towards ground surfdgater evaporates from the upper soil layer,
while salts remain in the soil and their concemtraincreases (Gilman & Bear, 1994).

Evaporation]\ Precipitation Evaporation
Ground surface Precipitation
‘ \I/ Infiltration

Evaporation
Vadose zone ——F—— dominated

—

) Discharge
DlschargeT J/Recharge 9 T

Groundwater

1. hydrological flows in 2. Salinisation due to
the vadose zone capillary rise
w Salt accumulation

Figure 12, Soil salinization due to capillary rise
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4. One dimensional soil water model

A model is a simplified representation of a reateyn, which is too complicated to formulate
in complete detail. The fundamental goal of modglwithin the scientific method is to
understand how the real system works and to seneesabstitute for information that can be
used to make predictions for real systems (Corlmtey & Carillo, 1999). To understand to
the soil salinization the different processes thiitience the soil salinization are simulated in
a 1D numerical model. Numerical modeling plays arportant role in studies of soil
salinization, in particular in understanding thdéirszation processes and deriving strategies
for salinization control (Xu & Shao, 2002).

4.1. Basics of the model

The two possible soil salinization processes hawe fmain processes; evaporation,

precipitation, infiltration, discharge and solutewvement (figure 11 and figure 12). From

these processes precipitation is described in pgpag2.3.1. The other four processes are
described in this paragraph.

4.1.1. Model assumptions
Because not all needed date is available the m@delsed on the following assumptions: (1)
the groundwater level is constant in time, (2) @ is homogeneous and isotropic, (3) the
soil is bare, (4) the solute flux is zero at thél sarface, thus no chemicals are lost by
evaporation, (5) the salinity of the groundwatercastant, (6) when evaporation exceeds
precipitation the precipitation directly evaporatesl does not infiltrate, (7) the groundwater
flow is steady during\t, (8) sodium chloride is representative for altsg9) there is enough
chloride to form sodium chloride, (10) salt onlycamulates in the top layer of the soil and
(11) the groundwater flow is not affected by diffiece in salt concentration (osmotic
potential, difference in water density). Some @& #ssumptions are explained further in this
chapter.

4.1.2. Unsaturated water flow

Both infiltration and capillary rise are flows ihé unsaturated zone and can be calculated
with the Darcy’s Law and the Richards Equation @ian, 2002):

Darcy'sLaw=Vz=K, () ——— 61,[/(6) -K,(6)
Vz=water fluxin z - dlrectlor{m/ S|

V,
@ = watercontent= VWH

S

V,, = watervolumg m’]

V. = soil volumgm®]

K, (8) = hydrauliccondutiviy asa functionof thewatercontenfms®]
Y (6) = pressureheadasa functionof thewatercontenfm]|

RlchardsEquatlon—%_ vz _ _0K,(9) +— 9 { (). a‘/’(e)}
ot oz 0z 0z 0z

t =timgs]
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To estimate th&, (8 )and they(8) the empirical relation suggested by Campbell (3934
used;

K, (8) = K;.(Q]
@

w(6) = Iwael-(gj

K, = hydraulic conductivity[ms™]
@ = water content[ -]

@ = porosity[—]

Y = pressure head[ m]

Y, = air —entry tension[m]

b = pore sizedistributi on index[ -]
c=2b+3

Both the Richards Equation and Darcy’s Law are Inoear because of the dependence of the
hydraulic conductivity and the pressure head onatater content. To solve the flow equation

numerical discretizations of Darcy’s Law and thectRirds equation are made. The

discretizations can be found in appendix Il

4.1.3. Solute movement

It has long been recognized (Slichter, 1905) thatiewand salt do not move at the same rate
in soil. According to miscible displacement theosglt moves in soil in response to two
processes. The mass flow of water produces an ieposovement of salt, often called
convective transport. Occurring simultaneoushhes processes of diffusion, which is defined
as salt movement in response to a concentratiahaga(Shainberg & Shalhevet, 1984). The
basic equation for steady-state solute movemenerustbady-state one-dimensional water
flow in a homogeneous soil is (Addiscott & Wageri&g5s)

VC, =-6.D, (V2 + D, (6) %—C +VzC
zZ

VC, = steadystatesolute flux{g/s]

D., = mechanicaldispersioncoefficiet[m*s™]
D, = diffusioncoefficien[m?s™]

C =solute_concentraion[g/ m]

z =depthm]

aC __Dd’C  vaC

ot 0z° 0z

t =timg ]

D= [49.Dm (V9 +D, (H)] = apparentdiffusioncoefficiet[m?s™]
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To model the solute movement the apparent diffusioafficient must be known. This

coefficient is a function of the soil propertiesdip size distribution ect), water content and
water flux. A study to the apparent diffusion co@ént does not fall within the scope of this
study. To simplify the solute movement, the effemftslispersion and diffusion are ignored

which reduces the solute movement equation M€, =VzCand%—ct:=VZaC. The
z

discretization of the solute movement can be fanrappendix lil.

From observations it appears that most the saltabeumulates is sodium chloride (NacCl).
No data is available on the chloride concentratidtssumed is that there is enough chloride
to form sodium chloride to precipitate. Sodium clde precipitates when the concentration
exceeds approximately 310 g/infGilman & Bear, 1994). This means that sodium
precipitates at 122 g/dinThe accumulation of sodium chloride will be resgetative for the
salt accumulation

4.1.4. Evaporation

The model holds two types of evaporation; free-wat@poration and bare soil evaporation.
The free water evaporation is used to estimat@vaporation from surface water (Dingman,
2002) and is discussed in paragraph 3.2.1. Bateesaporation is discussed in paragraph
3.2.2.

4.1.4.1. Free-water evaporation

Free-water evaporation is the evaporation that @ogtur from an open-water surface in the
absence of advection and changes in heat storagelsioh thus depends only on regionally
continuous meteorological or climate conditions n@nan, 2002). The “standard”
hydrological method for determination of free-watraporation is the Penman equation
(Dingman, 2002):

v'Ta

Py A, (B +Y)

25083 173T,
A= PR
(T, +2373) T, +2373

T, =air temperatug°C]

e o AK+L) + YK 0,4, 6 (1-W,)

K = netto shortwaveradiation[MJm*day™]

L = nettolongwaveradiation] MJm *day™]

y = Bowenratio = 0.06g kPaK™]

K, = water transport coefficiert[kPa™]

A, = Latent heat vaporization = 250- 236* 10 °T = 247[MJkg™]

e, = saturatedair vapor pressure= 0,611.ex 1731, [kPa]
T, +2373
W, = relative humidity] -]

The Penman equation requires data of the net sheetwadiation, net longwave radiation,
wind speed, air temperature and relative humiditgta of the wind speed and the relative
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humidity can be found in appendix Il, the air temgpere in paragraph 2.3.2. The net short
wave radiation and net longwave radiation can hendoin appendix IV. The vertical
transport of water vapor @ghas an average value of 1,26%1(Dingman, 2002).

The total evaporation is the solution of the Penmguation. Figure 13 is a plot of the mean
monthly free-water evaporation. The total evaporgti2080 mm/year, matches with the
estimations made by Chimatiro (2004), 2204 mm/yaad estimation made by Malawi
Department of Water (1986), 1885 mm, pan evaparaid<enyan.

oo Meanmonhiyewporon month | mmmazng
: : : : : : : : : : : : January 168
250 February 142
. March 158
£ 200 April 144
< May 141
® 150 June 123
8 July 137
w 1007 August 182
September 228
0r October 264
November 220
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec December 171
Month total 2078

Figure 13, Mean monthly evaporation from surface water

4.1.4.2. Baresoil evaporation

Bare soil evaporation, also called exfiltration,ngeally occurs in two distinct stages
(Dingman, 2002): (1) an atmosphere-controlled stagwhich the evaporation rate is largely
determined by the surface energy balance and messidr conditions, evaporation in this
stage occurs at or near the rate of free-wateraatipn and (2) a soil-controlled stage in
which the evaporation is less than the free-wates. r

Stage one can be estimated best with the Penmaati&guDingman 2002), evaporation
occurs at the ground surface. When the demand wfrvlarough evaporation is higher than
the maximum supply from the groundwater table thetew content in the surface layer
lowers. The water content lowers until the fielghaeity is reach. From this point stage two
occurs. The evaporation in stage two is limitedthy capillary rise from the groundwater
table and the vapor flux through the soil. Gowikgnukcu & Rose (2006) proposed a model
where the bare soil evaporation in stage two isutated through a balance between the water
flux from the groundwater (capillary rise) and tflex of water vapor through the soill
(diffusion).

Because the salt accumulation in the Shire Vallegears at the top part of the soil, the
evaporation in stage two is assumed to be onlydanby the water flux from the groundwater
to the surface and evaporation only appears indpepart of the soil. This means that the
evaporation in the simulation when stage two ocaumits be lower than the evaporation

proposed by Gowing et al. (2006).
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4.2. Model

The model is programmed and run in Matlab, a nuraércomputing environment and
programming language. This paragraph explains tHereht stages in the model and the
configuration of the model.

4.2.1. Model stages

The model is based on the numerical discretizatfmesented in appendix Ill. The model
contains six stages. Appendix VI contains the fdtlab script with the different stages in
the script. Figure 14 is a chart with the differpnbcesses and input of each process. Stage 1
is the basic parameters. Here the basic numeniopkpties are defined like dt and dx. Second
stage in the model is the soil and water properfiee model is simulated with two types of
soil, sandy clay and clay. Both stage one and stagean be seen as the input which can be
adjusted to simulate different situations. Togetiwh the climate data, evaporation and
precipitation (3a), they form the total input oétmodel.

(1) Basic
parameters

2) Soil and wate
properties

‘ ‘\
(3b) Effective .| (4) Equilibrium »| (5) Simulation (6) Results

evaporation matrix

(3a) Climate data

(figures)

Processes

Figure 14, Model input, processes and output

In stage three-b two matrices are created whichagothe evaporation and rainfall data with
a time step of dt based on respectively mean mpetrdporation, paragraph 4.1.4, and mean
monthly rainfall, paragraph 2.3.1. Both matrices aombined into one matrix, the effective
evaporation. This matrix holds the evaporation raithe rainfall.

Stage four creates an equilibrium matrix which sedi as initial condition for the actual
simulation. The equilibrium simulation is run of(.@ays where the effective evaporation is
the average effective evaporation over the whode.yBecause the outflow of water (effective
evaporation) is constant in time the system wilidt¢o equilibrium. This equilibrium is used
as initial condition for the actual simulation.

Stage five is the actual simulation. The inputstheeparameters from stage one and two and
the result of the equilibrium run. The simulatiana loop from t=start until t=einde with a
delta t which can be adjusted in stage one. Withis loop several smaller loops are
preformed. The simulation loop starts with a baplotithe water content in the top layer and
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a back up from the water depth of the surface w@&tdy. Phase two is the evaporation which
is subtracted from the surface water. When theasarvater is 0 the evaporation is subtracted
from the top layer (5.2). Phase (5.3) is a restnicfor the water content which cannot be
lower than the minimum water content, the fielda&ty. In phase (5.4) the pressure head
and the hydraulic conductivity as function of thater content are determined. Phase (5.6) is
the calculation of the water flux between the Igyéthase (5.7) is a restriction, no water flux
towards the ground water, the groundwater is alyresaturated. Phase (5.8) is also a
restriction, no water flux towards the surface wétem the top layer. In phase (5.9) the new
water content is calculated at t+dt. The calcutabbthe new water content is done through a
loop. This loop makes sure the water content at ts-chot higher than the saturation by
restricting the water flux to a maximum. This ragion might have the result that now
another layer becomes over saturated so the precesgeated the number of layers plus one
times. Phase (5.10) sets the parameters of thedwaier and the high of the surface water at
t+dt.

In phase (5.11) the salt movement is determinee. pgifase start with a matrix which holds
the flow direction of the water fluxes (5.11.1n phase (5.11.2) the new salt concentrations
are calculated. Phase (5.11.3) how much salt adet@suinto the top layer. Phase (5.11.4)
creates a matrix which holds the amount of sattalbaumulates per square meter. The matrix
“layer” holds the water content, salt concentrateomd salt accumulation in time in the
different layers. “layer(;,:,end)” is the final tds

In stage six two figures are created which holdrdsailts of the simulation. Figure one is an
overview of the water content, surface water, tetater discharge from groundwater and
effective evaporation in time. Figure two is th& sancentration and accumulation in time.

4.3. Model configuration

The input defines the actual out come. The moddtishahree groups of input; basic
parameters, soil and water properties and climata. d he soil parameters used are shown in
paragraph 2.5.1. The surface water level is setl& m and 0.4 m. Both values are simulated.
Here 0.15 m represents a low water level and 0.4 migh water level, estimation Per
Aagaard. The climate data is shown in chapter two.

4.3.1. Deltat and delta x

The “basic properties” input holds the start and date of the run, dt, dx and the length of
the equilibrium run. The parameters dt and dx ame vmportant. The smaller dt the more
stable the model and the bigger dx the more sthblenodel. Preferred would be a very small
dt and a small dx, this approaches the analytiohitisn best. Limiting factors are the
simulating time and the stability. Different runavie shown that the minimum dt is 0,01 day.
If dt would be smaller the simulation would craskedo a lack of memory. The value of dx is
now limited by the stability of the model. Diffeteruns have shown that a dx of 0,125 m is
the smallest value where the model is still stable.

4.3.2. Maximum sodium concentration

The size of dx does not only influence the staboitthe model, it also influences the amount
of salt that accumulates. The maximum sodium cdnaton is 122 g/drh If dx would be

small, for example 0.001 m, the sodium concentnatio the top layer reacts stronger on
evaporation and precipitation, rising and fallirgstt With a dx of 0.125 m the sodium
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concentration reacts slowly on evaporation and ipitation, rising and falling slow.
Although the amount of sodium in the vadose zonalevbe almost equal when dx is 0.001
or 0.125, the salt accumulation would differ.

To compensate for this difference the maximum sodazoncentration in the top layer is
adjusted. If dx would be very small every evaparatiilux would result in salt accumulation
in the top layer. To create this situation the mmaxn sodium concentration should be a little
higher than the sodium concentration in the growatdw This way a little increase of the
sodium concentration leads to salt accumulation.jugtthg the maximum sodium
concentration can also be a way to compensateffasidn and dispersion which are left out
of the model. If the maximum sodium concentratisrfdr example 20 gram/dhand dx is
0,125 m than salt accumulation would only occur nvtiee top layer is saturated. This means
that the top layer contains for 0,125 m a sodiumceatration of 20 gram/dinNo data is
available to calibrate the maximum sodium concéiotneto the actual salt accumulation. The
maximum sodium concentration is set on 30 gram/dhis is a rough estimation.

4.3.3. Duration of smulation

The start of the simulation is 1 April, the datattthe floods are over, see paragraph 2.5. The
end of the simulation is 31 December, the date tthatfloods starts, see paragraph 2.5. The
length of the equilibrium run is set to 100 daysn@ating the equilibrium more than 100
days does not change the result significant.
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5. Reaults

Four scenarios are simulated. Two scenarios witldys&lay and two scenarios with clay.

Both sandy clay and clay are simulated with a sarfaater level of 0.15 m and 0.4 m.

5.1. Run 1: sandy clay and 0,4 m surface water

Run 1 is a simulation with sandy clay as soil anc
surface water level of 0,4 m. Figure 15 is

representation of the water flow in the vadose zc
in time. At first water infiltrates from the surfac
into the ground. Result is that the water contant
the top layer quickly rises until saturated. Arour
day 180 all the surface water has evaporated :
water starts to evaporate from the top layer. Aft
approximately 10 days the systems reacl
equilibrium where the discharge is equal to ti
effective  evaporation. When the effectiv
evaporation changes the equilibrium shifts to a ni
equilibrium. In December the effective evaporatic
is negative which results in an increase of theewa
content.

Figure 16 is a graph of the sodium concentrati
and salt accumulation in time. In the sodiul
concentration graph the dotted line is the sodinm
the surface water and the full line is the sodiu
concentration in the top layer. The sodiul
concentration in the surface water rises exponen
and tends to zero around day 180, when all 1
water has evaporated and the salt in the surfi
water accumulates. Now water starts to evapor.
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from the top layer and the sodium concentratiGi§ure 15, water flow in the unsaturated zone,
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starts to preCIpltate When more water evaporah\n Zalt concentration top layer and surface water in time
resulting in salt accumulation. The total se & 3
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5.2. Run 2: sandy clay and 0,15 m surface water

Run 2 is a simulation with sandy clay as soil anc Water content in top layer
surface water level of 0,15 m. Figure 17 is : f f f f
representation of the water flow in the vadose zc
in time. Difference with run 1 is the time it takies :
the surface water to evaporate. This results ir ¢ ..
higher total water discharge from the groundwatet

=
T

o
i
T

ter content [-]

day of the year
Total discharge from groundwater in time

Figure 18 is a graph of the sodium concentrati = "2~y vy

and salt accumulation in time. In the sodiul
concentration graph the dotted line is the sodinm
the surface water and the full line is the sodiu gl : i i i i
concentration in the top layer. Because the surf: e fai,umheszar o=
water has evaporated more quickly the sodit Level of surface water in time
concentration reaches saturation faster than irLrui ' ' ' ' '
More water is discharged from the groundwat
resulting in a higher salt accumulation due
capillary rise, 7,399 kg/fn The salt accumulation
due to flooding is lower, 0,003 kgfmiThe total salt
accumulation is 7,4 kg/m
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5.3.

Run 3 and 4

Table 3 holds the results of the four simulationstuThe results of run 3 and 4 in form of a
plot can be found in appendix V. From table 3 cancbncluded that the influence of soill
salinization due to flooding can be neglected camegbawith the soil salinization due to
capillary rise. The difference in total salt accuation between the different soil types is
small. The amount of salt accumulation due to &apilrise is very high. To validate the

results data is needed on soil salinization.

Soll Surface watefSalt due to flooding | Salt due to capillary rise Total salt accumulation
[m] [kg/m2] [kg/m2] [kg/m2]

Sandy clay| 0,4 0,013 5,003,0

Sandy clay| 0,15 0,003 7,394

Clay 0,4 0,014 4,3404,4

Clay 0,15 0,004 6,73®,7

Table 3, results of simulation 1, 2, 3 and 4.

5.4.

total salt accumulation as a function of the grovaigr level.

Salt accurmulation as a function of the water depth

0

Influence of groundwater level

The influence of the groundwater is studied by @aning seven simulations. In these
simulations there is no surface water and theisailay. Figure 19 holds a graph with the

a

Tatal salt accumulation in toplayer (kgfrn2)

0s 1
Ground water depth [m)]

Figure 19, total salt accumulation as a function of the growater depth

14

The graph is not what is expected. According tosiiheulation the salt accumulation reaches
a maximum when the water depth is around 1,5 m.eMogical would be, the lower the
water depth the higher the higher salt accumulatixgctording to the simulation the salt
accumulation tends to zero when the groundwatethdexceeds 2,5 m. From this point not
enough water can be discharged from the groundwateghe soil surface to cause soil
salinization at the soil surface.

5.5.

Influence of effective evaporation

Also the influence of the effective evaporationsisidied. The effective evaporation is a
representation of the climate in the Shire Valléigure 20 is a graph between the added daily
evaporation and the total salt accumulation sinedlah the model. In this run the set up of
run 2 is used, only the effective evaporation isedh If the added effective evaporation is for
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example 6 mm, the n the daily effective evaporat®othe daily effective evaporation on a
certain day, say 4 mm for a day in April, plus 6 nsma total of 10 mm a day.

Salt accumulation as a function of effective evaparation

Total salt accumulation in toplayer (kofmd)

Added daily effective evaparation
Figure 20, total salt accumulation as a function of the effecevaporation

The graph in figure is a strait line, which is mofpected. At some point the daily effective
evaporation should become so high that the groutaveannot discharge enough water to
the top layer. This means that is no more waterlmwlischarged to the top layer also no
more salt can be transported to the top layer haddtal salt accumulation should tend to a
maximum. This does not occur, even is the yearbpevation is more than 4m a year, the
water discharged from the groundwater until thelty®r is 4 m a year. This means that the

soil controlled stage of the evaporation does rotinin the model (see paragraph 4.1.4.2 for
soil controlled evaporation).
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6. Discussion

From paragraph 5.4 and 5.5 it can be concludedttieamodel holds errors. There are many
possible reasons for the errors. These could lrersein the empirical equations of the

hydraulic conductivity and the pressure head, sriothe climate data, errors in groundwater
data, errors in the basics of the model, errorghm evaporation, errors in the solute
movement, errors in the groundwater and errorsauestability.

6.1. Errors types

Using the empirical relation of the hydraulic contiuty and the pressure head could cause
major errors in the unsaturated water flow whercheay the limits of the water content
(minimum and maximum). The equations are strongegptial equations. When the water
content tends to its minimum the values if the gues head become very high and the
hydraulic conductivity very low. When reaching tbesxtreme values errors might occur.
This could cause the extreme water discharge slmwaragraph 5.3.5.

The climate data used was not very accurate biit withe boundaries of valid. The error
caused by an error in the climate data cannot ctheseerrors within the model. Also the
evaporation rate matches with values gathered fitwenliterature as do the values for the
precipitation.

The groundwater data is collected in the fieldhef floodplains. All the field measurements
point to a very high salinity in the groundwatedanvery low groundwater level. It is very

likely these field measurements are correct. Also fiteld measurements cannot explain the
errors in the model.

Errors in the basics of the model could cause tlublpms seen in paragraph 5.3.4 and
paragraph 5.3.5. The discretizations used are hkedf correct and the script built in Matlab
is most likely also correctly written. Validatiortd the basics of the model can be done
through an expert or through calibration and vaiaia

Evaporation is a function of a lot of variables.eOof these variables is the water tension of

the water which evaporates. This tension is nduded in the penman equations. This might

cause an error in the amount of water that evapsratis possible error needs more research
on evaporation.

The solute movement is simplified to an advectigkite flux. Diffusion and dispersion are

neglected. This could causes an error in the amotisalt the actually accumulates. The
maximum sodium concentration used in the modelgrdD, is also a very rough estimation

which is not validated. Also two processes whidluence the water flow and the solute flow
have been neglected. This is the osmotic poteatidithe density difference of water due to
salt concentration difference. Although the solmavement is strongly simplified they could

not cause the problem seen in paragraph 5.4 aagnagh 5.5.

In the model the groundwater level is at a cond&rel. The level would normally vary due
to the discharge of water from the groundwaterllenel recharge from groundwater flows in
the x and y direction. The variation in the groumatlsy can influence and limit the amount of
water that can be discharged from the groundwaigisa limit the amount of salinization.
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Instability can cause a variety of problems. Itldotause the problems seen in paragraph 5.4
and paragraph 5.5. The graphs from the simulatiod, B and 4 show no instability in the
model. A way to make the model more accurate dettrease dt. To do this the script needs
to be written in a different code which calculattes loops faster. There are some options; one
of them is a so called “C function” which uses “M#es”. This would increase the time to
run the model, and make it possible to decreas® @001 day or lower. This way dx can also
be lowered and the numerical solution approachesamialytical solution better.

7. Conclusion

As stated, the model holds errors. Also becausdatie of data the model could not be
calibrated nor validated. This also means that ¢lkact amount of salt accumulation
calculated by the model is unreliable. More impatrtegs if the goal of the research is
achieved.

Goal of the research is to determine if the solinszation on the Floodplains of
the Lower Shire River is caused by flooding or @épiltary action, by performing
a literature study and setting up a 1D soil watexdal.

According to the model, soil salinization due tgitlary rise causes more than 500 times
more salt accumulation than soil salinization daeflboding. Although the model holds
errors, the difference is large enough to concltige the soil salinization is caused by
capillary rise and not by flooding. The soil satiion processes occurs mainly during the
hot-dry season. During the warm wet season thei@isnuch precipitation and the flooding
stops the discharge of groundwater to surface ef ghil. The exact amount of salt
accumulation due to capillary rise cannot be catetlifrom the model because of the errors.

The list of possible errors is long and it makes tiodel unreliable. But although the model
holds a lot of possible errors which need to belistl it is very transparent. Most models
only use input and output and the actual calculgti@are unknown. To make better
estimations of the soil salinization more data eéeded on the soil and the soil parameters
(pressure head and hydraulic conductivity) whicbrgily influence the flow of water in the
vadose zone. Also more data is needed about doeifig process, the apparent diffusion
coefficient, and the groundwater level in time. RVihore research the performance of the
model could be increased greatly, and eventualtait be used to make real estimations of
soil salinization.
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Appendix I, Map of the Lower ShireValley
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Figure 21, The Lower Shire Valley of Nyasaland
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Appendix I1,Climate data

II.1. Windspeed

o i Meanmonthly windspeed Month Wind (m/s)
: : : : : : : : : : : January 2.6
U OUOY FVTTYE FFVVYPIOOOPI UV YPPOP VNS RN SORNS npoeens February 24
: : : : : : March 24
g April 2.6
3 May 2.4
_d% June 2.4
s July 2.6
August 35
September 4.7
: : : : : : : : : October 5.5
3an F;b Mlar AL)r M;y JLI.m JLI| A:.Jg S;p O|c1 Nlov Dlec November 4.8
Month December 3.5

Figure 22, Mean monthly wind speed, data based on measuretmg@kimatiro (2004)

[1.2. Cloud cover

Mean monthly cloud cover Month Clouds (octas)
10 ........ ERERREE ....... :. e ....... ....... R R SRR ....... EERREES. .
: : : January 5.9
U U ST S SO UNRNU RO SUPURU A February 5.7
~ March 5.1
:é April 4.4
E May 3.3
8 June 3.6
o
3 July 3.6
O
August 2.6
September 2.1
! ! ! ! : ! ! : : October 2.7
0 | | | | | | | | | | |
Jan Feb  Mar Apr  May Jun Jul Aug Sep  Oct Nov  Dec November 4.3
Month December 5.4
Figure 23, Mean monthly cloud cover, data based on measurentritmatiro
(2004)
[1.3. Water temperature
Mean montly water temperature Water
‘ ‘ . ‘ ‘ Month temperature ()
28 January 27.4
- February 27.8
8
iu: 26 March 27.4
E April 26.5
Z‘i 24 May 24.2
ko) June 22.8
@
g 22 July 21.3
August 20.4
20 September 21.3
| | | | | 1 | | 1 | | October 23.9
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec November 26.9
Month
December 27.6

Figure 24, Mean monthly water temperature, data based on measents Chimatiro (2004)
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I1.4. Relative humidity

) . Month Relative Humidity (%)
Mean monthly relative humidity

100----- R . i A T R AR o T : January 74
February 77
March 76
£ April 73

=
5 May 71
E June 71
2 July 65
§ August 58
SO IO O U ST SOt SR OO SUUROE ST SO SOV September 54
: : ‘ : : ‘ : ‘ ‘ ’ ’ October 53
0 | | | | | | | | | | | November 56
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec December 70

Month
Figure 25, Mean monthly relative humidity, data received frilv@ Department of Meteorological Services, Ngabr2i2006

NGABU MEAN MONTHLY RELATIVE HUMIDITY

SEASON JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC
1972 82 73 82 73 67 79 69 59 52 49 58 68
1973 69 71 79 72 65 70 66 60 54 52 48 72
1974 74 83 78 77 77 67 67 56 54 62 52 64
1975 80 81 76 77 69 72 63 58 60 58 61 65
1976 76 70 62 69
1977 69 82 82 77 74 74 67 59 54 49 77
1978 82 80 80 75 71 66 63 58 50 51 59 90
1979 80 81 78 80 74 72 61 54 53 59 62 67
1980 75 71 65 69 63 66 55 54 53 50 47 63
1981 70 79 81 71 79 73 76 66 53 61 68
1982 71 84 79 77 75 75 66 57 56 54 61 75
1987 75 71 65 69 63 66 55 54 53 50 47 63
1988 70 79 81 71 79 73 76 66 53 61 68
1989 71 84 79 77 75 75 66 57 56 54 61 75
2005 61 62 66 65 53 52 49 48 65
2006 70 66 73 65
Total 74 77 76 73 71 71 65 58 54 53 56 70




[1.5. Rainfall
CHIKWAWA BOMA : MONTHLY AND SEASONAL RAINFALL TOTALS (mm)

SEASON JUL AUG SEPT OCT NOV DEC JAN FEB MARCH APRIL MAY JUNE TOTAL
1971/72 4.3 0.0 0.0 0.8 162.8 126.2 182.1 122.7 88.6 10.2 4.8 23.9 726.4
1972/73 8.4 8.4 0.0 0.0 141.2 50.5 423.4 42.7 70.4 71.4 7.9 16.8 841.1
1973/74 24.1 8.1 0.0 3.8 85.6 135.6 150.6 137.9 129.3 46.2 15.0 28.7 764.9
1974/75 29.7 7.4 9.4 0.0 98.8 110.5 154.9 101.6 44.7 13.0 14.2 20.1 604.3
1975/76 1.3 3.8 0.0 116.1 114.3 196.1 30.2 174.2 206.7 42.2 50.3 38.7 973.9
1976/77 14.0 0.3 0.0 20.1 9.1 349.5 103.4 74.4 153.2 8.9 0.3 7.4 740.6
1977/78 2.0 3.6 11.4 0.0 37.3 193.0 201.9 74.7 220.7 51.6 5.3 17.5 819.0
1978/79 21.1 0.0 0.0 32.3 73.9 273.8 189.5 130.3 229.4 5.8 8.4 41.1 1005.6
1979/80 38.9 0.3 3.6 22.4 80.5 187.7 92.5 65.0 251.0 13.6 23.1 21.8 800.4
1980/81 0.0 8.8 12.1 3.2 17.5 209.5 212.1 205.8 49.4 33.7 12.4 6.2 770.7
1981/82 15.7 0.0 8.3 8.9 14.3 113.4 187.4 201.4 19.5 67.1 27.6 6.8 670.4
1982/83 54.2 52.1 8.6 89.4 18.0 93.0 83.9 134.2 72.0 0.0 12.0 0.0 617.4
1983/84 18.8 8.8 0.0 18.1 49.3 221.3 59.0 132.9 61.6 34.6 7.2 6.5 618.1
1984/85 0.0 5.6 0.0 21.0 54,5 128.5 156.4 1425 199.7 132.1 9.0 9.2 858.5
1985/86 7.7 13.9 0.8 38.8 85.7 166.1 354.1 132.3 56.3 103.8 1.8 31.7 993.0
1986/87 39.0 0.0 5.8 92.8 72.8 154.3 195.5 11.1 49.1 28.5 10.3 23.0 682.2
1987/88 0.0 0.0 0.0 34.6 129.4 137.2 168.4 138.4 124.2 8.1 32.2 0.0 772.5
1988/89 26.6 3.1 0.0 36.3 27.5 90.6 227.9 205.7 427.7 39.6 0.0 38.5 1123.5
1989/90 3.3 8.0 7.1 9.6 62.4 98.2 202.4 94.7 63.5 19.6 31.2 38.5 638.5
1990/91 0.0 0.0 0.0 0.0 50.2 58.3 240.7 58.7 156.3 27.0 0.0 0.0 591.2
1991/92 0.0 0.0 0.0 0.0 62.0 20.1 124.3 7.4 206.3 0.0 10.3 0.0 430.4
1992/93 0.0 0.0 0.0 29.5 141.8 150.9 417.4 149.2 16.7 0.0 0.0 0.0 905.5
1993/94 4.6 16.0 0.0 12.5 97.4 49.1 172.0 91.2 63.6 0.0 0.0 0.0 506.4
1994/95 5.0 5.0 0.0 16.9 23.8 70.0 232.7 38.8 0.0 26.8 0.0 0.0 419.0
1995/96 0.0 0.0 0.0 0.0 65.0 346.1 224.0 274.8 167.1 66.1 17.2 45.2 1205.5
1996/97 0.0 0.0 0.0 16.0 93.8 293.3 357.2 592.6 59.6 27.6 0.0 0.0 1440.1
1997/98 0.0 0.0 0.0 17.0 54.2 97.4 279.6 144.7 69.8 13.6 1.8 0.0 678.1
1998/99 0.0 12.6 0.0 0.0 72.2 220.0 336.5 199.3 107.6 84.3 3.4 8.9 1044.8
1999/00 18.5 0.3 61.1 8.4 89.2 80.0 246.0 166.8 70.8 27.1 16.0 6.9 791.1
2000/01 23.4 4.3 0.0 55 165.4 70.5 279.0 270.3 164.1 52.4 0.0 0.0 1034.9
2001/02 0.0 0.0 0.0 2.3 8.9 227.1 204.9 189.6 100.8 2.6 0.0 0.0 736.2
2002/03 13.9 23.0 0.0 0.0 13.4 28.9 507.5 83.5 135.8 25.6 19.2 5.4 856.2
2003/04 34.5 0.0 18.1 0.0 58.3 57.9 212.5 108.5 92.0 325 18.5 27.2 660.0
2004/05 27.2 19 0 26 69.7 173.5 64.5 51.7 18.4 27.2 0.0 0.0 477.2

total 12.8 6.2 4.3 20.1 70.6 146.4 214.0 139.7 116.1 33.6 10.6 13.8 788.2




Appendix 111, Numerical discreatizations

[1l.1. Discretization Darcy’s Law and Richards equation
Figure 26 is a numerical schema of the soil for tinsaturated water flow. Here j is the
position and k is the time step. Layer j=1 is tgelr adjacent to the groundwater. Layer j=4 is
the layer adjacent to the surface. Layer j=2 ardgre the layers in between. The number of

layers in between depend an.

Evaporation T

9(j=5) Surface water

Precipitation

Hs:|:
Ground surface

8(=4) Jose
= 1.
8(=2) !
6(=1)

0 S5Az

s

Vz(j=5), AW(j=5), Kz(j=5)

Vz(j=4), AW(j=4), Kz(j=4)

Vz(j=3), AY(j=3), Kz(j=3)

Vz(j=2), AW(j=2), Kz(j=2)

Vz(j=1), A¥(j=1), Kz(j=1)

Figure 26, Numerical scheme unsaturated water flow

Discretizdion Dary's Law, Vz= K, () ——
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VZ(] = 234: k) =

2 G R CAalD) _1
1 1 Az

. + .
K, (@™ K, (6"

[//(6 j —1,k—l) _ HSk—l
05.Az

Hs* = Hs*" +Vz(5).At — Evaporatia(t) + Pricipitation(t)

Vz(j =5Kk) = Kz(gj—l,k—l)( j_ K, (81

Discretizaion RichardsEquation 09 _ovz
ot 0z

60 ej,k —Hj'k_l
o A

vz _ (Va(j,k) -Vz(j +1k))

0z Az
g = VALK VA +1K) o | g

Az

[11.2. Discretization solute movement
Figure 27 is a numerical schema of the soil fordbieite movement. Here j is the position and
k is the time step. Layer j=1 is the layer adjadenthe groundwater. Layer j=4 is the layer
adjacent to the surface. Layer j=2 and j=3 arddlgers in between. The number of layers in
between depend oke.

HS:[ C(j=5) surface water

Ground surface

Vz(j=5)
C(=4) o

Vz(j=4)
C(j=3) o Az

Vz(j=3)
C(j=2) °

Vz(j=2)
C(=1) o

Vz(j=1)
Co Groundwater

Figure 27, Numerical scheme solute movement
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oC _VvaC

ot 0z
aC _Cik —cikt
At
SN j-Lk-1 _ : j k-1
vac _VAj)C VAT *HUCT it vzis positive
0z Az
_ SN~ k-1 : j+Lk-1
vac = vAi)C vz +1C if Vzis negative
0z Az
VACHE VA +DCH ) i
Cik = Az if Vzis positi
i positive
VAT V[ DI s
Cik = Az if Vzis negati
ik gative

Because the flux of Vz can either be in or outh& kayer with a concentration C, the solute

movement has two numerical solutions. If Vz(j) aviz{j+1) are respectively positive and
negative or visa versa the numerical solution bexom combination of the two solutions.

Assumed is that the solute concentration of themplovater is constant.
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Appendix IV, Shortwave and longwave radiation

[V.1.1.1. Shortwave radiation
Shortwave radiation is the radiation from the snd has wavelengths less than 4 um. The net
shortwave radiation can be determined by the faligvequation (Dingman 2002):
K =K,.(L-a)
K,, =incomming shortwave radiation
a = albedo watersurfade= 0.127.exp(-0.0258K,,)

No data of the incoming shortwave radiation avddalbhe shortwave radiation is determined
using the monthly mean of the daily clearness indgax the monthly mean daily
extraterrestrial radiation (Diabaté, Blanc & Wa2804):

K., = ClLK,

Cl = clearnessindex

K, = extraterristrial radiation

According to Diabaté et al. (2004) the clearnedgxnof Lower Shire Valley ranges from
0.58 to 0.63. Figure 28 is the mean yearly cleariedex of the Lower Shire Valley.

Mean montly daily clearness index

. month Clearskyindex (-)
j% January 0.47
2 February 0.47
§ March 0.51
% April 0.53
Q May 0.58
June 0.57
! ! : ! ! : : ! ! : ! July 0.57
0.4 I I I I I I I i i I | August 0.62
Jan Feb Mar Apr May Jurrlwon”:‘JuI Aug Sep Oct Nov  Dec September 0.64
. . . October 0.62
Figure 28, Mean monthly clearness index of the Shire Valley November 055
December 0.46

The extraterrestrial radiation is a function of ttagliation flux on a

plane perpendicular to the solar beam and the aglee tangent plane relative to the beam
(Dingman, 2002). The extraterrestrial radiationdstermined by using the SolarRad.xls
attached on the CD of physical hydrology (Dingman2).
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Mean montly daily extraterrestrial radiation Extraterrestrial

_ Ao S S S S o S SR SR o : month (MJ/m2day)
§ ] ER ....... ........ AU ....... ....... ........ ........ ....... _______ ________ January 37.2
% : ; . : : : : : : : : February 37.0
S B/ L A March 36.4
_% : : : : : : : : : : : April 35.8
ki May 35.2
£ June 34.9
E July 34.9
:?Ej August 35.2
I . : : : : : : : : : : September 35.7
33 \ | \ | \ | \ \ \ \ | October 36.3
Jan Feb Mar Apr May Jur&ﬂontﬁlul Aug Sep Oct Nov  Dec November 36.9
December 37.2

Figure 29, Mean monthly daily extraterrestrial radiation ofettshire Valley

Figure 30 holds the total daily net shortwave rioila The shortwave radiation is the
strongest in the months August, September and @ctob

month K (MJ/m2day)
Mean monthly daily shortwave radiatio
24 T e A e T R e e T : January 16.1
G 2Bl February 16.0
£ March 17.1
o 22 .
=2 April 17.5
= May 18.9
2 2 June 18.4
® 19 July 18.4
2 s August 20.2
=
5 17 September 21.2
» ® October 20.9
‘ : ‘ : : : : : : : ‘ November 18.8
15 | | | | | | | | | | |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov  Dec December 15.7

Month
Figure 30, Mean monthly daily shortwave radiation of the Shiadley

IV.1.1.2. Longwave radiation

Longwave radiation is electromagnetic radiationhwitavelengths between 4 um and 20 um
emitted by materials at near-earth-surface tempersit The net input of longwave radiation
can be calculated with the following equations @man, 2002):

L=L, —Lyy = &,Ex-0-(T, +2732)" —¢,.0.(T, +2732)"
&, = effectiveemissivity= 099 -]
o b

Ey = 1.72.(—aj .(1+ 022C?)

T, +2732
e, = air _vapor_ pressurdgkPa]
e, =W, .e,
T, = watersurfaetemperaturg°C]
C =cloud-cover fraction -]
o = Stefan- Boltzmann constant = 490.10°[MJm“day 'K ]
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Data of the water surface temperature and clouércivaction can be found in Appendix Ill.

Figure 31 is a plot of the longwave radiation. Toregwave radiation is negative through the
whole year. Especially in the months May, June daly the net longwave radiation is

negative, meaning the surface water emits mordrelaagnetic radiation than it receives.

Mean monthly daily longwave radiatio

o o S R S SR R SRR e SRR : Month L (MJ/m2day)
& ‘ ' ' ' ‘ : : ' ‘ ‘ ' January -0.94
% February -1.46
S 7 March -2.52
= April -3.98
S 73
© May -5.58
o
% - June -6.08
>
% 5 July -5.71
s August -4.98
-9 : : : : : : : : : : : September -3.81
, A S S S S SN S S S October -2.95
Jan Feb Mar Apr May Jun Jul Aug Sep  Oct Nov  Dec November -2.94
Month
> December -1.69

Figure 31, Mean monthly daily longwave radiation of the Shildley
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Figure 32, water flow in the unsaturated zone, runFigure 34, water flow in the unsaturated zone,

3

Appendix V,Resultsrun 3and 4

Water content in top layer

Water content in top layer
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Figure 33, sodium concentration and salt

Figure 35, sodium concentration and salt
accumulation, run 3

accumulation, run 4



Appendix VI, Matlab script

%******************************* 1 . B as | Cc p aram ete rs kkkkkkkkkkkkkkkhkhkkkkhkhkkkkkhkk
dt=0.01; %time stapdays (max 1 of veelfout van 1, min 0.01
dx=0.125; %layer widith] (max z)

start=91; %the stagtday of the modelling, min 1 [day]
einde=365; %max 365y]da

a=100; %Number al/d equilibrium run [day]
%*******************************2. SO” and Water p rOpertIeS kkkkkkkkkkkkkkkkkkkk
z=0.5; %distanceundsurface to groundwater [m[
cground=3.771; %concemrabf Na in the groundwater [g/dm3]
chs=0.015; %concemrabf Na in surface water [g/dm3]
cmax=30; %maximunmeentration of Na in water [g/dm3] in top layer
of dx=0.1m

hs00=0.15; Y%amounswfface water [m]

%{% = activated
%{ = deactivated, %}

%{

%Sandy clay (table 6-1 Dingman)

khs=0.187; %saturatgdraulic conductivity [m/dag] (1 cm/s = 864m/dag)
wcmax=0.426; %porosHy [

psiae=0.153; Y%air ertémysion [m]

b=-10.4; %pore sizstribution index [-]

%}

%{%

%Clay (table 6-1 Dingman)

khs=0.111; %saturatgdrhulic conductivity [m/dag] (1 cm/s = 864m/dag)
wcmax=0.482; %porosHy [

psiae=0.405; Y%air ertémysion [m]

b=-11.4; %pore sizstribution index [-]

%}

wcmin= wcmax* (psiae/3.4)"(1/-b); %Field cajg, 33kPa [-]

c= 2+(3/b); %pore-disnectedness index [-]

tlength=einde-start; %modelltilge in days

timesteps= tlength/dt; %numbetimke steps

nl= z/dx; %numberayers

%*******************************3. Detel’mlne eﬁect |eve evaporatlon matI’IX *kkkkkk
%{%

ejaar=[];

for n=1:1:12

for m=((dagenmaand(n)/dt)-(1/dt)+1):1:((dageand(n+1)-1)/dt);
ejaar(m)=(dt*evaporation(n)/dagenmaand(n»13
end
end
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rjaar=[];
for n=1:1:12;
for m=((dagenmaand(n)/dt)-(1/dt)+1):1:((dageand(n+1)-1)/dt);
rjaar(m)=(dt*rainfall(n)/dagenmaand(n+13));
end
end
etjaar0=[];
etjaarO=(ejaar-rjaar);

etjaar=[];

for i=(start/dt):1:(einde/dt);
etjaar(i+1-(start/dt))=etjaar0(i);
end

etequilibrium=[];

etgem= sum(etjaar0)/365;
for i=1:1:(a/dt);
etequilibrium(i)=etgem*dt;
end

90}

%******************************4 Dete rm | ne eq u | I | b I'I um kkkkkkkkkkkkhkkkkkkkkkkkk

%{%

layerO=[];

layerO(1,1,1)=wcmax;

for i=1:nl;
layerO(i+1,1,1)=wcmin+0.05;

end

layerO(nl+2,1,1)=1;

layerO(1,2,1)=cground ; %Salt corcation ground water
for i=1:nl;

layerO(i+1,2,1)=cground; %Salt camtcation vadose zone
end
layerO(nl+2,2,1)=chs; %Salt camteation surface water

psi=[];
kh=[];
kh2=[];
vz=[];

for t=1:1:(a/dt); %run of 108y
%evaporation
for i=nl+1;
layerQ(i,1,t)=layer0(i,1,t)-(etequilibrium{l. 000*dx));
end

%herstel wemin
for i=2:1:nl+1
layer011(i)=((layerO(i,1,t)-wcmin)/(((layerQLit)-wcmin)"2)"0.5));
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end

for i=2:1:nl+1

layerO(i,1,t)= ((layer011(i)+(layer011(i)"2))tkayer0(i,1,t)-((layer011(i)-

(layer011(i)"2))/2)*wecmin;
end

for i=1:1:nl;
psi(i,1,1)=psiae*((wcmax/layerO(i+1,1,t0):

end

for i=1:1:nl;
kh(i,1,1)=khs*((psiae/psi(i,1,1))*(2+(3/l))

end

vz(1,1,1)=-kh(1,1,2)*(((psiae-psi(1,1,1))/(0cBY)+1);

for i=2:1:nl;

vz(i,1,1)=-(2/((1/kh(i-1,1,1))+(1/kh(i,1.8)* (((psi(i-1,1,1)-psi(i,1,1))/dx)+1);

end
vz(nl+1,1,1)=0;

for i=1:1:nl;

layer0(i+1,1,t+1)=layer0(+1,1,0+(((vz(D-vz(i+1,1,1))/dx)*dt):

end

layerO(1,:,t+1)=layerO(1,:,t);

layerO(nl+2,:,t+1)=layerO(nl+2,:,t);
end

for i=2:nl+1,
layer0(i,2,end)=cground;
end

layerQ(:,:,end);

%}
%*******************************5. Slmulatlon *kkkk
%{%

layer2=[];

layer=[J;
layer=layer0(:,:,end);
saltaccumulation=[];
saltaccumulation(1,1)=0;
saltaccumulation(1,2)=0;
hs=[];

hs(1,1,1)=hs00;
hs(1,2,1)=chs;
layer000=[];

capillary=[];
capillary(1)=0;

for t=1:1:((einde-start)/dt);

kkkkkkkkkkkkkkkkkhkkhkkkkkkk
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%5.1 layers voor berekening salt concentration
layer2=layer(nl+1,1,t);
hs2=hs(1,1,t);

%5.2 evaporation

e00=hs(1,1,t)/(((hs(1,1,t))"2)"0.5);

e000=(e00+(e00"2))*0.5;

€0000=(e00-(e00"2))*-0.5;

for i=nl+1;
layer(i,1,t)=layer(i,1,t)-((etjaar(t)/(1000%p*e0000);

end

for i=nl+2;
hs(1,1,t)=hs(1,1,t)-((etjaar(t)/1000)*e000);

end

%5.3 watercontent toplayer niet lager dan wcmin

fori=2:1:nl+1

layer(i,1,t)=((((layer(i,1,t)-wcmin)/(((layer(,t)-wcmin)*2)"0.5)+1)/2)*layer(i,1,t))-
((((layer(i,1,t)-wemin)/(((layer(i,1,t)-wcmin)2)26)-1)/2)*wcmin);

end

%5.4 psi and kh as function of the water canten
for i=1:1:nl;
psi(i,1,1)=psiae*((wcmax/layer(i+1,1,t))"-b);
end

psi(nl+1,1,1)=-hs(1,1,t)+psiae;

for i=1:1:nl;
kh(i,1,1)=khs*((psiae/psi(i,1,1))"(2+(3/b)));

end

%5.6 water flux between layers
vz(1,1,1)=-kh(1,1,1)*(((psiae-psi(1,1,1))/(0cB)+1);
for i=2:1:nl;

vz(i,1,1)=-(2/((1/kh(i-1,1,2))+(1/kh(i,19)* (((psi(i-1,1,1)-psi(i,1,1))/dx)+1);
end
vz(nl+1,1,1)=-kh(nl,1,1)*(((psi(nl,1,1)-psi(n+1,1))/(0.5*dx))+1);

%5.7 geen flux naar grondwater (already satdpat
vz00000=(vz(1,1,2)/(((vz(1,1,1))"2)"0.5));
vz(1,1,1)=vz(1,1,1)*(vz00000+vz00000"2)*0.5-(160);

%5.8 geen flux naar hs toe of als hs<0

vz0000=hs(1,1,0/(((hs(1,1,0)*2)*0.5): %1 als hs>0
vz000=(vz(nl+1,1,1)/(((vz(nl+1,1,1))*2)*0.5)); %1 als vz(nl+1) naar boven is gericht
vz(nl+1,1,1)= vz(nl+1,1,1)*-0.25*(vz000-(vz00®))*(vzZ0000+(vZ0000"2))-(10*-60):

%/5.9 water content met herstel om over sataté voorkomen!!

for i=1:1:(nl+1);

for i=1:1:nl;
layer000(i+1,1,t+1)=layer(i+1,1,t)+(((vA(1)-vz(i+1,1,1))/dx)*dt);
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end
for i=1:1:nl;
layer11(i)=-((layer000(i+1,1,t+1)-wcmax-(£60))/(((layer000(i+1,1,t+1)-wcmax-(10"-
60))"2)"0.5));
end
for i=1:1:nl;
layer(i+1,1,t+1)=0.5*layer000(i+1,1,t+1)afler11(i)+(layerl1(i)"2))+-
0.5*wcmax*(layerl1(i)-(layer11(i)*2))-(10"-60);
end

%effective water flow, met verrekening van sation

for i=1:1:nl;
vz(i+1)=(((layer000(i+1,1,t+1)-layer(i+1t21))*dx)/dt)+vz(i+1)-(10"-60);

end

end

%5.10 nstellen waarden grondwater, en surfaterw
layer(1,:,t+1)=layer(1,:,t);
hs(1,1,t+1)=hs(1,1,t)+vz(nl+1)*dt;

%°5.11 Salt content

%5.11.1 bapalen matrix richting flux

fori=1:1:nl+1;

vz11(i)= (vz()/(((-vz(i))*2)0.5)+((vz(i)/((z(i))2)"0.5))"2))/2;
end

%5.11.2 correctie voor verdamping en oorsprbjkeater content (hoeveelheid zout in
top layer)
for i=1:1:nl-1;
layer(i+1,2,t+1)=(((((( layer((i+1-vz11(i)2,t)*vz(i,1,1))-(layer((i+2-
vz11(i+1)),2,t)*vz(i+1,1,1)))/dx)*dt)+(layer(i+1,D*layer(i+1,1,t))))/layer(i+1,1,t+1);
end

layer(nl+2,2,t)=hs(1,2,t);
for i=nl;
layer(i+1,2,t+1)=((((((layer((i+1-vz11(iD,)*vz(i,1,1))-(layer((i+2-
vz11(i+1)),2,t)*vz(i+1,1,1)))/dx)*dt)+(layer(i+1,D*layer2(1,1,1))))/layer(i+1,1,t+1);
end
hs(1,2,t+1)=((((layer((nl+2-vz11(nl+1)),2,t)*gd+1))*dt))+
(hs2(1,1,1)*hs(1,2,1)))/hs(1,1,t+1);

%5.11.3 salt accumulation

layernlO=layer(nl+1,2,t+1);

layernll1l=(-layer(nl+1,2,t+1)+cmax)/(((layerfdl,2,t+1)-cmax)"2)"0.5);

layer(nl+1,2,t+1)= -cmax*((layernl11-
(layernl1172))/2)+layernlO*((layernl11+(layerni11))22);

hs000=hs(1,2,t+1);

hs11= ((-hs(1,2,t+1)+cmax)/(((-hs(1,2,t+1)+ciyi@y"0.5));
hs(1,2,t+1)= -cmax*((hs11-(hs1172))/2)+hs008s(1+(hs11"2))/2);
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hs111=(((hs(1,1,t+1)/((hs(1,1,t+1)*2)"0.5))-2)f
hs(1,2,t+1)=hs(1,2,t+1)*(1-hs111);

%5.11.4 saltaccumulation in kg/m2

saltaccumulation(t+1,1)= (((layernlO-layer(n)21+1))*layer(nl+1,1,t+1))*dx*-
1*((layernl11-(layernl11.2))/2)) +saltaccumulatiodg;

saltaccumulation(t+1,2)= (((hs000-hs(1,2,t+h$f,1,t+1)*-1*((hs11l-(hs11"2))/2)))
+saltaccumulation(t,2);

saltaccumulation(t+1,3)= saltaccumulation(t}tshltaccumulation(t+1,2);

hs(1,1,t)=hs2;
layer(nl+1,1,t)=layer2;
capillary(t+1)=capillary(t)+vz(1);

end

for i=1:1:(((einde-start)/dt)+1);
layer(nl+1,3,i)=saltaccumulation(i,1)*2.5409;
end

for i=1:1:(((einde-start)/dt)+1);
layer(nl+2,3,i)=saltaccumulation(i,2)*2.5409;
end

for i=1:1:(((einde-start)/dt)+1);
layer(nl+1,4,i)=saltaccumulation(i,3)*2.5409;
end

for i=1:1:(((einde-start)/dt)+1);
layer(nl+2,1,i)=hs(1,1,i);
layer(nl+2,2,i)=hs(1,2,i);
end

layer(:,:,end)

9%}

%*******************************6 . F | g u I'eS *kkkkkkk kkkkkkkkkkkkkkhkkkkkkkkkkhkkkx
%{%

saltc=[];

saltctoplayer=[];

saltcsurface=[];

saltatoplayer=[];

saltasurface=[];

saltatotal=[];

%Salt concentrations
for i=tO;



saltctoplayer(i)=layer(nl+1,2,i);
end

for i=t0
saltcsurface(i)=layer(nl+2,2,i);
end

for i=t0
saltatoplayer(i)=layer(nl+1,3,i);
end

for i=t0
saltasurface(i)=layer(nl+2,3,);
end

for i=t0
saltatotal(i)=layer(nl+1,4,i);
end

figure(2*f)

subplot(211)

plot(t, saltctoplayer,'-','LineWidth',1)
xlabel('day of the year’)

ylabel('Salt concentration’)

title('Salt concentration top layer and surfaceewat time’)

axis([91 365 0 32))

box off

grid on

hold

plot(t, saltcsurface,’-.",'LineWidth',1)
hold off

%subplot(312)

%plot(t, saltatoplayer,’-','LineWidth',1)
%xlabel('day of the year’)
%ylabel('Salt accumulation (kg/m2)")
%title('Salt accumulation top layer in time’)
%axis([91 3650 8])

%box off

%grid on

%hold

%plot(t, saltasurface,’-.",'LineWidth',1)
%hold off

subplot(212)

plot(t, saltatotal,’-','LineWidth',1)
xlabel('day of the year")

ylabel('Salt accumulation (kg/m2)")
title('Total salt accumulation in time")
axis([91 3650 8])

box off

grid on

%Water content
watercontenttoplayer=[];
surfacewater=[];
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etjaar0=[];

for i=tO;
watercontenttoplayer(i)=layer(nl+1,1,i);
end

for i=t0;

surfacewater(i)=hs(1,1,i);

end

etjaarO=etjaar/dt;

b=wcmin;

a=wcmax;

figure((2*f)-1)

subplot(411)

plot(t, watercontenttoplayer,'-','LineWidth',1)
xlabel('day of the year")

ylabel('water content [-]')

title('Water content in top layer’)
axis([91 365 (b-0.02) (a+0.02) ])

box off

grid on

subplot(412)

plot(t, (capillary/100),"-','LineWidth',1)
xlabel('day of the year")
ylabel('Discharge [m]")

title('Total discharge from groundwater in time’)

axis([9136501.5]))

box off

grid on

subplot(413)

plot(t, surfacewater,’-','LineWidth',1)
xlabel('day of the year")

ylabel('Surface water [m]’)

title('Level of surface water in time")
axis([91 365 0 (c+0.05) ])

box off

grid on

subplot(414)

plot(t, etjaar0,'-','LineWidth',1)
xlabel('day of the year’)

ylabel('effective daily evaporation [mm]’)
axis([91 365 -2 10])

title('Daily evaporation minus rainfall in time")
box off

grid on

%}
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