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Abstract 

 

In the areas of present-day Israel, Palestine and Jordan, archaeologists have discovered 

hundreds of stepped pool structures believed to have served as early Jewish ritual purifica-

tion baths. Most of these pools date back to the Early and Middle Roman periods. An im-

portant part of the studies of the ancient stepped pools is their apparent abandonment 

around the 1st and 2nd centuries CE. So far, a shift in climate has remained an unexplored 

theory to explain the observed decline. 

 

In this study, the effects of climatic conditions on a stepped pool were inspected by building 

a rainwater harvesting model to describe the water fluxes in and out of the pool. Because 

the stepped pools were assumed to be closely connected to household level water manage-

ment, the model included a secondary water storage for other household water needs, 

called the surplus storage, in addition to the stepped pool storage. To obtain concrete re-

sults, the model was applied for two case study pools that were studied through a set of 

climate and pool use scenarios using 30 years of modern climate data. 

 

The results suggest that since the pools were often small in volume, they could be kept con-

sistently usable even in drier years or a generally more arid climate, if they were highly 

prioritized. In the scenarios where the pools were managed more dynamically with the 

other water resources of a household, they became unusable in late summer in several 

years, indicating that with the assumed water sources and consumption, the household 

could not support both the pool and daily water use through years drier than average. In 

the arid climate scenario, water resources of the household were notably smaller compared 

to the more humid scenario, which reduced the usable months by ca. 2 months in the dy-

namic use scenarios. 

 

The results highlight the need to study the stepped pools through household level water 

management. The harvested rainwater was used also for other household needs, presuma-

bly in volumes greater than was needed to upkeep the pool. Consequently, the accuracy of 

the contextual parameters, such as water consumption rate of a household member, should 

be prioritized in future studies.  
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Tiivistelmä 

 

Arkeologit ovat löytäneet nykyisten Israelin, Palestiinan ja Jordanian alueilta satoja askel-

mallisia altaita, joiden uskotaan toimineen varhaisina juutalaisten rituaalikylpyinä. Suurin 

osa altaista on peräisin Rooman ajalta. Tärkeä osa muinaisten askelmallisten altaiden tut-

kimusta koskee niiden näennäistä hylkäämistä ensimmäisen ja toisen vuosisadan aikana. 

Ilmaston muuttumista ei toistaiseksi olla tutkittu selittävänä teoriana altaiden rakentami-

sen ja käytön vähenemiselle. 

 

Tässä tutkimuksessa ilmaston ja altaan suhdetta tutkittiin luomalla sadevedenkeräys-

malli, jolla kuvattiin vesivirtoja altaaseen ja altaasta pois. Koska altaiden oletettiin olevan 

osa koko asuinyksikön vesihuoltoa, malliin sisällytettiin allasvaraston ohella toissijainen 

varasto mallintamaan muuta vedenkäyttöä, jota kutsuttiin ylijäämävarastoksi. Konkreet-

tisten tulosten tuottamiseksi mallia sovellettiin kahteen löydettyyn altaaseen käyttäen 30 

vuotta paikallista ilmastoaineistoa. Altaita tutkittiin eri ilmasto- ja käyttöskenaarioiden 

kautta. 

 

Tulokset näyttävät, että johtuen altaiden tyypillisestä pienestä koosta, ne pystyttiin pitä-

mään käytettävinä keskimääräistä kuivempinakin vuosina tai kuivemmassa ilmastossa, 

mikäli altaiden käyttöä priorisoitiin. Niissä skenaarioissa, joissa allas oli dynaamisempi ja 

riippuvaisempi osa koko talouden vesihuoltoa, altaan vedenpinta laski alle käyttörajan lop-

pukesästä useampana vuonna antaen ymmärtää, että oletetulla veden käytöllä ja vesire-

sursseilla vesi ei riittänyt sekä altaan ylläpitoon että muihin vesitarpeisiin keskimääräistä 

kuivempina vuosina. Kuivan ilmaston skenaariossa talouden vesivarannot olivat selvästi 

pienemmät kuin kosteamman ilmaston skenaariossa, minkä johdosta dynaamisen käytön 

skenaarioissa altaat olivat käyttökelpoisia keskimäärin 2 kuukautta vähemmän vuodessa. 

 

Tulokset korostavat altaiden tutkimustarvetta osana koko asuinyksikön vesihuoltoa. Kerät-

tyä sadevettä käytettiin myös muihin tarkoituksiin talouksissa, oletettavasti suuremmissa 

määrin mitä altaan ylläpitoon kului. Sen seurauksena kontekstillisten parametrien, kuten 

vedenkulutuksen per henkilö, tarkkuus tulisi olla tulevien tutkimusten keskiössä.  

 

Avainsanat  Sadeveden keräys, hydrologinen mallinnus, Lähi-itä, arkeologia 
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Symbols and abbreviations 

Symbols 
 

φ Relative humidity [-] 

ρ Density of humid air [kg/m3] 

ρr Density of humid air in pool room [kg/m3] 

ρw Density of saturated air at the pool surface [kg/m3] 

ρwater Density of water in room temperature [kg/m3] 

A Rainwater catchment area [m2] 

Apool Pool water surface are [m2] 

C Runoff coefficient [-] 

D Water consumption demand of household [m3/s] 

E Actual evaporation from stepped pool [m3/s] 

Erate Maximum evaporation rate of Erate1 and Erate2 [kg/m2h] 

Erate1 Evaporation rate [kg/m2h] 

Erate2 Evaporation rate [kg/m2h] 

Ipool Water input to pool storage [m3/s] 

Isurplus Water input to surplus storage [m3/s] 

L Water loss due to pool use [m3/s] 

Md Molar mass of dry air [kg/mol] 

Mv Molar mass of water vapor [kg/mol] 

patm Atmospheric pressure on ground level [Pa] 

pd Partial pressure of dry air [Pa] 

pr Partial pressure of water vapor in the pool room air [Pa] 

ps Partial pressure of water vapor at the pool water surface [Pa] 

psat Saturation pressure [Pa] 

pv Partial pressure of water vapor [Pa] 

P Precipitation rate [m/s] 

q Water shortage [m3/s] 

R Universal gas constant [J/( K·mol)] 

s Specific humidity of air [kg of moisture/kg of air] 

sr Specific humidity of air in pool room [kg of moisture/kg of air] 

sw Specific humidity of air at pool water surface [kg of moisture/kg of air] 
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Scons Water storage available for water consumption [m3] 

Smax Maximum capacity of stepped pool [m3] 

Spool Water storage of stepped pool [m3] 

Ssurplus Water storage of surplus storage [m3] 

Sthreshold Minimum water storage sufficient for immersion [m3] 

t Time [s] 

T Temperature [K] 

Upool Water loss from pool due to household water consumption [m3/s] 

Usurplus Water loss from surplus storage due to household water consumption [m3/s] 

Uuse Water loss from pool due to usage [m3/s] 

 

 

 

Abbreviations 
 

BCE Before the Common Era 

CE Common Era 

EM Eastern Mediterranean 

RH Relative humidity 

RWH Rainwater harvesting 

 

  



10 

 

1 Introduction 
 

Remains of stepped pool installations have been found in many archaeological excavations 

in the regions of Israel and Palestine. These pools have been traditionally interpreted as 

Jewish ritual purification baths, called mikva’ot (singular mikveh) (Miller, 2018). Archaeo-

logical findings suggest that the pools were mainly in use between the 1st century before the 

Common Era (BCE) and 2nd century Common Era (CE) (Bonnie, 2019b). After that, consid-

erably fewer new pools were built and many of the existing ones were given a new function 

(such as storage), or simply abandoned or built over. The focus of this thesis is on the aban-

donment of the stepped pools. 

 

Most of these pools have been found in domestic contexts (Bonnie, 2019b). While there is 

not much archaeological evidence of the mechanisms used to fill the pools, it is believed that 

most were filled with rainwater. Some part of the roof area was presumably dedicated for 

rainwater harvesting, not only to fill the stepped pools but also other water containers, such 

as cisterns (often a bell-shaped, large water reservoir for drinking and other daily water 

needs).  

 

There are several theories why the use of the stepped pools seems to decline roughly at the 

beginning of the 2nd century. Some say it was because of a Jewish revolt and the destruction 

of the Second Temple in Jerusalem in 70 CE, some that it was due to the Bar Kokhba Revolt 

in 132-135 CE, and some that the traditions simply changed through time (Bonnie, 2019a). 

This study does not seek to validate or invalidate any of these theories. Instead, the aim is to 

explore and assess how plausible an alternative theory is. 

 

Paleoclimatic studies have suggested that climate in the Eastern Mediterranean (EM) was 

wetter around the 4th century BCE to the 1st century CE than some centuries before and after 

it (Finné et al., 2011; Vossel et al., 2018). The ritual bathing tradition associated with the 

stepped pools originates from this wet period and also appears to diminish at the time of a 

climatic shift. So far, the effects of climate variability on the stepped pools remain largely 

unexplored (Bonnie, 2020). Therefore, an objective of this study was to explore the possi-

bility whether changes in climate could have influenced the observed decline of the stepped 

pools in the 1st and 2nd centuries CE. To meet this goal, a model describing how the pools 

functioned was required.  

 

Quantitative hydrological models built for historical contexts seem to be few, and for stepped 

pools there appears to be none. Most research concerning the stepped pools has been either 

archaeological and descriptive in nature (e.g. Meyers et al., 2018), or discussion of the ritual 

practices associated with them through historical literary sources (e.g. Miller, 2010). Be-

cause no ready-made hydrological model for a stepped pool was found, another objective of 

this study was to build one. In essence, a suitable model describing a stepped pool in a do-

mestic context is a rainwater harvesting model where the stepped pool is the main water 

storage. As its primary output, the model gives monthly water levels in the stepped pools, 

accompanied by a number of other descriptive figures about the pool and the system it is 

part of. A mathematical approach to examine these pools allows connecting them to their 
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surrounding physical reality and will shed more light to their so far largely unexplored func-

tioning. 

 

Like Jokiranta et al. (2018) stated, bottom-up approaches in archaeology can yield new in-

sights that traditional, top-down approaches fail to perceive. In this study, a bottom-up ap-

proach starting from the environmental factors is taken in the hope of raising new questions 

about the use of the stepped pools and their meaning to people.  

 

The research objectives of this thesis are: 

• Develop a quantitative model to study how the stepped pools functioned 

• Estimate how a climate shift could have affected the use of the stepped pools 

 

To reach the first research objective, other rainwater harvesting models were studied. In 

addition, the characteristics of the stepped pools were studied along with discussion how 

they could have been used. To reach the second objective, a case study location was selected. 

The selected site was the Western Summit of Sepphoris, a Hellenistic- to Roman-period 

town located in central Galilee. To apply the hydrological model for the case study pools, the 

past and current climates of the area were studied. 

 

Since this study is engineering in its methodology but examines archaeological objects, the 

detailed descriptions and discussion typical for archaeological studies are not included in 

this study. Furthermore, the complex discussion about mikva’ot that is heavily centred 

around past literary sources is only touched upon. This is done not only because it would 

shift the focus of this study but also because the aim of the model was to ignore debatable 

assumptions and approach the topic from the basics.  Lastly, it should be noted that as a 

novel approach to a complicated topic, this study cannot be exhaustive. In other words, it is 

acknowledged that more case studies are needed to verify and adjust the results of this study. 
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2 Background 
 

 

2.1 Stepped pools of Roman Palestine and Jewish ritual purity 
 

Since there are various sizes and shapes of objects labelled as a stepped pool, it is not always 

trivial to identify one. Furthermore, stepped pools can resemble bathing pools, cisterns or 

vats sometimes. There are still some widely accepted attributes that are used to distinguish 

a stepped pool. Firstly, as is stated already in their name, the pools have steps. Another fun-

damental property of the pools is that they have a plaster coating to prevent water from in-

filtrating to the ground, although other types of water containers are often plastered as well. 

The size and shape of stepped pools vary, sometimes resembling more a rectangular, modern 

bathing pool, and sometimes being more like a cavern with steps. Compared to other bathing 

facilities, stepped pools tend to be smaller and isolated from other pools. The pools are often 

partially hewn into bedrock. Figure 1 illustrates how some of the excavated stepped pools 

look like. A property of a historical stepped pool is also its geographical location. Pool struc-

tures having the properties described above are generally found only in the southern Levant, 

more specifically in the area of Israel/Palestine. Figure 2 shows the locations where stepped 

pools have been found.  

 

 

 
Figure 1. Two examples of excavated stepped pools. Left pool is in Yodefat, right pool is in 

Sepphoris. The pool in the right is one of the two case study pools of this study. Photos by 

Rick Bonnie. 
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Figure 2. Locations where stepped pools have been discovered in the Eastern Mediterra-

nean. The black arrow points at Sepphoris where many domestic stepped pools have been 

discovered. Map by Rick Bonnie. 

 

 

In Judaism, being ritually pure means that the person is “compatible” with the holiness of 

God, whereas impurity means a temporary exclusion of religious activities. Some ways of 

becoming impure are “permitted” and “inevitable”, while some “prohibited”. Impurity could 

be removed by ritual immersion in a qualified water body, mikveh. (Hoss, 2005).  

 

Mikveh does not only mean a man-made ritual purification bath, but any body of water qual-

ified for purification purposes. These water bodies constitute of natural (“living”) waters, 

such as rivers, lakes and springs. Rainwater qualifies also, and directly harvested rainwater 

is believed to be the most common water source for the constructed ritual pools (Bonnie, 

2019a).  

32° N 35° E 50 km
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The sources of impurity include corpses, leprosy, dead creatures, genital fluxes and blood. 

Impurity usually affects people but can concern a whole area in severe cases. Immersion of 

whole body in ritually pure water is believed to make a person pure again, although not al-

ways immediately. In some cases, purity is achieved at dusk, whereas in other cases multiple 

immersions on consecutive days is needed. (Hoss, 2005). 

 

An important aspect to realize is the cultural and scientific development millennia ago up to 

this day. While people seem to have been widely concerned about purity in a religious way, 

the mindset concerning physical cleanliness might have been different. Two thousand years 

ago there was no scientifical understanding of pathogens and how they can proliferate in 

favourable conditions. Consequently, it is possible that even if the water in the pools was 

seemingly somewhat dirty, this was not seen as a problem especially for the ritual purifica-

tion purpose. Whereas modern mikva’ot have clean water and are often in appealing and 

atmospheric spaces, this might not have been the case with the earliest ones (Bonnie, forth-

coming). In short, ritual purity is not directly connected to physical cleanliness even though 

they can sometimes be achieved by the same means (Bonnie, 2019a). 

 

The first identification of a stepped pool installation as a mikveh dates back to the 1960s, 

when excavations in Masada revealed a stepped pool (Miller, 2018). The excavator invited 

Rabbi David Muntzberg, an expert in the laws of mikva’ot, to assess whether the pool ful-

filled the religious qualifications. According to the rabbi, the pool was a fine example of a 

mikveh, and after this identification in the following decades, hundreds of other stepped 

pools were similarly interpreted as mikva’ot. 

 

The first textual mentioning of mikva’ot is in rabbinic texts originating from the 3rd century 

(Bonnie, 2019a), yet the earliest built stepped pool discovered by archaeologists is believed 

to have been built around 125 BCE, in the Buried Palace at Jericho (Fatkin, 2019). The peak 

construction of new pools is believed to have happened at the beginning of the 1st century 

CE, also notably earlier than the rabbinic texts were written. Because of this, some have 

deemed calling the stepped pools as mikva’ot an anachronism (Fatkin, 2019). For this 

chronological mismatch and other discoveries related to Judaism during the Roman period, 

some recent studies have taken a more critical approach to the pools, speculating what reg-

ulations and practices were in place at that time (Bonnie forthcoming; Galor, 2004; Miller, 

2018). Regardless of the discussion and debate on the details about the stepped pools, the 

scientific community seems to agree that it is very likely the pools served primarily as Jewish 

ritual purification baths (Miller, 2018). The pools functioning as ritual baths does not ex-

clude other uses, however, and therefore it has been suggested that the pools could have had 

secondary uses, such as rinsing food (Galor, 2004; Jokiranta et al., 2018; Meyers and 

Gordon, 2018). 

 

Even though it is likely that the mikva’ot discussed in rabbinic texts refer to the same insti-

tution that the excavated stepped pools used to serve, the practices and regulations concern-

ing their use might have varied within Roman Palestine and changed over time. Further-

more, there is evidence that not all people obeyed the rabbis in all their rules: for example, 

several houses in Sepphoris were decorated while it is prohibited in rabbinic literature 

(Galor, 2003). Because of this and the focus of this study, assumptions about the pools are 
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tried to be kept minimal. Furthermore, the term “stepped pool” is preferred over “mikveh”, 

since the former describes appearance instead of a function. In the hydrological analysis, it 

is still assumed that the pools were primarily used for ritual purification.  

 

Another topic of debate amongst scholars is when the pools went out of use or were given a 

different purpose (Bonnie, 2019a). From some of the pools a period of construction or aban-

donment can be deduced by inspecting the building and its surroundings. Archaeological 

analysis suggests that the number of new constructed stepped pools declined sharply in the 

second part of the 1st century and during the 2nd century (Bonnie, 2019b). The observed de-

cline could be due to many reasons: religious or cultural changes, adequate number of pools 

already in function, or environmental changes to name some. What became of the pools after 

they ceased to be used as ritual baths is also a topic of discussion. Some people have sug-

gested that they were transformed into either storages or dumps (Galor and Meyers, 2018). 

Sometimes new structures were simply built over them (Meyers et al., 2018). 

 

 

2.2 Paleoclimatic studies in the Eastern Mediterranean 
  

To study the effects of a potential climate shift, evidence of the shift is needed to make the 

research question meaningful. In finding out whether a climate shift occurred or not, histor-

ical literary sources can provide some information. However, even if written records exist, 

the subjective nature of the descriptions can make the information questionable. In addi-

tion, when studying the effects of past climate, a quantitative reconstruction is often desira-

ble. This is where paleoclimatic studies can be utilized. 

 

Paleoclimatology is a science of past climates. Instrumental records date only a few centuries 

back, leaving the majority of history to be studied through indirect evidence. Another 

method is to inspect proxies, environmental objects that have some responses to their sur-

rounding climatic conditions coded in them. There are various different types of proxies, 

such as corals, ice cores, tree ring records, lake sediments and speleothems (Mann, 2007). 

Depending on the resolution and the type of the proxy, a quantitative reconstruction can 

potentially be created by calibrating proxy data against instrumental records.  

 

Paleoclimatic studies have suggested that in the Eastern Mediterranean the centuries 

roughly from the 4th BCE to 1st CE had plentiful rainfalls as compared to centuries before 

and after the period (Dubowski et al., 2003; Finné et al., 2011; Vossel et al., 2018). This time 

coincides with the expansion and flourishment of Rome. More importantly for this study, 

most of the excavated stepped pools have been built during this period. Furthermore, paleo-

climatic studies have suggested that around the 1st and 2nd centuries CE the Eastern Medi-

terranean climate would have rapidly grown more arid (Enzel et al., 2003; Orland et al., 

2009). This arid period lasted supposedly ca. 200 years. After that, the climate became wet-

ter again, even if not reaching as high precipitation levels as before the arid period. 

 

There are still some uncertainties concerning the timings, magnitudes and even existence of 

climatic shifts in the past. Discrepancies in analyses exist between different proxies as well 

as analyses of the same proxy. Some other paleoclimatic studies concerning the Roman 
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period EM disagree with the decrease in rainfall occurring in the 1st or 2nd century CE, plac-

ing it to occur somewhat later, around the 3rd or 4th century CE (Dubowski et al., 2003; 

McCormick et al., 2012; Izdebski et al., 2016). The inaccuracy of radiocarbon dating could 

potentially explain the discrepancy in the timings (McCormick et al., 2012). In addition, dif-

ferences in the methods to interpret the proxy data exist, which causes different results. Be-

cause this study focuses on quantifying the relationship of climate and a stepped pool, the 

discussion and disagreement on the exact timing of the Roman period climate shift is out of 

the scope of this study. In this study, it is assumed that a shift in climate could have occurred 

when the construction of new stepped pools declined. 

 

 

2.3 Drivers of the Eastern Mediterranean climate 
 

Studying the drivers and patterns of climate in the Eastern Mediterranean is necessary to 

understand the underlying mechanisms and causes of local climate variability. Information 

of the characteristics of local climate can be used as an alternative or supplementary choice 

for climate reconstructions when modelling the past climate. In addition, being familiar with 

the local climate patterns enables reflecting the implications of climate reconstructions (e.g., 

if climate shifted towards more arid, what could have been the reasons behind it). 

 

Climate in Israel and the whole EM is highly seasonal in general. Almost all rainfall occurs 

in winter months (October-March), and conversely the summer months (April-September) 

are very dry. Temperatures are clearly lower in winter months. There is great spatial varia-

bility in climate within Israel, as mean precipitation ranges from 300 mm up until 1600 mm 

per year (Vossel et al., 2018). The climate variability is explained partly by topography, as 

mountainous areas tend to receive a larger share of precipitation than plains and valleys, 

and partly by proximity to sea (Saaroni et al., 2010; Vossel et al., 2018). Furthermore, pre-

cipitation increases generally northwards, and temperature and precipitation show inverse 

correlation (Saaroni et al., 2010). 

 

The Eastern Mediterranean receives almost all of its rainfall from cyclones migrating from 

the Mediterranean towards the East (Enzel et al., 2003). These cyclones originate as cold air 

masses in northern Europe and the Atlantic, and as they travel over the Mediterranean, they 

become saturated and warmer (Issar and Zohar, 2007). The extratropical cyclones that are 

formed are commonly called Cyprus Lows  (Saaroni et al., 2010). 

 

Enzel et al. (2003) found that large-scale positive and negative pressure anomalies over the 

EM occurred during the driest and the wettest years, respectively. Furthermore, their anal-

ysis for the 5 wettest years in a 50-year sample showed that on average during wet years, 

there were 20% more cyclones and their tracks travelled ~1° more south compared to their 

average track to the Middle East. In other words, yearly variability in precipitation in the EM 

appears to be related to the frequency and the travel tracks of Mediterranean cyclones. Re-

garding the current climate change, studies have predicted that the Mediterranean storm 

track will shift northwards and become weaker, leading to reduced precipitation in the Mid-

dle East (Bengtsson et al., 2006; Black, 2009). A similar mechanism could have been the 

cause of some past climate shifts in the EM (Black et al., 2010). 
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Among the most prominent climatic teleconnection patterns observed to influence the EM 

are the North Atlantic Oscillation and the east Atlantic – west Russia pattern. North Atlantic 

Oscillation describes sea level atmospheric pressure differences in the North Atlantic Ocean 

(Hurrell, 1995; Rodwell et al., 1999), and the east Atlantic – west Russia pattern opposite 

pressure anomalies manifesting in western Russia and northwestern Europe (Krichak and 

Alpert, 2005). It is possible that some other patterns, most notably the El Niño-Southern 

Oscillation, also affect as far as the EM (Yakir et al., 1996). It is one the globally most influ-

ential anomaly pattern, where high sea surface temperatures and pressures persist in the 

central/eastern equatorial Pacific Ocean (Trenberth, 1997). These climate patterns are a use-

ful and powerful means to examine climate in a broader way and discover periodicity. 

 

The underlying mechanisms affecting changes in climate are called climate forcings (Mann, 

2007). External forcings include volcano eruptions, changes in solar radiation, atmospheric 

CO2 concentration and anthropogenic forcings (Bauer et al., 2003). Solar radiation could be 

considered the most influential forcing, since ultimately almost all energy on Earth comes 

from the Sun. Changes in solar insolation is affected by changes in solar activity and the 

Earth’s orbit. The Milankovich cycles, which form the orbital forcings, are a set of cycles with 

different periods in the Earth’s position relative to the Sun. In large timescales the effects of 

solar forcing are evident, as Milankovich cycles are the cause of glaciations. Other changes 

in solar activity are also significant, as is demonstrated by the Maunder solar minimum co-

inciding with the Little Ice Age, the cold 15-17th centuries in Europe (Bond et al., 2001). In 

smaller timescales, the drivers of climatic changes can be more difficult to identify, although 

(partly) internally forced patterns in ocean and atmospheric circulations seem to play a role 

(Shindell et al., 2001; Rimbu et al., 2003). In addition, volcanic activity occasionally affects 

annual and even multi-centennial climate variability (Bauer et al., 2003). 

 

 

2.4 Rainwater harvesting models in historical contexts 
 

A rainwater harvesting (RWH) model is a type of hydrological model describing water vol-

umes and fluxes of a system that has rainwater as its input. Rooftops function as the catch-

ment area most often. Modelling a RWH system can be a powerful way to estimate for ex-

ample the water supply of a planned system or a system that functioned in the past. If there 

is insufficient data, which is often the case with historical study objects, a simplified model 

can be used, and different scenarios and uncertainty ranges can be utilized.  

 

Rainwater harvesting has been used as a means to increase water supplies for thousands of 

years. Throughout the Mediterranean, collecting rainwater from rooftops has been used to 

supplement, create stability or even form on its own a water supply. Usually, the harvested 

rainwater was conveyed to a cistern. Many shapes and sizes of cisterns have been found, 

both in domestic and public contexts.  

 

At the date of this study, the utilization of RWH frameworks and models to study the func-

tioning of past water features seems to be limited. While no dedicated hydrological studies 

for stepped pools were found at the time of this study, some studies involving quantitative 

water estimation exist at least for cisterns (e.g. Connelly and Wilson, 2002; Keilholz, 2014; 
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Mantellini, 2015; Klingborg, 2017; Klingborg and Finné, 2018). A popular approach to study 

the water supply of cisterns has been to primarily look at their capacity, but as Klingborg 

(2017) shows, the volume of a cistern tells often a lot less about the water supply than the 

size of the catchment area. Moreover, because the Mediterranean climate is seasonal and 

rainfall amounts can vary drastically by year, the maximum volume of a cistern cannot ac-

curately describe the amount of water it could supply each year. 

 

As Bonnie (forthcoming) notes, scholars often see excavated installations as simple enablers 

of a function. For example, in the case of stepped pools, finding them means that the asso-

ciated function – ritual purification – was clearly practiced, and literature can be utilized to 

find more details on the usage. While it is reasonable to think that a built installation worked 

in the first place, its performance might have varied depending on the surrounding condi-

tions. This is where using a bottom-up approach for studying becomes advantageous. An 

open-minded modelling approach with only fundamental assumptions can reveal unex-

pected and contrary evidence to the old analysis, thus progressing research in a way that 

traditional methods could not accomplish. An example of such an approach is using a RWH 

model to estimate water supply of a past water feature, limiting assumptions to archaeolog-

ical and paleoclimatic evidence as much as possible. 

 

The scarcity of hydrological modelling of past water supply systems can be partially ex-

plained by the inherent uncertainties involved in it. In modern hydrological modelling, the 

parameter values are usually known or predicted accurately, whereas in historical modelling 

this is not the case. Another reason may be that historians and archaeologists have not seen 

a need for modelling – a water installation has likely accomplished the function it was de-

signed for. Thirdly, a modelling approach to a historical context is inter-disciplinary in its 

nature, and as such represents a smaller field of study. It is hoped that the modelling ap-

proach of this study could broaden the field of ancient hydrology studies and extend the 

toolbox for stepped pools research.  
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3 Archaeological data 
 

To conduct a case study, a suitable location was required. Naturally, one location and two 

pools cannot represent all the found stepped pools, but there are some qualities that can 

guide the selection. One important factor was that since most of the stepped pools have been 

found in domestic contexts, so should the case study pools be. Other considered factors were 

approximately average climate within Israel, good quality of the archaeological remains and 

availability of data. Based on these criteria, the Western Summit of Sepphoris was chosen as 

the case study location. 

 

 

3.1 Site description 
 

Information regarding the excavations in the Western Summit of Sepphoris, especially all 

the provided geometries, descriptions and drawings of the stepped pools as well as detailed 

information on the housing units are from the excavation report by Meyers et al. (2018).  

 

The two pools selected for the case study are located in Sepphoris, a former town in central 

Galilee. It is located approximately halfway from the Mediterranean coast to the Sea of Gal-

ilee in an east-west axis. The elevation from sea level in the archaeological site of Sepphoris 

is roughly 280 m.  

 

The most extensively excavated site of Sepphoris, the Western Summit, was a residential 

quarter first inhabited in Persian period (5th-4th centuries BCE). Roughly 30 installations 

interpreted as stepped pools, dating to Early and Middle Roman periods, have been discov-

ered from this rather small area, which is more than one per identified housing unit. The 

abundance of stepped pools in the Western Summit implies that the pools were used actively 

in the community. This, in addition to the relatively good quality of the excavated remains, 

makes Sepphoris a suitable choice to be the first case study location to apply the hydrological 

model. 

 

 

3.2 Housing units 
 

The two case study pools are located in Unit Ib and Unit II (Figure 3). Most of the residences 

in Sepphoris are courtyard houses, which is a design that has been very common throughout 

the Mediterranean and the Middle East (Galor, 2003; Abdulkareem, 2016). Both of the case 

study units include an assumed courtyard, and therefore can be described as courtyard 

houses. Typical characteristics of this house type include a courtyard surrounded by rectan-

gular rooms, and 1 or 2 stories. Courtyard houses have enabled the inhabitants to be out-

doors in privacy while also offering shelter from sun and wind (Galor, 2003). The im-

portance of privacy and boundaries between public and private spaces are discussed in an-

cient Jewish textual sources (Galor, 2003). On the other hand, the thermal comfort a court-

yard was able to provide could have been an essential factor in making it a popular design 

(Abdulkareem, 2016). Some rabbinic sources indicate that a courtyard could have been 

shared by two housing units, and it is also believed that multiple families could share 
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domestic spaces (Galor, 2003), making estimation of the number of people occupying a 

courtyard house difficult. 

 

 

 
Figure 3. A plan of architectural remains of the Western Summit of Sepphoris. Catchment 

area of stepped pool A is marked with blue and catchment area of stepped pool B with red. 

Modified from Galor (2007). 

 

 

No roofs have lasted to this day of the dwellings of the Western Summit, which makes de-

fining the roof areas tricky. This is still not uncommon in archaeology, and estimating roof 

areas can be managed with the help of literature sources and similar, better preserved struc-

tures (Galor, 2003). In addition, since Sepphoris was populated for centuries, many of the 

buildings were expanded and modified over time (Meyers et al., 2018). Here, for both of the 

case study pools, the catchment areas are assumed smaller than the extent of the whole unit 

for the following reasons. Firstly, parts of the units are believed to have been (non-roofed) 

courtyards. Secondly, both units included another stepped pool, and this model was con-

structed to inspect only one pool at a time. Thirdly, only the roof areas in close proximity to 

the pools were considered suitable. It is assumed that the rest of the roofed area formed 

another “water sub-unit”, possibly for another family sharing the courtyard, or that it was 

used for other purposes than rainwater harvesting. Other functions for roofs in the ancient 

Middle East included eating, praying, keeping animals and storing food (Galor, 2003). 
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3.3 Case study pools 
 

First of the case study pools is called Stepped pool 2 (locus nr. 85.3226) of Unit Ib, dated to 

Early Roman period (Figure 4). In this study, this case study pool will be referred to as 

stepped pool A. The pool’s volume is approximately 5.65 m3 and it is large compared to other 

pools found in the Western Summit, second in size only to one other stepped pool in the site. 

The geometry of pool A resembles more a modern swimming pool than a cave-like hole, as 

is the case with some other stepped pools. Maximum depth of the pool is 2.2 m. Because of 

the steps, water surface area is a function of water depth. The maximum surface area of the 

pool is 2.9 m x 1.75 m. The other surface areas are calculated as a function of pool geometry 

and water volume in the pool. The catchment area defined for pool A was 90 m2. The plan 

of architectural remains with the defined catchment area is shown in Figure 3 and the di-

mensions of pool A are listed in Table 1. 

 

The second case study pool is Stepped pool 4 (locus nr. 84.4191) of Unit II, also dated to 

Early Roman period (Figure 5). This case study pool will be referred to as stepped pool B. 

This pool is one with a mediocre volume, 2.3 m3. Maximum depth of this pool was ca. 1.5 m 

with maximum surface area of roughly 1.5 m x 1.8 m. Pool B has more cavernous and irreg-

ular shape compared to pool A, but is still not an extreme case at the site. Figure 3 and Table 

1 show the used catchment area dimensions of the pool.   

 

 

Table 1. Dimensions of the case study pools and their locus numbers. 
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Figure 4. Geometry and picture of stepped pool A. According to the excavators, the cistern 

opening visible in the picture is a later addition (Meyers and Gordon, 2018). 

 

 

 
Figure 5. Geometry and picture of stepped pool B (Meyers and Gordon, 2018). 

 



23 

 

4 Climate data 
 

4.1 Data requirements 
 

The rainwater harvesting model for a stepped pool uses precipitation, temperature and rel-

ative humidity (RH) as its climatic inputs. Several approaches were considered in order to 

replicate the climate of the case study location, before and after the assumed aridification in 

the EM. Climate reconstructions were found to have inadequate spatial and temporal reso-

lutions for an area with high seasonality and variability in weather. Using gridded climatic 

datasets was also considered, but as notable differences existed between different datasets, 

choosing one is problematic (Tanarhte et al., 2012). Besides that, like many climate recon-

structions of the past, this type of data was developed for different needs than that of this 

study: to inspect a large region’s a climate data in grid format instead of only one location 

accurately, and thus was not well suited for this model. 

 

Modern, measured data was the only data type with high temporal resolution (monthly for 

precipitation, daily for temperature and RH). To study the intra-year variability in the 

stepped pool water volumes, using modern data was the only option. Since a key character-

istic of the EM climate is its seasonality, working with yearly data would have omitted a lot 

of information. Furthermore, only modern records were able to provide relative humidity 

values that were needed for evaporation calculations.  

 

Criteria for the modern data were that it is measured as close to Sepphoris as possible and 

that the data includes at least 30 continuous years. Multiple years were needed to study the 

annual variability in the climate, to estimate the frequency of anomalous years, and to be 

able to conduct statistical analysis from the results. Regarding the spatial proximity, only 

stations closer than 20 km were considered.  

  

 

4.2 Modern data 
 

Climate data used in this study was downloaded from the Israel Meteorological Service 

(Israel Meteorological Service, 2020). For the years 1950-1980, climate data was available 

either directly from Sepphoris or from other nearby stations, and therefore data from these 

years was used. Precipitation data was available for Sepphoris for the years 1958-1980 and 

this data was supplemented by HaSolelim station’s data for the years 1950-1958. The HaS-

olelim station is roughly 4 km from Sepphoris and its elevation from sea level is 180 m com-

pared to Sepphoris’ 280 m. Correlation of yearly precipitation sums of Sepphoris and HaS-

olelim for the years 1958-1980 was over 0.95, which makes HaSolelim’s data adequate to fill 

the missing years. 

 

Since no climate stations measuring temperature and relative humidity were located in Sep-

phoris or in HaSolelim, these variables were acquired by taking the average between the two 

closest climate stations to Sepphoris, Neve Ya’ar and Kadoorie. These stations are located 

on different sides of Sepphoris at distances of 10-13 km. Both stations supplied 3 values for 

each day.  
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To acquire one number for relative humidity and temperature for each day, the datasets were 

merged with the following procedure. In the first step, daily averages of each station were 

calculated. In the second step, mean of the stations’ daily averages was calculated to repre-

sent the daily average of Sepphoris. On some days, some observations were missing in the 

data. If at least one observation per day was found, the daily value could be calculated by 

taking the average. If all values of one day were missing, the gap was filled by interpolating 

over the previous and the next days. Similar interpolation was performed for the remaining 

missing values in the merged dataset of the two stations. In total, observations of 2167 days 

were missing from Neve Ya’ar data and 138 days from Kadoorie data, but because the days 

did not overlap, values for each day were obtained. The large amount of missing data in the 

dataset from Neve Ya’ar was not seen as a concern because the datasets of the two stations 

were highly correlated: 0.8 for RH data and 0.98 temperature data. 

 

The mean annual precipitation of the dataset was 556 mm, slightly less than the median of 

576 mm, indicating a small negative skewness in the data. Annual precipitation ranged from 

309 mm to 815 mm, showing high dispersion in the distribution. A standard deviation of 

128 mm and a coefficient of variation – the ratio of standard deviation to mean – of 0.23 

reinforce the perception of the fluctuant nature of rainfall in the area.  

 

Figure 6 shows the monthly means of the three climatic variables used in this study. Decem-

ber and January are the rainiest months with an average of ca. 140 mm/mo precipitation, 

whereas from May to September the average precipitation is less than 5 mm/mo. The rela-

tive humidity is slightly higher in winter than in summer on average, ranging from roughly 

55% to 70%. Average temperature is around 12 °C in the coldest month, January, and 28 °C 

in the warmest month, August.  

 

The annual variability of precipitation is visualized in Figure 7. There seems to be no relation 

between consecutive years in rainfall amounts. In other words, years seem to be independent 

climate-wise and the next year’s rainfall cannot be predicted from the current year. In addi-

tion, some skewness and a slight increasing trend can be perceived in Figure 7.  

 

Figure 8 shows the distribution of annual precipitation totals. It confirms the dispersion and 

skewness already observed from the statistical indices and Figure 7. The distribution sug-

gests that drought years are more frequent than years with unusually plentiful rains. In con-

trast, years with total precipitation of roughly 100 mm more than the mean seem more com-

mon than their similarly drier counterparts.  

 

The 30-year study period was assumed to be long enough to represent the local climate. 

However, it should be noted that the positive trend in the annual rainfall data could alter the 

distribution. 
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Figure 6. Average monthly precipitation, air temperature and relative humidity of the used 

climate data. 

 

 

 

 
Figure 7. Annual precipitation sums in Sepphoris. The dashed line marks the mean. 
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Figure 8. Distribution (10 bins) of annual precipitation sums of the study period.  

 

 

4.3 Climate scenarios 
 

A fundamental drawback in using modern data is that it is difficult to know how well it rep-

resents the past climate. To assess the relation of modern climate to that of 2000 years ago, 

the patterns behind the climate of the Eastern Mediterranean were reviewed along with 

studies discussing late Holocene climate changes in the Eastern Mediterranean. This was 

done in Chapters 2.2 and 2.3. Next, the studies utilized to create the climate scenarios will 

be presented. 

 

Enzel et al. (2003) studied the lake level variations of the Dead Sea, whereas Orland et al. 

(2009) examined oxygen isotopes of a speleothem found in Soreq Cave in Israel. Both stud-

ies make quantitative estimates of palaeorainfall in the southern Levant region after the as-

sumed climate change. Orland et al. (2009) estimated as high as 300-400 mm decrease in 

annual rainfall total, from 1000 mm/a to 600 mm/a. Enzel et al. (2003) suggested more 

generally that during arid episodes (periods when Dead Sea level decreases), mean annual 

rainfall has been at least 0.8 standard deviations below the modern mean in Jerusalem. In 

their study, mean precipitation was 553 mm with a standard deviation of 120 mm, and they 

observed that during lake level falls, 50% of the years had less than 450 mm and 70% of the 

years had less than 550 mm rainfall. Furthermore, it was shown in their study that rainfall 

has generally high correlation between meteorological stations around Israel, and therefore 

it is reasonable to extend the observed correlation for Sepphoris.  
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Because the correlation observed by Enzel et al. (2003) gave a direct comparison point to 

modern data, it was utilized in creating the climate scenarios. In total, two scenarios were 

formed. The first one was unmodified data from 1950-1980 and it represented the more hu-

mid climate when new stepped pools were actively built (roughly from 100 BCE to 50 CE). 

The other scenario was modified from the 1950-1980 dataset by shifting the mean of the 

data.  First, the desired new mean was calculated by subtracting 0.8 standard deviation from 

the original mean. The reduced mean of the used dataset was 453 mm. To get a modified 

dataset with this mean, all rainfall data was scaled uniformly by multiplying by 0.8. This 

scenario modelled more arid conditions that were supposedly present a few centuries after 

the humid period ended. 

 

All the climate variables show strong correlation. The Pearson’s Correlation Coefficients for 

the monthly data were -0.76 for temperature-precipitation, -0.66 for temperature-RH and 

0.66 for precipitation-RH. The correlations of annual averages and sums are weaker: -0.32, 

-0.49 and 0.23 for the same variable pairs. Overall, for reasons concerning the scope of this 

study and complexity of climatic systems, no quantitative dependency was tried to be formed 

between the climate variables. This means that in the scenario where precipitation was 

scaled to simulate a drier period, relative humidity and temperature were not changed. 

Based on the observed correlations, it is possible that the scaled scenario should have slightly 

lower relative humidity and higher temperature on average. The magnitudes of error origi-

nating from the approximation of climatic variables will be addressed in Chapter 5.3. 
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5 Methods 
 

 

5.1 Building the model  
 

Because information about how the stepped pools were used at the time of their appearance 

is limited, the model has to face several uncertainties. For example, the roofs of the exca-

vated buildings in Sepphoris have not been preserved to this day, but it is reasonable to as-

sume that most of the rooms had roofs to provide shelter from sunshine and rain. On the 

other hand, there is uncertainty which practices related to the pools were common and how 

harvested rainwater was distributed between water features in a housing unit. The uncer-

tainties were managed by studying a set of scenarios and making estimates based on litera-

ture sources, when available. The fundamental assumptions made about the pools are that 

they were 1) filled with only directly channelled rainwater, 2) used primarily for ritual bath-

ing, and 3) emptied and cleaned once a year. 

 

The hydrological model developed to describe a stepped pool is fundamentally a rainwater 

harvesting system (Figure 9). The model includes two storages: stepped pool storage and 

surplus storage. The input of the model is rainfall multiplied by catchment area and runoff 

coefficient, a parameter that models spillage, leaks and other losses from the catchment. The 

losses of the pool are evaporation from the pool and spillage when the pool is used. The 

surplus storage receives water as overflow from the stepped pool and loses water each day 

when the inhabitants use water for their daily needs.  

 

It was assumed that the pools were cleaned once a year, similarly as cisterns according to 

literature sources (Klingborg and Finné, 2018). In this model, cleaning was set to take place 

at the beginning of the rain season in October, meaning that the storage resets to zero at that 

time. This event also marks the beginning of a new cycle (year from October to September). 

 

The model is sensitive to the choice of catchment area because it directly affects the volume 

of available rainwater. Usually, determining the catchment area of a rainwater harvesting 

system would not pose a big problem, but since no roofs have been preserved to this day in 

the excavation site, it emerges to be one of the biggest factors introducing uncertainty to the 

model. However, this does not render the task impossible, because there are remains of walls 

from which it is possible to estimate the size of the roofed areas. One of the simplest ap-

proaches to select a catchment area would be to use an assumed house unit’s whole roof area 

for the pool, but since there are usually multiple water features, this approach is likely to be 

unrealistic. A better approach would be to also consider the other water features and deter-

mine sub-catchments for all of them, for example uniformly between the features or propor-

tionally to their sizes.  

 

In this model, all harvested rainwater from the estimated roof area of a dwelling is first chan-

nelled into a stepped pool, and when the pool is full the overflow is conveyed to other water 

features, such as nearby cisterns. Since this model is focused on a stepped pool, other water 

features are not discussed individually and are treated as an abstract water storage, called 

“surplus storage”, that is available to use for drinking, washing and other daily needs. 
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However, if one wanted to itemize the surplus storage, its biggest component would usually 

be a cistern. Because the described method to determine the catchment area and waterflow 

in the system assumes a heavy prioritization of the stepped pool, different pool usage sce-

narios were formed to include a dynamic approach to the pools. 

 

 

 

 
Figure 9. A conceptualization of the developed hydrological model.  
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5.2 Model scenarios 
 

The approach of this study was to create a small number of scenarios to see how the model 

performs in different settings. To achieve the research objective of studying the effect of a 

climate shift on stepped pools, scenarios with different rainfall amounts were formed. As 

was described in Chapter 4.3, one climate scenario uses unmodified precipitation data from 

1951-1980 from Sepphoris, while the other is the same data multiplied by 0.8.  

 

A central assumption in this study was that the stepped pools were primarily used for ritual 

purification. However, this does not exclude the possibility that they were utilized for other 

purposes also. Some studies of the Roman period stepped pools have argued that pools in 

domestic settings could have been used for mundane purposes, in addition to their ritual 

function (Galor, 2004; Miller, 2010). Based on this idea, two pool usage type scenarios were 

created. The scenarios differ in their approach to water shortage, i.e. when there is not 

enough water in the surplus storage for the basic monthly consumption. In the scenario type 

called alternative water use scenario (alt. use), water shortage is mitigated by utilizing water 

of the stepped pool. In the scenario type called basic water use scenario (basic use), the pool 

is left untouched in times of water shortage. In essence, the former scenario models a flexible 

attitude and dynamic use of the pool, whereas in the latter scenario the stepped pool is highly 

prioritized or seen otherwise unfit for other uses. Table 2 can be referred to for short de-

scriptions of the 4 unique scenarios.  

 

 

Table 2. Descriptions and names of the four scenarios modelled. 

 

 
 

 

5.3 Hydrological model description 
 

The hydrological model constitutes of two storages: stepped pool storage and surplus stor-

age. The only input is harvested rainwater, which is calculated by multiplying precipitation 

by runoff coefficient and catchment area. The losses of the model are evaporation, spillage 

due to pool use and water consumption. The method used to calculate evaporation is shown 

in Chapter 5.3. All storages and fluxes in the model are always nonnegative.  
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The equations expressing the fluxes of the model are presented next. The change in pool 

storage is  

 

 
 𝑑𝑆𝑝𝑜𝑜𝑙

𝑑𝑡
 =   𝐼𝑝𝑜𝑜𝑙 −  𝐸 − 𝑈𝑝𝑜𝑜𝑙 −  𝑈𝑢𝑠𝑒  

 

(1) 

 

 

where Spool is water volume in the pool [m3], Ipool is harvested rainwater entering the pool 

[m3/s], E is evaporation [m3/s], Uuse is water loss due to pool use [m3/s] and Upool is water 

loss due to household water consumption [m3/s]. The order in which the losses are sub-

tracted in calculations is evaporation, loss due to pool use and water loss due to water con-

sumption. 

 

The change in surplus storage is  

 

 
 𝑑𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠

𝑑𝑡
 =  𝐼𝑠𝑢𝑟𝑝𝑙𝑢𝑠 − 𝑈𝑠𝑢𝑟𝑝𝑙𝑢𝑠   

 

 

(2) 

 

where Ssurplus is water volume in the surplus storage [m3], Isurplus is harvested rainwater en-

tering surplus storage [m3/s] and Usurplus is water loss due to water consumption [m3/s]. 

 

When the pool storage is not full, all harvested rainwater is directed there, and when the 

pool is full, all water goes to surplus storage 

 

 
 

{
𝐼𝑝𝑜𝑜𝑙 = 𝐶𝑃𝐴

𝐼𝑝𝑜𝑜𝑙 = 0      
  

𝑆𝑝𝑜𝑜𝑙 < 𝑆𝑚𝑎𝑥 

𝑆𝑝𝑜𝑜𝑙 = 𝑆𝑚𝑎𝑥 

 (3) 

 

 

 
 

{
𝐼𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 𝐶𝑃𝐴

𝐼𝑠𝑢𝑟𝑝𝑙𝑢𝑠 = 0      
  

𝑆𝑝𝑜𝑜𝑙 = 𝑆𝑚𝑎𝑥 

𝑆𝑝𝑜𝑜𝑙 < 𝑆𝑚𝑎𝑥 

 (4) 

 

 

 

where Smax is the maximum capacity of the pool storage [m3], C is runoff coefficient of the 

rainwater harvesting system [-], P is precipitation rate [m/s] and A is rainwater catchment 

area [m2]. 

 

Water loss from pool due to pool use occurs only when the pool has enough water for im-

mersion 

 

 
 

{
𝑈𝑢𝑠𝑒 = 𝐿
𝑈𝑢𝑠𝑒 = 0

  
𝑆𝑝𝑜𝑜𝑙  ≥  𝑆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 

𝑆𝑝𝑜𝑜𝑙  <  𝑆𝑡ℎ𝑟𝑒𝑠ℎ𝑜𝑙𝑑 

 (5) 
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Where Sthreshold is the water volume corresponding to the minimum water level required for 

immersion [m3] and L is the constant loss from pool due to use [m3/s].   

 

When the surplus storage is not empty, water is drawn from there 

 

 
 

{
𝑈𝑠𝑢𝑟𝑝𝑙𝑢𝑠  =  𝐷

𝑈𝑠𝑢𝑟𝑝𝑙𝑢𝑠 =  0 
  

𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠  >  0 

𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠  =  0 

 (6) 

 

 

 

where D is the constant water consumption demand of the household [m3/s]. 

 

In the alternative water use scenarios, Upool becomes positive when the surplus storage is 

empty and the pool is not 

 

 
 

{
𝑈𝑝𝑜𝑜𝑙  =  𝐷

𝑈𝑝𝑜𝑜𝑙 =  0 
  

 

𝑆𝑝𝑜𝑜𝑙 ≥  0, 𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠  =  0 

𝑆𝑝𝑜𝑜𝑙 =  0 

   

 (7) 

 

 

Ssupply denotes the water storages available for household water consumption and depends 

on the water use scenario 

 

 
 

{
𝑆𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠               

𝑆𝑠𝑢𝑝𝑝𝑙𝑦 = 𝑆𝑠𝑢𝑟𝑝𝑙𝑢𝑠 + 𝑆𝑝𝑜𝑜𝑙
  

𝑏𝑎𝑠𝑖𝑐 𝑢𝑠𝑒 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 

𝑎𝑙𝑡. 𝑢𝑠𝑒 𝑠𝑐𝑒𝑛𝑎𝑟𝑖𝑜𝑠 

 (8) 

 

 

 

Water shortage q occurs when the storages available for household water consumption are 

empty 

 

 
 

{
𝑞 =  𝐷
𝑞 =  0

  
𝑆𝑠𝑢𝑝𝑝𝑙𝑦  =  0 

𝑆𝑠𝑢𝑝𝑝𝑙𝑦  >  0 

 (9) 

 

 

 

5.4 Evaporation 
 

Evaporation is a vaporization process on the surface of a liquid, where molecules of the liq-

uid change their phase to gas. It is a non-linear process and a function of many parameters 

that can only be approximated in real life situations (Asdrubali, 2009). Consequently, in 

modelling evaporation estimates are obtained using empirical equations meant for specific 

conditions.  
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Most of the stepped pools of Roman Palestine have been found in vaulted or cave-like spaces 

inside a dwelling. The pools themselves can be perceived as swimming pools that are not 

constantly in use. Therefore, evaporation equations developed for indoor swimming pools 

describe the stepped pools the best. If the pools were outside and exposed to wind, evapora-

tion would be notably higher (Smith et al., 1994). Assuming the stepped pools were used 

primarily for ritual immersion, the water surface was undisturbed most of the time, giving 

another requirement for the desired empirical equation.  

 

Shah (2014) compared evaporation equations for swimming pools and other water surfaces. 

For (effectively) unoccupied indoor swimming pools, he suggested using the following two 

equations and using the higher result for each timestep. 

 

 
 𝐸𝑟𝑎𝑡𝑒1   =  35𝜌𝑤(𝜌𝑟  −  𝜌𝑤)1/3(𝑠𝑤  −  𝑠𝑟) 

 

(10) 

 

 
 𝐸𝑟𝑎𝑡𝑒2  =  0.0346(𝑝𝑤  −  𝑝𝑟) 

 

 

(11) 

 

where Erate1 and Erate2 are evaporation rates [kg/m2/h], ρw is density of saturated air at the 

pool water surface [kg/m3], ρr is density of humid air in the pool room [kg/m3], sw is specific 

humidity of air at the pool water surface [kg of moisture/kg of air], sr is specific humidity of 

air in the pool room [kg of moisture/kg of air], pw is partial pressure of water vapor at the 

pool water surface [Pa], and pr is partial pressure of water vapor in the pool room air [Pa].  

 

The suggested method was used, and the highest result of Equations 10 and 11 was used to 

obtain the final evaporation rate 

 

 
 𝐸𝑟𝑎𝑡𝑒  =  𝑚𝑎𝑥(𝐸𝑟𝑎𝑡𝑒1, 𝐸𝑟𝑎𝑡𝑒2) 

 

 

(12) 

 

where Erate is the final evaporation rate [kg/m2/h]. For situations where (ρr − ρw) < 0.02, 

the result of Equation 10 was increased by 15% to adjust the predictions (Shah, 2012). The 

actual evaporation depends on the pool surface area and is defined as 

 

 
 

𝐸 =  
𝐸𝑟𝑎𝑡𝑒𝐴𝑝𝑜𝑜𝑙

3600𝜌𝑤𝑎𝑡𝑒𝑟
 

 

 

(13) 

 

where E is the actual evaporation from pool surface [m3/s], 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water 

(997 kg/m3 was used) and Apool is the pool surface area [m2]. Erate is divided by 3600 to get 

seconds as the time unit. When the pool is empty, Apool is 0 and no evaporation occurs. The 

evaporated water volumes were aggregated into monthly sums to fit the timestep used in the 

model calculations. 
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Next, equations used to calculate the variables of the evaporation rate equations (Equations 

10-11) are presented. Density of humid air is 

 

 
 

𝜌 =
𝑝𝑑𝑀𝑑  +  𝑝𝑣𝑀𝑣

𝑅𝑇
 

 

(14) 

 

 

where pd is partial pressure of dry air [Pa], pv is partial pressure of water vapor [Pa], Md is 

molar mass of dry air [kg/mol], Mv is molar mass of water vapor [kg/mol], R is the universal 

gas constant [J/K/mol] and T is temperature [K]. 

 

Partial pressure of dry air is 

 

 
 𝑝𝑑  =  𝑝 − 𝑝𝑣 

 

(15) 

 

 

where p is atmospheric pressure [Pa]. 

 

Relative humidity is 

 

 
 

𝜑 =  
𝑝𝑣

𝑝𝑠𝑎𝑡
 

 

(16) 

 

 

where psat is saturation pressure [Pa] and φ is relative humidity [-]. 

 

Saturation pressure can be approximated by August-Roche-Magnus equation 

 

 
 

𝑝𝑠𝑎𝑡  =  0.61094𝑒𝑥𝑝 [
17.625(𝑇 − 273.15)

(𝑇 − 273.15)  +  243.04
] 

 

(17) 

 

 

and specific humidity can be approximated by equation 

 

 
 

𝑠 =
0.622𝑝𝑣

𝑝 −  0.378𝑝𝑣
 

 

(18) 

 

 

which is derived in Appendix A. 

 

The three climatic variables needed to solve all the above equations for a stepped pool are 

relative humidity of the pool room air, temperature of the pool room air and temperature of 
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the pool water. However, climate records can only supply outdoor relative humidity and 

temperature, which can naturally differ from the indoor values. The question how to esti-

mate the indoor values from the outdoor values comes down to hygrothermal properties of 

a building. There are some empirical formulas describing hygrothermal properties of build-

ings, developed to estimate the relation of indoor and outdoor humidities and temperatures 

(Karagiozis and Salonvaara, 2001; Krüger and Givoni, 2008). However, in order to apply the 

formulas, detailed information about the building and its environment is needed. Since this 

study deals with the distant past, information about the residences and their usage is very 

limited, and therefore these formulas were not used in this study.  

 

In this study, the daily averages of temperature and relative humidity in the pool room were 

assumed to be the same as the outdoor ones. Fireplaces and passively functioning air shafts 

were likely not used to affect the pool room’s air, since both heating and airflow would have 

increased evaporation. It is believed that most doorways did not have a door in a typical 

courtyard house in Roman period Middle East (Galor, 2003). This assumption makes sense 

considering the warm local climate and that the air flow would likely increase comfort of the 

occupants in general. It is reasonable to assume that residences in distant past were less 

isolated from the outside world than in the majority of modern houses, and if induced air 

flow was present in the housing units, it is reasonable to assume mixing of the indoor and 

outdoor temperatures and humidities.  

 

Since water has significantly higher thermal capacity than air, water in a stepped pool does 

not change temperature as quickly as air. In this model, a 7-day moving average of the air 

temperature was used to represent the pool water temperature. In reality, the energy ex-

change between a water body and air is more complicated. The potential errors produced by 

the approximations made in this study are evaluated and discussed briefly in the results. 

Other factors affecting the water temperature that were not modelled in this study include 

radiating temperature from ground/bedrock below the pool and heat loss of the pool water 

due to evaporation. 

 

 

5.5 Model parameters 
 

Precipitation falling on the roof is reduced by initial abstraction, evaporation and spillage. 

All this, and possible other ways affecting the amount of rainwater harvested at the catch-

ment, can be combined into a variable called runoff coefficient. It is a dimensionless variable 

between 0 and 1 that is affected by several architectural and climatic factors (Farreny et al., 

2011). These factors include for example roof material, roof slope and rainfall event intensi-

ties. A study conducted by Lange et al. (2012) in the Middle East revealed that runoff coef-

ficient was 87% in an average year and roughly 75% in drought years. This finding suggests 

that runoff coefficient is clearly dependent on the amount and type of rainfall. It can be sum-

marized that especially rougher and flatter roofs tend to absorb more water at the start of a 

rainfall event, decreasing runoff coefficient especially in small rainfall events (Farreny et al., 

2011). 
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In the current model, runoff coefficient was set to be 0.8. This estimate is roughly an average 

of the two figures above, and it is also the same number Klingborg and Finné (2018) used in 

their RWH model for cisterns in ancient Greece. The likely effect of assuming a static runoff 

coefficient is that the model slightly overpredicts dry years and underpredicts wet years in 

terms of harvested rainwater.  

 

Keilholz (2014) studied cisterns and water supply in Hellenistic Middle East and stated that 

average summer water consumption would have been 13 l/day and winter consumption 7 

l/day. Klingborg and Finné (2018) estimated water usage of 15 l per person per day in their 

study about ancient Greece cisterns. They obtained the number by doubling the estimate of 

7.5 l/day, which is suggested by World Health Organization (2011) to be the minimum for 

sufficient hydration. In this study, household water consumption demand was set to 15 

l/day/person, following the estimate of Klingborg and Finné (2018). Since there are people 

living with less than 15 l per day in the present day, this number does not mark the threshold 

of absolute shortage, but instead a limit where some practices could have been compro-

mised.  

 

On a general level, in the past family sizes larger than the modern western ideal (small core 

family, for example 2 parents and 2 kids) were more common. One reason for this is that 

larger family units tend to be more practical and economical than living separately. While 

there is discussion about the connection of household size to wealth or size of the house, few 

concrete estimates of the ancient average household sizes seem to exist (Routledge, 2009). 

In their studies about cisterns used in Hellenistic period, Keilholz (2014) mentioned six as 

an average family size, while Klingborg and Finné (2018) used seven as the household size 

in their case studies. The excavators of the Western Summit of Sepphoris claim that the local 

family sizes were large, but do not suggest any numbers (Galor and Meyers, 2018). In this 

study, the used household size was seven, which can consist of for example two grandpar-

ents, two parents and three children. This number affects the usage loss, but more im-

portantly the household water consumption of the modelled unit. With seven people need-

ing 15 l water per day, the total water usage is estimated to be 3.15 m3 per month. 

 

When one goes into a pool and comes out, some amount of water is removed from the pool 

on their skin. The water loss per usage was assumed to be 0.5 litres and average usage fre-

quency every 3 or 4 days, so approximately twice a week. With seven people, this makes a 

total of 30 litres water loss each month the pool is used. This source of water loss is clearly a 

small one in the model when compared to the estimated monthly water consumption of the 

household, 3.15 m3, or to monthly total evaporation reaching often over 300 litres in sum-

mer months. 

 

Water depth of 75 cm was assumed to be the lowest level to allow immersion. When counting 

the months the pool was usable, water volume corresponding to 75 cm depth was kept as a 

threshold so that when by the end of a month water level was below the threshold, next 

month the pool was considered unusable.  
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6 Results 
 

 

6.1 Performance of the stepped pools over the whole study period 
 

As the first approach to the modelling results the whole study period was summarized. Table 

3 shows performance of the RWH system over the whole study period for stepped pool A. 

Stepped pool A was usable in 93%, 91%, 76% and 60% of the months in unscaled basic use, 

scaled basic use, unscaled alt. use and scaled alt. use scenarios, respectively. For all of the 

scenarios, the share of months when there was a non-zero amount of water in the pool is 

roughly 5% more than the share of months the pool was usable. Water shortage occurred in 

26% of the months in the unscaled basic use scenario, and out of these months in 90% there 

was some amount of water in the pool. These same figures are 41% and 93% for the scaled 

basic use scenario. The shares of shortage months were 19% and 32% for unscaled alt. use 

and scaled alt. use scenarios, respectively, which is roughly one month less per year than in 

their basic use counterparts.  

 

Table 4 shows the RWH performance for stepped pool B. The values are similar as in Table 

3, especially for the basic water use scenarios. The alt. water use scenarios exhibit slightly 

more variation from the corresponding values of stepped pool A. Most notably, in the scaled 

alt. use scenario there is roughly 5% difference in the share of non-zero months for storage 

and shortage as well as for usable months. This means pool B ran empty around two weeks 

earlier than pool A on average.  

 

The shares of months for surplus storage are similar between pools A and B. Scaling of pre-

cipitation has a clear effect here: on average, the surplus storage with lower precipitation is 

empty 2 months longer each year.  

 

 

 

Table 3. Summary statistics of the whole study period for pool A.  
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Table 4. Summary statistics of the whole study period for pool B.   

 
 

 

6.2 Analysis on a representative average year 
 

A representative average year, the cycle from October 1951 to September 1952, was chosen 

to inspect the dynamics of the model in monthly resolution. Precipitation during the cycle 

was 564 mm, only 8 mm more than the mean of the whole dataset. The variables describing 

water storages and fluxes in the model – pool storage, surplus storage, harvested rainfall per 

month and water shortage per month – were plotted in one figure to gain an understanding 

of how the whole system works. Figure 10 shows the 4 scenarios for stepped pool A and 

Figure 11 for stepped pool B. Table 5 displays some descriptive numbers of the selected av-

erage year. 

 

In Figures 10 and 11 the model’s dynamics can be perceived visually: In all scenarios, the 

flux of monthly harvested rainfall is transferred directly to the pool storage, and when the 

pool storage is full, rainfall fills the surplus storage. In the basic use scenarios, when the 

surplus storage is at 0, monthly shortage appears, whereas in alt. use scenarios, shortage 

occurs only when both surplus and pool storages are at 0.  

 

The assumed water consumption of a household in a year was 37.8 m3. On average across 

the scenarios, pool A and pool B evaporated 2.9 m3 and 1.4 m3 during the selected average 

cycle, respectively, whereas the scaling of precipitation reduced the amount of harvested 

rainwater by 7.5-8 m3 (Table 5). The loss from pool use was assumed to be 0.36 m3 in a year 

if the pool was usable in every month. When these numbers are compared, it becomes clear 

that the losses from pool use and evaporation have a small impact compared to fluctuations 

in precipitation and the water needs of a household. 
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Table 5. Numerical analysis of cycle October 1951 – September 1952. 

 
 

Both precipitation scaling and pool usage type affect the total yearly shortage (Table 5). As 

the extreme cases, accumulated shortage over the cycle was 12.4 m3 for pool A in the scaled 

basic use scenario, whereas in the unscaled alt. use scenario it was only 0.8 m3. Further-

more, the differences in pool and catchment sizes show here also: in the alt. use scenarios, 

pool B, being smaller than pool A, shows weaker ability to mitigate water shortages.  

 

The largest numerical fluctuations occur in the surplus storage (Figures 10-11 and Table 5). 

For pool A, it ranges from 0 to 21.1 m3 across the scenarios and the peak value in the scaled 

alt. use scenario is 8.3 m3, only 39% of the peak of unscaled basic use. For pool B, the surplus 

storage ranges from 0 to 17.5 m3 with scaled alt. use peaking at 7.7 m3, 44% of the peak value 

of unscaled basic use. Since the largest actual component of the surplus storage is likely one 

or multiple cisterns, this model assumes the dwellings had cisterns with maximum capacity 

of at least ca. 20 m3. Based on the approximation of some cistern sizes in the Western Sum-

mit of Sepphoris, this assumption seems reasonable (Meyers et al., 2018). For both case 

study pools, the peak surplus storages of scaled basic use scenarios are only 60% of the val-

ues of unscaled basic use, signalling a large household-level reduction in water resources 

due to more arid climate. 
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Figure 10. Variables describing water volumes and fluxes of the housing unit of stepped pool 

A during cycle 1951-1952 in the unscaled basic use scenario (a), the scaled basic use sce-

nario (b), the unscaled alt. use scenario (c) and the scaled alt. use scenario (d). The dashed 

line marks the usability threshold of the stepped pool.  

 

 

The stepped pools were usable throughout the cycle in all of the basic use scenarios except 

for stepped pool A in the scaled basic use scenario in October (Figures 10-11).  The pools 

were close to the usability threshold only during the first months in the basic use scenarios. 

In this study, both of the case study pools reached their maximum capacity in the basic use 

scenarios in all of the cycles, and consequently their levels did not drop below the usability 

threshold after that, during summer months. The losses of the basic use scenarios, evapora-

tion and spillage from use, are clearly not significant enough to render the pool unusable 

during a cycle, if the pool was full at any point. Since in this model all harvested rainwater 

from a unit’s catchment goes first to the pool, it would require a very severe drought for the 

pools to not achieve full capacity during the rainy season.  
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Figure 11. Variables describing water volumes and fluxes of the housing unit of stepped pool 

B during cycle 1951-1952 in the unscaled basic use scenario (a), the scaled basic use sce-

nario (b), the unscaled alt. use scenario (c) and the scaled alt. use scenario (d). The dashed 

line marks the usability threshold of the stepped pool. 

 

 

In contrast to the basic use scenarios, the pools perform much poorer in the alt. use scenar-

ios, especially in the scaled alt. use one (Figures 10-11). Both case study pools become unus-

able before the end of the cycle in the representative mean year in the alt. use scenarios. 

Stepped pool A was unusable in total of 3 months in the unscaled alt. use scenario and in 5 

months in the scaled alt. use scenario. From these months, 2 occurred in the beginning of 

the cycle when there was slightly too little rainfall to satisfy the water consumption of the 

household. For stepped pool B, the months the pool was unusable were otherwise the same, 

but the pools became unusable one month earlier in summer. The pools becoming empty 

due to their secondary function implies that the water supplies of the surplus storages were 

not sufficient to satisfy the water needs of the households alone. Furthermore, it implies that 

even if the stepped pools could delay the moment of shortage, they could not compensate an 

empty cistern until the end of the dry season. In the beginning of the cycle, the alternative 

use of pool water was able to provide some resilience against delayed large-scale winter 

rains.  
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6.3 Yearly variability 
 

Even though a sample mean year is useful to illustrate how water management might have 

looked like, it does not address the annual irregularity typical for the local climate. Figures 

12 and 13 show the number of months the stepped pool was usable per year for pools A and 

B, respectively. The graphs reveal that the previous year has virtually no prediction power of 

how the next year will be like, similarly as was observed for the annual rainfall in Figure 7. 

Indeed, especially for the alt. use scenarios, the graphs resemble the rainfall timeseries 

closely, indicating that precipitation amount is the most significant climatic factor affecting 

the pool water level. In some years, there was a difference of several months between un-

scaled and scaled alt. use scenarios. Pool B shows slightly higher variation between the alt. 

use scenarios than pool A, likely due to its smaller maximum capacity. 

 

 

 
Figure 12. Number of months stepped pool A was usable across scenarios. 
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Figure 13. Number of months stepped pool B was usable across scenarios. 

 

 

In order to examine the variability of month-scale results between years, the monthly pool 

storage variation was visualized in form of a boxplot (Figure 14). In essence, the boxes and 

the vertical lines describe variability between years, and the horizontal middle lines can be 

read as the typical values. The graphs show that in the alt. use scenarios the pools were full 

almost every cycle until May (once they have initially been filled after the difficulties of the 

first months). After that, there was large variability between years, and for the last months 

the mean is close to zero. In the scaled alt. use scenario, the months with high variability 

occurred on average ca. two months earlier than in the unscaled alt. use scenario. Pool B 

became empty on average one month earlier than pool A, which is likely because its housing 

unit’s catchment-to-water-consumption -ratio is smaller than that of pool A. 

 

In the basic use scenarios, the annual variability in summer months is almost solely caused 

by variation in evaporation amounts. The variability in October and November in those sce-

narios demonstrates the risk of effectively resetting the water storages by cleaning them in 

the beginning of October. 
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Figure 14. A set of graphs showing annual and monthly variability in the pool storage in the 

unscaled basic use scenario (a), the scaled basic use scenario (b), the unscaled alt. use 

scenario (c) and the scaled alt. use scenario (d). The middle lines correspond to the median 

and the upper and lower ends of the boxes to the first and third quartiles. The vertical lines 

include data within 1.5 * inter-quartile range (distance between first and third quartiles) of 

the closest quartile. The remaining data are considered outliers and plotted as dots.  

 

 

6.4 Input parameters and uncertainty 
 

Figure 15 shows a boxplot of the climate input variables. The graph displays both variability 

between years and between months. The rains exhibit notable variability by year, whereas 

evaporation varies less. The evaporation rates are at maximum 100 mm/month in a hot 

summer month. Furthermore, the monthly evaporation rates and precipitation totals seem 

to be roughly in the same magnitude. This indicates that on average, equally sized catchment 

and evaporation areas cancel each other out in respect to water balance. 
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Figure 15. The climatic input variables of the model, precipitation and evaporation rate, cal-

culated from the unscaled data.  

 

 

To evaluate how accurate the evaporation approximations are, sensitivity of evaporation rate 

to errors in the climate variable values was tested. Using the average values of the climatic 

values (21 °C for water and air temperature, 64% for RH) as reference values, one of the 

three parameters was changed at a time. The evaporation rates given by changing the varia-

ble by ±2 °C for temperatures and ±0.05% for RH were compared against each other to study 

the magnitude of potential errors. The variables were tested with 10 steps for ranges 18-27 

°C for temperatures and 52-70% for RH, and the average was then calculated for each set of 

tests. The averaged results of the sensitivity test are shown in Table 6. 

 

It is certain that due to the indoor approximations, part of the evaporation values are over-

predictions and part underpredictions. Overall, it is more likely that the total evaporation is 

an overprediction for the following reasons. First, if equal number of positive and negative 

parameter errors occur in the evaporation calculations, evaporation is slightly overestimated 

due to its accelerating nature towards the positive. Second, the exclusion of evaporative cool-

ing from the model results into a possibility that the pool water temperatures are overesti-

mated, which consequently makes the evaporation estimates more likely to be overpredic-

tions than underpredictions.  
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Table 6. Average deviations in evaporation rate when the climate variables differed from the 

reference values. 

 
 

 

Table 7. Sensitivity of harvested rainwater amount and total water consumption to the input 

parameters of the model. 

 
 

Finally, the uncertainties of the other input parameters were compared to each other (Table 

7). The tested parameters included catchment area, yearly precipitation and runoff coeffi-

cient for the input side, and household size and water consumption per person for the loss 

side. Uncertainty of evaporation was addressed in its own test and loss from pool use was 

seen to be negligible.  
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All of the tested variables show notable effect on the harvested rainwater and water con-

sumption amounts. While the test cannot offer direct answers to what variable is likely to 

cause the largest error in this study, it shows that the magnitude of error can easily be ±10 

m3 in the yearly water balance. If the water supplies were to be underestimated by 10 m3, or 

alternatively the water consumption overestimated by 10 m3, the water shortage problems 

of the representative mean year would be nullified almost entirely. On the other hand, a 

converse error would make the representative year severely deficient in water supply and 

unrealistic.  
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7 Discussion 
 

In the basic water use scenarios, water shortage occurred in several months, ca. 25-26% in 

the unscaled and 41-44% in the scaled scenarios. These shares of shortage months appear 

high, making it difficult to believe the basic use scenarios of this study model the past well. 

There are several interpretations one can make from these results: it could be that the alt. 

use scenarios describe water management in the system more accurately, that some of the 

parameter values are incorrect (e.g. catchment area, household size, water consumption), or 

that people had other water sources they could rely on besides the surplus storage (cisterns). 

Aqueducts in the centre of Sepphoris were in use during the Roman period, but since they 

were not in the immediate proximity of the Western Summit where also several large do-

mestic cisterns have been found, Galor and Meyers (2018) suggest that the water supply of 

the Western Summit did not rely on the aqueducts. However, they also remark that the ex-

istence of aqueducts makes issues with water supply an unlikely cause for the decrease in 

the number of stepped pools. 

 

In this study, it was assumed that stepped pools were cleaned once every year. However, 

literature sources do not discuss cleaning practices of stepped pools, and we cannot know if 

they were cleaned more or less often than once a year. Figures 11 and 12 imply that people 

could not know how many months the pool will be usable next year. Instead of merely hoping 

for plentiful rains, it is possible that people emptied some water storages only every other 

year to be prepared for a dry spell, especially when the storages contained high volumes of 

water at the end of a cycle. Klingborg and Finné (2018) reasoned similarly in their study 

about cisterns. Alternatively, the cleaning of the cistern and the stepped pool could have 

been performed in different months to always have a water storage available (provided at 

least one storage was not empty).  

 

In this model it was assumed that all harvested rainwater goes through the pool, and only 

overflow will be channelled to other water features. Remains of a pipe leading from the up-

per steps of a stepped pool to a mouth of cistern have been found in Sepphoris (Meyers et 

al., 2018). An additional feature in such a system could have been that the stepped pool 

functioned secondarily as a settling pool for dirt coming from the roof. Alternatively, a pipe 

connecting a stepped pool and a cistern could have acted as the inlet of the pool. This 

method, among some others, has been suggested to enable supplementing the stepped pool 

with drawn water, based on some rabbinic texts (Miller, 2010). Even if the “overflow” func-

tion that was assumed in this model was not widely used, channels with switchable outlets 

between different water features would yield fairly similar results with similar water use pri-

oritization scenarios. Therefore, the results of the alternative water use scenarios should be 

considered to represent also other types of dynamic water management customs, where the 

stepped pool is connected in some way to the other water storages in the household. 

 

The critical and interesting parts of a cycle are the beginning and the end. This was seen in 

Figures 9 and 10 visualizing the representative mean year and in Figure 13 showing the 

monthly variation in pool storage. Once the rainy season had properly started, the pool levels 

generally stayed high until the end of the rainy season. Consequently, the distribution of 

rainfall over a cycle does not have a significant impact on the functioning of the pool. This is 
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a useful finding in respect to the discussion regarding the differences between present and 

past climate patterns. However, it remains important to investigate if the beginning of the 

rainy season differed in some way in the past, for example by being more predictable or 

unpredictable, or occurring earlier or later. If the boundary of the dry and rainy seasons was 

as inexact as in the present, it would imply that people needed to be flexible and vigilant 

each year in timing the cleaning and ensuring the availability of water supplies. 

 

The nature of the EM climate is highly seasonal and the number of rainstorms travelling 

there varies. The effect of decrease in annual mean precipitation should be viewed in context 

of this variability. Klingborg and Finné (2018) concluded in their study on cisterns in ancient 

Greece that the water supply of cisterns should be viewed from the perspective of predictable 

variability. By this they mean that people were most likely aware of the nature of their local 

climate and could expect seasonality from rainfalls and occasional drought years. Further-

more, the management of a cistern required active participation and flexibility, at times 

meaning reducing water use and sometimes preventing overflow. Because the context of this 

study is largely similar, the idea of predictable variability is reasonable to apply also for the 

stepped pools of Roman Palestine. It is likely that the families who owned a stepped pool 

knew the magnitude and average rate of evaporation and other losses from their pools and 

were aware of the amount of water they needed for other activities. Then, according to their 

view of the importance of the stepped pool and the regulations concerning them, they could 

fill and use the pools with the means they found suitable in different conditions. From this 

perspective, this study can provide suggestions of how large efforts were needed– in a 

drought year or in an average year – to keep the pools usable (e.g. how large reduction in 

daily water use or how much water from other sources was needed). 

 

Even if the variability of rainfall and consequently the water levels of stepped pools and cis-

terns are well known, a dry spell can still disrupt the normal management of water supplies. 

Consecutive dry years were undoubtedly more difficult to manage, as there was no possibil-

ity to utilize surplus from the previous year and the surrounding other water supplies could 

have dried up. Furthermore, while people had no choice but to try to survive and adapt to 

drought years, it is reasonable to assume that these years required extra efforts from most 

people. If the climate shifted towards more arid, the frequency and perhaps magnitude of 

drought years people had become accustomed to changed. This could easily lead to recon-

sideration of water uses and management, even more so if the climate changed abruptly. 

 

Galor (2004) noted about the size of stepped pools in Masada that “the volume of water 

contained in these pools is negligible compared to the volume contained in the cisterns”. A 

similar perception was obtained from this study, where the surplus storage contained often 

multiple times more water than the stepped pool. Overall, it appears that the stepped pools 

are at the mercy of contextual factors, such as water consumption per family member and 

family size. The larger the family size, water consumption and catchment size, the more in-

significant is the stepped pool in the system. Furthermore, the uncertainties in these param-

eters can seemingly outweigh the water volume in the pool, as was demonstrated in Chapter 

6.4. 

 

Even if the pool is a minor component in the household in terms of water volume, it does 

not mean changes in the context would not affect it. Similarly as was already argued, a 
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change in the context (e.g. increased water consumption, increased frequency of drought 

years, decrease in mean annual rainfall) can disrupt the normal life and lead to reprioritiza-

tion of water management. In concrete terms, when water supplies decrease, the residents 

need to make a decision and cut their water use from something, one option being the do-

mestic ritual baths. 

 

 

7.1 Future steps 
 

To broaden hydrological research on stepped pools, other places where stepped pools have 

been found, such as Gamla, Jerusalem and Masada, could be used for case studies. Since 

annual rainfall amounts vary notably within Israel, pools in different locations could per-

form very differently from each other. This study already demonstrated some differences 

deriving from pool and catchment sizes, but studying geometrically more different pools in 

different types of buildings would be beneficial to further explore the spectrum of stepped 

pools. In this study, evaporation had a minor effect on the pools, but on larger pools it could 

be more important.  

 

A dynamic runoff coefficient that is a function of rainfall event intensity could be explored 

in future studies. Other potential improvements to the model include defining a more accu-

rate relationship between indoor and outdoor climate conditions and estimating the effect 

of evaporative cooling. While the harvested rainfall amounts and evaporation estimates of 

this study seem realistic, it is possible that by using other methods for climate variable ap-

proximations, more accurate modelling results could be obtained. 

 

Chapter 6.4 demonstrated that the uncertainty the model parameters project to the results 

of the case study is prominent. Hence, reducing uncertainty of the model parameters should 

be a central objective in future studies. The approach of this study was to inspect the stepped 

pools by using several years of modern climate data and using best guesses to multiply the 

precipitation amounts to correspond different climate conditions of the past. Another, po-

tentially useful approach would be to start with a question “What kind of conditions would 

be needed in order for the stepped pools to function/not function properly?”. With this ap-

proach, the issue of parameter value uncertainty would not have to be addressed in the mod-

elling study. The estimation of the historical, both case-specific and general, parameters 

could be reduced to loose ranges, and the focus would be to “calibrate” the model with sets 

of parameter values to identify the minimum conditions and requirements for the pools to 

be usable. 
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8 Conclusions 
 

Earlier studies concerning stepped pools of Roman Palestine have been mostly qualitative. 

Study focus has been on describing them from archaeological perspective or discussing the 

practices associated with them through literature sources. This study sought to introduce a 

novel approach for stepped pool research to discover more about their usage and relation to 

climate. A numerical method to analyse the water balance of a stepped pool was developed. 

This hydrological model functions on a monthly timestep, predicting water volumes in a 

stepped pool and a surplus storage. To compare water balances in different climates and 

different approaches to the pool use, the model was built to include four different scenarios.  

 

The case studies conducted on two pools in Sepphoris showed that climate can have notable 

effects on the functioning of the stepped pools. In all of the modelled scenarios, this was seen 

especially in the beginning of a cycle, during the first months after the pool has been cleaned 

in October. The unpredictability of the start of the rainy season introduces risk and chal-

lenges how to perform the assumed annual cleaning of the stepped pools and cisterns. In the 

alternative water use scenarios, in which the stepped pool supplements the surplus storage 

when needed, large variability between years was present also at the end of a cycle. This 

suggests that the household level water management had to be adaptive and flexible, per-

haps by relying on other water sources, abandoning the pool in late summer and finding new 

ways to practice ritual purification, or by adjusting water consumption. 

 

The results of the basic water use scenarios, in which the stepped pool is prioritized and only 

used as a ritual purification bath, point out two things. Firstly, evaporation and spillage from 

a stepped pool are not enough to render a pool unusable alone. In the basic water use sce-

narios, the pools became full at some point in every cycle, and the only losses of these sce-

narios, evaporation and loss from pool use, never reduced the water levels below the 75 cm 

that was considered as the minimum for immersion. Secondly, the stepped pools are rather 

small in volume. Together, these observations point out that if so wanted, the pools could 

have been kept consistently usable. Therefore, the way a potential climate shift affected the 

stepped pools was not by making it impossible to fill them, but through the household level 

water management.  

 

When examining the difference between the climate scenarios, the effect of decreased pre-

cipitation is most prominent in the alternative use scenarios, where the use of the pool is 

more dynamic with the other water features. It is clear that a decrease in mean annual pre-

cipitation reduces the expected amount of available water and increases the frequency of 

water shortages. Furthermore, if the stepped pool is a dynamic part of the household level 

water management, the expected number of months the pool is usable in a year will also 

decrease, making a domestic ritual purification practice less feasible. These results suggest 

that if a climate shift in the EM happened when the construction and use of stepped pools 

declined, it could have been among the factors influencing the change. However, the signif-

icance of the effect climate could have had remains unclear, due to uncertainties in the model 

parameters and small coverage of different case study contexts. 
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An important result of the study regarding the modelling part itself is that the uncertainties 

in the parameter values are notable. As an example, if the average water consumption per 

person in the household was assumed 5 l too high, the water resources of the household in 

an average year were underestimated by 13 m3. Even though the model parameter values 

were chosen according to the best currently available knowledge, the results of this study 

suggest to focus on careful parameter value selection or to opt for new modelling approaches 

in future studies. 

 

Overall, the model results point out that a stepped pool should not be inspected in isolation 

of its surroundings. Other water features, such as a cistern, under the same catchment make 

water distribution in a dwelling complicated and can outsize the stepped pool rather easily. 

While a decrease in precipitation has undeniable consequences, the water management of a 

housing unit is equally sensitive to changes in other water consumption, such as drinking 

(humans or animals), cooking and cleaning.  

 

All in all, it seems plausible that a climate shift could have influenced the decline of the do-

mestic form of ritual bathing in the Early/Middle Roman period, through a reduction in 

water supplies on a household level. While people could have had advanced practices to 

manage the stepped pools and other water supplies, an aridification trend would likely not 

have gone unaddressed. The results of the case study suggest that a climate shift could have 

been influential to the use of stepped pools, but do not exclude other controlling factors. In 

fact, the combined effect of climatic and cultural changes appears at least as plausible as any 

of them alone.  

 

This study sought to broaden the methodology used to study the stepped pools of Roman 

Palestine. The developed RWH model can be utilized or modified to suit the needs of future 

studies. Because the value of this study is heavily on exploring new approaches, raising ques-

tions, and setting the stage for future modelling attempts, it is hoped that future studies will 

continue to explore the stepped pools – along with other water installations of the ancient 

world – by selecting new case study contexts and devising new study scenarios. 
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Appendix A 

 

The following equation shows how the approximation for specific humidity can be obtained 

starting from its definition 

 

 
 𝑠 =

𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑎𝑖𝑟 𝑡𝑜𝑡𝑎𝑙
=

𝑚𝑤𝑎𝑡𝑒𝑟

𝑚𝑎𝑖𝑟 𝑑𝑟𝑦 + 𝑚𝑤𝑎𝑡𝑒𝑟
=

𝜌𝑤𝑎𝑡𝑒𝑟

𝜌𝑎𝑖𝑟 𝑑𝑟𝑦 + 𝜌𝑤𝑎𝑡𝑒𝑟
 

 

   =
𝑝𝑠𝑎𝑡𝑀𝑤𝑎𝑡𝑒𝑟

(𝑝 − 𝑝𝑠𝑎𝑡)𝑀𝑎𝑖𝑟 𝑑𝑟𝑦 + 𝑝𝑠𝑎𝑡𝑀𝑤𝑎𝑡𝑒𝑟
=

𝑀𝑤𝑎𝑡𝑒𝑟
𝑀𝑎𝑖𝑟 𝑑𝑟𝑦

𝑝𝑠𝑎𝑡

𝑝 − (1 −
𝑀𝑤𝑎𝑡𝑒𝑟
𝑀𝑎𝑖𝑟 𝑑𝑟𝑦

)𝑝𝑠𝑎𝑡

≈
0.622𝑝𝑠𝑎𝑡

𝑝 − 0.378𝑝𝑠𝑎𝑡
 

 

 

 

 

(A1) 

 

 

where mwater is the mass of water in air [kg], mair total is the total mass of air [kg], mair dry is 

the mass of dry air [kg], 𝜌𝑤𝑎𝑡𝑒𝑟 is the density of water [kg/m3], 𝜌𝑎𝑖𝑟 𝑑𝑟𝑦 is the density of dry 

air [kg/m3], p is the atmospheric pressure [Pa], psat is the saturation pressure, Mwater is the 

molar mass of water [kg/mol] and Mair dry is the molar mass of dry air [kg/mol]. 

 

 
 


