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ABSTRACT 

Surface run-off harvesting systems of collect and store rain-water from rooftops, lawns and street 

runoffs for later use. While the catchment experiences high run-off in the dry season severe 

water shortage is experienced. Water crisis keeps looming because of the intense pressure on 

water resources. Some wells in the upper aquifer within the depth up to 120m below ground 

level have dried up, indicating depletion. 

 

The objectives of the study were to establish the contribution of groundwater recharge by surface 

runoff in the mitigation of urban floods in Nairobi. Desk studies were undertaken. Using ArcGIS 

10.3 and Boolean Logic function, the parameters of land use cover, slope, geology and vadose 

zone thickness were analysed, and feasible parameter layer maps were generated. Integration of 

the feasible parameter layer maps using the Boolean logic function resulted in a feasible area 

map. The identified feasible areas for groundwater recharge provided for guidelines for planned 

recharge for the city. To determine urban flood characteristics, Landsat images were used to 

generate land use cover using ArcGIS. The rate of change in land use was determined. The 

rational method was used to estimate the run-off potential thus the proportion to be harvested. 

  

Due to non-uniform piezometric level ranging between 30.5m and 120m below ground level, it 

was evident that the aquifer is multi-layered. 22.57% of the area was found feasible for the 

planned recharge of the aquifer. For the analysed land use, the available runoff potential 

proportion was found to be 47.26%. The runoff potential is fundamental as all this water can be 

channelled to the artificial groundwater recharge. The run-off thus showed the potential of 

augmenting groundwater in the dry season. The greatest most remarkable outcome will be a 

reduced rate of aquifer depletion. This is achievable by the implementation of stormwater 

harvesting to increase groundwater recharge. The study showed a co-benefit of flood mitigation.  
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CHAPTER 1: INTRODUCTION 

1.1 Background Information 

 

Globally, urbanization continues to exert extreme pressure on water resources (Rokade et al., 

2004). In Africa, an unprecedented water demand rate of between 6-9% per annum is being 

experienced (Lusigi et al., 2017). To meet the growing demand, water must be pumped from 

locations outside the cities since droughts in these areas cause water shortages in the cities. 

African cities face droughts and floods alternately. At one time, they are battling excess water in 

the cities and other times, there are queues of city dwellers seeking water from the few supply 

points. It is important essential to store water during the rains in the ground, which is the most 

abundant and cheapest form of storage and use it during droughts. The majority of cities have 

exhausted the rivers in their neighbourhoods‟ compounding the problem further leaving 

groundwater as the only other source of water supply resulting in falling groundwater levels over 

time due to over-abstraction (Foster et al., 2018; Oiro, 2020; Thomson et al., 2019). 

 

Cities worldwide have adopted different methods that help them deal with run-off (Hammond et 

al., 2015). Some adopted compulsory rainwater harvesting structures and groundwater recharge 

structures at an interval of 100m in the drain; sediment control; prevention of solid waste into the 

drain; planting certain plant tree species like the flame tree, rainwater before it becomes run-off 

(TNSUDP, 2015). Others used storm drain to channel and discharged in a bay (Seetha, 2012); 

some adopted green infrastructure, thus slow run-off preventing overflows (CGWB, 2008; 

Liping et al., 2017). Initially, they used to use the model of combined sewerage and stormwater 

flows which are ineffective (Ted, 2013). Others implemented channelling stormwater to lakes 

which are used as recharge points for an underground aquifer. 

According to UN Habitat (2006) as cited by Vlahov, Boufford, Pearson and Norris (2010), the 

city employs about 25% of Kenyans as well as 43% of the nation‟s urban workforce and 

contribute 45% of the nation‟s gross domestic product. Ndakaini, Ruiru, and Sasumua dams 

supply 75.7% of Nairobi households with piped water (KNBS, 2010). The frequent droughts, 

climate change, poor infrastructure and inadequate infrastructure management has resulted in 

regular service disruptions and reduced tap pressures. As a result of this, a significant proportion 
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of Nairobi's population and industries depend on or supplement their water budget with 

groundwater (CCN, 2007; Jacobsen et al., 2012). 

 

Nairobi City County is the Republic of Kenya‟s capital city and economic hub. It lies between 

1°17′S 36°49′E and 1.283°S 36.817°E° occupying an area of about 696 km
2
 and as shown in 

Figure 1 and appendix A1 (CBS, 2001). It experiences temperature ranges between 18°C - 28°C. 

The annual rainfall ranges between 800mm –1,200mm. Nairobi‟s altitude varies between 1,600m 

-1,850m asl (CNN, 2007; Makokha, 2010). The county‟s western region is located on high 

ground ranging approximately 1,700m –1,800m, also having a craggy landscape whereas the 

eastern region is predominantly low at approximately 1,600m asl and flat (CCN, 2007). The 

primary water source for the Nairobi City is from the Tana basin being the greatest contributor of 

surface water (UNEP, 2009). 

 

[Source: Owen, 2019.] 

Figure 1: Nairobi City County administrative Boundary Map 

Opere (2013) found that floods remain an important concern in Kenya just as it is in other parts 

of the world. It has turned out to be a risk and even to the degree of a calamity. Nairobi County 

has over the recent years experienced flash floods, resulting in destruction, loss of life and assets 

(Doocy et al., 2013); hence, there is need to save excess rainwater for the dry time. Various 

stakeholders are abstracting groundwater in Nairobi city in increasing capacity towards 
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complementing the Nairobi City County water supply. The rapidly growing number of wells has 

progressively led to subsiding water-table and increased pumping costs (Koei, 2013; Oiro et al., 

2020). Groundwater usage has become more critical in providing substantial amount of water for 

the briskly increasing city inhabitants besides being a strategic reserve during the drought period.  

Borehole exploration began around early 1930 as stated by Thomas et al. (2019). It progressively 

expanded to a projected 85000 cubic metres per day by 2002, which amounts to about 25% of 

the total water supply for the larger Nairobi city residents. Several private borehole owners 

remain connected to the Nairobi City mains water supply system that offers low-priced water 

while still using the borehole water as a back-up source. The drilled borehole capacity ranging 

between 300-350MLD is considerably higher than actual abstraction that‟s estimated at about 

150,000 cubic metres per day by 2017 (Foster et al., 2005; Oiro, 2020) against an estimated 

recharge rate of 5% of precipitation according to Koei (2013).  

The primary use of groundwater remains domestic water supply, a complementary source to 

Nairobi City Council mains. The availability of groundwater as a „back-up resource‟ for 

emergency conditions will contribute significantly to the overall water supply realibility. There 

are reasons why this function should be conserved and enhanced: - Firstly, the two main 

reservoirs are where the most significant portion of the surface water supply emanates from and 

to some extent disruption on any of the supplies usually results in an extensive breakdown of 

water supply. Secondly, surface reservoirs are vulnerable to drought effects, besides the water 

supply capacity does significantly reduce, as presented in Appendix A2 of Ndakaini Dam 

throughout the latest drought.  

Some studies found an average recharge within the Nairobi catchment region being 17mm per 

annum (Mumma et al., 2011) others 15 to 120mm per annum (ISC, 2019; Koei, 2013). The 

groundwater level has been reported consistently to be in decline. According to Foster and 

Tuinhof (2005), it is not feasible for long term abstraction of large volumes as the deeper aquifer 

is increasingly being exploited thus the need to recharge the groundwater artificially.  

Foster and Tuinhof (2005) found out that Nairobi aquifer recharge occurs through the infiltration 

of mains water supply leaks, excess precipitation in addition to wastewater leaks. Total water 

supply network leakage has been assessed to be about 180 MLD; nevertheless, it is challenging 
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to approximate the quantity reaching groundwater. Localized perched aquifers have been 

intercepting a portion of the infiltration precipitation and discharging locally to streams as well 

as springs. 

There is an increased surface runoff in the Nairobi city area. Increased roof and impermeable 

ground cover not matching a drainage capacity have resulted in reduced seepage area, increasing 

run-off within the city; thus, it‟s partly why the city experiences flooding as shown in appendix 

A2. 

1.2 Problem Statement  

 

Surface runoff has been a menace within the city, though it remains an un-exploited water 

resource. Managing it during a rainy period has been a great challenge as it remains under-

utilized. The city's major problem is the lack of sustainable water supply (Famiglietti, 2014; 

Lusigi et al., 2017). According to Oiro (2020), rapid development has led to over-exploitation of 

groundwater as an average of five borehole permits are made to Water Resource Authority 

(WRA) daily. This has resulted in adverse effects of declining groundwater level - high drilling 

and pumping costs; water quality is diminishing due to the higher concentration of salts and 

minerals of the water due to over-abstraction of groundwater. There is a need to mitigate these 

two situations affecting the city simultaneously. The lack of guidelines for planned groundwater 

recharge in the city and the country at large remains a challenge. Poor planning guidelines 

application and enforcements have affected the city's overall quality of life concerning water 

supply plus stormwater management systems (CCN, 2007, WaterFUND et al., 2018).  

 

This research addresses the challenges posed by the nexus of natural disasters- flooding and 

drought in the city that result in health issues, namely the prevalence of infectious diseases 

resulting from unlimited and unsafe water (Baariu, 2017). This research aims to provide a 

guideline for identifying feasible areas for planned groundwater recharge points by use of 

surface run-off in the city, thus mitigating the issue of flooding and drought, negative effects of 

the decline of groundwater level, and wells exploiting surface run-off in the city. Given the 

above, the overall impact of floods will be reduced as it can be used to recharge the groundwater, 

increasing the groundwater level generally, exploitation of stormwater as a water resource. 
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1.3 STUDY OBJECTIVES 

1.3.1 General objective 

The overall objective is to estimate the potential of groundwater recharge by surface runoff in the 

mitigation of urban floods in Nairobi. 

1.3.2 Specific objectives 

The specific objectives of the study were:- 

a) To determine aquifer configuration and exploitation in Nairobi. 

b) To identify feasible areas for the groundwater artificial recharge techniques. 

c) To characterise urban flood in Nairobi. 

d) To establish flood proportion that can be harvested for groundwater recharge in Nairobi. 

1.4 Justification for the Study  

 

Nairobi County has and is developing at an exceptional rate. Its sprawling expansion outstrips 

the public utilities ability to accommodate the skyrocketing demand for water and sanitation 

amenities. It is becoming a norm for new residential communities to assume total management of 

their own water and sewerage amenities through residential welfare associations. The majority of 

them rely on the boreholes and tankers they sooner realise are not a sustainable option- as they 

are expensive and the source of water unknown. In line with Sustainable Development Goal 

(SDG) Goal Number 6, the water deficit already experienced and being a water-scarce country, 

reliance on groundwater is growing to meet this high demand due to unreliability of surface 

water from the Tana basin. (Mitulla, 2003). 

 

Groundwater recharge can be a great contributor in realizing long-standing water security being 

one type of rainwater harvesting. Excess water can be channelled from storm drains and used in 

replenishing shallow aquifers. Through the groundwater recharge, flood intensity decreases 

while the water table increases. There is a dire need to store excess rainwater sufficiently for the 

dry time. Stormwater runoff increases proportionally to an impervious surface layer due to land 

development (Miller, 2006). The drying up of wells within the Nairobi aquifer is a clear 

indication of reducing groundwater level (WRA, 2020); therefore, the need to store excess water 

instead of releasing it to the drains for use over the dry season. The sustainability of the aquifer 
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can be improved by planned/artificial recharge. Therefore, groundwater recharge is critical in 

mitigating floods, which have been a nuisance around the city after a medium to a heavy rainfall 

event. 

1.5 Scope of the Study 

 

The study proposition is centred on Nairobi City County groundwater and the flooding menace it 

experiences during the rainy seasons and severe water shortages during the dry season. The 

research focuses within the areas of Ruaraka, Starehe, Dagoretti North, Roysambu, Makadara, 

Embakasi North, Mathare, Dagoretti South, Langata, Kibra, Embakasi South, Kamkunji, 

Embakasi Central, Embakasi West, Kibra, Westlands, Kasarani and Embakasi East sub-counties 

as being the Nairobi County's administrative regions as in Figure 1 and appendix A1. To achieve 

the research objectives, an extensive literature review regarding the aquifer and quantifying 

potential run-off proportion while researching the flood characteristic then attempting to find out 

techniques of utilising the runoff for planned groundwater recharge within the research study 

area. Lastly, a detailed research report summarizing the results of the exisiting condition was 

prepared and recommendations given for further research.  
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CHAPTER i2: iLITERATURE iREVIEW 

 

In ithis ichapter, ian ioverview iof iprevious iresearch iand iliterature ireviews iare iundertaken, 

iBackground iabout iwater, isustainable idevelopment igoals, iclimate ichange, iaquifer irecharge iis 

iintroduced, iGIS iapplication iin imapping iexplained, iand ihighlights iof irun-off iand istormwater 

iquantification. 

2.1 iWater i 

Water iis ia ifinite iresource. iIt iis ithe imost icritical iresource iin iour ilifetime iand iour ichildren‟s 

ilifetime. iWater icovers iapproximately iover itwo-thirds iof ithe isurface iof ithe iearth. iOn ithe 

iinternational ifront, ifreshwater iis igradually ibecoming ia iscarce iresource. iIt iis ipartly iresulting ifrom 

ipopulation iincrease icoupled iwith ichanges iin iclimate iand iconsumption/use ipattern. iAccording ito 

iGuterres i(2018), iover i1.1 ibillion ipersons ihave iinadequate iaccess ito iclean iand isafe idrinking iwater 

iworldwide. iClimate ichange icauses ia ichange iin ithe ifrequencies iof idroughts iand ifloods. 

2.2 iClimate iChange 

Climate iChange irefers ito ithe ipermanent ishift iin iconventional iclimatic ispace-time ipatterns. iFor 

iexample, ichange ifrom ione iclimate imode ito ianother iclimate imode iwhich iis ioutside ithe inormal 

irange iof inatural iclimate ivariability iregardless iof ithe icauses i(Laurini, i2018). iIt imanifests iitself iby 

imodifying ievaporation iand irainfall ipatterns iin ithe iriver ibasins iand ialtering ithe ihydrological 

ibalance. iChanges iin imean iannual irainfall ias iwell ias itemporal iand ispatial idistribution iinfluences 

ithe iwater ibalance ias ia iwhole iand igroundwater irecharge. iAccording ito iHuong iand iParthirana 

i(2013), iClimate ichange icauses irests iwith ideveloped icountries; ihowever, iits iimplications idirectly 

iaffect iall inations. iGroundwater iresponds imuch islowly islower ito ichanges iin ithe imeteorological 

icondition ithan isurface iwater iand idue ito iits iresilience, iprovides ia inatural ibuffer iagainst iclimate 

ivariability ias iin iFigure i2 i(Calow iet ial., i1997). iDrought ias ian iintermediary ito iclimate 

ifluctuations/variability iis ithe iclimate ideviation ifrom ian iaverage ilong-term imeteorological iover ia 

igiven iduration. iChanging iclimate iinduces ichanging igroundwater iresources iavailability iand 

iutilization. 
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[Source: iCalow iet ial., i1997] 

Figure i2: iMeteorological iconditions irelating ito igroundwater iresponse 

Climate ichange iscenarios ithat iare ilikely ito ioccur:- iFirst, ithe itemperatures iare ipresumably igoing ito 

iexpand: iThroughout ithe itwentieth icentury, iAfrica ihas iexperienced iwarming iat ia irate iof iabout 

i0.5°C iand ithe iwarming irate ihas iextended ias iof ilate i(Taylor iet ial.,2013). iSecondly, ithe isouthern 

iand inorth iparts iof iAfrica iexperienced ia ireduction iof iannual iprecipitation, iwhereas ithe ieastern ipart 

iof iAfrica iexperiences ithe iinverse iand ithirdly, irainfall iis ilikely ito ibecome iincreasingly ipredictable 

iin iterms iof iboth iintensity iand iduration iwith iincreasing ifrequency iof iextreme ievents. 

iNotwithstanding ithe iworld's inormal iprecipitation ichanges, ithere icould ibe iprogressively 

iarticulated ichanges iin iprecipitation iqualities ibecause iof iglobal iwarming. iAveragely, ithe 

iprecipitation iwill, iin igeneral, ibe iless icontinuous, ihowever iprogressively iintense, ipoint itowards ia 

imore iprominent ioccurrence iof ioutrageous idroughts iand ifloods, iwith iresulting iconsequences ifor 

iwater istorage. 

There iare iindications ithat iNairobi iCity iis iundergoing iclimate ichange, ijust ilike imany iother iurban 

iareas iglobally, iand ithis ican ibe ia isevere ichallenge ito ithe iaccomplishment iof ithe icity's 

isustainability. iThe icurrent irainfall ioccurrence iin ithe icity iis iabove iaverage icompared iwith 

iprevious iyears. iOngoma, iMuthama iand iNganga i(2010) ifound ithat iNairobi ireceives irainfall ifor iall 

iintents iand ipurposes ievery imonth iwith iexceptionally ihigh irainfall iamounts ibeing iencountered 

ievery ifour ito ifive iyears. iThis iobservation iis ibeneficial ifor iurban iplanning. iThe icity's iminimal 

itemperature iis irising iat ia ihigher irate ithan ithe ihighest itemperature. iThe imodification iof ithe icity's 

iclimate ito ifactors iof iurbanization i-rapid ipopulation igrowth, iexpansion iof ithe ibuilt-up iarea, 

iindustrial idevelopment, iincreasing ivehicular itraffic, iand ireduced ivegetation icover ihave ialtered ithe 
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iurban ienergy iexchanges, iwater ibalance, iand iprevailing iwind ispeeds iand isometimes iwind 

idirection iin ithe icity. i 

2.3 iSustainable iDevelopment iGoal i(SDG) 

Sustainable iDevelopment iGoals i(SDG) iwas ia iplan ivisualised iand iopted iby ithe iUnited iNations 

i(UN) iin ithe iconvention iin i2015. iIt ienvisions iseventeen igoals ito ibe iachieved iby ithe iyear i2030. 

iVarious inations' ileaders ienvisioned itowns, icities ioverwhelmed iby ipoverty, idry ispell, iwar, iand 

ifloods. iThey iplanned ifor ifuture icities ithat iwould ibe isafe ifrom ieffects iof iclimate ichange iand istill 

iget irid iof ihunger iand ipoverty i(United iNations, i2018). 

 

Africa iis iblessed iwith iabundant igroundwater iresources. iThe iresource iremains ithe imost iunder-

developed iin imany iparts iof iAfrican. iFor isuccessful iclimate ichange iadaptation iand iSDG 

iachievements, iit‟s ivital ito iundertake isustainable iuse iand iutilisation iof igroundwater. iPoor 

imanagement iof iwastewater, iwater iscarcity iand iflooding ialso ihinder ieconomic iand isocial 

idevelopment. iIn ibalancing ithe igrowing iand icompeting iwater idemands ifor ivarious iuses, iit‟s 

icritical ito iincrease iand iimprove iwater iefficiency iand imanagement iof iwater. iIn iover itwenty-two 

inations iwithin inorthern iAfrica, icentral-western iand isouthern iAsia iregions ihave iabout iseventy 

ipercent iwater istress ilevels i(Guterres, i2018). iAn iindication iof ithe ihigh ipossibility iof ifuture iwater 

iscarcity. iAccording ito iGuterres i(2018), isustainable icities ican ibe iconceptualised ias i“place(s) iof ia 

igreater ilife iquality, iin itandem iwith ipolicies iand istrategies ithat ieffectively imoderate ithe idemand 

ifor iresources idrawn ifrom ithe icity's ivicinity iin ithis iway imaking imanageable icity imove itowards 

ibeing ia iprogressive iself-sufficient ieconomic, ienvironmental iand isocial isystems”. 

 

Urbanisation ibeing iinevitable; ithus, irather ithan islow iit idown, iwe imust iaddress ithe imain ichallenge 

iof ilearning ihow ito ideal iwith ithe irapid igrowth. iAccording ito iUniversity iof iNairobi i(UoN) i(2018), 

imore ineeds ito ibe idone ito iachieve isustainability. iSome iof iKenya iVision i2030 igoals iare ifirst 

imedium-term iplan imeant ito irealise iincreased iaccess ito iclean iin iaddition isafe iwater, isanitation; 

iadequate ihousing, ibetter ilivelihood ifor islum idwellers ias iwell ias iintegrated iregional iand iurban 

iplanning imanagement. iThe iimportant iway iof iachieving isustainability iis ithrough iconsultations 

iand iintegrating ivarious iurban idevelopment iaspects, ias iillustrated iin iFigure i3. iThis ican ibe irealised 

ithrough ithe ifollowing iprovisions iin ithe iUnited iNations i(UN) iSDG igoals, iespecially igoals inumber 
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i6, i11 iand i13 i(Guterres, i2018); iKenya iVision i2030 iand iurban iareas iand icities iAct iof i2011. iOnce 

ithese iare iaddressed iadequately, iNairobi iwill ibe ia imodel icity iin iEast iand iCentral iAfrica ias ia itourist 

idestination iand ieconomic ihub. 

 

[Source: iHiscock, i2002] 

Figure i3: iSustainable iGroundwater iDevelopment iPlan 

2.4 iGroundwater 

The igroundwater iis ia isignificant ifeature iof ithe ienvironment iand ia ipart iof ithe ihydrologic icycle ias 

iin iFigure i4; itherefore, ian iunderstanding iof iits irole iin ithis icycle iis inecessary iif iintegrated ianalyses 

iare ito ibe iused iin ithe istudy iof iwatershed iresources iand iregional iassessment iof icontamination 

i(Freeze iet ial., i1979). 

 

[Source: iNational iGroundwater iAssociation i©2007] 

Figure i4: iHydrological icycle 
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Hydrology iinvolves ithe istudy iof iwater iof ithe iearth- iits iprecipitation, iits imovement iover iand ibelow 

ithe iearth's isurface, iits ievapotranspiration ifrom ithe iland, iwater iand iplants iand iits isubsequent 

icondensation iand iprecipitation i(Todd iet ial., i2005). iThe ionly iportion iof irainfall iupon ia icatchment 

iarea iwill iappear iin ithe iform iof idirect irunoff. iAccording ito iMcGhee i(1991), igroundwater iis ia 

iportion iof irain ithat ipercolates idown ithe isoil iuntil iit ireaches ithe irock imaterial ithat iis isaturated iwith 

iwater. iWater iin ithe iground iis istored iin ithe ispaces ibetween irock iparticles. iGroundwater imoves 

islowly iunderground iand imay ifinally iseep iinto istreams, irivers ior ilakes. 

 

Vaporization iand itranspiration iis ithe iprocess ithrough iwhich ia iportion iof isub-surface iwater ireturns 

ito ithe iatmosphere. iSome isurface iwater iinfiltrate itill iit ireaches iless ior itotally iimpermeable 

iformations iand iothers iare iheld ithrough icapillary iforces. iGroundwater irefers ito iwater iconfined iby 

iaquiclude iand iflows ito isprings, iboreholes iand iother iretrieval ipoints i(McGhee, i1991). iIn ithe 

iworld, ione imain idomestic iuse iwater isource iis igroundwater. iAccording ito iFoster iet ial. i(2018), ithe 

ireliance iof igroundwater iuse ifor ithe idaily iwater isupplies iis ialmost iby i50% iof iAfricans. iThe 

isurface iwater ishortages iamong ithe iAfrican icommunities ihave iresulted ito iadaptation iof 

igroundwater ito ibridge ithe ideficit. iUsually, iexcess igroundwater iabstraction idoes ilead ito ipolluted 

iwater iingression, isubsidence iof iland, ithe iintrusion iof isaline iwater, icompaction iand 

itransmissibility ireduction iof ithe iaquifer i(Adelana iet ial., i2008). 

2.4.1 iAquifer 

As iper iMcGhee i(1991), ian iaquifer irefers ito ithe igroundwater ibearing iformations ithat iare 

isufficiently ipermeable ito iyield iof iusable iwater iquantities‟. iThe idegree iof iporosity iand 

ipermeability iin iall irocks idetermines ithe iamount iof iwater iit icontains. iThere iexist itwo itypes iof irock 

iclassification i– inon-water ibearing ior iaquiclude ior iaquifuges iand iwater-bearing ior iaquifers ior 

iaquitards. iWater itable/ iPhreatic isurface irefers ito ithe ihighest ipoint iof ithe isaturated izone iwithin ian 

iaquifer. iAccording ito iMcGhee i(1991), ithe iwater-bearing iformation ibetween iless ipenetrable 

iformations iis ireferred ito ias ia iconfined iaquifer iin iFigure i5. iWater iflowing iin ian iunconfined iaquifer 

iis iakin ito ione iflowing ithrough ian iopen ichannel, iwhile iflow iin ia iconfined iaquifer icorresponds ijust 

ias iin ipipes. 
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[ iSource: iNational iGroundwater iAssociation i©2007] 

Figure i5: iFlows iand iprofile iof iUnderground iwater. 

Piezometric isurface irefers ito iwater iheight irise iattained iin ia itube ipenetrating ia iconfined iaquifer 

i(McGhee, i1991). iFor iflow ito itake iplace, ia ihydraulic igradient imust iexist. iGroundwater iflows 

iusually ifrom itopographic ihighs ito itopographic ilows. iAccording ito iGurcharan iand iJagdish i(2013), 

ithe iflow ivelocity iis idirectly iproportional ito ithe ihydraulic igradient iand iinversely iproportional ito 

iaquifer ipermeability; iThe ihydraulic igradient irange iof i0.00125 ito i0.0025 iresults iin igroundwater 

iflow ivelocity ivarying ifrom i0.0001m/s ito i0.0002m/s, iespecially ifor iin igravel iaquifer. 

2.5 iRainwater iand iStorm iwater  

Rain iremains ipredominantly ithe ifreshwater isource iglobally. iStormwater iis igenerated iwhen ithe 

iintensity iof irainfall iis imore ithat iis imore irainfall itakes iplace iin ilesser itime, irainwater iwill ihave 

ivery ilittle ichance ifor ievaporation iand ipercolation, iand imore iquantity iof irainwater ibecomes 

iavailable i(Gurcharan iet ial., i2013). iUrban iareas iexperience iincreased ioccurrences iof iflooding 

iworldwide, icausing irepeated idamage icalling ifor iflood imanagement i(Baariu, i2017; iHammond iet 

ial., i2015; iSimões iet ial., i2011). iPrecise irun-off iestimation iis ielementary iand iessential iin idesigning 

irecharge istructures iwith ithe ibest ipossible icapacities. iUnrealistic iassessments iof irun-off ifor 

icatchments iyield iresults itoward ithe idesigning iand iconstruction iof ioversize ior ielse iundersized 

istructures, ineeds ito ibe ieluded. iStormwater iquality, ias iwell ias iquantity, iis iaffected iby iboth 

iurbanization iand idevelopment ithe iincreased iimpervious isurface iresults iin idecreased iinfiltration iof 

ia isubstantial iamount iof iwater, ias iillustrated iin iFigure i6. 
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[Source: iWMO, i2008] 

Figure i6: iWatercourse igeometry iresponse ito irunoff idue ito iurbanization iand iInfluence iof iUrbanization ion ithe 

ihydrological icycle 

Most iUrban icities idepend ion imunicipal iwater ifor idomestic iuse, iwhich iis ipractically inot ienough 

ifor iall ihouseholds ias iit iis ichallenging ifor ithe igovernment ito isupply ievery ifamily i(Doughlas, i2008; 

iHuong iet ial., i2013). iAs ifar ias iwater ibalance, ithe ivast icapacity iof iwater igathered ifrom istructure 

itops icauses irunoff ion ithe iimpervious iconcrete iand itarmac isurfaces, ithus iincreasing ithe iincidence 

iof iflooding iin ithe icity ias iin iFigure i6 i(Maksimovic iet ial., i2009; iOdhiambo, i2015). iBased ion istudy 

iby iOdhiambo i(2015) iwhich ireveals ithe iSouth iC iarea ihad ia i49% iimpervious ilayer, ithis iwas 

iattributed ito ian iincreased irun-off. iOne iof ithe iproblems ito iaddress ito iachieve isustainability iof ia 

icity iis iexcessive irunoff, iwhich icauses ithe ienvironmental iconcerns iof iflooding iand ithe iresulting 

idisease ioutbreaks idue ito iinadequate iaccess ito iclean iand isafe idrinking iwater iand ipoor ihygiene. 

iRather ithan iallow ithis iwater ito ikill ipeople, ias ioften ihappens, iwe ican icollect iit iin idams iand iuse iit 

ito ienhance ithe icity's ivegetation icover, ior ieven ipurify iit ifor iother iuses. iContinuous iurbanisation 

ibrings iabout imore irainfall iwastage ithat ican ibe iutilized iin igroundwater ireplenishment. 

 

Groundwater irecharge iis ian iimportant iaspect iof irainwater iharvesting. iIn iwater iharvesting, iit iis ithe 

ibest iway ito isupport iboth ithe isurface iand isubsoil iwater isources. iRainwater iharvesting iis imainly 

idone ifor itwo imain ireasons: iFirst, ito istore iwater ifor ifuture iuse. iSecondly, ito irecharge ithe iground. 

iThere iis ia idifferent iapproach ito iharvest irainwater; ione iway imay ibe ito idivert ithe irainwater ithat 

ifalls ion ithe iterrace iinto iopen iwells iin iabsence iof ian iopen iwell ia ipercolation ior ia ileaky iwell imight 

ibe iburrowed inext ito ibuilding ito iinfuse ithe irainwater ifor igroundwater irecharge i(Seetha, i2012; 
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iTNSUDP, i2015). iA ileaky iwell idepth idepends ion ithe isoil ion ithe isite ias iwell ias ithe iamount iof 

iwater iit iis ito ireceive ifor irecharge iduring iheavy idownpour. i iThe irooftop iwater inot ionly iought ito ibe 

idiverted ito ithe ileaky iwell ibut ialso ithe istorm iwater iafter ipassing iit ithrough ia isimple igate itrap 

iarrangement ito icatch iall ithe isilt iand idebris. iOnce iin ia iyear ior itwo, ithe irecharge iwells iought ito ibe 

ide-silted i(MWR, i2007; iTNSUDP, i2015). iLeaky iwells ido inot ijust iguarantee ithat ithe irainwater 

ifalling ion iyour ipremise iis inot iwasted iby imixing iwith ithe isewerage ior ias irunoff ito ithe istreets. 

iAhammed, iHewa iand iArgue i(2012) istates ithat iin ithe ievent ithat ithe istormwater ichannel iis idirected 

itowards ithe ileaky iwell, iensure ino inonpoint ipollution icoming iin. iPrecaution imeasure ihas ito ibe 

itaken iinto iaccount iinlet iof ithe ileaky iwell ior iat ithe ipoint iof ientry iof ithe istormwater. iIn icase iof ian 

iaccident iscenario iwhere ithere iis ian ioil ispill ior isewerage, ithe iinlet ishould iallow ifor iclosure ior 

icapping iso ithe icontaminated iwater ican iflow idownstream iwithout iflowing iinto ithe ileaky iwell iwith 

ithe ihope iof ibeing itreated iat ithe iappropriate ipoint i(MWR, i2007). 

 

According ito iWorld iWater iAssessment iProgramme- iWWAP i(2017), iin ideveloped ieconomies, ithe 

istorm iwater iis icontrolled ithrough ichannelling ito ithe iwastewater itreatment iplants. iThis iis iachieved 

ithrough iconsolidated isewers ias imutually istormwater iand iwastewater i(Ted, i2013). iRainwater 

iHarvesting i(RWH) iis ibeing iimplemented iin ivarious inations. iIt iis iacknowledged ias ione iof ithe itop 

iaccomplishments iin ithe iIntegrated iWater iResource iManagement i(IWRM) iin ithis imanner iRWH iis 

ia inoteworthy itolerable iwater iresource icontributing iin ibridging ithe ishortfall iin iwater iresources 

iparticularly iin iwater ideficiency icountries i(Hamdan, i2009). 

 

2.5.1 iRun-off iand iestimation iof irun-off 

Runoff ican ibe iidentified ias ian iimportant iresource ito ibridge ithe igap ibetween iwater iresources 

idemand iand isupply. iIt ican ibe iused ito irecharge ithe igroundwater ifor ifuture iuse iduring ithe idry 

iseasons. iThe irunoff iincreases idue ito iurbanisation. iThere iare ithree iavailable itechniques iof 

iestimating irun-off iwhich iare irational imethod, iSCS itechnique iand ithe iempirical imethod. iThe 

irational imethod iis ithe isimplest imethod iof ithree imethods. iIt iis iused ifor istorm isewer idesign, iit 

iassumes ithat iprecipitation iintensity iremains iconstant iand ievenly ispread iover ia iregion iand ithe 

ieffective iprecipitation ifalling ion ithe ibasins ifar-flung isection itakes ia icertain itime iperiod ior itime iof 

iconcentration i(Tc) ito ireach ian ioutlet iof ithe ibasin i(Chow, i2012). iThe iempirical imethod icreated 
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ifrom irational irunoff iformula. iThe ilatter iis iused iin iestimating ithe iaverage iannual iamount iof 

istormwater i(Kiely, i1996), iwhich iis igiven ias ishown ibelow: i- 

 

Q=C×I×A            i(2.1) 

Where: i- i   

Q: iAmount iof irunoff i(m
3
). i 

I: iIntensity iof irain i(m/s). i 

A: iCatchment iArea i(m
2
). 

Overall isurface irunoff iquantity ifor izoned iarea ican ibe icomputed ias isummation iof ithe iquantities 

ifrom ieach izoned iarea: i- 

 

Q=∑ i{QZ1 i+ iQZ2 i+,..., i+ iQZi.}         i(2.2) i 

For ieach iregion, iprojected istorm iwater ican ibe icomputed ibased ion ithe irational iformula: i- 

 

QZi i= iIi× i∑Cfi i× iAfi i           i(2.3) i 

Where: i- 

 i QZi: iAmount iof istorm iwater iin izone inumber ii i(m
3
/s), 

 iIi: imean iyearly iprecipitation iin irain istation irepresenting izone inumber ii i(m/s). i 

Cfi: irunoff icoefficient iof iland isurface itype iof iland iuse icategory i(f) iin izone ii; 

 iAfi: iarea iof iland iuse icategory i(f) iin izones ii i(m
2
). 

Table i1: iRunoff icoefficient ifor ivarious isurfaces 

SURFACE iTYPE RUN-OFF iCOEFFICIENT, if 
Roof itiles, icorrugated isheets,concreted ibitumen, iplastic isheets 0.8 

Brick ipavement 0.6 

Compacted iSoil 0.5 

Uncovered iSurface, iflat iterrain 0.3 

Uncovered iSurface, islope i>0-5% 0.4 

Uncovered iSurface, islope i>5-10% 0.5 

Uncovered iSurface, islope i>10% > i0.5 

[Source: iMoWI i2005 iDesign iManual ifor iwater] 
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Realistic istorm iwater ican ibe iprojected ifor iexisting ias iwell ias ifuture iplanned iland iuse, ithus irunoff 

icoefficient i(C) ivaries ifor ivarious iland iuse itypes iin ithe itwo iscenarios i(Hamdan iet ial, i2007). iAn 

ieffective irunoff icoefficient ifor ia icomposite idrainage iarea ican ibe iobtained iby iestimating ithe 

ipercentage iof ithe itotal iwhich iis icovered iby iroofs, ipaving, ilawns ietc., imultiplying ieach ifraction iby 

ithe iappropriate icoefficient ias iprovided ifor iin iTable i1 iand ithen isumming iproducts ias idetailed iin 

iequations i2.2 iand i2.3. iThe irational imethod imay istill ibe iuseful ifor idesigning idrainage 

iimprovement ifor ithe irestricted iarea i(McGhee, i1991). 

2.6 iRecharge iof iAquifers 

The iregion iwithin iwhich iwater ienters ian iaquifer iis ireferred ito ias irecharge iarea. iThe ifaults, 

isinkholes, ifractures ior isoil iinfiltrations iis iwhere ithe iwater iinfiltrates iinto ithe iaquifer iand ithis 

ipractise iand iprocess iis iwhat iis itermed ias irecharge i(Rokade iet ial, i2004). iAs iper iAmerican iSociety 

iof iCivil iEngineers i- iASCE i(2001), ithe ideliberate imodification iof inatural irecharge ipattern iwith ian 

iaim iof iincreasing irecharge iis ireferred ito ias iplanned irecharge. iPlanned irecharge iis ithe iprocess iby 

iwhich ithe isurface iwater iis itransferred ito ithe iaquifer ithrough ihuman iinterference i(MWR, i2007). 

 

An iaquifer irecharge iafforded iby inatural ihydrologic iprocesses iis isometimes ideliberately 

iaugmented ieither ito icreate ibarriers ito iother iflow ior ito irestore iwater ito ithe iaquifer ifor iother iuse. 

iGroundwater irecharge ithrough iland idisposal iof itreated isewage iis ian ialternative iwhich iis iroutinely 

iconsidered iin iwastewater ifacility iplanning i(Reed, i1972). iThe irecharge iof iaquifers iis iundertaken 

ito imaintain ior iaugment inatural igroundwater ias ian ieconomic iresource, ito icombat iprogressive 

idepletion iof igroundwater ilevels, ito iconserve isurplus isurface iwater iunderground, iand ialso ito 

icombat iun-favourable isalt ibalance iand isalt-water iintrusion. iGroundwater isupplies iand iindividual 

iwells ican ibe isoiled iby isurface iwater ifor ithe iduration iof itorrents iand ithrough iwaste imaterial 

ipercolation ithrough ithe isoil. iWells iare iprotected iagainst icontamination ifrom iflooding iby icareful 

iconstruction itechniques ithat irequire ithe icasing ibe igrouted idown ito ithe ifirst iimpermeable istratum, 

ithat ithe icasing iextends iabove ithe isurface iof ithe iground iand ithat ia iconcrete iapron iprotects ithe 

isurrounding ithe icasing. iIt iis iimpractical ito iguard iagainst icontamination iwhich ienters ithe iaquifer 

iat ipoints iremote ifrom ithe iwell i(McGhee, i1991; iMWR, i2007). i 

 



17 
 

The imain iadvantages iof iplanned igroundwater irecharge iare isub-surface istorage ispace iis iavailable 

iat ino ifee iand iflood istays icircumvented, inegligible ievaporation ilosses, ihigh iorganic ipurity, 

iimproved iquality iby iinfiltration ithrough ipenetrable imedia. iIt ihas ino iadversarial isocietal ieffects 

ifor iexample ipopulation idisplacements, iit iis ian ienvironmentally ifriendly, iloss iof ialready iscarce 

iagrarian iland, iflood iand isoil ierosion icontrols, iminimal itemperature ivariants, iprovides isufficient 

imoisture iin ithe isoil ieven iduring iwarmest iseason, iwater ikept iunderground iis isomewhat 

iinvulnerable itowards iartificial iand inatural icatastrophes, ioffers ia inatural idistribution isystem 

ibetween idischarge iand irecharge ipoints. iIt iconsequently isaves ienergy iowing ito idelivery iand 

isuction iheads idecrease iby imeans iof ishallow iwater ilevels i(MWR, i2007). 

 

According ito iParghane, iKulkami iand iDhawale, i(2006), ihigh ihydraulic iconductivity iresults ito ihigh 

irecharge irate ihowever iability ito iclean irecharge iwater iis ilow. iRecharge iprocess ineeds ito ibe idone 

iusing iclean iwater. iA ilarge iaquifer igrain isize itends ito iresult iin ivery ihydraulic iconductivity ivalues. 

iFracture ispacing, iinter-connectedness, iand isize iopenings icontrols ithe ihydraulic iconductivity. iThe 

irecharge iis isignificant iin iregulation iof ithe igroundwater ivolume. iIt iis iinfluenced iby iland iuse 

ichanges, ithe irainfall iintensity, imagnitude, iseasonality iand ifrequency. iReduced irecharge iwill 

iresult iin ireduced irenewable igroundwater ivolume. iThe ieffects iof iclimate ichange ihas imade i ipeople 

ito iover-abstract irenewable iaquifers iand ihence idepletion iof istorage. 

 

2.6.1 iFundamental ielements iplaying ia ivital ipurpose iin igroundwater irecharge inaturally ior 

iartificially i 

The iselection iof iappropriate itechnique inecessary ifor ienactment iin ia ispecific iregion iis irather 

ichallenging ibased ion ithe ifactors ithat iinfluence ilocally iand iinvolved iparameters. iThe ifundamental 

ielements ithat iinfluence iartificial igroundwater irecharge itechniques iis ielaborated iin isubsequent 

isubsections. i 

2.6.1.1 iVadose ithickness 

It irefers ito ithe iregion ibetween ithe iwater itable iand iland isurface. iIt ihas ian iinverse iproportionality ito 

irecharge. iGreater ivadose ithickness iresults iin iless irecharge irate. iThe imarshy iarea iusually iindicates 

ithat ivadose ithickness iis itoo ismall. iUsually ithe ifirst ithree imeters iare inot iconsidered ito irecharge 

iaquifer ibecause iof ilogging iand isalinization ieffects i(MWR, i2007). 
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2.6.1.2 iSlope 

The ifall iand irise iof ilandscape irefers ito ithe islope. iSlope igenerally igoverns irun-off, ierosion ias iwell 

ias ialluvial itransport, iinfiltration irate. iFor ia iminimum islope, imaximum iinfiltration ioccurs iand ithus 

iflat iareas ifacilitate ihigher iinfiltration irates ithus ibecomes isuitable iareas iunlike iareas iwith igreat 

islopes. iIt iis iusually ione iof ithe ikey ideciding ifactors iin ithe ichoice iof iplanned irecharge itechnique 

i(McGhee,1991). i 

2.6.1.3 iLand iuse icover 

It iis ian iextremely ivital iparameter iin ithe iidentification iof ithe ipotentially ifeasible iarea ifor iplanned 

iaquifer irecharge. iVegetation iusually idraws itheir iwater ineeds ifrom ithe isaturation izone, iothers 

ifrom iabsorbing isoil imoisture iin ithe iaeration izone. iPresences iof ixerophytes iindicate ia iscarcity iof 

igroundwater iat ishallow idepths. 

2.6.1.4 iSoil itexture 

Permeability iof isoil igreatly icontrols igroundwater irecharge idepends imostly ion iareas igeology. 

iWhen ithere iis ilarge isoil ipermeability, isurface iplanned irecharge itechniques ican ibe ichosen. iWhen 

ithe ipermeability iis ismall ithen isub-surface irecharge itechniques iare ichosen. iGeology iinfluences 

iinfiltration iand ipercolation irates iplus ithe iwater iflow ipreferential ipaths i(Raghunath, i2014). iBroad 

ialluvial ifan iand iglacio-fluvial ideposits, iformations iof isand, igravel ior ivastly ifractured irocks ieither 

iunderground ior iexposed iover ia ilarge isurface iarea ior iin istream ichannels iplay ikey iroles iin irecharge. 

i 

2.6.1.5 iThe inature iof iaquifer 

The itype iof iaquifer iplays ia ikey irole ias ithere ishould inot ibe iany ibarrier ifor ihorizontal ior ivertical 

imovements iof igroundwater. iPorosity iand ispecific iyield iare ithe ikey iproperties iof ian iaquifer 

irelated ito iits istorage ifunction iwhich iforms ione iof ithe iimportant ipurposes ifor iimplementation iof 

iplanned irecharge isystems i(MWR, i2007; iRaghunath, i2014). 

 

2.6.2 iTechniques iand iprocedures ifor iartificial igroundwater irecharge 

The ivarious ikinds iof iprocedure iand itechniques ifor iartificial igroundwater irecharge ihave ibeen 

irecognized iand iwell-articulated iin ithe ivarious iscientific iresearch ipublications ireviewed i(CGWB, 

i2011; iIGRAC, i2007; iMWR, i2007). iAppendix iA3 ipresents ithe istrategy iand itechniques 

icollectively iwith ithe iscenarios iworldwide iin iarea iand iregions iit ihas ibeen iundertaken. i 
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2.7 iGeographical iInformation iSystem i(GIS) i 

According ito iOkoth i(2018), iGeographical iInformation iSystem i(GIS) iis ia icomputer-based 

isoftware iempowers iuser/operator ito iunderstand irequired idata, icollect, istore, imanage, iscrutinize, 

ianalyse iand ipresent iit ias ia ispatially ireferenced iinformation ifor icandid idecision imaking iin ia imore 

iuser-friendly iformat. iSaving iwater, isaves itime iresults ito isaving imoney. iAccording ito iESRI 

i(2019), ithe ibasis iof iintelligent iwater imanagement iis iGIS. iGIS iplays ia ikey irole iin ispatial idecision 

imaking ithrough ithe iBoolean iapplication iand ithe iapproaches iof iweighted iintersection ito ithe 

iproblem iof ispatial idecision imaking. iIt ican ibe iused ito idetermine ithe isuitability iof iareas ifor ia 

iparticular iuse. iGIS ican ibe iused ito iproduce ithe iareas iof ithe ipolygon iof iland iuse. iSuitability iof ian 

iarea ifor ia iparticular iuse iwas ione iof ithe ifocal imotivation ifor idevelopment iof ithe iGIS. iSuitability 

ianalysis iis iused ito idepict icombinations iof ispecific icharacteristics ifor ivarious idescribed iregions. 

iIts ioutput iis ithematic ior isuitability imap. iDecision imaking iis iused iplanning iprocess ithus iin isimple 

isuitability ianalysis, ithe ilogical icombination iof ifalse/true iinformation ioften ileads ito ia imore ior iless 

istraightforward isolution. 

2.7.1 iBoolean iAlgebra 

The ibinary ilogic ioperations iessentials ifacilitated ithe iestablishment iof iBoolean ialgebra. iIt iwas 

ifound ion ithe ibasics iof ibinary ilogical ioperations, iforming ia imathematical istructure ibased iupon 

itwo ivalues ione iand izero. iIt iis imathematical-type idealing iwith itruth iconditions ibut inot iwith 

inumbers. iIt ihandles ioperations ithat ilink itwo itruth iconditions ias iinput ivalues itogether iand iresults 

iin ianother icondition iof itruth. iThe imost isimplest iway iexplaining iBoolean ioperators iis ithrough 

iVenn idiagrams i(Edwards, i2004). 

2.7.1.1 iBoolean iOverlay 

Boolean ioverlay ia ispatial iquery imethod icommon iin ianalysis ifunction iin iGIS. iIt iwas ifound ion ithe 

iassumptions ithat idifferent icombinations ican ibe ieither i“false i“or i“true” ibut iunder ino 

icircumstances iboth. iIt iis ian iintersection iof ibinary icoded idata ilayer ithat iuses ithe iBoolean ioperators 

iintersect, iunion, iexclusive iunion, iand ierase/ inegation iusually icontaining idata ilayers iwith iareas 

ithat iare ifalse iand iother itrue iin imany iGIS isoftware i(Zaidi iet ial, i2015). iNew iinformational ilayer 

iresults ifrom ithe ispatial iintersection. 
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2.8 iGeological imorphology 

The iNairobi iCity iCounty iis iwidely icovered iby iTertiary ivolcanic irocks iaccording ito iSchackleton 

i(1945) ias icited iby iSaggerson i(1991a). iThe iCounty igeological imorphology ihas ia istratigraphic 

iorder ibeginning iwith iLimuru iTrachytes, iKerichwa iValley iTuffs, iNairobi iTrachytes, iAthi iSeries, 

iKapiti iPhonolites iforming ithe istratigraphic iorder iof ithe ilocal imorphology iof ithe igeology ias 

iFigure i7. iLimuru iTrachyte iis ithe ithickest ilava ilayer igoing ito ia idepth iof iabout i152m, iwith 

iintercalated iwith itrachytic iand iagglomeratic ituffs ias iin iFigure i7. iIt iis ia isoft, irarely ifissile imember, 

ihighly iporphyritic iwith itruncated ifeldspar ilaths iin ia ipale igroundmass. iKerichwa iValley iTuffs 

iconsist iof ithe ipyroclastic iash iand ipumice iflows, itrachytic ituffs iand iagglomerates, iit ilargely icovers 

ithe iNairobi iarea i(Saggerson, i1991a; i1991b). iThe ituffs iare idistinguished iinto ithree imembers: i- 

ilower, imiddle iand iupper imembers. iThey ioccur isuch ithat ithe ilower iand iMiddle ituffs iare imostly 

ifound iin ivalleys iwhereas ithe iupper ituffs ibeing imore ipervasive. i 

 

[Source: iSaggerson, i1991b] 

Figure i7: iNairobi icross-sectional iformation iof ithe igeology 

The iNairobi iTrachytes ihave isections iof iit ibeing iintercalated iwith ipyroclastic ipumice iand iash 

iflows. i iBanding iis icommon iand icorrelates ito iflattening iand ipressure irelease iwithin ithe ilava iflow 

ion ithe itrachyte. iNairobi iPhonolites iconsist iof inumerous ilava iflows iand ithe igreater ipart iof iNairobi 

iis icovered iby iit ias iin iFigure i7. iIt ialso icovers ia ilarge ipart iof ithe icounty. iNairobi itrachytes igenerally 

istretches ifrom inorthern ipart ito ithe isouthern ipart ithough ioverlay iAthi iSeries iin ia itype iof 

iunconformity iknown ias idisconformity i(Saggerson, i1991a). 

 

The iAthi iSeries iFormation iis ia icomposite iof ituffs iand i„Lake iBeds‟ ias iin iFigure i7. iLake ibeds iare 

imainly ilacustrine isediments iconsisting iof ireworked ivolcanic imaterial. iAthi ituffs ihave ialso ibeen 
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iidentified ias ia ihighly iproductive iaquifer izone. iIt iis iintercalated iwith ituff ibands, ipumice ibands iand 

iwelded ituff ideposits. iThe imaterial iincludes iobsidian isands, iconglomerates iand isiliceous 

iagglomerates. iKunkar inodules ioccur. iIt iis isub-divided iinto ithree iunits:- iFirst, ithe iUpper iAthi 

iSeries: ioften iconsists iof isandy isediments, ituffs iand ilake ibeds iin ia iwide ilateral ivariation iof 

ibedding; iit iis igenerally iclay-free, ihence iis ione iof ithe imost itargeted iaquifers iin ithe iNairobi iarea. 

iSecondly, ithe iMiddle iAthi iSeries iis imade iup iof ibasaltic ilava, ibasaltic isands iand iagglomerates. i 

iThe ilavas ishow iabundant iinsets iof ifeldspar iin ithe igroundmass, iwhereby ithe isands ioften ihave ia 

iclayey imatrix. iAgain, iits imaximum iknown ithickness iis i150m. iThirdly, ithe iLower iAthi iSeries 

icomprises iprimarily iclay ideposits iand ilies ion ithe iKapiti iPhonolite. iIt ihas ia imaximum iknown 

ithickness iof i150m i(Saggerson, i1991a). 
 

2.8.1 iGroundwater ioccurrence, iquality iand ihydro-geological iconditions 

According ito iWater iResource iManagement iAuthority- iWRMA i(2005); ias ia iconsequence iof iwater 

iquantity iabstracted iin irelation ito ithe ipopulation iit iserves, iNairobi iAquifer iSuites istands ias ian 

iunique iimportant iaquifer. iBased ion ithe istudy ito iStephen iet ial i(2005), ithe iabstraction irate iis 

iestimated ito iabout i85MLD. iThe iperennial irivers idrain iwithin iKikuyu ihighlands. iThere iexists ia 

igood iaquifer ilocated ibetween iunderlying iphonolite iand ithe iKerichwa ivalley ituffs. iThe iquality iof 

igroundwater ifrom ithis iaquifer ilargely imeets ithe iWorld iHealth iOrganisation i(WHO) idrinking 

iwater istandards iexcept ifor ifluorides iwith i17mgL
-1

 iwith irare icases iof iexcess iiron iof iabout i10mgL
-1

 

ias ifound iby iSaggerson i(1991b) iand icited iby iMarleen, iKilonzo iand iWalraevens i(2008). iThe imulti-

layered iaquifer isystem iof iNairobi iAquifer iSuite i(NAS) iis iquite icomplex. iGenerally, ithe inatural 

irecharging ihappens ialong ithe irift ivalley iedge. iThe igroundwater iflows ieastwards ialong ithe iAthi 

iplains. iThe imain iaquifer ilayer, ithe iUpper iAthi iSeries iunderlies ithe iphonolites, iis iconfined iand 

ifound iat idepths iof i120 ito i300 im ibgl i(Owuor, i2019). iOther iaquifers ibelonging ito ithe iNAS, 

icommonly iencountered, iis ia imedium idepth iaquifer ifound iat ithe ibase iof ithe iNairobi iTrachytes. 

iThere iare ilargely iintervolcanic isediments iwith idiscontinuous ioccurrences i(Gevaerts, i1970; 

iSaggerson, i1991a, i1991b). 

 

The iresearch istudies ithat ihave ibeen ipreviously iundertaken iregarding ithe iNairobi iperrential 

iflooding imainly ifocused ion ithe iimpact iof ithe ifloods iwith igreat ifocus iin iinformal isettlement 

i(Doughlas iet ial, i2008), ithe iphysical iinfrastructure iand iengineering iaspects i(Odhiambo, i2015), ithe 
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ilegal iand iinstitutional iframework i(WRMA, i2015; iBaariu, i2017). iHowever, ithere iexist ia iresearch 

igap iconcerning ithe iutilisation iof ithe istorm iwater/floods ias ia iwater iresource iand ias ia iway iof 

imitigating iits inegative iimpact iand ialso ia iway iof isustaining ithe igroundwater. 
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CHAPTER i3: iMATERIALS iAND iMETHODS 

 

This ichapter ideals iwith ithe istudy iprocedure iinvolved iranging ifrom idesk istudy, ithe idata iand itheir 

isources, isoftwares iand itheir ianalytical iuses, ithe iconceptual imethodology- iapplication iof iBoolean 

ilogic ito ivarious ithematic imaps iand iits iinfluence ion isuitability ianalysis. i 

3.1 iMATERIALS 

3.1.1 iData itype iand isources 

The idata iutilised iin iachieving ithe iobjectives iwere isecondary idata ifrom ithe igovernment 

idepartments iand iagencies- iMinistry iof iWater iand iSanitation i(MoWS), iWRA, iKenya 

iMeteorological iDepartment i(KMD), iKenya iSurvey, iMinistry iof iTrnasport, iInfrasturcture, 

iHousing iand iUrban iDevelopment i(MoTIH&UD) iand iinternational iorganisations iboth 

igovernmental iand inon-governmental- iJapan iInternational iCooperation iAgency i(JICA), 

iInternational iLivestoock iResearch iInstitute i(ILRI) iand iUnited iSurvey iGeological iSurvey i(USGS) 

iportal idatabases. iTable i2 ishows ithe inumerous itypes iof idata, ivarious isources ithe idata iwas iobtained 

ifrom iand itheir ipurpose iin ithe iresearch istudy. i 

Table i2: iStudy iData itype, itheir isources, iformats iand ipurpose 

 TYPE iOF iDATA SOURCES DATA iFORMATS PURPOSE iIN iRESEARCH 

a) Land iuse iand icover USGS/JICA Landsat i/ ishape ifile Generate iland iuse ithematic imap 

b) Background iImage Google iEarth Image Truthing idata 

c) Precipitation idata KMD MS iexcel iWorkbook Calculation iof irun-off 

d) Borehole WRA MS iexcel iWorkbook Generate ithe iVadose ithickness ithematic imap 

e) Geology Kenya iSurvey Shape ifile Generate igeological ithematic imap 

f) Rivers, iLakes ILRI i/ iWRA Shape ifile Generate ithe iriver ithematic imap 

g) Soils Kenya iSurvey Shape ifile Generate ithe isoil ithematic imap 

h) Literature WRA, iMoWS Pdf, iMS iword, ibooks Literature iresearch 

i) Contours Global iMapper Shape ifile Generate iDEM ithen islope imap 

j) Road iinfrastructure MoTIH&UD shape ifile Generate ithe iroad ithematic imap 

k) Boundary ILRI shape ifile Definition iof ithe iresearch iarea 

3.1.2 iSoftware iand iHardware i 

Several isoftwares iwere iused ito iundertake ithis iresearch iwork: iEnvironmental iSystems iResearch 

iInstitute i(ESRI) iArcGIS i10.3 iused iin iextract iand ianalyse ithe idata, ithe iGlobal iMapper iv18.2 iused 
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iin igenerate idata, iMicrosoft ioffice i2016 iused ito iprepare ithe ireports iand iadobe iPDF ireader iwas 

iused ito iopen iliterature idocuments iin ipdf iformat, ie-books iand iscanned iworks ietc. iThe ikey 

ihardware iused iis ia ilaptop ifor irunning ithe isoftwares. i 

3.2 iMETHODOLOGY 

3.2.1 iLiterature istudies iof iNairobi iAquifer iSuite 

3.2.1.1 iDesk/ iLiterature ireports istudies 

A iresearch istudy ion ithe iarea iof iinterest iand ia icomprehensive iliterature ireview ion ithe ihydro-

geological iof ithe iresearch iarea iwas iundertaken.The iborehole idata iobtained ifrom ithe iWRA idata 

imanagement isystem, iothers ilike i- ihydro-geophysical iand ihydrogeological ireports iof ivarious 

idrilled iboreholes i(Odero, i2017), igeological ireports, imeteorological ireports iand igroundwater 

ireports iand idrilling iguidelines ifrom ithe igovernment idepartments ienabling ithe ideeper 

iunderstanding iof ithe iNAS. iThe iborehole idata ihelped iin ithe ianalysis iand iunderstanding iof ithe 

iaquifer. iThe iprevious ihydro-geological ireports ion iNAS iand igeological ireport iand ilogs i(Odero, 

i2017; iSaggerson, i1991) iare ikey iin ithe iunderstanding iof iNAS iconfiguration iand iexploitation. iData 

ifrom ivarious idepartments iof ithe iGovernment i- ilike iMoWI, iMoTIH&UD iprovided iinsights iof ithe 

iaquifer ias iwell ias isub-surface iinformation iof imost ipermeable izones iwithin ithe icatchment. i 

 

3.2.2 iFeasible izone iidentification i 

Based ion ithe iflow iprocess iof ithe imethodology iguiding ithe ianalysis ifor iidentification iof ifeasible 

iareas ifor iplanned irecharge ias iillustrated iin iAppendix iA4. iThis iresearch istudy iconsiders ithe ikey 

ifactors iinfluencing iplanned irecharge ifor igroundwater ithat iis iland iuse, islope, ithe ithickness iof 

ivadose izone iand igeology ibeing ithe iavailable idata iused ito idevelop iapplicability imaps. iThe imaps 

iwere ideveloped iusing iBoolean ilogic ifunctions iwithin iArcGIS i10.3, ieach ilayer iof ieach ifactor iwas 

icreated iand ireclassified iin ibinary icoding isystem iwith i“1” ibeing ithe iapplicable ifeasible iareas 

iwhereas i“0” ibeing ithe inot iapplicable ifeasible iareas. iFigure i8 ishows ithe iintended iflow iprocess. i 

 

Boolean ioperators inamely iintersect i(AND), ierase/ inegation i(NOT), iexclusive iunion i(XOR), iand 

iunion i(OR) iare iused ito icombine ibinary ilogic imaps iobtaining ithe iintegrated iresults i(Edwards, 



25 
 

i2004). iEach ifactor imap iwas icombined iusing iBoolean ilogic ifunction iand ifinal imap iof ithe ifeasible 

iarea ifor iapplicability iof irecharge. 

 

Figure i8: iFlow iprocess iof ithe iGIS iinput iand ioutput iexpectation 

3.2.2.1 iLand iuse/cover i 

The ispatial iidentification iand idemarcation iof iroad inetworks, iriver idrainage, irailway inetwork iand 

istructures iwithin ithe ilocation iwere iused iin ithe ipreparation iof ithe ishape ifiles iused ifor ideveloping 

iArcGIS ifeasibility imap. iArcGIS i10.3 iwas iloaded iwith ieach istructured idata iin ishapefile iformats, 

ithe ioutputs ioverlaid ion iworld iimagery ireferenced ito iWGS84 iis ishown iin iFigure i9. 

 

Rivers iwithin ithe iresearch istudy iarea 

 

All itypes iof iRoads iwithin ithe iresearch iarea 
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Rail inetwork iwithin ithe iresearch iarea 

 

Structures/ ibuilt i–up i iwithin ithe iresearch iarea 

Figure i9: iSpatial iidentification iof ivarious istructures iand iutilities iin iresearch iareas 

3.2.2.2 iSlope 

The ielevation/contours iof ithe iterrain iwithin ithe ilocation iwas iused iin ithe ipreparation iof ithe 

ishapefile iused iin iArcGIS i10.3 icreating islope ilayer iis ishown iin iFigure i10. 

 

Figure i10: iSlope imap iof ithe iresearch iarea 

3.2.2.3 iVadose ithickness 

In iobtaining ithe ithickness iof ivadose izone, ithe imap iof ithe igroundwater ielevation iand isurface 

ielevation iwere iobtained iand ithe idifference ibecame ithe ivadose ithickness iobtaining imap iin iFigure 

i11. 
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Figure i11: iVadose ithickness iof ithe iresearch iarea 

3.2.2.4 iGeology 

The itype iof igeological ideposits iwithin ithe iresearch iarea iwas iused iin ithe ipreparation iof ithe 

ishapefile iused iin iArcGIS icreating islope ilayer: iThe irealized ilayer ifor ithe iresearch iarea iis ishown iin 

iFigure i12. 

 

Figure i12: iGeology iof ithe iresearch iarea 

Using igraphical iillustrative imethodology ias iin iAppendix iA4 iand iinput idata ipresented ifrom ithe 

ikey ifactors iabove. iThe istep iof ielaborating ifeasibility imaps ifor iplanned irecharge iis ipresented iin 

ichapter i4 ion iresults iand idiscussion. 
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3.2.3 iUrban iflood icharacteristics 

In idetermining ithe iurban iflood icharacteristics iof ithe iarea, ithis iobjective iwas iachieved iby iusing 

igenerated iland iuse ishape ifiles ifor ithe iyears i1988, i1998, i2008 iand i2018 i(USGS,2018). iIt iinvolved 

ithe iuse iof iArcGIS i10.3 iin ianalysis iof idata. i 

 
1988 iLand iUse iwithin ithe iresearch istudy iarea. 

 
1998 iLand iUse iwithin ithe iresearch iarea 

 
2008 iLand iUse iwithin ithe iresearch iarea 

 
2018 iLand iUse iwithin ithe iresearch iarea 

Figure i13: iLand iUse iof ithe iresearch iarea iover ivarious iyears i1988, i1998, i2008 i& i2018 

The ishapes ifile iwere iused ito icalculate ithe idiminishing irate ifor ithe iland-use iusing iprevious iareas 

ibeing ia i10-year iinterval. iThe iLand-use imap iderived ifor ithe iyears i1988, i1998, i2008 iand i2018 iis 

ishown iin iFigure i13. iThey iwere ianalysed ion ithe igeometry iarea iof ieach iland iuse iclass ithus 

iobtaining ithe iarea ias ishown iin ithe iresults iTable i11, iTable i12 iand iAppendix iA5. iThis iwill ihelp iin 

iidentifying ithe istructural iadjustment iand imanagement ito ireduce idiminishing igroundwater 

irecharge ipoints iresulting ifrom ithis idiminishing irate. i 
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3.2.4 iAmount iof iRunoff 

The ipotential irunoff iquantities iare ibased ion ithe iland iuse iof ithe istudy iarea- iNairobi iCounty. iAs ia 

iresult iof iavailable imeteorological irainfall idata ifor ithe iyears i2000 iand i2018 iin ithe imonthly ibasis 

iand imissing idata. iLand iuse imap iwas itherefore iderived ifrom iLandsat isatellite iimages iof i30m 

ispatial iresolution iacquired ifrom idatabase iof iUSGS i(2018) ifor ithe i5-years iinterval iof i2003, i2008, 

i2013 iand i2018 igenerated iis ishown iin iFigure i14. 

 

The idata iwere icaptured iby iLandsat i8 iand iLandsat i7 iwith icloud icovers iless ithan i10% iis ishown iin 

iTable i3 iand iunderwent ipre-processing iand ianalysis ithrough iArcGIS i10.3 iwith ithe iright iband 

icombination ibeing isigned ifor ifurther ianalysis. iFor iLandsat i8 iin iorder ito iget ithe itrue icolour iof ithe 

iimage ithe ibands i4, i3, i2 iwere iassigned ito ithe iimage igiving icapacity ito iunderstand ithe iland iscape iin 

iterms iof ithe iland iuse iand icover iin ithe iresearch iarea. iLandsat itoolbox iwas iused ito iremove ithe iscan 

iline ierrors. 

Table i3: iUSGS iLandsat icloud icover ipercentage iwith iacquisition idates 

No. Year Acquisition idate Cloud icover i% Type 

1. 2003 14
TH

 iDecember i2003 10 LANDSAT i7 iimage 

2. 2008 06
TH

 iSeptember i2008 10 LANDSAT i7 iimage 

3. 2013 15
TH

 iNovember i2013 3.59 LANDSAT i8 iimage 

4. 2018 29
TH

 iJanuary i2018 0.02 LANDSAT i8 iimage 

 

 

2003 iLand iUse iwithin ithe iresearch istudy iarea. 

 

2008 iLand iUse iwithin ithe iresearch iarea 
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2013 iLand iUse iwithin ithe iresearch iarea 

 

2018 iLand iUse iwithin ithe iresearch iarea 

Figure i14: iLand iUse iof ithe iresearch iarea iover ivarious iyears i2003, i2008, i2013 i& i2018 

The iImage iprocessing iincluded ithe iground itruthing iwhere ithe isample ipoints icollected iin ithe ifield 

iis iused ias isample isignatures iclassification ipurpose ithus icreating iaccurate isupervised iclassification 

isignature iwhich iwill ifinally icreate ithe iland iuse iland icover ianalysis. iThis iwas ithe ianalyst 

icontrolled iclassification iwhere ithe itraining isamples ifor iclassification iare igenerated iunder ithe 

iguidance iof ithe iground itruthing ipoints ito icreate iland iuse iland icover ivisualization, iwhich ican 

ifurther ibe iused ifor ibetter idecision imaking iand iunderstanding ithe iland iuse. 

 

The iresearch iarea ihas ifive imeteorological istations idistributed iin iNairobi iCounty iarea iwith istation 

inumbers iis ishown iin iTable i4. iThe iArcGIS i10.3 iwas iused ito igenerate ithe iThiessen ipolygon izone 

ibased ion imeteorological istations. iThe ico-efficient iof irunoff ivalues ishown iin ithe iTable i1 iwere 

iused ito icalculate ithe irunoff ipotential iusing irational imethod i(Chow, i2012; iMcGhee, i1991; iMoWI, 

i2005). iThe iplanned iland iuse icould inot ibe iobtained idue ito ithe idynamics iof ithe icity icurrently iunder 

ireview, ithus iprevious iyears irun-off iwas icalculated ito iestimate ithe iprojected irun-off iin ithe ifuture 

iyears idue ito ithe irate iof iincreasing ichange iof iland iuse iin ithe istudy iarea. 

Table i4: iFive imeteorological iStations iin ithe iResearch iarea 

No. Meteorological iStation iNo.  No. Meteorological iStation iNo. 

1. 9136130 2. 9136168 

3. 9136208 4. 9136164 

5. 9136087   
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CHAPTER i4: iRESULTS iAND iDISCUSSION 

In ithis ichapter, ithe iresults iand ifindings ideduced ifrom ithe imethodology iare idiscussed. iThe 

ideliverables iinclude ithe ithematic imaps iused ito idetermine ithe ifeasible iarea ifor iplanned irecharge, 

ithe ihydrogeological icross-section igraph ito ienable iunderstand ithe iconfiguration iand inature iof 

iaquifer, iland iuse ichange irate ifor iover ithree idecades iand iquantification iof irun-off ifor iover i15-year 

iperiod. 

4.1 iAnalysis iof imonitoring iwells iand iconfiguration iof ithe iaquifer 

The imulti-layered iaquifer isystem iextensions iare ifairly iwell iidentified ifrom ithe idrilled iboreholes 

ito idepths iof i100 iup ito i350 im ibgl. iThe iimportant iaquifer irecharge isources iare ithe iupstream isection 

iof ithe icatchment. iOver-abstraction iof igroundwater, ideclining igroundwater ilevels iand igreater 

idemand ifor iwater iresources iare ihighlighted ias ikey iissues i(Schaeffer iet ial, i2013; iWRMA, i2015). 

iThe imonitoring iwells idata iindicate ia iceclining igroundwater ilevels ithat ivary ifrom i2m ito iover i35m 

iin isome iwells iover ithe idecade iis iillustrated iin iFigure i15. iThis iis ijustifying ithe ireports iof 

iconsistent idecline iand idwindling igroundwater ilevels iat ia irate iof i1.2m iyearly i(WRMA, i2005). 
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Figure i15: iSample imonitoring iwell igroundwater ilevel ihydrograph 

The ilimited imonitoring, ipoor icoordination iand iunmanaged iabstraction iof ithe igroundwater 

iresources ibased ion ithe inumber iof iboreholes idrilled iare inot iquite iknown iby ithe imonitoring 
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iagency- iWRA. iFrom ithe iborehole idata iinformation ifrom iWRA, iit iis iquite ievident ithat 

igroundwater iyield iis iheterogeneous iin iNAS ieven iwithin ia ivery ismall idistance, ithis iis iqualified iby 

ithe ievolution iof iareas iand ineighbouring iareas igeology. iThe iborehole idata iconfirms ithat ithe 

iboreholes iexploit ithe iexisting imulti-layered iaquifer iwithin iranges iof i6-48m idepth, i57-127m, i133-

181m iand iabove i200m irespectively. iWhen icorrelated iwith ithe igeologic ilogs iof ithe iboreholes, ithe 

iaquifers ilocated ibetween i54-76m iand i179m idepth icorrespond ito ifractured iaquifers ilocated iwithin 

ifractured iand iweathered ivolcanic irocks iwhile ithose istruck iat i128-178m ideep ioccurs iin icoarse 

isediments iand ired igravel iwhich iforms ithe imain iaquifer. iSaggerson i(1991a) ifound ithat igood 

iaquifer iformed iby ifractured ivolcanic ias iobserved iin ithe iresearch iarea iand inotably ireflected iby ithe 

iborehole idata. iThe itransmissivity iand iflow iof igroundwater iincreases ibased ion ithe ifractures iin ithis 

itype iof irock iformations. iWater iStrike iLevel i(WSL) ilies iwithin ithe igravel iand icoarse isediments 

iand ithat iforms ithe iresearch iareas imain iaquifer ias iobserved iin iseveral iboreholes ilike iborehole iID 

iNo. iC9734 iand iC1017. iThe iprevailing inon-eruptive istages, idepositions iof ithe iformations 

ioccurred iresulting ifrom ivolcanic iand isedimentary. iThe iformation iportrays ierosion istages ias 

iresulting ifrom ilava iflows iand ithe ivolcanic ieruptions ithus ipossible iaquifer. iIt iusually icomprises 

iweathered irocks, isoils iand iwater-lain ieroded ivolcanic imaterial ihaving ia ivariable ithickness 

i(Gavaerts i1970). i i 

 

Figure i16: iAnalysed iboreholes ialong ihydrogeological icross-section iAB 

Hydro-geological icross-section iline iwas idrawn ias ishown iin iFigure i16 ifor igroundwater ilevel 

ianalysis. iThe ihydro-geological icross-section ishows iexistence ihydraulic igradients ideviating 



33 
 

igroundwater iflow iresulting iin ivaried iyields iand ialso iflow idirection iof igroundwater iwithin ithe 

iresearch iarea ias idepicted iin iFigure i16. iGroundwater iflows ifrom ihigh iraised iregions ito ilow iraised 

iregion ithat iis iflowing ifrom iNorth iEast itowards iSouth iEast ias iwell ias ifrom ithe iSouth iWest ito 

iNorth iEast idirections ias ishown in  Figure 16 and ias iin ithe ihydro-geological icross-sectional iin 

iFigure i17. iThe inon-uniform ipiezometric ilevels iindicate ithe imajority iof ithe iboreholes idoes inot 

ishare ithe isame iaquifer ithus iNAS iis ia imulti-layered iaquifer. 

 

Figure i17: iHydro-geological icross-section ithrough isection iA-B 

Faulting iis iquite ian iexceptional ioccurrence iwithin ithe iresearch iarea iresulting iin iflow ioccurring 

ihorizontally. iFaults iact ias icanals ifacilitating ithe iflow iof igroundwater. iFrom iTable i5, iBoreholes 

ialong iand icloser ito ithe ifault iline ihave ia iconsiderable iworth iyield iof imore ithan i8m
3
hr

-1
- iC10076, 

iC10072, iC14221 iand iC9732. iHowever, ithe iboreholes iC10077, iC14221, iC9771 ihaving idepths 

imore ithan i200m ibgl ihave iwater istruck iat irather ishallow idepths iindication iof ifaults ibeing ikey iin 

iaquifer iexistence. iThe ivarious iborehole ilocations ion ithe ioverlaid iNairobi igeological imap iis ias 

ishown iin iFigure i18. iBoreholes i- iC13752, iC15284, iC10857, iC10514, iC14221 iand iC11040 ihave 

iyields igreater ithan i10m
3
hr

-1
. iThis iindicates ithey iare ieither irecharged idirectly iby inatural irainwater 

iinfiltration ior ithrough ifault ilines i(Odero, i2017). iSome iboreholes iC13288, iC10696, iC16844 ihave 

ihigh itotal idepth ibut ilow iyield. iThis ican ibe iattributed ito itheir ilocations inear ia idischarge iarea iwith 

ian ioverexploited igroundwater iresource ias iobserved iin iKaren iarea. i i 
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Figure i18: iBorehole iLocations ias ishown ion iNairobi’s igeological imap 

Table i5: iAnalyzed iboreholes ifor iAquifer icharacteristics iin ithe iresearch iarea 

BH i- iID OGL i(m) 
Total iDepth 

i(m ibgl) 
WSL i(m ibgl) 

WRL 

i(m ibgl) 
YIELD 

i(m3hr-1) 
SPECIFIC iCAPACITY 

i(m3/day) 

C9006 1640 181 125, i175 112 5.87 8.004 

C9062 1625 177 109, i120, i150 86.5 0.84 2.3712 

C9079 1626 162 128 77.5 7.92 10.272 

C9732 1560 121 22, i98 14.2 8.82 4.4231 

C9733 1600 120 76 63 6.6 11.82 

C9765 1660 200 132, i168 122.6 9 17.28 

C9771 1660 200 32, i167 123.1 12 21.12 

C10053 1720 252 135, i165, i228 114.2 4.2 2.755 

C10057 1811 200 86, i120 57 4.38  i 

C10072 1600 218 100, i158 96.4 11.6 2.928 

C10076 1653 180 108, i156 109.6 8.4 11.39 

C10077 1615 200 15, i154 86.5 6.06 8.218 

C10080 1685 162 25, i101, i131 131 5.82 8.342 

C10122 1662 170 4, i164 87 5.64 4.8 

C10249 1784 250 110, i160, i212 96.5 5.46  i 

C10301 1685 204 40, i144 110 16 9.048 

C10514 1770 250 2, i192 74.6 17.6  i 

C10664 1801 137 84, i104 132 3  i 

C10694 1818 192 86, i148, i156 116 3.42  i 

C10696 1790 315 90, i94, i108 113 6 1.706 

C10857 1570 139 46, i130 30.5 30 64.296 
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C10939 1710 150 35, i82 96.4 7.68 3.888 

C11040 1587 111 104, i134 30.7 13.8 24.353 

C11086 1670 233 146, i178, i204 114.3 5.04 11.4 

C13219 1620 235 40, i144 115.7 18 9.048 

C13288 1845 330 160, i257, i320 120 1.44  i 

C13752 1896 250 102, i148, i208 68.2 20  i 

C14054 1720 235 208, i232 143.5 6 4.296 

C14221 1730 250 13, i82 60.02 14.4 5.616 

C15284 1834 340 156, i316 119.8 12  i 

C15319 1768 330 226, i258, i276, i284 148.63 7.2  i 

C16844 1865 300 38, i210, i244 165 6  i 

          (Source iWRA, i2019) 

Based ion ithe iborehole idata, imajority iof iNAS iaquifers ican ibe iconsidered iconfined. iThis iis ias ia 

iresult iof ithe iWSL ilying ibelow ithe iWRL ifor ithe imajority iof ithe iboreholes. iVarying itested iyields 

ifor ithe iboreholes irange ifrom i0.66 im
3
/hr iup ito i36 im

3
/hr iaccounted idue ito ithe ivarying igeological 

iconditions. iThe iWSL irange iwithin ivarying idepths ifrom i4.0m–270m ibgl. iThe iperched iaquifer iis 

iencountered iat idepths iranging ibetween i4m– i54m ibgl, ithe isecond iperched iaquifer ilies iaround 

i76m– i124m ibgl iwhereas ia ithird iperched iaquifer ilies ibetween i126m– i280m ibgl. iIn imost iareas, ithe 

iperched iaquifer ican ibe iobserved iin idepths ibetween i25m- i109m ibgl iwithin iwhich ithe iKerichwa 

ivalley ituffs iand iunderlying ilava iflows i– iwater-bearing izone. 

 

It's iobserved ithat ifor iincreased idepths ithere‟s iincreased iyield iin ithe i120m ito i250m iaquifer idue ito 

ian iincreased idegree iof iweathering iand ifractures ion ithe iNairobi itrachytes iand iKandizi iPhonolites. 

iHowever, ithe iboreholes ihave ispecific icapacities ibeing iheterogeneous iin inature. iHigh ispecific 

icapacities iobserved ifor iboreholes iin irecharge iregions, ifor iexample, iC10857, iC14221 iand 

iC11040. iThese iarea iforms igood ipotential isites ifor iborehole iciting. iUnconsolidated igravel iregions 

ihave ihigh itransmissivity iranging iupto i160m
2
/day ihence iyields iless ithan i9m

3
hr

-1
 iunlike ifor 

isediments iregions ihaving ihigh iyields igreater ithan i9m
3
hr

-1
 iwith ilow itransmissivity iranging ias ilow 

ias i0.1m
2
/day. 
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4.2 iAssessment iof ifeasible irecharge iarea 

4.2.1 iLand icover iand iuse 

In iobtaining imaps ifor ifeasible irecharge iareas iin irelation ito iland icover iand iuse, iBinary ivalues iwere 

iassigned iusing iBoolean ifunction ias ishown iTable i6. 

Table i6: iLand icover iand iuse iassigned iBoolean ivalues 

No. Factors Description Boolean ivalue Applicability Observation 

1. Rail Present 0 Not iApplicable 
- 

Absent 1 Applicable 

2. Roads Present 0 Not iApplicable 
- 

Absent 1 Applicable 

3. Rivers Present 0 Not iApplicable It iwas iconsidered ia ibuffer izone iof 

i500m i Absent 1 Applicable 

4. Built-up iarea Present 0 Not iApplicable 
- 

Absent 1 Applicable 

 

Figure i19 iand iFigure i20 ipresent iresults iof ieach ifactor. 

 

A. Feasible iarea imap iin iterms iof iRivers iwithin ithe iresearch iarea 

 

B. Feasible iarea imap iin iterms iof iRoads iwithin ithe iresearch 

iarea 

Figure i19: iFeasible iarea imap ifor iplanned irecharge iin irelation ito irivers iand iroad inetworks 

 The ifeasible iarea imapped iin iterms iof ithe iriver inetwork, ionly i73.42% iof ithe istudy iarea iis 

ifeasible ifor iplanned irecharge iapplication ias idepicted iin iFigure i19A. 

 The ifeasible iarea imapped iin iterms iof ithe iroad inetwork, ionly i35.39% iof ithe istudy iarea iis 

ifeasible ifor iplanned irecharge iapplication ias idepicted iin iFigure i19B. 
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A. Feasible iarea imap ifor iplanned irecharge iin iterms iof irail 
inetwork iwithin ithe iresearch iarea 

 

B. Feasible iarea imap iin iterms iof iStructures/ ibuilt i–up i iwithin 

ithe iresearch iarea 

Figure i20: iFeasible iarea imap ifor iplanned irecharge iin irelation ito irail iand ibuilt-up inetworks 

 The ifeasible iarea imapped iin iterms iof ithe irail inetwork, ionly i98.34% iof ithe istudy iarea iis 

ifeasible ifor iplanned irecharge iapplication ias idepicted iin iFigure i20A. 

 The ifeasible iarea imapped iin iterms iof ibuilt-up/Structures inetwork, ionly i64.78% iof ithe 

istudy iarea iis ifeasible ifor iplanned irecharge iapplication ias idepicted iin iFigure i20B. 

 

Overlaying ithe ifour imaps iin iFigure i19 iand iFigure i20, ia ifeasible iarea imap iwas iobtained ifor 

iapplying irecharge itechniques ishown iin iFigure i21. iAfter ioverlaying ithe iBoolean ilogic imaps, ionly 

i64.68% iof ithe iresearch istudy iarea iis ifeasible iin iterms iof iland icover iand iuse ifor iplanned irecharge 

iapplication. 

 

Figure i21: iFeasible iarea imap iin iterms iof iland icover iand iuse iwithin ithe iresearch iarea 
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4.2.2 iSlope i/ iTerrain 

In iobtaining imaps ifor ifeasible iareas iin irelation ito ithe islope, ithe ibinary ivalues iwere iassigned iusing 

ithe iBoolean ifunction ishown iin iTable i7. 

Table i7: iSlope iassigned iBoolean ivalues 

No. Factor Description Boolean ivalue Applicability 

1 Slope 
>5% 0 Not iapplicable 

<5% 1 Applicable 

 

 

Figure i22: iFeasible iarea imap iin ithe irelation ito iSlope 

Upon ioverlaying ithe iBoolean ilogic imaps, ithe ifeasible iarea iwithin ithe iresearch iarea iin irelation ito 

islope ifor iplanned irecharge iapplication itechniques iis ifound ito ibe ionly i95.59% ias iillustrated iin 

iFigure i22. 

4.2.3 iVadose ithickness 

In iobtaining imaps ifor ifeasible iareas iin irelation ito ivadose ithickness, iBinary ivalues iwere iassigned 

iusing iBoolean ifunction ishown iin iTable i8. 

Table i8: iVadose iThickness iassigned iBoolean ivalues 

No. Factor Description Boolean ivalue Applicability 

1 Vadose ithickness <15m 0 Not iapplicable 

>15m 1 Applicable 
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Figure i23: iFeasible iarea imap iin iterms iof ivadose ithickness iwithin ithe iresearch iarea 

The iresult iis ishown iin iFigure i23. iAfter ioverlaying ithe iBoolean ilogic imaps, ionly i98.91% iof ithe 

iresearch istudy iarea iis ifeasible iin iterms iof ivadose ithickness ifor iplanned irecharge iapplication 

itechniques. 

4.2.4 iGeology 

In iobtaining imaps ifor ifeasible iareas iin irelation ito igeology, iBinary ivalues iwere iassigned iusing 

iBoolean ifunction ishown iin iTable i9. 

Table i9: iBoolean ivalues iassigned ifor igeology 

No. Factor Description Boolean ivalue Applicability 

1 Geology Hydrography i/ iDeposits iSwamp 0 Not iapplicable 

Colluvial ideposits i 1 Applicable 

 

 

Figure i24: iFeasible iarea imap iin iterms iof igeology iwithin ithe iresearch iarea 



40 
 

The iresult iis ishown iin iFigure i24. iUpon ioverlaying ithe iBoolean ilogic imaps, ionly i47.92% iof ithe 

iresearch istudy iarea iis ifeasible iin iterms iof igeology ifor iplanned irecharge iapplication itechniques. 

4.2.5 iFinal ifeasible iareas iof iapplicability i 

Combining ithe iresults iobtained ifrom ithe ifour ifactors ianalysed, ia imap ion ithe iapplicability iof 

iplanned irecharge itechnique iwas iobtained ias ishown iin iFigure i25. iFinal imap ifrom ithe iBoolean 

ilogic ioverlay ishows ionly i22.57% iof iresearch istudy iareas ito ibe ifeasible ifor iplanned irecharge 

itechniques. 

 

Figure i25: iFinal ifeasible iarea imap iwithin ithe iresearch iarea 

4.3 iCharacterisation iof iurban ifloods 

Table i10: iArea icoverage ifor ieach iland iuse iin ithe iyears i1988, i1998, i2008 iand i2018 

No. Land Use

Area (km2) % Area (km2) % Area (km2) % Area (km2) %

1 Grasslands 453.6424 61.5 395.3680 53.6 279.1998 37.9 243.8619 33.1

2 Forest 121.1297 16.4 96.0795 13.0 96.4677 13.1 64.9812 8.8

3 Builtup 91.9349 12.5 104.9107 14.2 133.4347 18.1 227.5435 30.9

4 Barelands 68.4709 9.3 136.1296 18.5 224.7349 30.5 196.9519 26.7

5 Waterbody 1.9619 0.3 4.6638 0.6 3.2995 0.4 3.8128 0.5

6 TOTAL 737 100 737 100 737 100 737 100

1988

Area (Km²)coverage for every land use in Nairobi (Year 1988-1998-2008-2018)

201820081998
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Table i10 iillustrates ithe iresults ias iobtained iin ianalysis iin iobtaining iarea iof ieach iclass ifor ieach 

ianalysed iarea iusing iArcGIS i10.3. iFurther idetailed iclass iresult iper ithe ianalysed iyears iare iattached 

iin iAppendix iA5. iFrom ithe iTable i11, ithe iresults ishow isubstantial iincrease iin ibuilt-up iarea ifrom 

i1988 ito i1998 iit iis i1.8%; ifurther irising iby i3.9% ifrom i1998 ito i2008; ithen irapidly iincreasing ito 

i12.8% ifrom iyear i2008 ito i2018. iBuilt iup iareas iincreased iby i18.5% ibetween i1988 iand i2018 idue ito 

ihigh ipopulation iinflux iin ithe iresearch iarea. iThe inegative ivalues iof iarea iin ikm
2

 iillustrates ithe 

ireduction iin iarea iand ivice iversa iin iTable i12. iThere iwas ireduction iof iforest ifrom ithe iyear i1988 ito 

i1998 iby i3.4 i%; iremain ibit isteady iincreasing iby i0.1% iover i1998 ito i2008 iperiod ibecause iof ithe 

ihigh ienvironmental icampaigns iwith imain iaim iof ipreserving iand iincreasing ithe iforest icover iand 

ithen idrastically ireductions iduring ithe i2008 ito i2018 iby i4.3%. iThe iforest icover idecreased iby i7.6% 

ifrom i1988 itill i2018 idue ito iincreased iaccess ito imore iopen ispace ifor ibuilding iis iillustrated iin iTable 

i12. 

Table i11: i10-year iInterval ivarious iland iuse ichange irates 

Land Use

Area (km2) % Area (km2) % Area (km2) %

Grasslands -58.3 -7.9 -116.2 -15.8 -35.3 -4.8

Forest -25.1 -3.4 0.4 0.1 -31.5 -4.3

Builtup 13.0 1.8 28.5 3.9 94.1 12.8

Barelands 67.7 9.2 88.6 12.0 -27.8 -3.8

Waterbody 2.7 0.4 -1.4 -0.2 0.5 0.1

2008-20181988-1998 1998-2008

10 YEAR INTERVAL

 

 

Similarly, ithe igrasslands ior ilight ivegetation idecreased iduring i1988-1998 iperiod iby i7.9%; 

idecreased ifurther ifrom i1998-2008 iby i15.8 i%; idecrease iis iobserved iduring ithe iperiod i2008-2018 

iby i4.8%. iThe ilight ivegetation/ igrassland iareas idecrease ifrom i1988-2018 iis i28.5% iand imainly 

iattributed ito iexpansion iof ibuilt-up iareas ireplacing igrassland. iBare ilands iarea irose ibetween ithe 

iyear i1988-1998 iby i9.2% iand iabruptly iincreased ifrom i1998-2008 iby i12.0 i% ias ia iresult iof ithe ihigh 

ideforestation irate; idecreasing iby i3.8% iin ithe ilast idecade. iHenceforth, ian iincrease iin ibare iland 

ifrom ithe iyear i1988-2018 iwhich iis i17.4%. iThe iarea iof iwater ibody iincreased iby i0.4% ibetween 

i1988 iand i1998 iand idecreased iby i0.2% ifrom i1998-2008. iIt iincreased iby i0.1% iover ilast idecade 

igenerally idue ito iincrease iin iwaste iproduced iand ioverflow iof itreatment iworks, iswimming ipools 
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iand iincreased ianimal iwater ipoints iin ithe iNational ipark iin ithis idecade. iThe ioverall iincrease iof 

iwater ibody iarea ibetween ithe iyears i1988-2018 iis i0.3% iin iTable i12. 

Table i12: iLand iUse ichange iover ithe iperiod iof i1988 ito i2018 

CHANGE iOVER iTHE iTHREE iDECADE iPERIOD 

LAND iUSE iTYPE 1988 i- i2018 

 AREA i(KM2) % 

Grasslands -209.8 -28.5 

Forest -56.1 -7.6 

Built iup 135.6 18.4 

Bare ilands 128.5 17.4 

Water ibody 1.9 0.3 

 

The ivarious itechniques iand imethods iof iplanned irecharge igroundwater ican ibe iused ivarying ifrom 

ione isite ilocation ito ianother ias icaptured iin ithe iliterature ireview. iIt iis iimportant ithe iidentified 

irecharge ipoints ibe ianalysed iindependently ior iin iclustered igroup ibased ion ithe ikey iparameters 

ialready icaptured ito iascertain ithe imost isuitable itechnique. i i i i 

 

Based ion ithe i22.57% ifeasible iarea ifor iplanned irecharge iand ian iincrease iland iuse irate iover itime, 

ivarious istructural iadjustment iand imanagement ineeds ito ibe iput iin iplace ito ireduce idiminishing 

igroundwater irecharge ipoints ias iemphasised iby iOdhiambo i(2015) ion iincrease iin iimpervious ilayer 

iin ipart iof icity. iBased ion ithe iresults iobtained iin iTable i12, ithe irapid ireduction iof igrassland iand 

iforest icover iwhich iprovides ia igreat iarea ifor iinfiltration ifor ithe ipartial irecharge iof ithe ishallow 

iaquifers ibeing ithe iNairobi iAquifer iSystem iis imulti-layered iin inature, ithen igovernment 

idepartments iand iministries ineeds ito isecure ithe iunutilised iareas iidentified ias irecharge ipoints iand 

igazette ithem ias ireserves, iwhereas ilocated iin iprivate iland ithen irepossession iof isuch iland iby ithe 

iconstitution iand iacts iof iparliament. 

4.4 iQuantity iof iRun-off 

The iestimated itotal irunoff iamount ifor ithe istudy iarea iconsidering ithe icurrent iland iuse iwas ifound ito 

ibe i365.87 iMm
3

 ifor ithe iyear i2018. iZone i2 ihad imissing idata ithus imore irun-off iwould ihave ibeen 

iestimated ibesides ithe iresults iin ithe iTable i13. iDetailed icomputations iof irunoff iquantities iin iall 

iThiessen ipolygon izones ithat iis ithe ifive izones i(Z-0 ito iZ-4) iare ishown iin iAppendix iA6. iFrom ithe 

iresults iin iTable i13, ithere iis irun-off iof i365.87Mm
3

 ias iat i2018 icompared ito i261.61Mm
3

 iat i2003 

ibeing ian iincrease iof i39.85% iincrease, ia iclear iindication iof iincrease iof irun-off ias ithe iyears igo iby 
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ibased ion ithe iincreased ichange iin iland iuse. iThere iis ineed ito iimplement iflood imitigation imeasures 

iwith iincorporation iof iplanned irecharge iof igroundwater ito isupplement ithe ilimited iresource iin ithe 

istudy iarea iand ibeyond 

Table i13: iTotal iRun-off 

No. ZONE NUMBERS

2003 2008 2013 2018

1 ZONE 0 (Z-0) 55987083.36 56232157.84 55506333.26 71516346.03

2 ZONE 1 (Z-1) 98447616.07 72597806.94 93139714.05 115261870.12

3 ZONE 2 (Z-2) 10429891.24 32018494.30 19747473.96 0.00

4 ZONE 3 (Z-3) 72415320.26 48070213.81 67175460.35 77700428.26

5 ZONE 4 (Z-4) 24330956.74 60058196.38 35813228.93 101390316.19

6 TOTALS (m 3 ) 261610867.67 268976869.27 271382210.55 365868960.60

STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVAL

AVAILABLE STORMWATER RUNOFF IN EXISTING AND PREVIOUS YEARS BASED ON LAND USE

7 TOTAL (Mm
3

) 261.61 268.98 271.38 365.87

 

. 

Inadequate iimplementation iof i1927, i1948 iand irevised iin i1978 imaster iplans ifor ithe icity imakes iit 

idifficult ito iproject iexact irun-off idue ito iunplanned isettlement iand idevelopment ipatterns ias ipointed 

iout iby iVogel i(2008) iand iemphasised iby iBaariu i(2017). iZone i1 iand i3 ibeing igreatly iunder ithe 

iIndustrial izone iand iresidential izones, ithe iquality iof iwater imay ibe icompromised idue ito ipoor 

isanitation iand iwaste ihandling ithus imay inot ibe ikey iin ithe iharvesting ias iper iresearch ifindings iby 

iLusigi iet ial i(2017). iAccording ito iKithiia i(2007), idegradation iof iwater iquality iover itime iin ithe 

idownstream ias iobserved iin idata iover i1998-2003 ifor iexample imercury iconcentration ibeing i0.02-

0.03mgL
-1

 ithan iWHO irecommended i0.001mgL
-1

. iThis ijustification iof iincreased ipollution 

iintensity iin ithe idrains ias iZone i1 iand i3 iare iconcerned ias ihighlighted i(NRBP iIUCN-UNEP, i2005; 

iCNN, i2007). iRunoff iwater iharvesting imay ibe ikey iin iwater ire-use ithan iin igroundwater irecharge. 

iIn igeneral, iresulting irun-off iof iZone i1 iand i3 iconfirmed ioccurance iof ihigh ivolume ithus iagreeing 

iwith iresearch iwork iby iOdhiambo i(2015) ithat ifound iout iSouth iC iarea ibeing i49% iimpervious 

ilayer. iThe iZones i0, i2 iand i4 iare ia igreat irunoff iharvesting ifor igroundwater. iIn i2018, iit iis iestimated 

ithat iabout i172.91Mm
3

 ibeing ipotential ifor irecharge. 
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An iincrease iof i63.43% ibetween i2003 iand i2008 iwhere i90.75Mm
3

 iand i148.30Mm
3

 i icould ibe 

iharvested irespectively. i25.11% idecrease iis iobserved iin i2013 ifrom i2008 iand i55.68% iincrease 

inoted iin i2018. iAn iindication iof igreat ipotential irole ithat istorm iwater irun-off ican ibe iin iterms iof 

iwater iresource imanagement. i 
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CHAPTER 5: CONCLUSION AND RECOMMENDATION 

5.1 Conclusions 

 Runoff harvesting is key in supplementing the limited water resource in Nairobi County. 

The current potential of 172.91 Mm
3
 based on the existing land use, this can help in 

bridging the gap of existing water deficit within water budget.  

 Upon application of the methodology in determination of feasible planned recharge is 

found to be 22.57% of the total area based on the available data and information for the 

study area. It can be concluded that such methodologies play a real support and 

contribute significantly in obtaining feasible aquifer planned recharge thus optimal choice 

of potential sites. The potential feasible recharge points identified need to be investigated 

further as each recharge technique has varied suitability of the ground aspects.  Suitability 

of each planned recharge technique in relation to identified recharge points needs to be 

checked before implementation. 

 The utilization and management of runoff as water resource is critical with rapid radical 

land use changes over time, with run-off potential increasing from 90.75Mm
3
 in year 

2003 up to 172.91Mm
3
 in the year 2018, an increase of about 90.54% over a 15 year 

period. The most effective way to utilise runoff is through the planned groundwater 

recharge but beyond this is urgently protect the city from frequent flooding during raining 

seasons and sustaining it during the dry season. 

5.2 Recommendations 

In regard to possible further research – I can recommend the following: - 

 Data Investment should be prioritised and made accessible with use of modern storage to 

avoid loss of data: - Missing rainfall data from KMD which had gaps in certain period from 

certain weather stations example Station ID 9136164 lack 11 months of precipitation for 

the year 2006; Station ID 9136168 lacked data for the last 4 months before the end of year 

2005; Station ID 9136208 had missing data from the October 2016 till December 2018.  

 Owing to the existing deficit in water budget, groundwater quality deteriorates thus proper 

action should be done to ensure resource management by the government. Acquisition of 
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the identified feasible planned recharge areas should be protected while those that has been 

encroached the government needs to develop policies to revert and preserve such areas to 

enable create a sustainable city. 

 Water quality of the run-off needs to be needs to be carried out and monitored frequently as 

the quality keep changing. 

 Developing ways of bulk re-use of waste water in bridging the gaps of water shortages and 

effects of climate change.  
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APPENDICES 

Appendix A1: Map of Kenya and location of Nairobi City 

 

 (Source: Author, 2020) 
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Appendix A2: Situation of Nairobi City when it rains 

 

1. Ndakaini Dam at near deplection state. 

 

2. Ndakaini Dam at near full capacity 

 

3. Section of Eastlands along Jogoo Road  

 

4. Section of the Nairobi CBD along Moi Avenue 

 

5. Section of Uhuru Highway 

 

6. The situation of Kirinyaga Road 

Sources: Picture 1, 2 : Standard digital newspaper, 4, 5&6 Daily Nation & Star newspaper Picture 3 Author 
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Appendix A3: Planned/Artificial Ground water techniques and methods 

A3.1: Analysis of methods and techniques for planned recharge  

 Type of Method  Type of Techniques  Techniques Role of Application 

 

 

a. 

 

Direct Method 

 

 

Spreading Methods 

Flooding  

Infiltration of the recharge 

water in underground 

Irrigation 

Ditch and furrow 

Reverse drainage 

Recharge basin 

b. 

 

Direct Method 
Recharge techniques 

through runoff 

harvesting 

Percolation ponds Interception, storage and 

subsequent infiltration of 

water in the underground 

Check dams and gully plugs 

Contour trenches and bunds 

Bench terracing 

 

c. 

 

Direct Method 

 

Sub-surface techniques 

Recharge well and shafts Infiltration of water in the 

underground Gravity head recharge wells 

Recharge borehole /Injection well 

 

d. 

 

Indirect method 

 

Modification of natural 

water flow 

Subsurface dams  

Preserving and increasing 

the quantity of water 

stored in the aquifer 

Aquifer modification 

Channel spreading techniques 

Groundwater recharge dams 

Sand storage dams 

 

e. 

 

Indirect method 

 

Induced Recharge 

 

Induced Recharge 

Preserving and increasing 

the quantity of water 

stored in the aquifer 

(Source: CGWB, 2011; IGRAC, 2007; MWR, 2007) 
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A3.2: Examples of locations where various planned aquifer recharge technique applied  

 Techniques Area Applied Location 

1. Flooding Flooding of Dorz Sayban Plain from Kaftari ephemeral river Iran 

2. Irrigation Irrigation applied in South area of Sierra Nevada Spain 

3. Ditch and furrow   

4. Recharge Basin Atlantis recharge basin South Africa 

Ruhr Valley Germany 

5. Reverse drainage   

6. Bench terracing Konso terraces Ethiopia 

7. Contour trenches and bunds Amadongri village contour bunds and trenches in Bastar 

district  

India 

8. Check dams and gully plugs Arani River Check dam in Chennai India 

Rohrer Island, Dayton in Ohio USA 

9. Percolation ponds Warud taluka Percolation ponds, Amravati District India 

10. Recharge pits and shaft Dewas District recharge pits and shafts India 

Peoria pits at Illinois USA 

11. Gravity head recharge well Gravity head recharge wells in Orlando recharges Florida 

aquifer. 

USA 

12. Injection wells/Leaky well The water factory 21 project California, Orange District USA 

Aquifer Storage and Recovery wetlands  in Salisbury city Australia 

13. Recharge dams Palcacocha recharge dam in Ocona Basin Peru 

14. Subsurface dams Barwa Kalan subsurface dam in Rajgarh District India 

15. Sand storage dams Kiindu River sand dams, Kitui District Kenya 

16. Watercourse modification Gumjir Village diversion channels in Kanker District India 

Pusaghat Village diversion channels in Kanker District India 

17. Aquifer structure modification   

18. Induced Recharge technique Csepel Island Induced Recharge scheme in Budapest Hungary 

(Source: CGWB, 2008; IWP; whc.unesco.org/en/list/1333; Raghunath, 2014; IGRAC, 2007) 
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Appendix A4: Guideline analysis for applicability of groundwater planned recharge techniques. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Site location 

criteria 
3. WHERE? 

Geology Topography 

Aquifer 

Water Source 

River, Lakes Aquifer Rainfall, Runoff Site Location 

Rainfall 

Land use/ 

cover 
Infiltration rate 

4. HOW? Criteria for Design. 

Implementation 

2. APPLICATION SCALE? 

Small 

Medium 

Medium 
Large 

Dimensions 

1. PURPOSE OF 
IMPLEMENTATION? 

Water infiltration in the aquifer 

Interception, storage, and 
infiltration of water in the 

aquifer 

Storage and increase of water 
volume 

Necessity  
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Appendix A5:  Land Use Analysis for Analysed Years 

A5.1: 1988 Land use Results for Nairobi County  

 

 

A5.2: 1998 Land use Results for Nairobi County 
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A5.3: 2008 Land use Results for Nairobi County  

 

 

A5.4: 2018 Land use Results for Nairobi County 
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Appendix A6: Detailed Storm water Run-off in Zones Z-0 to Z-4 

A6.1: Storm water Run-off in Zone Z-0  

No. LANDUSE IN Z-0
C OF EXISTING 

LAND SURFACE

1 2 3 4 5 6 7 8 9 10 11 = ( 2× 6 × 7 ) 12 = (2 × 6 × 8 ) 13 = (2 × 6 × 9 ) 14 = (2 × 6 × 10)

2003 2008 2013 2018 2003 2008 2013 2018 2003 2008 2013 2018

1
BUILT UP / URBAN DEVELOPMENT 

/ INDUSTRIAL AREA /AIRPORT
28.8327 22.0722 39.5139 29.8377 0.8 936 857 888.8 1030.7 21589925.76 15132700.32 28095963.46 24602973.91

2 WATER BODY / SWAMPY AREA 11.7723 0.0757 11.6153 0.1039 0.0 936 857 888.8 1030.7 0.00 0.00 0.00 0.00

3 FOREST / TREE COVER 4.9662 9.6365 14.0112 2.9361 0.4 936 857 888.8 1030.7 1859345.28 3303392.20 4981261.82 1210495.31

4
GRASSLAND / UNCOVERED 

SURFACE 9.5213 58.5329 6.6413 50.8446
0.4

936 857 888.8 1030.7
3564774.72 20065078.12 2361114.98 20962211.69

5 BARELAND / NATURAL RESERVES 61.9082 41.3792 45.1575 48.0075 0.5 936 857 888.8 1030.7 28973037.60 17730987.20 20067993.00 24740665.13

6 TOTALS (m 3 ) 55987083.36 56232157.84 55506333.26 71516346.03

STORMWATER RUNOFF IN ZONE 0 (Z-0)

AREA, A0 (KM2) RAINFALL (I) mm/year STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVAL

 

A6.2: Storm water Run-off in Zone Z-1 

No. LANDUSE IN Z-1
C OF EXISTING 

LAND SURFACE

1 2 3 4 5 6 7 8 9 10 11 = ( 2× 6 × 7 ) 12 = (2 × 6 × 8 ) 13 = (2 × 6 × 9 ) 14 = (2 × 6 × 10)

2003 2008 2013 2018 2003 2008 2013 2018 2003 2008 2013 2018

1

BUILT UP / URBAN DEVELOPMENT 

/ INDUSTRIAL AREA / AIRPORT / 

FREE TRADE ZONE

61.4797 16.5479 16.8039 62.4271 0.8 727.2 605.2 819.2 848.1 35766430.27 8011831.26 11012603.90 42355538.81

2
WASTE WATER TREATMENT 

WORKS / MARSHY AREAS 11.5006 20.7805 6.7597 3.2079
0.0

727.2 605.2 819.2 848.1
0.00 0.00 0.00 0.00

3 FOREST / TREE COVER 0.0245 0.7882 42.7595 0.2935 0.4 727.2 605.2 819.2 848.1 7126.56 190807.46 14011432.96 99566.94

4
GRASSLAND / UNCOVERED 

SURFACE 10.327 65.2413 72.4133 42.3924
0.4

727.2 605.2 819.2 848.1
3003917.76 15793613.90 23728390.14 14381197.78

5 BARELAND / NATURAL RESERVES 164.1093 160.6132 108.3674 137.7799 0.5 727.2 605.2 819.2 848.1 59670141.48 48601554.32 44387287.04 58425566.60

6 TOTALS (m 3 ) 98447616.07 72597806.94 93139714.05 115261870.12

AREA, A1 (KM2) STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVALRAINFALL (I) mm/year

STORMWATER RUNOFF IN ZONE 1 (Z-1)
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A6.3: Storm water Run-off in Zone Z-2  

No. LANDUSE IN Z-2
C OF EXISTING 

LAND SURFACE

1 2 3 4 5 6 7 8 9 10 11 = ( 2× 6 × 7 ) 12 = (2 × 6 × 8 ) 13 = (2 × 6 × 9 ) 14 = (2 × 6 × 10)

2003 2008 2013 2018 2003 2008 2013 2018 2003 2008 2013 2018

1
BUILT UP / URBAN 

DEVELOPMENT 
7.2346 8.5303 2.0588 12.724 0.8 640.9 1093.2 886.1 3709324.11 7460259.17 1459442.14 0.00

2 WATER BODY / MARSHY AREAS 
29.9 0.1556 13.3505 0.1498

0.0
640.9 1093.2 886.1

0.00 0.00 0.00 0.00

3
FOREST / TREE COVER / 

NATURAL RESERVE 6.8118 22.8008 23.8668 17.3288
0.4

640.9 1093.2 886.1
1746273.05 9970333.82 8459348.59 0.00

4
GRASSLAND / CULTIVATED   

LAND 19.2193 31.7693 8.8098 33.9104
0.4

640.9 1093.2 886.1
4927059.75 13892079.50 3122545.51 0.00

5 BARELAND / COMPACTED SOIL
0.1474 1.273 15.1363 0.4738

0.5
640.9 1093.2 886.1

47234.33 695821.80 6706137.72 0.00

6 TOTALS (m 3 ) 10429891.24 32018494.30 19747473.96 0.00

STORMWATER RUNOFF IN ZONE 2 (Z-2)

RAINFALL (I) mm/year STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVALAREA, A2 (KM2)

 

A6.4: Storm water Run-off in Zone Z-3 

No. LANDUSE IN Z-3
C OF EXISTING 

LAND SURFACE

1 2 3 4 5 6 7 8 9 10 11 = ( 2× 6 × 7 ) 12 = (2 × 6 × 8 ) 13 = (2 × 6 × 9 ) 14 = (2 × 6 × 10)

2003 2008 2013 2018 2003 2008 2013 2018 2003 2008 2013 2018

1

BUILT UP / URBAN 

DEVELOPMENT / INDUSTRIAL 

AREA

69.663 17.8466 28.0923 30.4354 0.8 927.9 775.1 915.2 1156.8 51712238.16 11066319.73 20568058.37 28166136.58

2
DUMP SITE/ WATER BODY / 

RETENTION PONDS 39.72 0.1137 17.9602 0.1524
0.0

927.9 775.1 915.2 1156.8
0.00 0.00 0.00 0.00

3
TREE COVER / NATURAL 

RESERVE 8.9252 45.1743 30.3199 30.5578
0.4

927.9 775.1 915.2 1156.8
3312677.23 14005839.97 11099508.99 14139705.22

4
GRASSLAND / RECREATION / 

TOURISM DEVELOPMENT 39.8027 70.5262 48.1934 71.4232
0.4

927.9 775.1 915.2 1156.8
14773170.13 21865943.05 17642639.87 33048943.10

5
BARELAND / UNCOVERED 

SURFACE 5.6412 2.9212 39.0412 4.0554
0.5

927.9 775.1 915.2 1156.8
2617234.74 1132111.06 17865253.12 2345643.36

6 TOTALS (m 3 ) 72415320.26 48070213.81 67175460.35 77700428.26

STORMWATER RUNOFF IN ZONE 3 (Z-3)

RAINFALL (I) mm/year STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVALAREA, A3 (KM2)
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A6.5: Storm water Run-off in Zone Z-4 

No. LANDUSE IN Z-4
C OF EXISTING 

LAND SURFACE

1 2 3 4 5 6 7 8 9 10 11 = ( 2× 6 × 7 ) 12 = (2 × 6 × 8 ) 13 = (2 × 6 × 9 ) 14 = (2 × 6 × 10)

2003 2008 2013 2018 2003 2008 2013 2018 2003 2008 2013 2018

1

BUILT UP / URBAN 

DEVELOPMENT / INDUSTRIAL 

AREA

17.8203 68.4117 7.6252 92.1193 0.8 685.6 650.3 899.6 1007.1 9774078.14 35590502.81 5487703.94 74218677.62

2 WATER BODY / SWAMPY AREA
45.9312 0.1737 30.0824 0.1988

0.0
685.6 650.3 899.6 1007.1

0.00 0.00 0.00 0.00

3 FOREST / TREE COVER 20.9481 18.0374 31.9756 13.865 0.4 685.6 650.3 899.6 1007.1 5744806.94 4691888.49 11506099.90 5585376.60

4
GRASSLAND / RECREATION/ 

NATURAL RESERVE 25.3197 52.9767 19.3548 45.2912
0.4

685.6 650.3 899.6 1007.1
6943674.53 13780299.20 6964631.23 18245107.01

5
BARELAND / NATURAL 

RESERVES 5.4504 18.4392 26.3557 6.6352
0.5

685.6 650.3 899.6 1007.1
1868397.12 5995505.88 11854793.86 3341154.96

6 TOTALS (m 3 ) 24330956.74 60058196.38 35813228.93 101390316.19

STORMWATER RUNOFF IN ZONE 4 (Z-4)

RAINFALL (I) mm/year STORM WATER OF EXISTING LANDUSE FOR PREVIOUS 5 YEAR INTERVALAREA, A4 (KM2)
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