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Abstract

Rainfall is the main driver for translocation of solutes in soils. In arid and semi-arid regions,
carbonate and gypsum are accumulated in shallow soil horizons as a consequence of high
evaporation and low rainfall. Depths to carbonate horizons are frequently used to reconstruct
paleo mean annual rainfall as it has been shown that the two are positively correlated. Although
other climatic properties also affect this correlation, such as intra-annual rain properties, they
were rarely examined in the past. In this thesis | couple a compartment model for infiltration
together with a stochastic weather generator to simulate long-term soil wetting depth
distributions in soils of the northern Negev, Israel.

The mean wetting depth, and depths where cumulative water fluxes are 30% of the total rainfall
correlates with depths to carbonate horizons and therefore may serve as their proxies. My
simulations show that the proxies trend with mean annual rainfall. However, varying other
weather properties to simulate weather in other regions or periods can produce a great scatter
of up to 75 cm. Mean event depth is much more important variable than mean annual rainfall
for the depths of the proxies. For the same annuals, correlations with mean event depth, or the
number of annual rain events reduced the scatter from 75 to 25 cm at the most. The effects of
changes in weather properties on depths of the proxies grow with increase in annual rainfall
and decrease in mean evaporation at the rainfall season and vice-versa. Local sensitivity for a
20% shift in weather parameters in the northern Negev, Israel suggests that effects of any single
weather property cannot be significant in areas where mean annual rainfall <200 mm/year. The
potential evapotranspiration greatly affects both the trends and the depth of the proxies, and
therefore different rainfall seasonality can cause great differences between depths to Bk
horizons in areas with the same annual rainfalls. Effects of dry spells and extreme rainfalls
versus mean weather properties should be tested against specific weather scenarios. For soils
with greater sand-silt compositions, the effects of the climate properties mentioned above
would be even greater. The results here are also available in units of soils' water holding
capacities and therefore may be translated to depths in other soils as well. Other potential
proxies for depth to gypsic horizons were found to be more sensitive to climate variations. To
conclude, | have introduced an approach to study long term soil water dynamics and its
relationship with climate properties and soil horizons. | quantify how deeper carbonate
horizons may be as a result of increased mean annual rainfall, lower evapotranspiration, or
having fewer, but more intense storms. The results of my study can improve interpretations of
past climates that are based on properties of buried calcic and gypsic horizons. This framework
allows for investigation of climate effects on other water distribution properties as well, and
could lead to important conclusions regarding effects of future climate change on water
availability to vegetation and vertical movement of pollutants or fertilizers in soils.
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WDs

MAR

Soil Horizons

Bk

By

List of variables and symbols

wetting depths- a conceptual term describing the distribution of depths of soil wettings
by rainfalls. See also WD in Model Loggers further down this list.

mean annual rainfall (mm/year)

illuvial soil horizon in with secondary carbonate precipitated to form carbonate nodules
(American Soil Science nomenclature)

illuvial soil horizon in which secondary gypsum was precipitated (American Soil
Science nomenclature)

Water Contents in soils- conceptual definitions

FC
WP

Or

WHC

maximal water holding capacity of the soil against gravity (cm®cm3)
minimal water holding capacity of the soil against transpiration (cm3/cm?)
minimal water holding capacity of the soil against evaporation (cm*/cm?)

the difference between maximal and minimal available soil water contents - usually: FC-
WP , here was taken as: FC-0r (cm®cm?)

Evapo-Transpiration

PET

AET

Kc

the potential evapo-transpiration (mm/day), is depended only in the atmospheric energy
demand.

actual evapo-transpiration (mm/day), is depended in PET and in the available water
content of the soil profile

Crop coefficient (unit-less): conceptual and semi-empiric assessment of vegetation effect
that limit evapo-transpiration rates.

Prescribed parameters for the AET procedure in the compartment model (Eqg.1)

T.M.Depth

WHCIndex

Effective soil depth for evapotranspiration processes. Ratio of the total moisture in the soil
profile to the WHC of the profile is taken at depth range of 0-T.M.Depth to determine the
daily AET according to WHCIndex In this study it was assumed as the top 1m of the soil.

Ratio of the mean soils' WHC range that determines transition from an AET which is
controlled by the atmospheric demanded (AET=Kc*PET) or an AET that is controlled by
the available soil water content (decreases with TotalMoisture). This is an empirical
parameter that was retrieved from field measurements in California. It was taken at 0.546
according to Marion et al. (1985).
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Model Loggers of soils' long-term water dynamics

wetting depth (cm) is the maximal depth of water income to the soil after rain - logged
as a daily depth.

amount of water that proceeds downward flow from each compartment - logged as an
array of cumulative water contents (cm®cm?) for each compartment

WD

WaterFluxOut

cumulative days in which a compartment is filled to its maximal capacity of FC water

WetZone content (days) - logged as an array

WD and flux Proxies for depths to Bk and By

MeanWD average depth of daily wetting depth (cm) - indicates depth to Bk
SMeanWD average depth of the maximal wetting depths per season (cm) - indicates depth to By
80th percentile of daily wetting depths (cm) - indicates depth to Bk

WDp80 80th percentile of the maximal wetting depths per season (cm) - indicates depth to By
SWDp80 soil depth at which WaterFluxOut =30% of the total simulated rainfall (cm) - indicates
Index30 depth to Bk

soil depth at which WaterFluxOut =30% of the total simulated rainfall (cm) - indicates
Index3 depth to By

Weather generator definitions day types and distributions

Wet Day day with rain depth of 0.1 mm or more.
Dry day day with no rain or up to the lower limit of measured depth of 0.1 mm

WAW day wet after wet day - a day within rainfall event. In the rainfall generator - WAW was assigned
with probability of occurrence according to the day in the year; in the PET generator, WAW
was assigned with distribution of deviations of the daily PET from the monthly mean.

WAD day wet after dry day - the first day in a rainfall event of one day or longer. WAW was assigned
with probability of occurrence according to the day in the year; in the PET generator, WAW
was assigned with distribution of deviations of the daily PET from the monthly mean.

DAW day dry after wet day - the first day after a rain event stopped (first in a dry spell). In the PET
generator, WAW was assigned with distribution of deviations of the daily PET from the
monthly mean.

DADday  dry after dry day - a day within a dry spell. In the PET generator, WAW was assigned with
distribution of deviations of the daily PET from the monthly mean.

PWAD probability of a WAD day occurring for each day of 365 day's year - representing probability
for starting a rain event according to the time in the year. Empirical data was fitted with a
Gaussian.

PWAW probability of a WAW day occurring for each day of 365 day's year - representing
probability for continuing of a rain event according to the time in the year. Empirical data
was fitted with a Gaussian.



Input parameters that control weather properties

Fd input parameter to the rainfall generator controlling frequency of events per year: a factor
over PWAD Gaussian

Fw input parameter to the rainfall generator controlling duration of events: a factor over PWAW
Gaussian

A input parameter to the rainfall generator, mostly controlling the mean daily depth. this is the

scale parameter of the daily depth Weibull distribution function (mm)

B Input parameter to the rainfall generator, mostly controlling the extreme daily depth. This
is the shape parameter of the daily depth Weibull distribution function (--)

Feer input parameter to the compartment model in order to simulate higher/lower PET or Kc.
This is a factor over the daily PET time-series.

Rainfall distribution properties (intra-annual)

mean frequency of events* (events/year): calculated from a distribution of annual
number of events.

mean event* duration (days/event): calculated from a distribution of all event
durations in the record or simulation.

mean event* depth (mm/event): calculated from a distribution of all event durations
in the record or simulation.

mean daily depth (mm) - calculated from a distribution of all daily depths (not an
annual mean) in the record or simulation.

EventsN
EventsDurations
EventsDepth

DailyDepth

*  arainfall event is defined as 1 or more consecutive days with daily rainfalls>0.1mm






Preface
Climate is the main driver of vertical water flow in the soil that in turn controls vegetation

dynamics, soil forming processes, transport rates of mobile materials, and drainage
potentials. In arid and semi-arid regions soils’ wetting depths (WD) are limited due to low
rainfall and high evaporation rates, which results in shallow accumulations of salts in the
soil. Thus, horizons of accumulated salts are thought to be markers of the climate regime
that created them. Our knowledge on soil water distribution and salt accumulation in soils
originates from two very different approaches that use different time scales: a) long term
correlations between average climate properties (e.g. average annual rainfall) and depth
to calcic, gypsic, and salic horizons that are well known and widely used; and b) physical
modelling of soil water dynamics during a single rainfall event. However, there is a limited
understanding on how intra-annual variations in climate properties (e.g. seasonality)
affect soil water distribution and hence salts accumulation in soils on long term scales.
The goal of this study is to quantify changes and variability in climate properties on the
long term wetting distributions in arid to semi-arid soils that can be used as a proxy for
the depth of pedogenic salt accumulation. The main tool for this research is a modelling
framework that includes stochastically simulating rainfall and evaporation. With this tool
| examined how different properties of climate affect the spatial and temporal variation
in WDs. The study area is the northern and central Negev desert that exhibits rainfall

gradient and soils with calcic and gypsic horizons.



1 Background

1.1 Climate properties and depths to saline soil horizons
Climate is one of the main drivers of soil forming processes. Rainfall infiltrates the soil

carrying solutes from which secondary minerals form within the soil profile. High
concentrations of salts form clear soil horizons, e.g. calcic horizon (termed as Bk horizon)
and gypsic horizon (termed as By horizon) that seem to portray the depths of rainwater
penetration to the soil profile (Arkley, 1963; Birkland, 1984; Retallack, 2005), and therefore
can be used to learn about past climates. The term WD is used here to define these depths
of soil wetting and will be discussed further in the next subsection. For the purpose of this

research, one WD is the depth of water distribution from a daily rainfall.

In arid and semi-arid regions, soils' WDs are limited due to low rainfall and high
evaporation rates, and shallow Bk horizons are common. Gypsum accumulates in deeper
layers than carbonates because of its higher solubility. Depth to By horizons is thought to
reflect WDs of wetter years or extreme rainfall, while depth to Bk horizons seem to reflect
WDs of average years or normal rainfall (Dan and Yaalon, 1982). Bk horizons are also limited
by the existence of vegetation (Amit et al., 2006) and are associated with the base of the
root zone and biological activity (Schlesinger, 1985). This is because respiration creates a

CO; gradient in shallow layers of the soil which in turn affects the solubility of CaCOs.

LOCATION |HAZEVA SEDE BEER  MISHMAR BET MR REHOVOT  NAHARIYYA
BOQER  SHEVA  HANEG
MEAN ANNUAL RAINFALL
200 300 400 500 600 PANFALL

g
H 5 NONCALCAREQUS
] £ SOILS, USUALLY
H = REDDISH COLOURED

o
E =
H 3

Figure 1 Depths of salts accumulation zones in the soils of Israel. The zones trend with the
mean annual rainfall (After Dan and Yaalon, 1982).

Although vegetation plays a clear role in the development of calcic horizons, rainfall and
its resultant WDs are still considered prominent factors in determining the depth to Bk

horizons, as they both affect the depths of eluviation, and depths of biological activity in
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the soil (Cohen, 1982; Liao, 2006; Piedallu et al., 2013; Tabor and Myers, 2015). The fact that
the depths to Bk and By horizons are controlled mostly by rainfall is manifested by the
correlations between depth to Bk and By horizons and mean annual rainfall (MAR)

(Figures 1,2).

Suggestions were made to derive paleo-climate functions from these relationships (Jenny
and Leonard, 1934; Arkley, 1963; Retallack, 1994, 2005; Retallack and Huang, 2010). Ifit is robust
and simple to implement, these relationships would represent a powerful paleo-
precipitation indicator. However, the usage of depths to calcic and gypsic horizons for
interpretations of past MAR is debatable, mainly because of lack of a clear universal trend
between the two (Royer, 2000). While for regions with similar climate properties - such as
seasonality - the two variables are well correlated (Jenny and Leonard, 1934; Arkley, 1963),
these trends are different for different regions (Figure 2.a). This can explain the scatter of
global data (Figure 2). The relationship of global data with MAR is far from being injective,
especially for most of Bk and By horizons which form in the upper 1 m of the soil: having
50-100cm range of depths to Bk/By horizons for the same annuals, and about 650 mm/y
range of MAR for the same depths to Bk horizons. The scatter may result from differences
in climate properties, vegetation and soil characteristics. The former is the least to be

discussed in the context of these correlations.
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Arkley (1963) suspected that the intra-annual distribution of the rainfall along with the
evaporation regime affect WDs, and therefore depths to Bk horizons in areas with winter
rainfall are different comparing areas with summer rainfall. However, these differences
were never quantified and the effects of individual climate properties on the trends or on
individual depths to Bk horizons were never examined.

Arkley (1963) provided a modeling framework to calculate long-term WDs from data series
of rainfall and evaporation. He verified his results by deriving reasonable soil ages. He also
found that the "mean depth of water penetration" calculated for the sites in his study,
indicate the depth to Bk horizons. It seems that the next step should have been to find
out if this indicator can be applied in other sites and climates as a WD proxy for depth to
Bk, but no such attempts were made.

Following studies improved our ability to reconstruct the formation of calcic horizons by
adding chemical considerations to the existing models that considered only water
balance. These studies simulated the long-term distribution of CaCOs along the soil profile
in order to reconstruct CaCOs profiles in Holocene and late Pleistocene soils (Marion et al.,
1985; Mavyer et al., 1985; Mayer, 1986; McFadden, and Tinsley, 1985; Mayer, et al., 1988).
Pleistocene simulations were based on weather scenarios for past climate given from
various paleo-climatic indicators. These models were validated using Holocene soil
profiles and then were used to learn on plaeoclimatic conditions that led to the formation
of late Pleistocene soils (Mayer, et al., 1988). (e.g. Breecker et al., 2009; Hirmas, 2008; Meyer
etal., 2014).

As mentioned above, past climate scenarios are given by a variety of paleo-research
disciplines. In some cases, shifts in the mean annuals can be approximated, in other cases,
the scenarios are restricted to obscure descriptions of wetter/dryer and wormer/colder
than today. It's hard to say if wetter conditions or higher MAR, are the result of higher
frequencies or intensities of rainfall events. Wetter conditions recorded in speleothems
or lake sediments, could also be a result of shorter dry periods between rainfall events
with the same MAR. It is unknown how changes in each of these climate properties affect
these archives. In the past decade, these questions were raised also by researchers who

are interested in the effect of future climate change scenarios on soil water that in turn



effect vegetation, soil salinity and flooding potential (e.g- Knapp et al., 2008, 2015;
Dunkerley, 2012).

Hydrological processes of the vadose zone are well understood in short term scenarios
and WD resulted from a single rainfall event can be accurately estimated. For long term
distribution of WDs, a modelling framework is required to track changes in soil water
conditions, and to produce variant and realistic weather scenarios. The next section
reviews soil water distribution processes in order to define WDs. In section 1.3 | will
discuss models for long-term simulations of WDs, including soil water processes and long-

term weather.

1.2 Climate control on water wetting depth in soil
Theoretically, a single rainfall event results in a final depth to which water has infiltrated

and redistributed (WD). In reality, water distribution is a dynamic process that never
stops. The soil water distribution does, however, slow down dramatically at dynamic
steady states of the forces that control water movement and allow approximation of end
points for soil wetting and drying events (Assouline and Or, 2014). WDs are the maximal
depths where water flow reached at that end point. This dynamic nature of soil water
distribution is controlled mostly by suction gradients in the soil that work to equalize soil
pressures. Any change in water content would change the pressure field in the soil in 3D.
It is responsive to continuous contributions and removal of water from the atmosphere
through infiltration and evapotranspiration — both affect shallow layers first, and then
proceed downward. This is why models of water flow in soils often describe this two
processes in the 1D, in terms of: 'wetting front' and 'drying front' of high and low water
contents respectively, that are more or less parallel to the surface — proceeding
downward until either gravity, transpiration or evaporation cannot overcome soil suction.
These semi-steady states are achieved in repeatable hydration states often referred to as
field capacity (FC), wilting point (WP) and residual water content (6;) respectively. The
water contents in these hydration states are mainly factors of the pore sizes, and are
estimated by soil texture using pedotransfer functions (e.g. Rosetta program in Schaap and
Van Genuchten, 2001) or by deriving a soil retention curve for soil samples in the lab. The
difference between FC and WP water contents states is often referred to as the water

holding capacity (WHC) or the available water capacity (AWC) of the soil, describing the



total amount of water a soil layer can hold in semi-steady state conditions. In some cases,

0, could be appropriate as the minimal water content for WHC range.

A conceptual way to describe WD is that it represent the depth of the wetting front when
it stopped, controlled by the amount of water income, the amount of water already held
by the soil, and the soils' WHC (related to the soil texture). In reality, as weather continues
its contribution to changes in soil pressure gradients, processes of wetting and drying may
interact and steady states are not always achieved before another soil wetting occurs.
For each rainfall event, the soil's pre-existing water content would affect the WD, because
each soil layer can hold limited water content of up to FC against gravitational flow.
Therefore, tracking changes in water content through the soil profile is important for
estimating the next WD. This is important in dry periods as well because, between rainfall
events, evapotranspiration remove soil water from the shallow layers of the soil, re-
establishing its capacity to hold more water and contributes to shallower WDs in the
following rain. Therefore, in addition to the rainfall depth, WDs are sensitive to the
distribution of rainfall events, seasonality and evapotranspiration regime (Knapp et al.,
2015).

The evapotranspiration is a complex process. The rate of soil drying changes as a function
of the water content in the soil and the energetic demand from the atmosphere. While
the weather forces a potential rate of evapotranspiration (PET), as soil dries, matric forces
increase, and the actual evapotranspiration rate (AET) changes with the soils water
content (Thornthwaite, 1948). Furthermore, because the evaporation is limited by the
connectivity of water in the soil matrix, as the soil dries from the surface, downward, most
of the water are removed by transpiration, and its potential rate is limited by the
vegetation in the field. In agricultural research, estimates of the overall effect of
vegetation on rates of transpiration is incorporated in a variable called Kc which can be
either calibrated for, or taken as estimated value according to the type of vegetation this
is usually an averaged effect because it changes in different stages of plant growth and
by seasonality.

Because of the complexity of this process, studies of soil water dynamics usually combine
modelling and monitoring practices. Measuring WDs in lab experiments or in the field

can be done for a single test or rainfall event by detecting a clear transition from high to
6



low water contents. It is impossible to directly measure or monitor long term (time scale
of 1-10k years) WDs and this is why not much discussion can be found about WDs in the

literature — although its importance is obvious (e.g. Knapp et al., 2015).

1.3 Models of water balance in soil

1.3.1  Water Distribution in soil
The dynamic nature of soil water described in the previous section implies the necessity

of incorporating modelling tools to track and simulate soil water distributions. Soil water
modelling is divided between two main approaches. One is physically based on numerical
solutions of mass and energy balance equations (Richards, 1931), and the other is
conceptual, based on simplifications of water flow and soil hydraulic properties, such as
the compartment model, first presented by Arkley (1963).

Both approaches are not very difficult to implement. Physically based models have the
advantage of being more accurate in the description of the actual processes; this is
achieved in part by considering many soil parameters that control the water distribution
in the soil. Yet, in long-term simulations, this accuracy may not be so useful because soils,
soils' surfaces, and vegetation undergo many changes that affect soil water distributions
and cannot be encompass in the modelling procedure. Instead, the compartment model,
with its simplified approach and shorter computation time, has been proven to produce
valid results in long-term studies that dealt with the formation of Bk horizons (McFadden,
1982; Marion et al., 1985; Mayer et al., 1985; McFadden and Tinsley, 1985; Mayer, 1986; Mayer
et al., 1988; Hirmas, 2008; Marion et al., 2008). In addition, Arkley (1963) specifically designed
his compartment model to track WDs and calculate the distribution of annual water fluxes
in the soil profile. In physically based models, WDs has to be artificially defined and
introduced into the model.

The greatest advantage of the physical models over the compartment models is that the
evaporation process is much more accurate. While Arkley (1963) simply remove all PET
from the soil column in a top-down direction, the physical models apply energy and mass
balance at each point of the simulated soil profile to move water upward, encompassing
the effects of momentary and local differences in suction gradients. Although this is a very

attractive property, there is a significant trade-off.



Soils with different hydraulic properties would distribute the same amount of water into
different WDs (when given in length units of soil depths). In the compartment models,
this is simplified by the WHC concept. Arkley's (1963) design of the compartment model
calculates the soil depths of water distribution in WHC units and therefore WDs in soils
with different WHCs can be compared (Figure 3) — this cannot be done in the physically
based models. In addition, Arkley's (1963) model results may be applied to any soil if it's
WHC can be estimated — with no need of additional simulations. This is important,
especially if one wants to develop a regional model (Marion and Schlesinger, 1994). In fact,
if the global depths to Bk in Figure 2 would have been given in WHC units it might have
reduced some of the scatter and effects of climate variability would be represented
better.

Marion et al. (1985) improved upon Arkley's (1963) evaporation, adding a calculation of AET
that considers the effect of soil water content on PET, and maintaining its ability to
produce results in WHC units. This ability depends on the simplifications described earlier
for the wetting and drying procedure. It is preserved as long as compartment are filled or
dried to their limits of the WHC range, before the process proceeds downward to the
adjacent compartment. Marion et al. (1985) used his model to simulate CaCO3 deposition
in four soil sites within Arkley's (1963) study area. They validated their model by re-
producing the slope of Arkley's (1963) measured correlation of depths to Bk horizons with
MAR (Figure 3.a). Others also adopted Marion et al.'s (1985) water distribution procedure
with no changes to the AET sub-procedure (Hirmas, 2008; Marion et al., 2008) and reported
valid results. However, the studies mentioned above did not calculate WDs, but used the
modified version of Arkley's (1963) model to simulate salts movement, adding chemical
procedures that made their results soil specific.

Other compartment models (McFadden, 1982; Mayer et al., 1985; McFadden and Tinsley,
1985; Mayer, 1986; Mayer et al., 1988), used a different modification to the evaporation
procedure including a gradient reduction of water content from the compartments with
depth (Papadakis, 1965). Their water distribution procedure is more realistic however, its

simulations using WHC units will not be consistent for different soils.



None of the previous compartment model studies used field measurements of soil water
as inputs. Instead, they rely on estimates of WHC according to soil textures, and assessed
the model's validity according to synthetic vs. observed Bk soil horizons.

It is also important to mention that all previous studies were deliberately focused on

levelled surfaced sites, where runoff can be neglected. Therefore, their simulations

assume all rainfall infiltrates the soil.
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1.3.2  Rainfall Generator
The long-term soil water modelling requires an input of climate data set of thousands to

ten thousand years. These data must represent longer time series than measured, but
with similar statistical properties to the climate under study.

Marion et al., (2008) noted the significance of extreme events on long term salts
translocations in the soil profile, and criticized others for using deterministic rainfall
models, in which the same average rainfall pattern is repeated year-after-year. These
models frequently use monthly time steps, that are not event based, and are likely to
obscure both the effects of extreme rainfall events within years and extreme rainfall years
within centuries (Marion and Schlesinger, 1994). Marion and Schlesinger, (1994) advocate for
using a daily time scale to allow simulations to be similar to the actual climate variability.
Few studies (Marion et al., 1985; Marion et al., 2008) based their rainfall generator on the
interarrival time and daily precipitation based on cumulative probability distributions for

each site and season. Marion et al., (2008) comment that his model may be reasonably
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valid for short-term simulations (a few hundred years), but less accurate for long-term
simulations (>1000 years), probably because the maximum rainfall was limited by a 25
years record, which affected the representatively of extreme events in their simulations.
Rainfall models often fit data with distribution functions to produce results that could
have been in the record had it been long enough. In addition, a stochastic component
must be used for random choice of values from distribution of rainfall data to create
variability. Too many parameters controlling the generator will reduce the variability, and
therefore it's best to achieve realistic behavior of the data with as little properties as
possible. On a daily time scale, at a site, simple rainfall models are based on either Markov
chains (Richardson, 1981) or empirical distributions of wet/dry spells (Semenov and Brooks,
1999). Rain depth is then determined from frequency distributions that represent natural
rainfall data sets. Rain depth distributions are generally skewed to the right, thus gamma

or exponential distributions often best simulate these distributions (Dunn, 2004).

1.3.3 PET Generator
For simulations of long term evaporation, Marion et al. (1985), and Marion and Schlesinger,

(1994) used tabular data of PET measurements done with a standard pan, where it was
available. Otherwise, monthly temperatures were converted to PET using Thornthwaite
equation (Thornthwaite, 1948). These empirical distributions of the data do not allow much
variability. In addition, PET cannot be measured with pans in rain days and therefore the
record might bias the mean daily PET. Hirmas (2008) used a slightly different technic in
which temperatures followed a stochastic sine function fitted to a set of daily
temperature data for one year.

In both examples, some of the PET simulations have been predicted using temperature
measurements. Records are much longer for temperature data than PET measurements,
however, temperature is only one of three major factors that affect PET. The relative
humidity and radiation income have significant effects on the overall energy input into
evaporating soil water to the atmosphere (Howell and Evett, 2004). Cloud cover and winds
alter the effect that the temperatures have on PET. It has been agreed that the most
reliable daily PET estimation comes from Penman- Monteith calculation (Howell and Evett,

2004).
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The Penman - Monteith calculation is very accurate but its data set is limited. Tsakiris, 1984
simulated daily PET in four different climates with relatively short data series, and
retrieved satisfying monthly means and variances. His model encompasses some effects
of cloud cover and winds that sometimes follow or precede rain events. They drew
separate distributions for wet or dry days, taking the condition of previous day into

account as well. He also added the effects of the monthly mean and variance into account.

To summarize the background chapter, there is a clear relationship between MAR and
depths to Bk/By horizons that is manifested in soil record. This can be a powerful tool for
paleo-climate reconstructions. However, variability of the correlations derived in
different climates suggest influence of additional climate properties on the record that
have not been quantified. Estimates of these effects would help to establish, validate or
choose between suggested climate scenarios.

Arkley (1963) created a model that calculates long term WDs and found a correlation to
Bk horizons. That provided a theoretical explanation for how MAR is correlated to the
depth of soil horizons (Birkland, 1984). This framework was validated by many following
studies of CaCOs and CaSO4 deposition; therefore, depths to Bk and By horizons are
markers of the long-term WDs. However, mean WD (as suggested by Arkley, 1963) or any
other WD property was never verified as an indicator of depths to Bk/By. Processes of
climate and soil water distributions are well understood in short timescales, and can be
simulate better than simulating salts dissolution, translocation and precipitation that
depend on more variables. However, WDs are rarely discussed in short or long-term
scales. Calls are being made today to quantify relationship between climate properties
such as rainfall distribution and temperatures effects on soil water distribution, because
this is missing link in the effects of future climate scenarios on vegetation, soil salinity,
recharge, floods, etc.

Although measurements of soil water contents can be done fairly easily, there is great
uncertainty in their analysis because of soil and climate variabilities. Although
compartment models simulating salts movements seem to have been validated, they did
not base their models on calibrated parameters regarding soil water, and did not show

short term water movement predictions to fit observations.
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2 Goals

The main goal of the research is to quantify the influence of climate on the long term WD
frequency distribution in loessial soils that in turn control salt accumulations in soil

horizons.
Specifically, the objectives of the study are:

1. Develop a simplified soil water balance compartment model to simulate long
term frequency distribution of wetting depths in a loessial soil.

2. Develop a point stochastic weather generator of relevant climatic factors to
represent the climate of the northern Negev of Israel, based on meteorological
data.

3. Quantify the controlling climatic factors for the development of long term
frequency distribution of wetting depths through sensitivity analysis.

4. Provide insights for paleo climate reconstruction and analysis from depths to Bk

records.

Hypothesis: statistical indexes of soil water distributions can be correlated with depths of
salt accumulations in soils, and can be used as a proxy to learn on the climatic control on

these soil horizons.
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3 Study site

The northern and central Negev desert in Israel are covered by extensive loess and loessial
soils with relatively similar textures (Crouvi, 2008). MAR varies dramatically from north
(350 mm) to south (100 mm) and therefore it is a suitable area to study the effect of
climate properties on salt accumulation in soil. The region is relatively homogeneous with
respect synoptic conditions, rainfall seasonality (only winter rains) temperatures and

evaporation patterns.

The soils in the area with >200-250 mm are characterized by calcic horizons, whereas the
area with 80-(200-250) mm exhibit both calcic and gypsic horizons, the latter are more
pronounced in the souther part of this region (Fig. 4). More to the south, where average
rainfall is <80 mm, only gypsic horizons are evident. The loess encompasses several buried
soils that represent the climatic conditions during the time of their formation within the
late Pleistocene. There is a consensus that the region was wetter during the late
Pleistocene comparing the Holocene; however, it is debatable whether it has been
influenced by colder conditions resulting in lower PET, with no increases in rainfall depths
(Bar-Matthews et al., 2003), or by higher frequencies and intensities of cyclonic fronts from
the Mediterranean Sea which are the main contributor to rainfall regime in the area (Enzel

et al., 2008; Amit et al., 2010).
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Figure 4 Map of the Negev desert with spans of salts horizons and MAR isopachs. Schematic locations of
4 meteorological stations that were included in the climate analysis for the research are marked.

13



3.1 Current climate in the northern Negev
The northern Negev is a transition zone between the wetter, Mediterranean climate

region of central and northern Israel (300-800 mm yr~!) and the more arid central and
southern Negev. MAR decreases from 350 mm in the north-most part of the region to
about 80 mm at the Negev highlands that divide the Negev region to its semi-arid
northern part and the hyperarid south. Rainfall is directly related to Mediterranean
moisture influx from the west and southwest (Enzel et al., 2008).

According to data from 4 meteorological stations in the area, the regional trend of MAR
is mostly a consequence of the mean daily depths reduced to the south. The number of
rainfall days, mean number of events per season and their durations are relatively similar
through most of the northern Negev, and drop in the central part. These trends are a
geographical consequence of the distance from the Mediterranean (Table 1).

The local variance of the MAR is controlled by the number of rainfall events, durations

and the daily depths (e.g. Gilat wet and dry years in Table 1).

Table 1 Mean Rainfall properties of data sets from 4 meteorological stations in the northern
(from north to south: Beeri, Gilat, BeerSheva) and central Negev (Sde Boker). Mean
properties of relatively dry and wet years for the Gilat meteorological station are also
given at the bottom. Rainfall data was received from IMS.

Mean Mean Number Number Mean Mean

annual daily of Wet of events events events
site Station ID

rainfall depth Days per per depths duration

(mm) (mm) year year*® (mm) s (days)
Be'eri 352.0 8.9 39.4 19.8 18.0 2.0 144249 [1950,2018]
Gilat 237.6 6.5 36.6 19.0 12.8 1.9 251349 [1953,1996]
Be'er
Sheva 191.6 4.8 39.6 20.5 9.3 1.9 251690  [1957,2009]
Sde Boker 89.7 3.4 26.6 15.8 5.9 1.7 253000  [1952,2018]

* one dry day separation criteria for rainfall events

**properties of dry years in Gilat station when annual rainfall < MAR - 30%

***properties of dry years in Gilat station when annual rainfall > MAR + 30%
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Evaporation rates are highest in the summer season and are higher at the southern part
of the region, however, at winter, these averages converge and there is no clear spatial
trend. In any case, the spatial differences between the mean values of evaporation are

not much different than the variance of each station.

Mean daily PET of 4 meteorological stations
according to sample years of 2011-2016
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Figure 5 Intra-annual variance of the mean daily evaporation in 4 meteorological stations in the Negev.
Locations from north to south: Nirim-Gilat-TZ.Hanegev-Sde Boker

3.2 Monitoring site
Gilat agricultural research institute is situated in the northern Negev (Figure 4). In Gilat,

soil water content monitoring station was installed in an abandoned farming land. Data
from the monitoring station was taken for calibration and validation of the model (see
below). The soil surface is covered mostly with annual vegetation. Few eucalyptus trees
which are foreign to this area (not older than 150 years) are located 50-100 m away from
the monitoring station. Agricultural activity in this field hasn't been active for at list 30
years, however, in the past, it was farmed with various crops, and therefore the top soil
was interfered and the irrigation has influenced salts translocations for at least 50 years
of farming. Clear A and B horizons were defined in the soil profile in Gilat, overlying some
buried soil horizons in depths exceeding 50 cm. The B horizon was defined at depth range
of 30-50 cm (Appendix Il). Within this depth range some secondary carbonates were

found, however, it was not apparent enough in the section to be classified as a Bk horizon
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(Figure 6.a). Within a distance of about 1 km from the monitoring station, un-interfered
soil profile near Mishmar-HaNegev was described in an unpublished report by O. Crouvi
(Figure 6.b). This soil profile displays a distinct Bk horizon at 30-50 cm, overlying some
buried Bk horizons. The carbonate distribution in Mishmar-HaNegev profile is considered
here to represent the natural carbonate distribution that should exist in the Gilat profile.
A comparison between soil properties of the Gilat and Mishmar-HaNegev profiles was
done and displayed in the results section.

In the central Negev, where MAR is 80-100 mm/year, another monitoring station was
installed in Sde Boker — Institute for desert studies (Appendix lll). The data from this
monitoring station were received later in the study and were used for comparative of

parametrization only.

MN- Soil profile description

A/B, 0-30 cm, Light yellowish brown
(10YR 6/4), silt loam, massive, abrupt and
smooth boundary

Bk, 30-90 cm, Light yellowish brown (10YR
6/4), silt loam, moderate, fine, sub-angular
blocky structure; weakly cemented; many
(25-50%) coarse (1-4 cm) irregular orthic
calcic nodules; abrupt and wavy boundary

Depth (cm)

Bkb1, 90-130 cm, Brown (7.5YR 4.5/4),
silty clay loam, strong, medium, prismatic
structure; many (50-75%) coarse to very
coarse (2-6¢cm) irregular orthic calcic
nodules; gradual and smooth boundary

Gilat - Soil profile description BKb2, 130-190 cm, Brown (7.5YR 4.5/4),

silty clay loam, strong, medium, prismatic

Horizon  Depth structure; few (0-25%) coarse to very

A, 0-10 cm coarse (2-6¢m) irregular orthic calcic
A/B 10-30 cm nodules
B 30-50 cm

Figure 6 soil profiles with Bk horizons in the study site: (a) from Gilat monitoring station, with prescribed
sensors locations and grey marker for division between soil horizons; and (b) Mishmar-HaNegev (MN)
located within 2 km from the site in Gilat, with OSL ages of secondary carbonate from an un-published data
of Dr. Onn Crouvi (GSI).
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4 Materials and methods

This study included five main steps:

1. Building models and calibrating them to represent soil water dynamics and weather
in Gilat (analysis of soil samples and monitoring data of Gilat and Sde Boker sites are
described in Appendix V).

2. Adjusting the rainfall generator parameters to represent other sites in the Negev. Soil
and evaporation parameters were assumed similar for all simulations of the Negev
sites.

3. Calculating long term WD and flux distributions using measured and synthetic data of
3-4 meteorological stations throughout the northern Negev.

4. Finding properties of these distributions that can be associated with depths to Bk and
By horizons, and reinforcing them as proxies for these soil horizons by comparison of
their trends with MAR and the reported trend for this region.

5. Testing local and global sensitivities of the proxies to various climate scenarios by

calculating them with synthetic weather created by different sets of parameters.

This chapter is divided into sections explaining each model. First | explain the
compartment model and its products (steps 1,3 and 4) in section 4.1; Then, in section 4.2,
| explain how the rainfall and PET generator works (steps 1,2), finally, in section 4.3 a

general overview is given for the sensitivity analysis done here (step 5).

4.1 The compartment model
The compartment model simulates the vertical distribution of soil water as a response to

daily rainfall and PET inputs. The daily procedure is taken in three steps. 1) At the
beginning of each day, soil water content in the top 20 compartments (0-1m) of the soil
is calculated to determine the amount of AET that will be taken out of the soil column. 2)
The entire daily rainfall infiltrate into the soil, assuming no runoff and only gravitational
flow, and distributed between the compartments, 3) the daily AET is taken out of the
compartments.

4.1.1  Soil space in the model

The soil space is simulated as a stack of 80 compartments, each representing a 5 cm soil
layer with a fixed water holding capacity (WHC) between 8r and FC water contents (Figure
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7). The soil column modeled in this study is 4m thick. The water content limits were

assigned according to 8r and FC water contents of the soil in Gilat (see section 5.1.4)

4.1.2 Infiltration and downward flow
All daily rainfall is assumed to infiltrate into the soil’s uppermost compartment. The

compartment must be filled to its FC water content before water may proceed downward
to the adjacent compartment. The flow stops when all of the daily rainfall depth was
distributed. The depth of the lowermost compartment that received water increase was
logged as the daily WD. Any excess rainfall depth left after all compartments were filled
was assumed to leach out of the soil to groundwater. In this case the daily WD is at

compartment 80, representing 395-400 cm depth.

Rainfall Evapotranspiration
Water Water
\ 4 Figure 7
Soil Surface The compartment model scheme
Layer Parameterization (modified after Marion et al,

1985).

Thickness =5 cm
FC=0.19 cm3/cm?
8:=0.02 cm3/cm?
WHC=0.17 cm3/cm?

Profile Base

Drainage

Water

Daily WDs, downward water flux from each compartment and the total number of days
at which each compartment was full to its upper limit, were logged in variables named
WD, WaterFluxOut and WetZone accordingly. These variables were later used to describe
and analyze the long term soil water distribution in relation with climate properties

(section 5.1.5).

4.1.3 Evaporation procedure and soil water content test for AET
Similar to the downward flow of infiltrating daily rain, the daily AET is taken out from the

soil profile top-down and evaporates instantly (assuming no upward flow). Water is taken
out first from the uppermost compartment. A compartment must be emptied to its lower

WHC limit (Br; water content), before any water is taken out from the next compartment.
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The procedure stops when all daily AET was taken out. The AET is calculated from the
daily PET using the calibrated crop coefficient (Kc) and the amount of total water content

in the profile at the beginning of each day according to eq. 1 (Marion et al.,1985).

Marion et al. (1985) simulated only 1-1.5 m of soil profile, and therefore tested the total
water content of their profile to force its effect on the AET. This effect decreases with

depth. Here | simulate a 4m deep profile

to include deep WDs and therefore the
50 + total water content at the topmost 1 m

of the soil is considered. | justify this
100 +

Depth (cm)

choice with Hydrus 1D simulations

150 1 (physically based model) that suggests

200 , ; ; , changes in water content are mostly

012 0.14 0.16 0.18 0.20 0.22

restricted to these depths in Gilat (Figure

Water content (cm3/cm3)

, 8). Further consultation with Prof.
Figure 8 HYDRUS 1D simulation of water content profiles

over the rainfall season of 2016/17 in Gilat — most changes  Shmuel Assouline (Volkani Instiute), re-
in water content are restricted to the first 1m of the soil

profile enforced this assumption.

eq.1:
(1) AET = Kc *
{ PET if TotalMoisture > WHCindex * TotalWHC

TotalMoisture . ppp  if TotalMoisture < WHCindex * TotalWHC
TotalWHC

(2) TotalWHC = Yt™PP"WHC , T.M.Depth = 100cm
(3) WHC =FC—-0,

WHC here is the water holding capacity of each compartment and is given in 1D water
content units (cm/5cm), as are the field capacity (FC) and the residual water content (6,).
T.M.Depth is the maximal effective depth for ET processes, prescribed here at 100cm — or
at compartment number 20. TotalWHC is the sum amounts of WHC of the compartments

within depths of 0—T. M. Depth (cm). TotalMoisture, is the sum amounts of existing water
contents within depths of 0—T. M. Depth (cm). WHCindex=0.546 (Marion et al., 1985) is

the point in WHC range, at which AET turns from being energy limited (i.e., controlled by

the atmospheric demand, AET=PET), to soil moisture limited. This value was taken from
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Marion et al. (1985) as there was no other source available. Kc is the crop coefficient that
limits PET according to variable vegetation conditions. This variable was calibrated to

include conditions in Gilat and assumed to be similar for other sites in the Negev.

4.1.4 Model parametrization
Materials were collected from soil samples, reported soil properties and time-series of

soil water contents from monitoring stations. The limits of the soil's WHC were deduced
from analysis of soil samples taken from Gilat and Sde Boker sites, and water content
measurements from Gilat soil monitoring station. It was reinforced by calibrating an
optimal FC which is consistent with all other estimations. The crop coefficient was
calibrated using data series of weather and soil water contents from the Gilat monitoring
station. Details of the extraction of soil and water content data, as well as the calibration

procedure are summarized in Appendix IV.

4.1.5 Proxies for depths to Bk and By horizons
In search of water distribution properties that could be associated with the depths to Bk

horizons, | first simulated water distributions of three sites with known depths to Bk
horizons and the longest measured times series of daily rainfall. Then, for each site, |
calculated percentiles, means, and vertical distributions of the three soil water loggers:
WD, WaterFluxOut and WetZone variables (discussed previously in 4.1.2). Few of these
properties were found to correlate with known depths to Bk horizons at all three sites.
The simulations were conducted using the compartment model with inputs of: the
optimal set of parameters that was found for Gilat site with the calibration procedure (see
in 5.2): Kc=0.6, FC=0.19 cm3/cm?, Br=0.02 cm?*/cm?; rainfall data-series of Be'eri, Gilat and
Sde Boker meteorological stations (retrieved from IMS website); and synthetic daily PET
series. Because of insufficient evapotranspiration data, the simulations were conducted
with synthetic PET created with the PET generator (section 5.2.2).
Reported depths of the top of Bk soil horizons are:
1. Be'eri: depth to Bk reported at 50cm (Eisenberg, 1980).
2. Gilat: depth to Bk is 25cm according to Dan and Yaalon (1982) and 30cm according to
soil profile of the monitoring station and an unpublished soil profile at Mishmar

HaNegev — from Dr. Onn Crouvi.
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3. Sde Boker: depth to Bk is about 15 cm according to the soil profile in Sde Boker soil
monitoring site, and according to Dan and Yaalon (1982).

Vertical profiles of three soil water loggers for all sites showed consistent associations
between the depths to Bk horizons described above and depths of the following: the
mean of the WD distribution (MeanWD), the 80" percentile WD (WDp80) and depth
where WaterFluxOut is 30% of the total rainfall in the simulation (Index30).

Further simulations using long-term synthetic weather reinforced these as proxies for
depths to Bk horizons. The synthetic weather data was generated to be of periods of 500-
5,000 years by the weather generator (see section 4.21). The trends of the calculated
proxies with MAR at each site were then compared with the reported trend of depths to
Bk horizons for the region (taken from Dan and Yaalon, 1982).

As Bk horizons were associated with the distribution of all daily WD’s, | examined if By
horizon depths could be associated with the distribution of maximal seasonal WD (SWD)
or with much smaller fluxes that percolate deeper into the soil. SWDs were taken out of
the long term WD distributions. The mean and 80™ percentile SWD (MeanSWD and
SWDp80), and the depth where WaterFluxOut logged only 3% (Index3) of the total rainfall
for all 4 sites. MeanSWD, SWDp80 and Index3 were plotted against MAR for each site and

compared with the trend of gypsic horizons in Dan and Yaalon (1982).

Depths in the WD distribution were taken as the mid-depth of each compartment. Depths
of Index30 and Index3 were calculated by linear interpolation of two adjacent
compartments of WaterFluxOut that contained relative fluxes of larger and smaller than

30% and 3% of the total rainfall respectively.

The final step was to calculate proxies for a range of weather properties and to quantify
effects of different properties on the depth of the proxy. This was done by running the
compartment model with the synthetic weather with various properties. The next

section, explains how the synthetic data series were generated.

4.2 The weather generator
A weather generator was first built to simulate weather with similar statistical properties

as in Gilat. It is composed of two components: rainfall and PET generators - described in

4.2.1 and 4.2.2, respectively. The rainfall generator was later on adjusted to simulate rain

21



in Be'eri, Beer Sheva and Sde Boker as well. It was built to simulate other weather
scenarios as well by four parameters which control mean properties of: daily rainfall (A
and B), number of events per year (Fd) and events durations (Fw). The PET generator was
built to simulate daily evaporation in Gilat, and applied the same to all sites. However
different evaporation regimes are generated for different intra-annual rainfall
distributions. To simulate scenarios with higher and lower PET, or higher and lower Kc, |

used a simple factor (Fper) over the entire PET series.

A,B,Fd,Fw and Feer are the five weather parameters that were used in the sensitivity
analysis to simulate and quantify the control of weather properties on proxies for depths

to Bk and By horizons.

The construction and validation of the rainfall and the PET generators required initial
analysis of rainfall and PET properties. Wet and dry days were defined in order to separate
probabilities for rainfall and PET conditions within rain events and within dry spells: Wet
days are rainy days with rain depth 20.1mm, and dry days are days with rain depth of O-

0.1 mm.

Initial distributions were derived from the following data-series from meteorological

stations in Gilat:

1. Daily rainfall data from Gilat (station 251350) for time period of 42 years (1953-
1996) (IMS reports). Based on these data | have derived the following distributions:
(1) daily depths of rainfall (2) probability of wet day occurring after a dry day (PWAD)
to describe a beginning of a rain event, and (3) probability of a wet day occurring after
a wet day (PWAW) to describe the chance of an event to continue if it had started in
previous day/days. PWAW and PWAD are empirical probabilities given for each day in
a 365 days year. A Weibull function was fitted to the empirical distribution of the daily
depths — with the scale parameter A, and the shape parameter B controlling the
function. Gaussian functions were fitted to the empirical distributions of PWAD and
PWAW — with Fd and Fw controlling the height of the Gaussians to simulate weather
with higher/lower frequencies of events, and longer/shorter durations respectively.

2. Rain and Penman-Monteith type PET data from Gilat (station 7580) for time period
of 16 years (2002-2018) (Ministry of Agriculture reports). Based on these data |
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derived the following distributions: daily depths of PET at four types of days (WAW-
wet after wet for days within rainfall events, WAD - wet after dry for the first day in
rain events, DAW-dry after wet for the first day after a rain event, and DAD-dry after

dry for days within dry spells) and for each month of the year.

4.2.1 The rainfall generator
The synthetic rainfall data were created in two steps. First, a day was determined as wet

or dry by semi-random choice out of the PWAD distribution if the previous day was dry,
or out of the PWAW distribution if the previous day was wet. The first day of simulations
was always assumed to succeed a dry day. Second, the daily depth was chosen from the
daily depths probability distribution. The rainfall generator scheme is illustrated in Figure

0.

Rainfall Generator Inputs

WAW, WAD: 1-365 probabilitie
Daily Depths Weibull distributon

¥

Repeat for day = 1 to 365: n=random number

between 0-1

Previous day was wet

If n <WAW(day) day is wet
If n =WAW(day) dayisdry

Previous day was dry

If n <WAD(day) day is wet
If n =WAD(day) dayis dry

Assign daily depth

m=random number
between 0-1

v

Daily depth(d)=DailyDepthDist(m)

Daily depth (d)=0

Go tonextday &

L day=day+1

F

Figure 9 The rainfall generator scheme for 1 year of synthetic data generation. The year includes days
numbered from 1 to 365, representing the hydrological year starting at sept-1st, and daily
depths (0 for a dry day).

In both steps, a random number between 0-1 was ruffled from a normal distribution. It
had to be lower than the given probability for a wet day in PWAD or PWAW — otherwise
it was determined dry. On the second step, a second random number was ruffled to

choose depth of rainfall from the daily depths distribution.
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This rainfall generator was created based on measured data from Gilat meteorological
station. The empirical PIWAW and PWAD values were plotted as a function of the day in
the year, then smoothened with a 15 days- running window, and then fitted with a
Gaussian (Figure 10).

The two Gaussians control the frequency and durations of rainfall events, with PWAD
representing the chance of a daily rainfall to occur after a dry day, and the PWAW,
representing the chance of a daily rainfall to occur after a wet day. Therefore, frequency
and durations of events can be controlled by the heights of these two Gaussians. The
Gaussians control the frequency and durations of rainfall events, with PWAD representing
the chance of a daily rainfall to occur after a dry day, and the PWAW, representing the
chance of a daily rainfall to occur after a wet day. Therefore, frequency and durations of

events can be controlled by the heights of these two Gaussians.

1 OCCURENCE
0.eé —
> S 2N
z_ E 04 vuralions
3 || . £
1 Frequency of rainfall <
'8 lll at specific days (per year) 8 0L
& ; = Events/Y
o
\.\ — \
0, T 0 100 200 M0 4
days from sept-1st DATE
Figure 10 Schem for deriving gaussians from measured rainfall data for the probablities of

generating rain days (PWAW and PWAD) with the rainfall generator in this study. On the left: empiric
probabilities of WAW and WAD days. Smoothened by a 15 days running window. On the right: the fitted
Gaussians specifying the control of PWAW over events duration (blue) and the control of PWAD over
Events/year (orange).

A Weibull function was fitted to distribution of daily depths in Gilat. | used the scale
parameter (A) of the Weibull distribution to control the mean daily depth of the synthetic
series. Changing the shape parameter (B) did not affect the goodness of the results in a
definite way and therefore was fixed on the value retrieved for Gilat. The rainfall
generator was validated by comparison of means and standard deviations of rainfall
properties in the measured data and in 100 synthetic series generated the same

parameters.
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Simulating rainfall for sites in Be'eri, Beer Sheva and Sde Boker was done as following:

1. Sensitivity analysis was conducted on 3 parameters: the scale parameter of the daily
depth Weibull distribution - A, a factor over the PWAD Gaussian — Fd, and a factor
over the PWAW Gaussian-Fw. The parameter values were plotted against the resulted
properties of the simulations' synthetic rainfall — the mean daily depth, mean number
of events per year and the mean events duration respectively — from which functional
relationships between parameter and mean property were created.

2. Table 1 summarizes mean properties of rainfall data of Be'eri, Be'er Sheva and Sde
Boker. These were calculated from data-series reported from the meteorological
stations at these sites (source — IMS; id number and periods in Table 1).

3. For every site, | used the functions from step 1 to get the appropriate set of
parameter. Then, | compared statistics of rainfall properties derived from 100
simulations and the statistics of the measured rainfall series for each site (Appendix
V).

4.2.2 The PET generator

Following Tsakiris's (1988) PET generator, means, standard deviations, autoregressive

coefficients and skewness of daily PET were derived for WAW, WAD, DAW and DAD types

of days, in each month of the year, from the 16 years long time series of daily PETs in

Gilat. The model is autoregressive and the daily PET was calculated based on all of the

above and on the PET derived for the previous day. A normal random variant exist in the

calculation for stochastic variation of the values. The method is explained thoroughly in

Tsakiris (1988).

For validation | compared mean monthlies and standard deviation of the measured daily

PET in Gilat with means and standard deviations of synthetic PETs. These were created

using synthetic rainfall time series for Gilat to allow various distributions of WAW, WAD,

DAW, DAD type of days.

A factor over the PET data series (Fper) was installed to create climates with greater or

lower evaporation rates.
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4.3 Sensitivity analysis
The last step in this study was to quantify the effect of climate properties on long-term

WDs and soil water distribution. | simulated various climate scenarios with the rainfall
generator and calculated proxies for depths to Bk and By horizons using the compartment

model.

RAINFALL GENERATOR PET GENERATOR

Built here to accommodate with rainfalls in Gilat
and the northern Negev ‘.

¢
OCCURENCE ] Rainfall Evapotranspiration K¢
“\5,‘ Water Water 4
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; Soil Surface
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2
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Water (modified after Marion et al., 1985)

Figure 11 A scheme of the combined weather and soil models: Rainfall parameters- A, B, Fd, Fw control
probabilities of rainfall occurrence and depths and therefore influence mean properties of the rainfall
distribution. Fper is a factor over the daily PET series. Results of the compartment model (i.e.-depths to Bk
and By proxies) change with these 5 parameters

First, 5000 years of synthetic weather were created with the calibrated rainfall
parameters for Be'eri, Gilat, Be'er-Sheva and Sde Boker. These were used as input data to
the compartment model to calculate the reference proxies for the depths of Bk horizons.
Local sensitivities were than quantified for 20% differences in all five weather parameters
for each site on the depths to Bk horizons proxies comparing results with reference
proxies. Maximal absolute differences of proxies' depths and mean weather parameters
were illustrated to discuss ranks of effects of the various properties and parameters. Local
effects of the rainfall parameters on the trends with MAR were also illustrated by
calculating MeanWD with only one rainfall parameter change at a time. This approach
allowed me to reveal trends for regions where the rainfall distribution vary by only one

main property of mean daily depth (by 1mm interval changes in A par.), mean events per
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year (EventsN — by 0.1 interval changes in Fd par) and mean events durations

(EventsDurations — by 0.1 interval changes in Fw par.)

For the global sensitivity analysis, about 1500 data series of rainfall were created with
various sets of parameters using the rainfall generator (Table 2). For each rainfall data
series, an evaporation data series was created with the PET generator. These data sets
were inserted into the compartment model for simulations of soil water distribution and
produced results in the form of WD distributions, and depths of proxies for the top of Bk
and By horizons. | ran each simulation three times with different evaporation factor for:
Fper=0.5,1,1.5 — lllustrating the effects of 50% increase or decrease in the mean PET within

the rainfall season on various rainfall scenarios.

Table 2 Ranges of rainfall parameters included in the simulations for global analysis

Parameter | Range Intervals | Affected prop. Range of means for affected prop.
A 0.5-9.5 1 daily depth 0.7-11.6 mm

Fd 0.2-4 0.2 events per year 3.8-61.5 events/y

Fw 0.2-1.8 0.2 events duration | 1.1-9.9 days/event

The results were limited to mean affected properties in Table 2 and by mean annual
number of wet days of 100 days/year. This is according to statistics of mean annual wet
days given in Morin et al. (2019) for hyper arid to dry subhumid regions. Results were also
limited by MAR <900mmPa/year according to the expected range in global record of

depths to Bk and By horizons.

These results were plotted against weather parameters and mean properties of the
rainfall distribution: MAR, EventsN, DailyDepths, EventsDepth, EventsDurations,
DrySpells and frequencies of extreme events to demonstrate controls of various
properties on the depths and trends of Bk horizons with weather properties. In the result
section | present some of the results that contribute insights for discussion. Global
sensitivity of depths to By horizons is given in only one plot against MAR for

demonstration.
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5 Results

5.1The compartment model

5.1.1  Soil Texture
The textures measured for the soil profiles in Gilat and Sde Boker are relatively uniform and

similar. Description of the profiles is given in Appendixes II-1ll, description of the sampling and
analyzing of the samples is given in Appendix IV.I. The soils' textures are classified as silt loam to
loam, with higher silt component in Sde Boker profile (Figure 13). FC and B were estimated
using the Rosetta model (Schaap and Van Genuchten, 2001) and measured values of textural

percentages and bulk density of soil samples (Table 3, 4).

¢ Gilat soil ) ]
samples Soil Texture Triangle

00 SB soil samples

A MH soil samples

1) A Vo ..o, \
L NLNLNL NSNS CUYAY. . ‘ i LN/ &
\ /\ /\ \ 0 / ATTANG s ©
NG (- NSNNAE NN NANF-ONE N D
AN — WA — 7S\ S
Vil __\,“.‘“m" \\1/\/ \/ NN NN\ ,\/\ / L_/isL\\ >
) 2 % 2> % 5 5 > B T
- «——— Sand Separate, %
Figure 12 Soil textures of soil samples from Gilat, SdeBoker (SB) and Mishmar HaNegev (MN)

profiles. MN profile data was taken from unpublished data of Dr. Onn Crouvi of the GSI.
In Sde Boker most of the profile is classified as silt-loam apparat from 4 samples that represent negligent
parts of the profile. Two were taken from the upper-most loamic 6 cm of the profile (samples: 2769, 2770
in Table 4); and the two other samples, which are classified as silty-clay-loam represent only the lower-most
buried Bk horizon at 75-115 cm (samples: 2775,2776 in Table 4).

In Gilat most of the profile is concentrated around the boundary between silt-loam and loam classifications,
with the exception of the lower-most sample at 130 cm which contain more silt and probably represents a
pleistocenic buried soil.
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Table3  Soil samples from Gilat monitoring station profile
Sample Bulk Rosetta soil
. . parameter
Depth Depth**  CaCo3 Density Clay silt san  redictions
*(cm) Horizon 1D (cm) (%) (glem’®) %™ % d% FC er
0-10 A 2868 10 12.7 1.06 179 518 303 0.19 0.069
2861 20 12.7 1.12 176 508 317 0.19 0.066
10-30 AB
2867 27 13.0 1.35 21.2 493 295 0.21 0.068
30-55 B 2864 40 13.3 1.43 236 489 275 0.22 0.070
2866 40 124 1.37 231 477 29.2 0.22 0.070
2865 60 14.0 1.46 247 479 274 023 0.071
55-100 B-Bk 2862 80 12.9 1.52 222 499 28.0 0.21 0.065
2869 90 14.9 1.45 2000 50.2 29.7 0.20 0.063
100- 2863 110 17.5 1.42 228 513 259 0.21 0.069
140 2870 130 23.5 1.48 225 588 187 0.21 0.070
Table 4 Soil samples from Sde boker monitoring station profile
Sample Bulk Rosetta soil
. . parameter
Depth Depth CaCo3 Density Clay Silt Sand oredictions
“(cm) Horizon ID (cm) (%) (glem®) %™ % % FC er
2769 0-3 24.8 - 1434 43.03 42.63 0.21 0.052
0-15 A 2770 3-6 11.9 - 15.84 36.85 4731 0.22 0.054
2771 6-15 22.1 - 2251 51.47 26.02 022 0.071
2772 15-30 24.9 - 2240 5546 2213 0.21 0.068
2871 25** 24.2 1.48 1793 55.71 26.36 0.19 0.060
15-50 Bkl
2773 30-50 25.0 - 23.17 5477 2206 0.21 0.075
2873 35** 22.1 1.25 20.55 5855 20.89 0.20 0.072
2774 50-75 27.7 - 24.68 54.74 2058 0.22 0.074
50-75 Bk2
2872 60** 32.6 1.42 22.13 59.62 1825 0.21 0.071
2775 75-90 37.1 - 30.72 56.65 12.64 0.26 0.086
75-115 Bbkm
2776 90-115 38.8 - 37.23 50.76 12.01 0.29 0.094

* The profile was visible down to 140 cm for the Gilat site, and to 120 for the Sde Boker site
**  Sample depth indicate middle of 5 cm diameter samples
*** Clay fraction is defined as <6 micron
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5.1.2

Analyses of water content retrieved from monitoring stations

Soil water content measured by the sensors and calculated from soil samples is

summarized in Tables 5 and 6. The highest water content measured by the sensors was

far below saturation and close to estimated FC water content. The lowermost water

content was higher in the deeper layers (closer to estimations of 6r with the Rosseta

model) and around estimated 6r (0.02 cm3/cm?3 of Mualem, 1976) at the shallow layers.

Differences in water content between sensors located at similar depth were relatively

high (0.02-0.05 cm3/cm3 ; depending on the water content range), however, the

behaviors of sensors from similar depths are similar with respect to the changes in water

content, timing and rates (see figure in Appendix IV.II1).

Table 5

Gilat monitoring station : Water contents (cm*/cm®)

Sample/Sensor
Depth* (cm)

Soil samples

Sensors measurements

Sample Water

Sensors Water

ID Content at 5.1.17 | Contentat5.1-20.1.17 maximal minimal
10 2868 0.17 0.12-0.10 0.21-0.16 0.02-0.025
20 2861 0.16
27 2867 0.15 0.16 0.215 0.07
40 2864 0.08
40 2866 0.07 0.14-0.09 0.23-0.16 0.076-0.12
60 2865 0.09 0.11 0.173 0.1
80 2862 0.10 0.12 0.15 0.11
90 2869 0.10
110 2863 0.11
130 2870 0.13
Table 6 Sde Boker monitoring station : Water contents (cm3/cm?®)
soil samples Sensors A measurements
Sample/Sensor Sample Water
Depth* (cm) Content at Sensors Water Content
ID 8.11.17 at 6.12.17-20.1.18 maximal minimal
0-3 2769
3-6 2770
6-15 2771 0.08-0.11 0.21-0.23 0.08-0.12
15-30 2772
25% 2871 0.05 0.10 0.15-0.21 0.13-0.14
30-50 2773
*35 2873 0.05 0.11-0.14 0.15-0.11 0.14-0.12
50-75 2774
60* 2872 0.09 0.12 0.13 0.13
75-90 2775
90-115 2776
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5.1.3 Calibration-validation
Calibration and validation were achieved by comparing the modeled and measured water

content profiles at two dates after similar periods of wet and dry days (procedure and
methods explained in Appendix IV). The optimal set of parameters was found for: Kc=0.6,
FC=0.19 cm3/cm3. Therefore, WHC=FC-Br=0.17 cm3/cm3. Mean absolute difference and
root mean square difference for optimal parameters are around 1 mm of water content
(Figure 13), which is 0.0025 cm3/cm?® of volumetric water content error for 4 cm
compartments. The WDs that are consistent with sensors data in SETA and SETB periods
of the calibration, and this set of parameters also predicted the expected shape of the
water content distribution, where, at shallow and deeper layers the water contents were

lower compared with the slow drying wet layers in the middle of the profile (Figure 13).

Water contents at sensors' depths Water contents at sensors' depths
a timing: end of SET A b timing: end of SET B

water content (mm)

water content (mm)
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Figure 13 Results of the compartment model (a) calibration and (b) validation for optimal parameters in
Gilat.

5.1.4 Water distribution properties
Figure 14 displays results for simulations of various long-term soil water distribution

properties. Inputs for the simulations were the calibrated parameters, measured data-
series of rainfall from meteorological stations in Be'eri, Gilat and Sde Boker, and synthetic
PET series based on the PET generator. Lack of appropriate measurements of PET data
forced the usage of synthetic simulations. Properties on display are: the distribution of
long term water flow with depth; the distribution of wet zones in the soil profile, where
the compartment held count of the length of time that each layer in the soil was filled to
the FC water content; percentiles of wetting depths as counted for all rain days, and
percentiles of the seasonal maximum for each year of the simulation. For all three sites,

the depth to known carbonate horizons correlated with the depths where about 30% of
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the rainfall total passed through- Index30, with the MeanWD and with 80" percentile of
wetting depths- WDp80, suggesting that these variables can serve as potential proxies for

carbonate horizons.

Results of the comaprtment model simulations
for measured rainfall at three sites
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Figure 14 Initial results of the compartment model predict association of soil water distribution properties with depths
to Bk in Sde Boker, Gilat and Be'eri. The distributions are illustrated in form of (a1,b1,c1) — water fluxes ('WaterFluxOut');
(a2,b2,c2) durations of high water contents ('WetZone'); and (a3,b3,c3)-WD and SeasonalWD distributions. These were
simulated with measured rainfall series (daily data of 40-70 years periods, gathered from meteorological stations in
each site). Depth of top of carbonate horizons (Bk) is associated with depth where WaterFluxOut of the layer is about
30% of the total rainfall (Index30 at al,b1,c1); longer periods of the WetZone (in 2,b2,c2); with the depth of 80th
percentile of wetting depths and with the mean wetting depth (WDp80 and MeanWD in a3,b3,c3).
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Local sensitivity of Index30 and WDp80 to the calibrated parameters was tested for the

local effect of changing the parameter with £10% (Table 7).

Table 7 Local sensitivities of the three potential proxies to the calibrated parameters — results

from simulations for rainfall of Gilat meteorological station.

Gilat or Mishmar HaNegev: depth to carbonate horizon: 30cm

depth of MeanWD

Change in parameters index30 (cm) err (%) | WDp80  err (%) (cm) err (%)
no change: 32 33 20

FC-10% 35 7% 38 15% 24 21%
FC+10% 30 -6% 33 0% 18 -11%
Kc-10% 35 10% 38 15% 23 15%
Kc+10% 30 -9% 33 0% 18 -8%
T.M.Depth-10% 31 -5% 33 0% 21 5%
T.M.Depth+10% 34 5% 38 15% 20 -1%

For Sde Boker and Be'eri, the effect of changing the above parameters with £10%

resulted with changes in the depths of potential proxies by no more than 10%, not

including the effect of Kc over the WDp80 in Sde Boker where an increase of Kc by 10%

resulted with a shallower proxy by 36%, which translates to only 5cm.
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5.2 The Rainfall Generator
Statistics of the synthetic rainfall properties derived from the rainfall generator resemble

the properties of the meteorological data set, and therefore seem to represent the
current climate in Gilat. The results of the synthetic data were tested using 100
simulations of 42 years of rainfall, similar to the period of the measured series (1953-
1996). The percentiles of daily depths and MAR were plotted to give a visual
representation of the distributions of these properties for each simulation and for the

measured data (Figure 14).

Distributions of measured and synthetic data

Total annual rainfall: Daily depths:
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Figure 15  Validation of the rainfall generator for weather in Gilat: Distributions of MAR and mean daily depths of
100 synthetic series (in color) compared with measured rainfall series in Gilat (black stars) — on the left are the
distributions of MAR, and on the right are the distributions of the mean daily depths.

Other properties were also compared between the measured series and each of the 100
simulations using means and standard deviations. T, F and K-S tests were taken to
establish confidence in the efficiency of the synthetic data to represent the climate
propertiesin Gilat. The simulations produced data with very similar properties and agreed
with the statistics of the measured data. Table 8 summarizes the statistics and percentage
of success in the statistical tests. For the large majority of the simulations and rainfall
distribution properties, statistical tests did not reject the possibility that the measured
and synthetic data represent random samples of the climate in Gilat at a 5% significance
level. Results of the statistics tests in Table 8 are represented by the percentage of
synthetic series, for which this hypothesis was not rejected, and therefore were

considered as success in the tests.
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Table 8 properties of the measured data from Gilat meteorological station (IMS), and
simulated data with the rainfall generator. Distributions with scores of 70% and higher for the
T,F and KS statistical tests, were highlighted for the convenience of the reader.

event separation criterion: 2 mm

_ Gilat 42 years of dataxX100

site Parameters for synthetic series:
A=5.45 B=0.76 Fdry=1 Fwet=1

data-series measured Synthetic T F PS<

o mea .
Distributions mean std n std err % not rejected
Mean annual rainfall (mm) 2376 812 2398 732 1% 100 93 99
Daily depths (mm) 6.5 9 6.5 85 0% 100 55 3
Annual mean daily depth (mm) 6.5 2 65 14 0% 100 97 100
Number of wet days per year 36.6 9 369 76 1% 99 89 99
Number of rain events per year 19.0 4 196 35 4% 98 73 98
Events depths (mm) 13.0 21 122 168 -6% 97 2 0
Annual mean events depths (mm) 12.8 4 123 34 4% 100 57 100
Events durations (days) 1.9 1 1.9 14 3% 95 39 59
Annual mean events durations (days) 1.9 0.4 1.9 03 -3% 98 86 98
Frequency of extreme daily depths -

i . . . 100
(p99Gilat) 04 1 0.3 0.6 15% 98 81
Extreme daily depth > 99" percentile (mm)  42.7 406 28 5%

Dry S_pells (days) 0.1mm event separation 0.8 83 114 107 16% ) 0 0

criterion

Annual mean_dry spell_s ((.jays) - depth of 103 3 117 25 14% 23 85 &

event separation criterion: 0.1 mm

Annual std of dry s_pel!s (fiays) - depth of 8.1 4 102 40 25% 24 86 25
event separation criterion: 0.1 mm

Dry Spells (days) 2mm event separation 131 12 130 125 -1% 100 75 88
criterion

Annual mean_dry spell_s ((.jays) - depth of 143 6 134 34 6% 100 2 100
event separation criterion: 2 mm

Annual std of dry spells (days) - depth of 121 7 120 48 1% 100 23 98

Local sensitivity of the rainfall distribution properties to the generator input parameters

are presented in Figure 16. This sensitivity is quantified around the optimal set of

parameters for the rainfall in Gilat (Fd=Fw=1, A= 5.54mm, B=0.76). Uncertainty of the

rainfall mean properties was reduced from 18-25% to 5-10% for simulations of 50 and

500 years periods, respectively. This uncertainty results from the stochastic nature of the

model and is viewed by the variability of the mean properties of the rainfall.
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Results of the rainfall generator for changing one parameter at a time
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Figure 16 Local sensitivity and correlations between rainfall parameters and mean rainfall

properties: (a) the mean number of events per year was correlated with Fd parameter; (b) the mean event
duration with the Fw parameter, (c) the mean daily depth with the scale parameter (A) of the weibull
distribution for daily depth. (d) Sensitivity was also evaluated for the effect of the shape parameter (B). All
results are for changing only one parameter while the others were fixed on the optimal set for the Gilat
rainfalls (Fd=Fw=1, A= 5.54mm, B=0.76). For any change in the parameters, the rainfall was simulated 100
times giving a range of uncertainty of the model for rainfall properties that is the result of the stochastic
nature of the model, and the chosen distribution functions. The range for Fd (a), and Fw (b), are the factors
over the probability Gaussian for WAD and WAW days respectively was 0.7-1.5 with intervals of 0.01. the
ranges for the scale (Ain c), and shape (Bin d) parameters of the Weibull distribution for daily depths were
0.2-15mm with 0.1 mm intervals for A, and 0.75-0.85 with 0.001 intervals for B.
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Functional relationships between parameters of the rainfall generator and the mean
properties of the simulated rainfall derived by curve fitting (Figure 16) The variability of B

in the study site is small, differences from the evaluated B for Gilat are: in Sde Boker- up

to 0.3%; in Be'er Sheva — up to 3%, and in Be'eri- up to 6%. Therefore the B parameter

was fixed on the value estimated for Gilat, and input parameters for simulations of
rainfall in the other three sites are given by the relationships of Fd, Fw and A given in
Table 9, and mean weather properties given in Table 1.

Table9  Functional relationships of parameters A, Fd and Fw with the appropriate rainfall

properties for B=0.76mm, derived from the results in Figure 16. The appropriate rainfall
parameters for 3 meteorological stations in the northern and central Negev were calculated.

Sde Beer
Function R? RMSE Boker Sheva Be'eri
A = 0.8502(mean daily depth)-0.08192 0.9996 0.08685 2.78 4.03 7.52
Fd = 0.06441(mean events in year)-0.2562 0.9968 0.01328 0.76 1.06 1.02
Fw = -1.897(mean events durations)(11874+1.896 0.9991 | 0.007093 0.88 1.03 1.06

Two results of the rainfall generator for Be'eri and Beer-Sheva sites are presented in Figure
15 as examples. The parameters for the simulations were chosen with the formulas from
Table 9, and using measured data series to draw the required input values for properties
of events number, durations and mean daily depths. While the events number (per year)
and the events durations were simulated very well, setting the shape parameter (B) at a
fixed value compatible with Gilat daily rainfall distribution resulted with some
discrepancies for the daily depths, which also affected the MAR. The simulations for Beeri,
Beer-Sheva and Sde-Boker sites over-estimated the mean daily and MAR in normal and
dry years, and to a small extent it under-estimated rainfall in extreme days and years. The
mean errors for MAR properties such as events per year, events durations, and mean
dailies are small, in the range of 1-5%, and the synthetic series seem to represent the
rainfall of Be'eri, Gilat, Be'er-Sheva and Sde-Boker sites. Test statistics and comparison of

the rainfall properties distributions of all four sites are presented in Appendix IV.
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Figure 17  Validation results of the rainfall generator in Be'er-Sheva and Be'eri — examples of the model's
performance for un-calibrated locations in the study site. Distributions of MAR from 100 synthetic series
(colored lines) compared with MAR of measured data series (black stars) for Be'eri (left) and Beer Sheva
(right) sites. Input parameters for the simulations were calculated using rainfall properties measured at the
appropriate meteorological stations (Table 1) and relationships in Table 9 Simulations in Be'eri are with
greater discrepancies than in Beer-Sheva. Both under-estimated wetter years in most of the simulations.
However, the differences are not large and some of the simulations do appear similar to the measured data.

5.3 PET Generator
The PET generator requires an input of a rainfall data series to assign daily PETs for DAD,

DAW, WAD, WAW types of days, for each month of the year. The performance of the PET
generator was tested for deriving mean and standard deviations of monthly PETs similar
to a measured one. The input to the PET generator was a 5000 years long synthetic rainfall
data series, based on rainfall generator, with parameters for Gilat meteorological station.
The mean and standard deviation of the monthly PET of a synthetic series and a measured
series are plotted in Figure 17. The standard deviation is very low in the synthetic series

compared with the 16 years long measured series.

Figure 18 Validation results of the PET
generator for Gilat site: monthly means

& \'\ : (blue) and standard deviations (red) of
measured (circules) and synthetic (black

: 8 1 lines) daily PETs.

4 / \b‘\c\ ]

o ",
2 / b

Mean daily PET
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5.4 Geographical trends of water distribution properties and MAR
Mean WD, WDp80 and Index30 were found to correlate well with top of Bk horizon (Figure

14), when using measured rainfall series in Be'eri, Gilat and Sde Boker of 40-70yrs. | re-
examined these correlations, this time using synthetic rainfall data of 500 years periods
simulated by the rainfall generator for Be'eri (340 mm/yr), Gilat (240 mm/yr), Beer Sheva
(180 mm/yr) and Sde Boker (90 mm/yr). MeanSWD, SWDp80 and Index3 seem to follow
the trend of depths to By horizons. The proxies were plotted on Dan and Yaalon (1982)
diagram using ten repetitions of 500 years-long simulations (Figure 18).

WD Proxies for depth to Bk and By (500y simulations)
Mean Annual Rainfall (mm)

0 100 200 300 400 500
0 T T T T
9 6 WD proxies for depth to Bk:
- <o 6 © Index30%
- ‘ Average of 10 simulations
g 50 - 'o‘/E Simulations with | ¢ WDp80
— Y stochastic rainfall X10
& o= t" % : & MeanWD
prwr)
Q.
[}
() s WD proxies for depth to By:
[e) 100 a ] Index3%
n
¢ SWDp80
By: CaSO4 Bk: CaCO3 MeanSWD
150 : accum. zone ' accum. zone

After Dan and Yaalon (1982)

Figure 19 Trends of depths to Bk/By in Israel (after Dan and Yaalon, 1982) reproduced by WD results of the
compartment model simulations - using long term synthetic weather for 4 sites in the Negev.

All proxies seem to follow the schematic trend of Dan and Yaalon (1982). This reinforces

the legitimacy of the proxies and validate the combined compartment model and the
weather generator. The variability of the results, caused by the stochastic nature of the
rainfall and evaporation, does not affect the trends, and proxies that were simulated for
the same site with similar properties, are deeper with small differences and still correlate
with the MAR. 5000 years simulations were also conducted, producing results that are
averaged to the same depths as the 500 years simulations, with less rainfall variability, all
seem to indicate similar values. Yet, within five repetitions of the 5000 years simulations,
WDp80 had some differences of up to 5 cm depths, and the results of 500 years

simulations vary in a range of up to 20 cm for the suggested proxies depths to By horizons.
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The latter seem to be affected mostly by its high sensitivity to the differences in the
simulated rainfalls and therefore might suggest realistic behavior of depths to By

horizons.

MeanWD and MeanSWD are the most robust of all the potential proxies, having very
similar depths with short and long term simulations, suggesting that they are less
sensitive to variations in climate because of the mathematical qualities of the mean.

These proxies seem to have the best fit to the curve.

5.5 Sensitivity analysis for carbonate and gypsum proxies

5.5.1 Local sensitivity
Four sets of rainfall parameters were used to simulate the weather in Be'eri, Gilat, Beer

Sheva and Sde Boker (Table 9). In Figure 20, local effects of changing any parameter with
20% on the depths of MeanWD are presented. The effects vary from 2cm in Sde Boker to
24 cm in Be'eri. The effects increase with MAR (Figure 21.a-b). However, the deepening or
shallowing of a proxy is more correlated with the effect of the parameters on the mean

event depths (Figure 21.b-d).

Comparing maximal absolute difference of MeanWD, Index30 with weather properties
suggest a closer relationship between increases in EventsDepth and Index30. Index 30 is
also more sensitive to B parameter that affects the mean and tail of the daily depths,
comparing A parameter that mostly affects the mean, whereas effects on MeanWD are

opposite (Figure 21).

Parameters A, B and Fw all affect both mean event depth and MAR by increasing mean
daily depths, extreme daily depths or mean event duration. The control of these
parameters on deepening and shallowing of the proxies are not symmetrical. For
deepening of MeanWD, Fw that mostly control the event durations is more effective than
A and B parameters, even though MAR and EventsDepth experienced similar or slightly
greater increase by the changes in A or B parameters. And although B-20% cause greater
increase to MAR and to mean event depth, its effect on the MeanWD is almost 2-3 times
lower than A's. That is not the case for Index30 — for which their effects are similar

(Appendix VI).
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For shallowing of MeanWD, A, which has greater effect over the mean daily depth, is the
most effective parameter, although B+20% cause greater changes to MAR, EventsDepth
and Index30 (Appendix VI). However, out of the rainfall parameters, B+20% has the
greatest shallowing and moderating effect over the depths and slope of the trend of
MeanWD with MAR. Suggesting that if MAR is kept constant while less extreme rainfalls
occurs the depths to Bk horizons will be shallower. This emphasizes the importance of
extreme events to WDs and depths to Bk horizons. However, for deepening of MeanWD,

Event durations and A parameter are more effective.

PET is the only variable that changes independently to MAR. Thus decreasing Fper by 20%
(without any change in rainfall properties) cause deepening of both MeanWD and

Index30 by 10-20% (Figure 21).

Fd is the parameter most affecting EventsN. It has insignificant effects on the other rainfall
properties that control the mean event depths, but it does affect the MAR. In Figure 22 the
results of MeanWD from simulations of 20% changes in weather parameters for each site were
plotted against the MAR instead of its geographic location (as in Figure 20). This emphasizes the
effects of weather parameters and rainfall properties on the trend with MAR. The effects of Fd-
or EventsN (red lines in Figure 22), and Feer cause the greatest difference to the trend, which
implies that for the same annual rainfalls, depths of Bk horizons are most sensitive to EventsN
and PET. The rainfall generator is structured so that EventsN and EventsDepths are determined

by different parameters and therefore the interactions of their effects are week.

Figure 23 illustrates how MeanWD would trend differently with MAR for variations of
three different rainfall parameters. In the northern Negev, the regional transect of MAR
is mainly a result of the change in A affecting MAR. In areas where the main property that
changes would be the EventsN, the trend of Bk horizons with MAR would be expected to

be shallower, and more subtle.
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Local sensitivity of MeanWD to 20% change in the model's weather parameters. The

effects of the change of parameter to the most influenced weather properties is given in the legend on the
right. EventsN is the mean annual number of events (events/year); EventsDur. Is the mean event duration
(days); M.DailyDepth is the mean daily depth (mm); M.ExtDailyDepth is the mean of 99t percentile taken
from 100 rainfall simulations (mm); Ext.DailyDepth-freq is the mean frequency of occurrences of

Ext.DailyDepth (days/year) taken from 100 rainfall simulations.
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Trends in the Negev when changing each par by 20%
Mean annual rain (mm)
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Figure 22 Effects of 20% change in weather parameters on the regional trend of MeanWD with

the MAR: each line represent a trend of MeanWD with MAR simulated with 20% change in one of the
properties: number of events per year (controlled by Fd- red); mean event duration (controlled by Ew in
blue); mean daily depth (controlled by A — green) and the factor over PET shown with yellow circles for
20% increase, and with purple circles for 20% decrease in the daily PET.
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Local effect of rainfall parameters on the
trending of MeanWD with MAR suggesting
differences in the trending of depth to
carbonate horizons for areas with different
climates: Results of changing one rainfall
parameter at a time around two fixed sets
of parameters - approximating weather in
Sde Boker (left) and Be'eri(right)
Increments of each rainfall parameter in
the simulations are given in Table 2.



5.5.2  Global sensitivity analysis
The results of 1500 combinations of rainfall parameters for Fper of 0.5,1 and 1.5 are

presented with MeanWD and MeanSWD proxies plotted against MAR. The results are
displayed in colors yellow, blue, and magenta according to the appropriate Fper on Figure
24. The proxies in the graphs can be read with cm length units (y-axis on the left), for soils
with WHC of 0.17cm3/cm3, as assumed for the northern Negev, or, with general WHC

units (y-axis in the right) to be translated for depths in soils with other water content

properties.
Results of global sensitivity
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Figure 24 Global sensitivity analysis for the effect of rainfall and evaporation parameters on the

depths to carbonate (left) and gypsum (right) proxies as a function of the mean annual rainfall: Results of
about 1500 simulations with various combinations of rainfall parameters shown for three different PET
factors. Local effects of the FPET on MeanWD simulated for Sde-Boker (80-90mm), Beer-Sheva (190mm), Gilat
(240mm) and Be'eri (350mm) are shown for reference. Bk trends found for summer (Jenny, H.J., and Leonard
1935) and winter (ARKLEY 1963) rainfalls fall in ranges of high and low FPET results respectively.

Generally, MeanWD and MeanSWD deepens with MAR and with average decrease in
PET. It is shallower for higher PETs. The control of MAR over depths of proxies is
apparent, but the scatter suggest effects of other rainfall properties that vary within the
scenarios (Figure 24,Figure 25). As seen in the local sensitivity results, the effects of any
weather property on the proxy grows with MAR. MeanSWD is much more sensitive to

weather than MeanWD (Figure 19,Figure 24).
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The effect of PET on the depth of the Bk horizons can be dramatic. Although at ~300
mm/year, an increase Fper by 50% results with shallower proxies by only 5-10 cm, a
decrease of this variable by 50% results with about 40 cm deeper MeanWD. The effect
of EventsN on MeanWD varies from 5 to 130 cm in the range of 20-400 mm of MAR (Figure
24). Figure 25 displays the relationship between MeanWD and MAR for current
evaporation conditions as calibrated for Gilat (Fper=1, Kc=0.6). Colors and sizes of circles
in these diagrams indicate the mean number of annual rainfall events and mean event
depth, respectively. This resulted with seemingly deeper and steeper bands of color for

simulations with lower number of MAR events.

Results for simulations with various rainfall properties
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Figure 25 Results of simulations with various rainfall properties and constant PET (Kc=0.6, Fper = 1
— as calibrated for Gilat site). The annual rainfall control the general trend, while a combined effect of the
mean annual frequency of rainfall events (EventsN) and mean depths of events (EventDepth) cause scatter
of up to 100cm. The effect is smaller for lower annuals. The effect is larger for simulations with low to
medium frequency of events/year (<20 events/year).

The depth of the MeanWD can be determined by a combination of any two properties

out of: EventsN, EventDepth and annual rainfall (e.g. - Figures 25,26).

Sensitivity of MeanWD with other rainfall properties are illustrated in Figures 25,26. In
these figures, | have isolated results of Fper=1, and relatively similar MAR (280+30 mm)
and plotted them against various rainfall properties. The range of MAR was chosen to

allow for a combination of maximal number and variability of results and minimal range
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of MAR. The mean number of events per year and the mean event depth control the
depth of MeanWD and reduce the vertical scatter of the results of 260-310mm/year
from about 70 cm (or 12 units of WHC) to up to 20cm (or about 3.5 units of WHC)

(Figures 25-26).
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Figure 26 sensitivity of the MeanWD to 6 different properties of rainfall when mean annual is

limited to 250-310mm and FPET=1. Colors represent the mean event depth which is positively correlated
with the MeanWD. In plots b-d, few results are unaffected by the rainfall property and are limited to about
17cm depths- suggesting bi-modal behavior of the results.

Setting aside few unaffected results, the mean event depth is almost linearly correlated
to the MeanWD according to Figure 26.b. It has the strongest control over the depth of
the MeanWD. The mean number of events per year is negatively correlated with
MeanWD and with the mean event depth, and presents similar bi-modal behavior with
respect to the same "unaffected" results around 17cm depth. The rest of rainfall
properties in Figure 26 affect MeanWD by interactions with each other that are reflected
in the mean event depth property. For example, MAR divided by number of events per

year equals mean event depth.
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The so called "unaffected" results that can be viewed in Figure 26.b-d and in Figure 27 are
MeanWDs that were simulated with small daily depths (<2 mm/day) and long event
durations, although the event depth may be high enough, the daily evaporation would

not allow these events to result with deeper WDs.

Effect of the mean number of events per year on the proxy
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Figure 27 Results for MeanWD for simulations with low variability of MAR (range of 250-

310mm/year) are strongly depended on the mean number of events per year (EventsN). Size of circles
indicate the mean daily depth. Data points of daily depths<2mm/day behave outside of the general trend
and are less affected by EventsN.
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6 Discussion

6.1 WD proxies for depths to Bk and By horizons

6.1.1 Validation of the framework
| found three long term WD properties that can serve as proxies for depth to Bk and three

for depths to By horizons (Figure 19). The proxies, which were calculated from simulations
of current weather scenarios in the Negev, Israel, correlate with MAR that is similar to the
already observed relationship between MAR and depth to salts horizons (Dan and Yaalon,
1982). Generally, all proxies seem to be affected similarly by changes in mean properties
of weather, but they differ in magnitude. | have presented results of MeanWD as an
example for proxy for depth to Bk and results of MeanSWD as an example for proxy for

depth to By (see section 5.5 in the Results chapter).

6.1.2  Proxies have different sensitivities to extremes vs. mean trades of weather
One of the possible applications of this study would be to explore the effects of extreme

Vs. average weather properties on depths to Bk and By. There are many ways in which
extremes can be simulated. | have examined only local effects of the B rainfall parameter
on the proxies. As explained earlier, B is the shape parameter for the daily depth Weibull
function, and it has greater influence over the tail of the distribution than its mean value.
Although it was noted in the past that simulating extreme rainfall is important for
reconstructing CaCOs profiles (Marion and Schlesinger, 1994; Marion et al., 2008), it might
not be important for estimating only the depth to the top of Bk horizon. The results of my
simulations suggest that A and Fw parameters, which control Mean daily depths and the
mean event duration in the rainfall generator, have larger effects than B on deepening of
MeanWD and MeanSWD (Figure 21, Appendix VI). For WDp80, Index30, SWDp80 and
Index3, changes in parameter B, are as effective or even more effective to proxis’ depths.
Additional work is required to test this with global sensitivity analysis and to compare
calculated proxies with more records of depths to Bk/By horizons. This will allow a
determination of which proxy is more appropriate and more universal for reconstructions
of past weather properties and depths to soil horizons. And it will help to find suitable

weather scenarios from depths to Bk records.
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For depths to By horizons, extreme rainfall might be even more important than for depths
to Bk because of its sensitivity to wetter years (Dan and Yaalon, 1982) and extreme events

(Marion et al., 2008).

6.1.3 Proxies for depths to Bk horizons
MeanWD, WDp80 and Index30 were found to indicate depths to Bk horizons in the

northern Negev and trend with MAR as expected. The association between these proxies
and the higher values of the "Wet Zone" (Figure 14) reinforces the proxies’ validity. The
longer an area of soil is wet, the higher its potential to host roots and biological activity.
This has been noted to influence the carbonate solubility and affect the locations of Bk
horizons (Schlesinger, 1985; Amit et al., 2006). It also suggests that these proxies for depth
to Bk horizons can be used as indices for soil water conditions in environmental and
ecological studies, where, for example, it is important to understand how changes in
climate may influence water availability to plants with different rooting depths or

seedlings that require the soil to be wet enough for specific lengths of time.

Beyond different responses to extreme rainfalls (see 6.1.2), additional differences
between the three proxies may favor one over the other. For example, MeanWD imitates
the curve of Dan and Yaalon (1982) better, while the other proxies, Index30 and WDp80
trend with more moderation northword (Figure 19). This could be an effect of the
discrepancies between the simulated and measured rainfalls in Be'eri (Figure 17),
especially if Index30 is more sensitive to underrepresented extreme events. But it can
also be a correction of an inaccurate scheme, because Index30 does estimate the
recorded depth to Bk horizon in Be'eri correctly (at about 50cm).

MeanWD is defined with close resemblance to Arkley’s (1963) proxy for depth to Bk (referred
to as "mean depth of water penetration"), which was calculated for sites in California and
Nevada, USA. This enforces MeanWD, as a suitable universal proxy for depths to Bk.
Some uncertainties of the results are inherent from the models assumptions. for example,
The 4m soil profile limits the WD distribution and the MeanWD. This produced a
moderation in the deepening of MeanWD with MAR at MAR > 400 mm/year (Figure
24,Figure 25), where WDs greater than 4 m are increasingly more frequent. Similarly,
T.M.Depth of 1m limits most WDs to be either within the first 1m of the soil or at 4m,

because compartments representing depths of 1-4m cannot dry up by the AET and once
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it had reached capacity, at FC water content, the simulated water flow never stops within
this range of depths and continues on to the lowermost compartment. This conceptual
model is justified by theory and by physical modeling (Figure 8) but its influence on the
WD is probably more subtle in reality. Thus, instead of a gradual decrease in the density
of the results that are greater than 1m in depth, the deeper Index30 and WDp80 are
indicated at depth > 4m (Appendix VII). The effect on MeanWD is not as obvious because
it is smoothed by the mean.

Most of Bk horizons in the world, especially in arid areas, appear at depths < 1-1.5m
(Figure 2). Together with the effect of the WD, this is also a result of the root zone which
is typically located within this range of depth. Marion et al, (2008) modeled salts
translocations in Nevada soils and found that about 81% of Ca?* input remained within
the top 1m of soils as CaCO3. With respect to this, index30 and WDp80 at depths of 0-
1m, appear to serve as more accurate proxies as they are not as affected by the boundary
limits of the model (compared with some of the MeanWDs). However, these proxies are
more sensitive to the variability of the weather series which causes some uncertainty of
results even after 5000 years of simulation. It should also be noted that in places with
deeper rooting, the evapotranspiration can affect soil beyond the first 1m, in which cases
Index30 and WDp80 should be calculated with a modified depth for T.M.Depth in eq.1.
MeanWD is less sensitive to T.M.Depth (Table 7). It was also resulted within the top 1.5m
of the soil. Therefore, although MeanWD may not be as accurate as Index30 and WDp80,
it is more universal and might still be adequate as a gross estimator of the depth to Bk

horizons in multiple sites and climates.

6.1.4 Proxies for depth to By horizons
Uncertainty of the proxies for depth to By horizons is greater than for proxies for depth

to Bk horizons. Out of the three, MeanSWD simulated better the observed correlation
(Figure 18), and it was less sensitive to uncertainty in simulations. This could be an
advantage or disadvantage for understanding correlations of weather and depths to By
horizons. It is easier to analyze parameters when the results can be repeated easily albeit
the stochastic components of the weather generator. However, higher sensitivity might
represent actual sensitive behavior of gypsum translocation through the soil profile. As

already noted by Marion et al.(2008), more than 99% of SO4 ions were translocated with
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only 1% of the water fluxes for their study site in Nevada. This conclusion also supports
Index3 as a potential proxy for depth to By horizons. It might present an opportunity to
find the correct time scale and weather for scenarios. MeanSWD and SWDp80 are taken
from distributions of the seasonal maximal WD and therefore should reflect the combined

effects of extremes and frequent rainfalls.

6.2 Effects of weather properties on the Bk horizons proxy and its trends

6.2.1 Variability of weather and the scatter of the results
The results of the global sensitivity simulations (Figure 24) show that variability in weather

properties can produce similar scatter of MeanWD with MAR compared to the one found
from worldwide observations (Figure 2). This is the same for the other proxies as well,
including proxies for depths to By horizons. In general, a weather property’s effect is
greater when the MAR is higher and the evaporation rate is lower. Therefore, in places
with higher MAR, or where PET is lower, the trends are steeper.

Royer (2000) noted that the correlation suggested for the depths to Bk horizons by
Retallack (1994) was very much affected by the record of Jenny and Leonard (1934) which
include many of the deeper Bk horizons with high MAR. Without using this record, the
correlation coefficient R? drops from around 0.65 to 0.3. My findings support this claim.
Records from places with higher MAR have large effect on the slope of the correlation
comparing records from areas that are drier (Figure 20,Figure 22). In Figure 22, | presented
local effects of rainfall and PET parameters on the trend with MAR. The difference in
rainfall properties had very small effect on the regional trend, and if shifts in climate
properties hasn’t affected MAR in the studied sites, a regional change in rainfall
distribution properties would probably not be detected in the field. Largest effects were
calculated for Fd and Fper parameters. However, for areas with higher MAR, the effect on
the trend should be greater as can be predicted by the larger effects for MeanWD in Gilat

and Be'eri.

6.2.2  Effects of seasonality on trends and correlations of depths to Bk horizons and MAR:
In Figure 24 | present the effect of evaporation on the depths of Bk horizons calculated for

1500 scenarios with various rainfall properties, showing some of the effects of
seasonality. The rate of evapotranspiration within the rainy season can cause two results.

The first result: shallower MeanWDs with greater scatter in the x axis representing higher
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evaporation. This is expected in areas with summer rainfall like in the study site of Jenny
and Leonard (1934)). And indeed, the trend of depths to Bk horizons with MAR fits better
with this range of results. Or, the second result: deeper MeanWDs with steeper trends
and a larger scatter in the y-axis. This is expected in areas with winter rainfall, such as in
the study sites of Dan and Yaalon (1982) and in Arkley (1963). The trends reported in these
studies are more compatible with the range of results for the lower evaporation factor.

6.2.3 Effects of intra-seasonal rainfall distribution properties on trends and correlations

of depths to Bk and MAR:
The rainfall property that most significantly controls depth of MeanWD is the mean event

depth (Figure 26.b). However, mean event depth is a product of a combination of various
properties whose influences are sometimes hard to separate. The biggest obstacle in
evaluating the effect of weather properties on the depths of the proxy is to isolate them.
Results of local sensitivity imply the importance of mean event durations, controlled by
the Fw parameter, that increase the depth to Bk horizons. Mean daily depth has a slightly
lower but similar effect (Figure 21, Appendix VI) that can be controlled by either A or B
parameters, i.e. the shape or scale parameters of the daily depth distribution respectively.
However, for global data, because of the variety of weather properties and their
interactions, the control of daily depths and event durations is not as consistent, obvious
and informative as EventsN, especially when depths to Bk horizons are plotted against
MAR (Figure 25) or when MAR is kept constant (Figure 26,Figure 27).

Compared with changes in mean daily depth and event durations, when the MAR is
controlled only by EventsN, its trend with MAR is very moderate and seem to indicate low
sensitivity of MeanWD to EventsN (Figure 23). This is because parameters A, B and Fw
were kept constant for these simulations, preserving the mean event depth at similar
values. However, if MAR is kept constant, changes in parameter Fd controls EventsN and
affects both MAR and MeanWD considerably (Figures 25, 26).

EventsN can be seen as a measure of how MAR is distributed into mean event depths.
Therefore, while there are many possible combinations of rainfall properties that can
determine various event depths, EventsN can easily simplify trends of depths to Bk
horizons and MAR. When plotted against EventsN, the vertical scatter of the results for

MeanWD and MAR of 260-310 mm/year, was reduced from about 70 cm (or 12 units of
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WHC) to 20cm (or 3.5 units of WHC) (Figures 25- 26). It is controlled by only one
parameter of the rainfall generator, i.e.-Fd; it can be obtained from meteorological
stations; and it is often discussed in studies that suggest various weather scenarios for
past reconstruction or future climate change. Finally, as can be seen in Figure 25,
prediction curves of depths to Bk horizons with MAR can be made for various ranges of
EventsN. These curves must also be associated with different values for Fper.

Although the results indicate that mean event depths control the Bk depth, an exception
exists. When very low daily depths which are smaller than the daily PET reoccur over a
long period of time, they can produce high event depths while the mean WD does not

increase (Figure 26.c). See the "unaffected results" in Figure 26.b,d and Figure 27.

6.2.4 Interpretations of weather scenarios from depths to Bk horizons: local effects of
weather properties on depth to Bk horizons at specific locations
For all examined study sites, the effect of a 20% change in any rainfall parameter causes

changes of about 15-50% in depths to Bk horizons and about 15-30% to mean weather
properties (EventsN, EventDuration, DailyDepths, extreme daily depth, and frequency of
extreme daily depth (Figure 20, Figure 21, Appendix VI)). In areas where the MAR is < 200
mm/year these effects translate to smaller differences than measurement error (x5cm)

of depths to Bk horizons (Figure 20,Figure 22).

My results suggest that in an area where rainfall is < 200mm/year there will be no
considerable differences in depths to Bk horizons even for local changes of 20% of climate

parameters.

Some (Enzel,1984; Magaritz,1986; Goodfriend and Magaritz, 1988) have interpreted Bk
horizons found in the central Negev as indicators of the Pleistocene-Holocene climate
change in the region. This attempt was not preceded and entails further research. What
can be suggested by my findings is that if a measurable difference between Bk horizons
of Pleistocene and Holocene ages was found south to Beer-Sheva, the difference in
weather properties between the ages must have been larger than 20% for any one of the
properties mentioned here, or made of a combination of weather properties. For
example, if evaporation was the only property to shift, with no change to MAR, as
suggested by Bar-Matthews et al.(2003), a higher change than 20% to Fper Was necessary.

50% decrease could be significant even for MAR in the range of 100-200mm (Figure 22).
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Enzel et al. (2008) suggested a higher frequency of events per year and greater events
depths. Judging from the moderate effect of Fd on the trend of MeanWD with MAR (Figure
23), an increase in EventsN will not be as important as increase in Fw, A or B (Figure 20),
unless MAR in Pleistocene time was similar to present (Figure 22). The interaction of the
variables could be significant and should be tested against more specific scenarios or
known differences in depth to Bk horizons between Holocene and late Pleistocene soils.
A combination of moderate increases in rainfall properties together with some reduction
in PET would probably result with significant deepening of the MeanWD.

Similarly, some conclusions can be made for climate change scenarios. Knapp et al. (2015)
noted that some climate change models predict an increase in frequencies and depths of
extreme events in semi-arid areas. The increase is predicted to be ~15%. According to the
simulations in this study, and the association of Bk horizons and the soil's WetZone, |
suggest that the effect of this amount of change in rainfall properties on the WDs and the
ecological system would be very small in arid and semi-arid areas with MAR <200 mm,
and would probably be more observable in wetter areas. Low evaporation rates would
shift this boundary to lower rainfalls.

It is important to note here again that the simulations in the Negev, given in centimeters
were calculated for soils with WHC=0.17 cm3/cm3. Smaller WHC, for example, in sandier
soils, might emphasize the effects of the weather in areas with lower MAR.

While there may be some small differences in the calculated depths of the Bk horizons,
all that is said about the behavior of MeanWD regarding changes in weather properties is

also applicable to Index30 and WDp80.

6.3 Steps required for further refinement of the model and analysis
6.3.1 Limitations of the analysis
The rainfall generator here applies a single pick Gaussian describing the probability of

having rainfall episodes during an entire season. Having periods of synoptic conditions
leading to more than one peak of the rainfall distribution along the season, would
increase the variance of length of dry spells between rainfall events and the effects of the
mean event depths would not be as simple as in the analysis presented by Figure 26.b. In
such cases, the mean event depths of some synoptic conditions may be more important

than others and their effects must be viewed separately. For this to be tested, some more
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parameters should be added to the analysis: factors over the width of the WAW and WAD
probability Gaussians will control the length of each period; and for the simulations to be
done separately, mean initial water content of the profile should be added at the
beginning of each year of simulation. With this, Gaussians widths and heights, the daily
depth distributions (scale and shape parameters) and the mean soil water content in the
beginning of the periods will control the simulations. That would allow more complex
scenarios that could simulate effects of extreme events separately from the means. The
scale parameter (B) for the daily depth distributions was neglected from the global

sensitivity analysis and it should be tested.

This study is the first to suggest a modeling framework for studying the effects of weather
properties on the long term soil water dynamics. Therefore, it was important to first show
feasibility of the model for this kind of investigation, and to describe the effects of simpler
and smaller set of mean rainfall properties. Another parameter that was neglected from
the analysis for the same reasons is the width of the PWAW and PWAD Gaussians, which
would result with different lengths for the rainfall season. While Fd and Fw control the
height of the Gaussians thus affecting the number and durations of events, the effect of
season’s length on these properties was not tested.

The global sensitivity was done by changing the weather parameters in fixed intervals.
This limits the amount and variability of the scenarios that were available for the analysis.
A more adequate way of doing that would be with random choice of parameters using
Monte-Carlo procedure. In this research, this was not done because of computing time
considerations, however once the model and Bk horizons proxies were validated to some
extent, it should not be difficult to write a more efficient code that would calculate the
scenarios much faster and allow for more parameters to be tested.

Many studies note the importance of quantifying the effect of dry spells on soil water (e.g.
Marion and Schlesinger, 1994; Marion et al., 2008; Knapp et al., 2015). As long as daily depths
are larger than daily evaporation, total event depth and pre-existing water content in soil
profile will determine the WD. The pre-existing water content in soil profile can be
reduced by high PETs and by long dry spells, and this is why the results are shallower for
high PET and summer rainfall. For moderate PET, the effect of the mean dry spell is not

as significant. The mean property hinders many possible combinations of dry spells, some
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will contribute to a decrease or increase in MeanWD — the effects of which are moderated
by the mean .Therefore, analysis of this property requires simulations of specific scenarios

that would be created in order to answer specific questions.

6.3.2 Calibrated parameters in Gilat and assumptions made for simulations in other
sites
Soil texture analyses of samples from Gilat and Sde-Boker suggest that the spatial

variability in texture is small within the Negev loessial soils. Therefore, although the
parameters were calibrated only with Gilat data series, the results should be appropriate
for the entire study site. Yet, differences in vegetation and relative humidity also affect
parameters related to the evaporation procedure such as Kc, T.M.Depth and WHCIndex.
Currently there is limited information from the monitoring stations to explore effects of
these differences and | have made several concessions due to insufficient information or

time, which should be discussed.

The calibration of Kc and WHC is based on two rainfall events that occurred in proximity
to the time when the monitoring station in Gilat was installed. On the one hand, soil water
monitoring data is usually thought to be reliable only after the soil had a complete cycle
of wetting and drying. On the other hand: measures were taken to make sure that the
sensors represented water content data from undisturbed soil; the calibration procedure
predicted similar values for FC as the pedotransfer function of the Rosetta software. Soil
parameters also seemed to be validated by simulations with Hydrus 1D which are not

presented here.

The PET generator did not produce sufficient variance of the results and the model should
be refined. Beyond Gilat, it was not adapted to other sites due to insufficient PET data.
The rainfall generator predicted accurate rainfall mean properties and standard
deviations of mean properties for Gilat and other locations (Appendix V). Gaussians of
PWAW and PWAD were derived for measured rainfalls in Be'eri, Be'er-Sheva and Sde-
Boker and were found to be very similar to Gilat, therefore using the same Gaussians with
slight changes was justified. However, some discrepancies were found in the simulations
of other sites for wetter and dryer years (Figure 15) and for frequencies of extreme daily
depths (Appendix V). These may have affected the results. In this regard, MeanWD is the

more appropriate proxy for depths to Bk because, as explained earlier, it is less sensitive
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to extremes than to mean weather properties and may be less affected by these

discrepancies.

Overall, the results of this study provide good approximations to field data and some
insights can be learned towards quantifications of weather properties on the long-term
effects of soil water dynamics, and possibly on its effects on depths to Bk and By horizons.
Most importantly, the framework suggested here can be tested and refined further to be

applied to other processes that are related to long-term soil water dynamics.
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7 Conclusions
Previous efforts to associate depths of Bk and By horizons with climate were either based

on empirical correlations with M, disregarding the effects of other weather properties, or
based on modeling weather and translocations of ions in the soil which had to be very
site specific. Uncertainty issues limit both of these approaches to small regions with
similar environments. The compartment model along with the weather generator built in
this study, make it possible to associate long term soil water dynamics with depths to Bk
and By horizons, and therefore, to study and measure the effects of various weather
properties on the depths of the horizons. Although the models were built and calibrated
for a study site in northern Negev, Israel, it could also be accommodated to other sites.
The results presented here can be given in terms of WHC units, which can be translated
into length units for any soil with no need of additional simulations, making it universal.
The long term soil water here was simplified into distributions of the soils' wetting depths
(WDs) and water fluxes, from which the MeanWD, WDp80 and Index30 were associated
with depths to Bk horizons in the study site, suggesting them as proxies for the depths of
Bk horizons. The universality of these variables as proxies for the depths to Bk horizons

should be tested against empirical data with weather scenarios of other sites.
The main findings of this study are:

1. Variability in weather properties, other than MAR, can be the cause of the great
scatter in worldwide observations of depths to Bk and By horizons plotted against the
MAR.

2. Differences between trends of areas with different rainfall seasonality can be
explained by differences in evaporation rates during the rainfall season.

3. Contrary to prevailing opinions, shallower Bk horizons can develop in areas with
similar or lower MAR if PET rates or annual number of events are higher (events
depths are lower).

4. Events depths and the mean daily PET (within the rainfall season) are the most

important factors that control the depth to Bk and By soil horizons.

58



In this model, Fd, which control the mean number of events per year and Fper, which
control the mean daily PET (within the rainfall season) are the most effective
parameters for resulted trends between soil horizons' proxies and MAR.

Universal trends of depth to Bk horizons with the MAR can be made for ranges of
mean daily PET and mean number of events per year.

The effect of any weather property increases with increase in MAR and with decrease
in mean daily PET. The same can be said for steepness of trends of depths to Bk
horizons with the MAR.

According to the local sensitivity, 20% change in the weather parameters, which
translates 15-30% changes in the mean weather properties cannot be detected by
depth to Bk horizons in areas with MAR < 200 mm/year. Therefore past or future
changes in climate would have to be larger than 20% for any single parameter, or
result from a combination of changed properties to create recognizable impact to soil
water dynamics in these regions.

In areas with lower PET (at rainfall season) or smaller WHC, this boundary will shift to

lower MAR than 200 mm/year.

10. The effect of any weather property grows with decrees in the soils' WHC.

The framework suggested here allows quantification for the effects of weather on wetting

depths and Bk, and By proxies. With this it is possible to: (1) further the study of universal

soil forming functions; (2) conduct weather scenarios for specific paleo-climate and

future-climate questions.

A good next step would be to try and retrieve universal correlations and suggest

predictive curves of depths to Bk and MAR from global record for different ranges of mean

daily PET and mean events per year. These could then be tested against empirical data.
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Appendix | — List of definitions and variables

List of variables and symbols

wetting depths- a conceptual term describing the distribution of depths of soil wettings

WDs by rainfalls. See also WD in Model Loggers further down this list.

MAR mean annual rainfall (mm/year)

Soil Horizons

Bk illuvial soil horizon in with secondary carbonate precipitated to form carbonate nodules
(American Soil Science nomenclature)

By illuvial soil horizon in which secondary gypsum was precipitated (American Soil

Science nomenclature)

Water Contents in soils- conceptual definitions

FC maximal water holding capacity of the soil against gravity (cm3/cmd)
WP minimal water holding capacity of the soil against transpiration (cm3/cmd)
Or minimal water holding capacity of the soil against evaporation (cm3/cm?)

the difference between maximal and minimal available soil water contents - usually: FC-

WHC WP , here was taken as: FC-0r (cm®/cm?®)

Evapo-Transpiration
the potential evapo-transpiration (mm/day), is depended only in the atmospheric energy

PET demand.

actual evapo-transpiration (mm/day), is depended in PET and in the available water
AET . .

content of the soil profile
Ke Crop coefficient (unit-less): conceptual and semi-empiric assessment of vegetation effect

that limit evapo-transpiration rates.

Prescribed parameters for the AET procedure in the compartment model (Eq.1)

T.M.Depth Effective soil depth for evapotranspiration processes. Ratio of the total moisture in the soil
profile to the WHC of the profile is taken at depth range of 0-T.M.Depth to determine the
daily AET according to WHCIndex In this study it was assumed as the top 1m of the soil.

WHClIndex Ratio of the mean soils' WHC range that determines transition from an AET which is
controlled by the atmospheric demanded (AET=Kc*PET) or an AET that is controlled by
the available soil water content (decreases with TotalMoisture). This is an empirical
parameter that was retrieved from field measurements in California. It was taken at 0.546
according to Marion et al. (1985).
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Model Loggers of soils' long-term water dynamics

wetting depth (cm) is the maximal depth of water income to the soil after rain - logged
as a daily depth.

amount of water that proceeds downward flow from each compartment - logged as an
array of cumulative water contents (cm®cm?) for each compartment

WD

WaterFluxOut

cumulative days in which a compartment is filled to its maximal capacity of FC water

WetZone content (days) - logged as an array

WD and flux Proxies for depths to Bk and By

MeanWD average depth of daily wetting depth (cm) - indicates depth to Bk
SMeanWD average depth of the maximal wetting depths per season (cm) - indicates depth to By
80th percentile of daily wetting depths (cm) - indicates depth to Bk

WDp80 80th percentile of the maximal wetting depths per season (cm) - indicates depth to By
SWDp80 soil depth at which WaterFluxOut =30% of the total simulated rainfall (cm) - indicates
Index30 depth to Bk

soil depth at which WaterFluxOut =30% of the total simulated rainfall (cm) - indicates
Index3 depth to By

Weather generator definitions day types and distributions

Wet Day day with rain depth of 0.1 mm or more.
Dry day day with no rain or up to the lower limit of measured depth of 0.1 mm

WAW day wet after wet day - a day within rainfall event. In the rainfall generator - WAW was assigned
with probability of occurrence according to the day in the year; in the PET generator, WAW
was assigned with distribution of deviations of the daily PET from the monthly mean.

WAD day wet after dry day - the first day in a rainfall event of one day or longer. WAW was assigned
with probability of occurrence according to the day in the year; in the PET generator, WAW
was assigned with distribution of deviations of the daily PET from the monthly mean.

DAW day dry after wet day - the first day after a rain event stopped (first in a dry spell). In the PET
generator, WAW was assigned with distribution of deviations of the daily PET from the
monthly mean.

DADday  dry after dry day - a day within a dry spell. In the PET generator, WAW was assigned with
distribution of deviations of the daily PET from the monthly mean.

PWAD probability of a WAD day occurring for each day of 365 day's year - representing probability
for starting a rain event according to the time in the year. Empirical data was fitted with a
Gaussian.

PWAW probability of a WAW day occurring for each day of 365 day's year - representing
probability for continuing of a rain event according to the time in the year. Empirical data
was fitted with a Gaussian.
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Input parameters that control weather properties

Fd input parameter to the rainfall generator controlling frequency of events per year: a factor
over PWAD Gaussian

Fw input parameter to the rainfall generator controlling duration of events: a factor over PWAW
Gaussian

A input parameter to the rainfall generator, mostly controlling the mean daily depth. this is the

scale parameter of the daily depth Weibull distribution function (mm)

B Input parameter to the rainfall generator, mostly controlling the extreme daily depth. This
is the shape parameter of the daily depth Weibull distribution function (--)

Feer input parameter to the compartment model in order to simulate higher/lower PET or Kc.
This is a factor over the daily PET time-series.

Rainfall distribution properties (intra-annual)

mean frequency of events* (events/year): calculated from a distribution of annual
number of events.

mean event* duration (days/event): calculated from a distribution of all event
durations in the record or simulation.

mean event* depth (mm/event): calculated from a distribution of all event durations
in the record or simulation.

mean daily depth (mm) - calculated from a distribution of all daily depths (not an
annual mean) in the record or simulation.

EventsN
EventsDurations
EventsDepth

DailyDepth

* arainfall event is defined as 1 or more consecutive days with daily rainfalls>0.1mm
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Appendix II- Description of the soil profile of 'Gilat' monitoring station

Gilat profile - Monitoring sensors and soil samples

Depth |Horizon (Field description TDR Scil samples: Mid.Sample Dry celor (Munsell)
(cm) sensors © Name [GSI-ID] depth
(em)™
Rich in rootlings + some organic material, loose and
0-10 A dark
Rich in rootlings - depth of illuviation
10-30 AB
30-55 B Shift to lighter color, almost no roots
Beginning of small carbonate concentrations - size 80R 08GILAT [2862] 80 10YR-7/4 very pale brown
55-100 | B-BCA |and density grows especially at 90 cm 17GILAT [2769] 90 7.5YR-5/4 brown
09GILAT [2863] 110 10YR-7/4 very pale brown
100-140] BCA _|llluvial horizon - reach with calcium carbonate 21GILAT [2770] 130 10YR-6/4 light yellowish brown

* Sensors names were numbered by depths in cm
** Sampled with in-situ soil sampler (100ml cups, Scm diameter)

Appendix ii-1 Soil profile of Gilat monitoring station previous to sensors installation — red ribbons mark the position of
TDR sensors; blue ribbons mark the position of CO, sensors (not discussed in this study). Picture take at the day of
installation: winter time, 05.01.17.
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Appendix ii-2 Monitoring station in Gilat: sensors installed into the undisturbed trench wall. Mud inserted the TDR
.sensors for continuity of soil. Than the trench was covered. Grassy surface

Appendix ii-3 on the left: TDR installation with mud filling the space around the sensor. On the right: the in-situ soil
.sampler
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Appendix ii-4 TDR and CO; sensors in the monitoring station in Gilat.
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Appendix lll- Description of the soil profile of 'Sde Boker' monitoring station

Sde Boker profile - Monitoring sensors and soil samples

Depth |Horizon |Field description TDR Soil samples: Sample Dry color (Munsell)
(em) sensors * MName [GSIHD] depth (cm)
Loess with lots of rootlings and reddish sandy unit: 10A,10B SB-1 [2768] O-3 10YR-7/4  very pale brown
A10-3cm  layered loessial crust with rootlings, no carbonates ¥ 7.5YR-6/6 :
AZ 3-6cm  Reddish sand, unclear if antropogenic, layered SEZRICIs Edi=tERol
0-15 A A36-15cm Massive loess, lots of rootlings SB-3 [2771

B horizon with about 25% cover of carbonate
concentrations, 12cm size, difusive, column structure

15-50 Bk1
SB-6 [2774] 50-75 light yellowish brown
B horizon, reacher in carbonate, about 25-50%, 60A60B SB-11[2872] 60-Wwal™ 10YR-6/4 light yellowish brown
50-75 Bk2  difussive, column structure
SB-7 [2775] 75-90 10¥YR-7/4 very pale brown

hard carbonate horizon, 75% carbonate, darker
75-115  Bbkm__sediment_column stucture SB-8 [2776]  90-115 10YR-7/3_pale brown

* Zensors names were numbered by depths in cm; installed at different walls of the french - A western wall, with bare soil surface; B: Eastern wall, profile lays under a bush

** Sampled with in-situ soil sampler (100ml cups, 5cm diameter) ; collected from - Mwall = northern wall of the trench; Wwall = western wall of the trench

Appendix iii-1 Soil profile of Sde Boker monitoring station previous to sensors installation. Viewed here are the
northern and eastern walls in the trench. Sensors that were marked by the letter B, were later installed into the
undisturbed soil in the eastern wall, under the bush. (11.08.2017).
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Appendix iii-2  Soil profile of Sde Boker monitoring station. Open trench, view direction: North. Sensors were
installed into the undisturbed soil in the western wall (A), under bare soil, under the bush, and into the undisturbed
soil in the eastern wall (B) under bare soil.
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Appendix IV — Compartment model parametrization: soil samples, monitoring data and
calibration procedure

1. IV.I - Soil data
Analysis of soil texture and water content data from two sites with soil water monitoring
stations were crucial for the calibration and validation processes. These data also helped

to establish confidence in the model results for other sites.

Nine and eleven soil samples were taken from the Gilat and Sde-Boker sites respectively,
in vertical intervals of 10-20cm. Water content at the sampling time for each sample was
estimated by weighing it before and after it was dried at 50°C for 72 h. 9 and three of the
samples from Gilat and Sde-Boker sites, respectively, were sampled using an in situ soil
sampler (100ml cups) for soil density measurement, assuming particle density of 2.65
g/cm3. These densities were used to transfer water contents from weight percentage
units into volumetric percentage of water contents. Water contents of Gilat site samples

were used as initial water content profile in the calibration procedure.

All samples were sieved for 2 mm and measured for particle size distribution using laser
diffraction device (Malvern Mastersizer MS-2000), following the procedure of Crouvi et
al., 2008. Values of 8, and FC were calculated using the Rosetta software (Schaap and Van
Genuchten, 2001) that uses pedotransfer-functions to estimate hydraulic properties of
soils with texture and bulk density data. These data were taken into consideration when
deciding the WHC parameters and were later compared with the calibration results. The
estimations of soil water holding parameters in the Rosseta are based on empirical data
with many records of much more humid, forested areas with higher clay contents and
therefore the estimations of these parameters should be taken carefully and therefore
the FC parameter was not prescribed but tested with the calibration procedure.

2. IV.1Il - Sensors data
In Gilat site, seven sensors were installed at five different depths: 10cm (R10,L10), 27cm

(R27), 45cm (R45,L45), 60cm (L60) and 80cm (R80). Installation was made more or less in

two columns (R-right, and L-left) in order to minimize water flow interferences.

In Sde Boker Site, 8 sensors were installed at four different depths with four repetitions:

10cm (10A, 10B), 25cm (25A, 25B), 35cm (35A, 35B) and 60cm (60A, 60B). One vertical
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sensors alignment was inserted to the soil profile with bare soil surface (assigned with A),

and the other was aligned under a bush (assigned with B).

The stations log the data at 10 minutes intervals and update the water contents time
series once a day. The installation of the sensors involved adding wet mud (taken from
the same soil depth) around the sensors to make sure that there was as much contact as
possible between the sensor and the surrounding soil. The water content around the
sensors dropped rapidly in the following 10-20 days as the mud dried out, to a stable value

in Gilat (Appendix iv-1). In Sde Boker stable values reached after 1-2 months.

Water content was recorded over two seasons in Gilat, and over one season in Sde Boker.
The data-series were analyzed to find semi-stable high and low limits of water contents

for each of the sensors, to establish expected values for the WHC limits.

Estimate of 8r = 0.02 cm3/cm?3 from Mualem (1976) for Gilat soil matched the lower limits
of water content in R10 and L10 (10 cm depth). This value was taken as the lower limit of
the WHC for all compartments; the upper limit was determined through the calibration
procedure. According to soil data, FC is estimated to range between 0.19-0.21 cm3/cm?
both in the Gilat and Sde Boker soils. Sensors data support this range. Instead of
prescribing it to be an average of these estimates, | decided to calibrate for it and
therefore inserted a large range of 0.1-0.22 cm3/cm?.

3. IV.III - Calibration-Validation
The monitoring station in Gilat has registered two rainfall events of 4-6 consecutive rainy

days each in the winter of 2016/17. SETA and SETB are two 16-17 days long time series
that include one rain event at the beginning of each period, following with about 10 dry
days (Appendix iv-1). At the end of each of the periods, the water distribution seem to
arrive to its final depth — inferred according to an increase to a steady value of water
content in the deep sensors: L60 at the end of SETA, and R80 at the end of SETB
(numbered 1 and 2 respectively in Figure 9). The time series include the water contents
of each of the stations' sensors at 22:00hr of each day, the daily rainfall and the daily PM-
PET (penman-monteith type of PET) — weather data was received from the agro-

meteorological station of the Gilat Research Institute (Ministry of Agriculture).
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Appendix iv-1 Data series for calibration (SETB) and validation (SETA) of the compartment model —
including daily rainfall and daily Penman-Monteith PET from Gilat meteorological station (Ministry of
Agriculture), and soil water contents from monitoring sensors (10min intervals).. The timing when the
deepest sensor reacted to the rainfall events in set A and set B, are indicated by numbers 1 and 2
respectively. The water content profile in timing 1 and 2 was compared with the modeled water contents
for the same dates.

The first event occurred three weeks after the installation of the station at 5.1.2017 that

included artificial water addition around the sensors, and about one week after this high

water content around the sensors decreased to a stable value (~ 17.1.2017). Estimation

for an initial water content profile for the model calibration was conducted in three steps:

1. First, the water content of the compartments was assigned according to the water
content that was measured from the soil samples (section 5.1.4.1). Compartment
depths between samples received an averaged value.

2. Than the added water contents were calculated for each sensor's depth as the
difference between sensors' data and sampled water content.

3. After a period of distribution, the stable values of the sensors' water contents at
17.1.2017, were considered true values of the 4cm range surrounding each
sensor.and the rest of the added water content calculated at step 2, was divided
equally between the adjacent compartments to the sensor's depth, as an addition to
the sampled profile.

This was necessary because the model doesn't include matric flow of water.

Daily WD data in soils does not exist in records. The process of wetting and drying in the
compartment model are instantaneous and therefore produce a product that can be only
be tested against the end of the wetting process. The model was calibrated using - (1) a
comparison between the modeled and the measured profiles of soil water contents at

the end of each period (SETB for calibration and SETA for reinforcement) and, (2) by
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denying inconsistencies between the WDs calculated by the model and the "breakthrough

curves" indicated by the sensors.

Comparing water content profiles at the end of each period: The water content reported
in each sensor compared with the water content predicted by the model for the same
depth as the sensor. In depths where two sensors were installed (10cm, 45cm), the mean
water content was taken. The sensors' data is representative of about £2cm radius
around the sensor, and therefore, the volumetric water content given by the sensors
(cm3/cm3X100), was translated into 1D water depth (mm) out of 4cm soil layers. The

compartment size was prescribed to 4 cm (just for the calibration procedure).

The distribution of water contents was compared as follows: the 3™ compartment (8-
12cm depth) represent sensors L10/R10, the 7t compartment (24-28cm depth) represent
sensor R27; the 12™ compartment (44-48cm depth) represent L45/R45; the 16t
compartment (60- 64) represent sensor L60; and the water content in the 21th

compartment (80-84cm depth) should represent the measurement in sensor R80.

Optimal set of parameters was chosen for minimal differences between the sensors
measurements and the simulated values according to mean absolute difference (MAD)

and the Root Mean Square Difference:

80cm | measured water content — simulated water content|

MAD =
(mm) number of compared values =5

J28m  (measured water content — simulated water content)?

RMSD =
(mm) number of compared values = 5

Inputs to the calibration procedure included:

1. Daily rainfall and daily PM-PET of period 5.1.17-28.2.17 (that include SETA +SETB)

2. Compartment size of 4cm, soil depth of 200cm (50 compartments)

3. Minimal water content at each compartment was set to 8r =0.02 cm3/cm?3

4. Maximal water content at each compartment was calibrated for values of FC= 0.1-
0.22 cm3/cm3, verifying that with FC=0.19 cm3/cm?3the model produce optimal results.

5. The crop coefficient, Kc was calibrated in the range of Kc=0.2-3.

Water contents were given in cm3/cm3 for convenience, it was translated into mm/4cm
of water depths within the model.
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The assumptions inherent in the calibration procedure were as follows:

(1) The measurements of the daily rainfall in Gilat meteorological station are a good
estimate of the depth of water that was added to the soil profile that day (i.e., all
rainfall depth infiltrated the profile, no losses to runoff or interception).

(2) The redistribution of water originated from several rain events was assumed to stop
at the day where the lowermost sensor had reacted with increased water content to
a semi-steady value. If this semi-steady value is lower than the maximal WHC of the
layer, it means that the downward water flow would not proceed to deeper layers.

(3) Evapotranspiration starts lowering the soil water-content from top to bottom with no
gradient decrease with depth.

(4) The water content distribution in the soil profile at the timing when the downward
redistribution was achieved, is the combined result of both the downward distribution
process and the evapotranspiration process. And therefore can be a somewhat
reliable test to calibrate the WHC and the Kc parameters.

(5) The soil column is homogeneous with respect to its water-holding properties
(according to the results of soil textures and Rosetta estimates for FC and Or this

seemed to be justified)
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Appendix V — Test statistics of the synthetic rainfall data series

The following 4 tables compare between synthetic data series of rainfall produced by the rainfall
generator with measured data series from 4 meteorological stations of the study site:

Sde Boker, Be'er Sheva, Gilat and Be'eri.

| tested results of 100 simulations for each site, with T,F and KS tests and the percentage of
none rejected similarity to the measured data is presented in the tables.

Scores of more than 70% are emphasized with color.

Comparisons were made also between an earlier version of the rainfall generator that was
based on empirical distribution of the measured meteorological data and the current version
which is based on fitted gauss distributions. Both versions produced rainfalls with similar
properties of the measured data.

Parameters for synthetic series:

site: SdeBoKker 52 vears of data®{100 A=2.7858 B0.76 Fdry—0.76 Fuet—0.88
data-series measured SynthEmpl3 T F K& SynthGauss T F K8
Distributions mean std meanstd err Yo notrejectedmean std  err Yo not rejecte
Annual rainfall (mm) 8071 395 891 317 1% 100 53 97 9172 3226 2% 9@ 69 91

43 0% 100 O ] 39 457 1% 9 1 0

Daily depths (mm) 34 33
34 09 1% 100 O 75 339 037 0% 100 4 B4

Anmual mean daily depth (mm) 3.40

e I ]

Number of wet days per vear 26.64 265 66 1% 100 96 100 2707 6463 2% 100 o4 o0
Number of rain events per vear® 1377 4 134 33 2% 100 35 100 1389 331 -1% 100 62 100
Events depths (mm) 568 w0 58 7o 2% W0 0 0 376  7O2 1% 9 1 O

Annual mean events depths (mm) 387 3 38 18 1% 100 § 76 3580 179 1% 100 & T1
Events durations (days) 160 1 17 11 2% 98 22 100 170 117 -1% 97 14 95

Annual rents durati
1l mean events duratons 171 03 17 03 -1% 99 99 100 171 030 0% 98 95 100

(days)

Frequency of extreem daﬂ}-' 027 1 01 |03 39% 41| 9 100 012 | 034 36% 352 11 100
depths (p39BeerSheva)

F 7 of extr daily

requency of extreer Y 006 0 00 01 B54% 48 1 100 001 | 007 B4% 32 2 10
depths (p9Gilat)

extreem daily depth (mm)**** 2579 208 13 19% 2099 153 19%

Dy Spells (days) 0.1mm event
seperation criterion

Annual mean dry spells (days) -
depth of event separation 1262 4 126 31 0% 100 73 99 1397 348 -11% 40 92 33
criterion: 0.1 mm

Annual std of dry spells (days) -

depth of event separation 1033 4 | 98 37| 7T 03 82 0% 1197 484 _14% 60 T6 T3
criterion: 0.1 mun

Drv Spells (days) 2mm event
seperation criterion

Annual mean dry spells (days) -
depth of event separation 2144 8 185 7O 14% 20 71 22 1939 728 9% 70 74 8O
criterion: 2 mum

Annual std of drv spells (days) -

depth of event separation 1654 7 146 68 12% 67 81 73 1618 751 2% 98 86 96
criterion: 2 mm
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52 years of dataX100

event separation criterion: 2 mm

site Beer Parameters for synthetic seri

arameters for synthetic series:

Sheva Y

A=3.89 B=0.76 Fdry=1.05 Fwet=1.02

data-series measured SynthGauss er T F KS
T % not
Distributions mean  std mean  std % .
rejected
Annual rainfall (mm) 1916 720 18159 521'7 5% 97 38 97
Daily depths (mm) 4.8 7 4.65 601 4% 92 0 O
Annual mean daily depth (mm) 4.7 1 4.65 098 2% 99 80 100
Number of wet days per year 39.6 10 39.05 796 1% 100 79 99
Number of rain events per year 20.5 4 2031 352 1% 100 86 100
Events depths (mm) 9.6 16 8.91 122'1 % 91 0 0
Annual mean events depths (mm) 9.3 3 9.00 240 3% 100 44 100
Events durations (days) 1.9 1 1.92 147 0% 99 2 20
Annual mean events durations (days) 1.9 0.3 1.94 032 0% 99 98 99
Frequency of extreme daily depths 54 10
(p99Gilat) 0.4 1 0.18 0.42 % 51 10 0
Frequency of extreme daily depths 63 10
(p99BeerSheva) 02 ! 0.08 028 o 62 9
. " .

Extreme daily depth > 99" percentile 346 2855 173 L7
(mm) %
Dry Spells (days) 0.Imm event 102 102 1104 0% 8% 64 68 0
separation criterion 5
Annual mean_dry spell_s (c'Jays) - depth of 105 ) 1128 233 7% 73 97 80
event separation criterion: 0.1 mm
Annual std of_ dry s_pel!s (fjays) - depth of 9.4 5 9.90 388 5% 99 41 51
event separation criterion: 0.1 mm
Dry S_pells (days) 2mm event separation 133 12 1317 126 44 10 o o
criterion 7 0
Annual mean_dry s_pell_s (c.JIays) - depth of 143 4 1371 363 4% 98 70 99
event separation criterion: 2 mm
Annual std of dry spells (days) - depth of 11.4 5 1291 489 -7% 98 88 99

79




Parameters for synthetic series:

site Gilat 42 years of dataX100 A—5.45 B=0.76 Fdry=1 Fwetel
data-series measured SynthEmpl3 T F K5 SynthGauss T F KS§
Distributions mean std mean std err %o notrejected mean std err e not rejected
Annual rainfall (mm}) 2376 812 2364 70O | 1% 100 93 00 2308 732 1% 100 93 00
Daily depths (mm) 6.3 9 6.3 83 -1% 100 353 o 65 85| 0% 100 55 3
Annual mean daily depth (mm) 6.3 2 6.3 14 -1% 100 100 10 63 14 0% 100 97 100
Number of wet days per vear 366 9 363 77 1% 100 87 99 362 76 -1% 99 82 99
MNumber of rain events per vear® 1920 4 190 33 0% 100 60 100 196 335 4% 08 73 98
Events depths (mm}) 130 21 125 169 4% 90 0O 1] 122 168 6% 97 2 0
Annual mean events depths (mm) 128 4 123 34 3% 99 49 93 123 34 4% 100 57 100
Events durations (days) 1.9 1 1.9 14 1% 99 37 97 19 14 3% 095 39 50
Annual mean events durations (days) 19 04 19 03 2% 100 8 99 19 03 3% 98 86 98
Frequency of extreem daily depths 04 1 03 06 15% 9 8 100 03 06 15% 98 81 100
(p99Gilat)

extreem daily depth (mm)**** 427 W08 33 4% 06 28 %

Drv Spells (days) 0.1mm event
seperation criterion

Annual mean dry spells (days) - depth
of event separation criterion: 0.1 mm
Annual std of drv spells (days) - depth
of event separation criterion: 0.1 mm
Dry Spells (days) 2mm event
seperation criterion

Annual mean dry spells (days) - depth
of event separation criterion: 2 mm
Annual std of dry spells (days) - depth
of event separation criterion: 2 mim

]
L=J
L=J

¢8 83 100 82 2% 98 T6 0 114 107 -16%

10.3 105 20 -1% 99 40 @7 11.7 23 -14%

aa
[
laa
(=)
h
h

8.1 4 80 29 2% 100 TO 10 102 40 23% 24 86 23

._.
=
s
L=4]
i
[
[
aa
=]
i
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=
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i
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=
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Parameters for synthetic series:

separation criterion: 2 mm

site Beerl 68 years of dataX100  , ¢5e0 4 7603 e=1.02 ewe1.05
data-series measwred SvathEmplSi err T F K& SynthGauss er T F K8
Distributions mean std mean std % mean std %
Annual rainfall (mm) 3520 1389 3573 1076 1% 100 42 84 3653 1063 4% 100 37 71
Daily depths (mm) 30 12 9 124 5% £ 26 18 94 123 5% 8 33 2
?m‘;almeandaﬂ}:dwﬂl $8 3 0 20 6% 8 47 77 94 20 6% 8 40 T3
1T
Number of wet days per year 394 9 33 81 3% 94 95 100 391 80 -1% 100 92 100
Number of rain event

I Er OF TA €vents per 198 3 19 33 3% 902 100 100 198 34 0% 100 100 100
vear
Events depths (mm) 187 20 19 253 0% 100 3 0 184 253 1% 100 § O
Annual ;

valmean eventsdepths o0 o 0 50 50, 0 13 71 186 S0 3% 9 8 B
(mm)

T
Events durations (days) 20 01 2 15 0% 100 18 76 20 15 -1% 99 6 15
Annual ent
; u_m?;ne;ms 20 03 20 04 1% 9 97 9 20 03 0% 00 0% O
L atons AYE
F 7 of extr daily
dreim&:;;]; Ex_}eml Y 04 1 0 07 17% 98 2 97 05 07 18% 98 79 99
epths eeri
Frequency of extreem daily
; 3h(p§9(3ﬂ ) y 10 1 1 11 13% 95 94 9 11 11 15% 96 93 99
epths al
extreem daily depth (mm)**** 333 588 33 6% S84 33 8%
Drv Spells (days) 0.1

y Spells (days) 0. 1mm 08 82 100 82 2% 99 76 0 112 105 14% 0 0 O
event Scperatmn Criteriomn
Anmial mean drv spells
(days) - depth of event 101 2 10 21 2% 99 88 9 115 24 14% 1 95 1
separation criterion: 0.1 mm
Anmnal std of dry spells
(davs) - depth of event 79 3 8 29 0% 9% 79 97 101 39 28% 1 5% 1
separation criterion: 0.1 mm
Dry Spells (days) 2 rent

i 5(1’;}5_) THEVER 118 10 11 93 8% 35 58 35 121 117 2% 99 0 8t
SEpEranodl Cricerion
Annual mean dry spells
(days) - depth of event 21 3 11 26 -T% 46 91 64 124 30 2% 98 82 100
separation criterion: 2 mm
Annual std of dry spells
(days) - depth of event 95 4 9 32 5% 94 82 98 112 44 18% 28 63 %2
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Appendix VI — Effects of weather parameters on depths of Bk proxies and on mean

weather properties.

In the following tables are results of local sensitivity for 20% changes to weather parameters in
the northern Negev (Figure 20). Mean shallowing and deepening effects for simulations of four
sites of Be'eri, Gilat, Be'er-Sheva and Sde-Boker are presented, showing:

1. Asymmetry of the sensitivity of the proxies to changes promoting deepening and shallowing

effects.

2. The control of Fw and EventsDepths on deepening of the proxies

3. Differences in the sensitivities of MeanWD and Index30 to the B parameter.

Mean Shallowing effects:

Index30 annual rain  MeanWD EventsN EventsDurations EventsDepth  DailyDepth
FPET+20% -18% -2% -16% 0% 0% 0% 0%
Fd-20% -13% -16% -14% -16% 0% -1% 0%
Fw-20% -21% -13% -23% 4% -16% -17% 0%
A-20% -27% -20% -29% 1% 0% -21% -20%
B-20% -37% -11% -24% 1% 0% -12% -11%
Mean deepening effects

Events Events

index30 annual rain  MeanWD N Events dur depth dailyDepth
FPET-20% 16% -2% 15% 0% 0% 0% 0%
Fd+20% 13% 16% 15% 17% 0% -1% 0%
Fw+20% 36% 18% 42% -4% 24% 23% 0%
A+20% 31% 20% 38% 1% 0% 18% 20%
B+20% 34% 26% 15% 1% 0% 23% 25%

In the next page, the effects are presented for each site separately. Parameters and weather
properties with the largest effects on Mean WD are painted with light grey colour — usually
indicating Fw, EventsDuration and EventsDepths as the most controlling factors over the depth

of the proxies, ranks 2 and 3 (coloured with darker grey) are usually given to the A and B

parameters, also correlating with great effects to the EventsDepths. However the sensitivity of

proxies' depths to these parameters varies from station to station.
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Beeri

Weather
par. index30
FPET+20% -0.27
FPET-20% 0.06
FPET+20% -0.21
FPET-20% 0.23
Fd-20% -0.18
Fd+20% 0.20
-0.28
0.48
A-20% -0.32
A+20% 0.38
B-20% 0.38
B+20% -0.40
Gilat
Weather
par. index30
FPET+20% -0.14
FPET-20% 0.23
FPET+20% -0.20
FPET-20% 0.23
Fd-20% -0.13
Fd+20% 0.12
-0.22
0.37
A-20% -0.27
A+20% 0.32
B-20% 0.33
B+20% -0.37
Be'er-Sheva
index3
Weather par. 0
FPET+20% -0.20
FPET-20% 0.14
FPET+20% -0.17
FPET-20% 0.25
Fd-20% -0.10
Fd+20% 0.11
-0.21
0.37
A-20% -0.24
A+20% 0.29
B-20% 0.31
B+20% -0.36
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annual rain MeanWD

-0.06
-0.06
0.00
0.00
-16%
15%
-14%
20%
-20%
20%
26%
-11%

annual
rain
0.03
0.03
0.00
0.00
-15%
16%
-13%
19%
-19%
22%
26%
-10%

annual rain
-0.07
-0.07
0.00
0.00
-16%
16%
-13%
19%
-20%
20%
25%
-11%

-30%
2%
-20%
24%
-23%
23%
-36%
55%
-43%
43%
14%
-37%

MeanWD
-15%
20%
-20%
23%
-17%
19%
-27%
56%
-34%
55%
28%
-30%

MeanWD
-0.14
0.10
-0.12
0.18
-0.10
0.13
-0.18
0.43
-0.22
0.37
0.19
-0.17

EventsN
0%
0%

-17%
15%
3%
-7%
-1%
-1%
-1%
-1%

EventsN
0%
0%

-14%
20%
7%
-1%
3%
4%
4%
3%

Events dur

EventsN

-1
1

0%
0%

6%
5%
4%
5%
0%
0%
0%
0%

0%
0%

1%
1%

1%
1%
1%
1%

Events dur

0%
0%

-2%
-3%

-3%
-3%
-3%
-2%

Events

dur

0%
0%

1%
1%

1%
1%
1%
1%

Events
depth
0%
0%

0%
0%
-18%
29%
-20%
20%
25%
-11%

Events

depth
0%
0%

-3%

-4%
-20%
19%
-23%
15%
20%
-15%

Events
depth
0%
0%

2%
1%
-16%
28%
-19%
21%
26%
-10%

dailyDepth

0%
0%

0%
0%
0%
0%
-20%
20%
25%
-11%

dailyDepth
0%
0%

0%
0%
-1%
0%
-20%
20%
25%
-11%

dailyDept
h
0%
0%

0%
0%
-1%
0%
-20%
20%
25%
-11%



SB

Events
Weather par.  index30 annual rain MeanWD EventsN Events dur  depth
FPET+20% -0.12 0.05 -0.06 0% 0% 0%
FPET-20% 0.20 0.05 0.27 0% 0% 0%
FPET+20% -0.14 0.00 -0.08
FPET-20% 0.21 0.00 0.11
Fd-20% -11% -0.18 -0.06 -17% 0% -2%
Fd+20% 9% 0.17 0.06 18% 0% -2%
Fw-20% -15% -0.11 -0.10 3% -13% -15%
Fw+20% 24% 0.14 0.15 -2% 18% 16%

A% 4% 020 016 1% 0% 21%  20%

A+20% 26% 0.18 0.16 1% 0% 16%
B-20% 38% 0.25 0.02 1% 0% 22%
B+20% -33% -0.12 -0.12 1% 0% -13%
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0%
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0%
0%
0%
0%

19%
25%
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Appendix VIl — Results of global sensitivity for Index30 proxy

Here are some example of the results for Index30 proxy for depth to Bk. In general, the global
sensitivity results trend with mean annual rainfall and affected by the other weather properties

in similar ways to MeanWD. Figures here may be compared with Figure 24 ,Figure 25.

Sensitivity of soil water distribution property
to climate properties

mean annual rainfal(mm)

0 200 400 600 800 1000
0 Y e = T T T 1

100 |
g (mm)
= . o
(o] .
% 200 o FPET:l
© F__..=0.5
c PET

300 |- imitof calculation _ FPET:l‘s

index30=400cm
o}
400

Appendix vii-1 Global sensitivity analysis for the effect of rainfall and evaporation parameters on Index30 as the
depths to carbonate proxy. About 1500 variations of rainfall properties were simulated for three different Fper. Results

are concentrated either in depths of 0-100cm or at depths>400cm which are deeper than the simulated profile.

mean annual rainfall (mm)

0 100 200 300 400 500 600 700 800 200
0 - ¥ o ——— T T 1
50
100
150
=
€ 200
a colorindicates the number
% 250  ofrain events per year
£ o ¥s
300 | Size indicates the mean 8
event depth (mm) 8
350 - 8
limit of calculation
400
index30=400cm
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Appendix vii-2 Effect of means of: events per year, events depths and annual rainfall on trends and depths

of Index30 carbonate horizon proxy
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