Science of the Total Environment 649 (2019) 722–730

Contents lists available at ScienceDirect

Science of the Total Environment
journal homepage: www.elsevier.com/locate/scitotenv

Rainfall and groundwater use in rural Kenya
Patrick Thomson a,b,d,⁎, David Bradley a,c,e, Adamson Katilu f, Jacob Katuva a,b, Michelle Lanzoni a,
Johanna Koehler a,b, Rob Hope a,b
a

School of Geography and the Environment, University of Oxford, UK
Smith School of Enterprise and the Environment, University of Oxford, UK
Department of Zoology, University of Oxford, UK
d
School of Archaeology, Geography and Environmental Science, University of Reading, UK
e
London School of Hygiene and Tropical Medicine, UK
f
Rural Focus Ltd., Nanyuki, Kenya
b
c

H I G H L I G H T S

G R A P H I C A L

A B S T R A C T
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a b s t r a c t
This study examines the relationship between rainfall and groundwater use in rural Kenya, using automaticallytransmitted hourly data from handpumps (n = 266), daily rainfall records (n = 19), and household survey data
(n = 2508). We demonstrate a 34% reduction in groundwater use during the wet season compared to the dry
season, suggesting a large shift from improved to unimproved sources in the wet season. By cross-correlating
handpump and rainfall time series, we also reveal substantial short-term changes in groundwater pumping observed immediately following heavy rainfall. Further investigation and modelling of this response reveals a 68%
reduction in pump use on the day immediately following heavy rain.
We then investigate reasons for this behavioural response to rainfall, using survey data to examine the characteristics, concerns and behaviours of households in the area where the reduction in pump use was most marked. In
this area rainwater harvesting was widespread and only 6% of households reported handpumps as their sole
source of drinking water in the wet season, compared to 86% in the dry season. These ﬁndings shed light on
the impact increasing rainfall variability may have on the Sustainable Development Goal of “universal and equitable access to safe and affordable drinking water for all”. Speciﬁcally, we suggest a ﬂaw in the water policy assumption that the provision of improved sources of drinking water—in this case community handpumps—
translates to consistent use and the associated health beneﬁts. We note that failure to understand and account
for actual water use behaviour may results in adverse public health outcomes and maladapted WASH policy
and interventions.
© 2018 Elsevier B.V. All rights reserved.
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1. Introduction

2. Study context

Rural Africans remain one of the most marginalised populations in
terms of water supply, being almost four times more likely to be still
reliant on unimproved sources than urban residents, and with rural
on-premises supply only creeping forward from 6% in 2000 to 10% in
2015 (WHO & UNICEF, 2015). While small-piped schemes and submersible pumps are available in some places, handpumps which lift
groundwater of generally reasonable quality and availability
(MacDonald and Calow, 2009) remain a dominant method of supply
across rural Africa. Conservative projections from work done by
Sansom and Koestler (2009) suggest that there are likely to be more
than half a million handpumps in Africa, potentially serving over 100
million people. Despite the SDG goal that everyone has “safely managed” water, in reality a thinly veiled reference to a piped household
supply, handpumps will remain an important source of water for
many millions of people for decades to come.
A systematic review of faecal contamination of drinking-water in
low- and middle-income countries (Bain et al., 2014b) showed that
water abstracted from boreholes did not exhibit signiﬁcantly worse
compliance with WHO drinking water standards than piped water,
with the studies assessed averaging 35% and 33% sample noncompliance respectively. While certainly an interim or second-best solution to rural water supply, handpumps still warrant attention during
the inevitably phased transition to safely managed water. Table 1
shows the WHO/UNICEF Joint Monitoring Programme's deﬁnitions for
water service levels and the 2015 baseline achievement levels for SubSaharan Africa (WHO & UNICEF, 2017b).
Achieving further progress towards universal drinking water security could be complicated by future climate variability. A particular
issue is uncertainty in the extent and nature of rainfall extremes and individual rain events, and their impact on water resources and supply
systems (Hennessy et al., 1997; Shongwe et al., 2009; Shongwe et al.,
2011; Trenberth et al., 2003; Owor et al., 2009; Taylor et al., 2012). Furthermore, we do not fully understand how the biophysical impacts of
climate change may affect individual water use behaviour, collective action and the social systems linked to these natural systems (Tversky and
Kahneman, 1981; Ostrom, 2010; Guswa et al., 2014; Foster and Hope,
2016). These uncertainties are compounded by scarcity of measured
data on rural water use and on the underlying groundwater resources.
In this study we combine novel quantitative data on handpump use
with traditional rainfall measurements to examine the empirical relationship between pump use and rainfall. In particular we focus on the
effects of extreme rainfall events, and test the hypothesis that
handpump users respond to heavy rainfall by reducing the volume of
water they pump. Investigating the reasons why this may be may in
turn shed light on the impact that increasing rainfall variability, likely
to be experienced under climate change, could have on the recently
agreed Sustainable Development Goal for “universal and equitable access to safe and affordable drinking water for all” (United Nations,
2015).

The study site is in Kwale County on Kenya's southern coast, around
50 km south of Mombasa. The study site covers an area of approximately 1500 km2, with a majority rural population. It receives around
1400 mm of rainfall per year with over half the annual rainfall occurring
during April, May and June. Geology in the area is variable, with karstic
coral formations at the coast, transitioning into sands as elevation increases to the northwest. Population density is high along the coastal
strip near the main Kenya-Tanzania highway, becoming lower inland.
The urban areas by the coast are served by piped water systems, while
the rural population is heavily reliant on around 600 Afridev
handpumps installed between the mid-1980s and mid-1990s (Foster
and Hope, 2016). This study focuses on these pumps. That Kwale is
not geographically, hydrogeologically or socially homogeneous makes
it a good research area and the handpump users in different parts of
the county experience many of the same geographical and social problems associated with poor service provision that are observed across
rural Africa.
A waterpoint mapping exercise in August 2013 recorded 571 Afridev
handpumps in the study area, and collected corresponding technical,
operational and social information about each pump and its users. Of
these 571 pumps, 337 were identiﬁed as functional and in use, with
300 selected for the study and ﬁtted with an experimental Waterpoint
Data Transmitter (WDT). Developed at Oxford University, the WDT
uses a low-cost solid-state accelerometer to sense changes in the movement of the pump handle in order to measure pump use and estimate
volumetric abstraction (Thomson et al., 2012). It can be ﬁtted to the
handle of any handpump; in this case it was installed in the Afridev handle. In order to test the hypothesis that improved information can lead
to faster handpump repairs the data from these transmitters were
used to trigger a free maintenance service for 213 of these pumps,
with 87 pumps being monitored for use and breakdown but not receiving an augmented repair service. The primary purpose of collecting
these data was to inform this rapid maintenance service that succeeded
in reducing average downtimes by an order of magnitude to less than
two days (University of Oxford, 2014; Thomson and Koehler, 2016;
Thomson et al., 2015). These transmitters also provided hourly data
on water use patterns. Looking at these pump use patterns revealed
an apparent relationship with rainfall. By further interrogating these
data this study aims to test the hypothesis that rainfall inﬂuences
handpump use, and to characterise this relationship. We then discuss
the reasons for this relationship and its implications.
3. Data and methods
To examine the relationship between rainfall and pump use we used
two data sources. The ﬁrst was the hourly data generated by the WDTs
installed in the Afridev handpumps. Of the 300 pumps selected 266 produced useful data. (Messages were lost mainly due to poor network
coverage, some through vandalism and damage, and in a few cases

Table 1
UNICEF/WHO Joint Monitoring Programme service levels.
Service level

JMP deﬁnition

Sub-Saharan
Africab

SSA
SSA
urbanb ruralb

“Safely
managed”
“Basic”
“Limited”
“Unimproved”
“Surface
water”

Drinking water from an improveda water source that is located on premises, available when needed and free from faecal and
priority chemical contamination.
Drinking water from an improveda source, provided collection time is not N30 min for a round trip, including queuing.
Drinking water from an improveda source for which collection time exceeds 30 min for a round trip, including queuing.
Drinking water from an unprotected dug well or unprotected spring.
Drinking water directly from a river, dam, lake, pond, stream, canal or irrigation canal.

24%

46%

0%

34%
14%
19%
10%

36%
10%
7%
2%

43%
16%
27%
14%

a
b

Improved sources include: piped water, boreholes or tubewells, protected dug wells, protected springs, rainwater, and packaged or delivered water.
Baseline estimates (2015) for population reaching SDG service levels.
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where the unit failed to function for a reason that was never fully
determinEd.) Pump use is represented in terms of calculated litres
pumped each hour. The WDTs across the study site were not individually calibrated, but a test of a representative subset and the original testing of the technology (Thomson et al., 2012) both suggest an accuracy of
around ±15% against measured volume abstracted. This level of accuracy does not allow for parsing out ﬁne differences between individual
pumps experiencing similar use, but is suitable for analysing broader
spatial and temporal trends. These automated hourly handpump data
were gathered from across the study area for 2014. A daily time series
of average pump use across the study area was created from the data
from individual pumps. The second source of data was readings from
19 rain gauges spread across the study site. Once obvious transcription
errors had been corrected, readings were aggregated to generate a single time series of average daily rainfall for the study area. Rainfall and
pumping data through 2014 can be seen in Fig. 1. In addition to the average daily rainfall, measured in mm, further binary time series were
generated to indicate which percentile that day's rainfall fell into
(50th to 60th, 60th to 70th, 70th to 80th, 80th to 90th, and greater
than 90th highest percentile).
The daily average handpump use time series was cross-correlated
with the rainfall time series, the output of this cross-correlation being
a time series of lagged correlation coefﬁcients. This was ﬁrst done
with the millimetres rainfall time series, to determine if there was indeed a correlation and—if so—how rainfall and pumping lagged/led
each other. Then the process was repeated with the time series of the
different rainfall percentiles, in order to determine how this correlation
varies with rainfall intensity. We then endeavoured to characterise
pump use around an isolated heavy rainfall day, ideally one with no
rainfall in the days immediately before or after. All heavy rainfall days
were preceded or succeeded by days of lighter rainfall, so such an archetypal day did not exist. However December 1st saw 99 mm of rainfall
with the only rainfall on a nearby day being 3 mm on December 2nd,
so this day was used. We took the litres pumped on December 1st and
the seven following days from 138 pumps. This reduced set of pumps
was used for a number of reasons: ﬁrstly there were fewer pumps working towards the end of the study due to attrition variously from battery
life, vandalism and water ingress; secondly for this part of the analysis
we required data with no gaps over the relevant period, as opposed to
other analyses for which a small proportion of dropped messages

would have no consequences; ﬁnally, pumps with very low usage
(b300 l per day) were excluded as they were neither representative of
very many users and had very noisy data. For each pump we expressed
the daily use as percentage of the average handpump abstraction for the
ﬁve days prior to December 1st, in order to remove the effect of longer
period seasonal variation and to focus on only the short term relationship between pumping and rainfall. We then hypothesised that the
resulting mean values represented a response function of pumping to
immediate rainfall. In signal processing terms this would be a Finite Impulse Response (FIR), a response whose output (in our case change in
pumping) is affected only by the input (in our case rainfall) and has ﬁnite duration (in our case seven periods/days). The response to rainfall
modelled by this function is represented in Fig. 2d.
To test whether this function was a useful representation of how
pumping changes in response to rainfall, we had to disaggregate the
short-term changes in pumping from the longer-term seasonal variation. To do this we generated a smoothed two-week maximum, to describe the upper envelope of the observed data during 2014 (Fig. 2b).
Two weeks was chosen as it is double the duration of the response function we were using to model the short-term effect. This acted as a low
pass ﬁlter, leaving only the longer-term change. We then subtracted
the observed use (Fig. 2a) from this envelope function. This leaves a residual representing the only short-term ﬂuctuations that we
hypothesised were linked to rainfall (Fig. 2c). To test how closely the
modelled pumping response compared to the observed short-term ﬂuctuations we used two metrics commonly used for evaluating hydrological models: the Nash-Sutcliffe Efﬁciency (NSE) (Nash and Sutcliffe,
1970) and the ratio of the “root mean square error to the standard deviation of the observations” (RSR) (Moriasi et al., 2007).
To examine the water use behaviours behind the changes in groundwater abstraction using handpumps, we used data from two surveys.
The ﬁrst was a household survey conducted in October and November
2013 at 2508 households who had access to a functioning handpump
during 2013. A questionnaire included questions on: household make
up and demographics; socio-economic status, including key consumption and wealth indicators; basic self-reported health indicators for
each household member; water use, collection and storage; waterpoint
institutional arrangements, payment policies and behaviour. Households were randomly selected from those using each functional
handpump identiﬁed during the 2013 waterpoint mapping exercise

Fig. 1. Rainfall and pumping.
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Fig. 2. Observed handpump usage through 2014 vs. modelled response to heavy rainfall (plus smoothed two-week maximum and short term response for model testing).

(mean of 6.3 households per waterpoint, 4.6 residents per household).
This is referred to as the “household survey”.
Following the identiﬁcation of the relationship between pump use
and rainfall, the pump-by-pump reductions where mapped and a cluster of pumps near Mwananyamala, in the south west of the study area,
were identiﬁed as having the largest drop in use. An additional survey
was then conducted in this area. This is subsequently referred to as
the “transect survey” or “transect area” and involved identifying and
geo-referencing all the households within a 3 km by 1.5 km area using
satellite imagery. These 118 households were interviewed in May
2016 on water use and behaviour. In contrast to the household survey,
which was done by a team of enumerators, this survey was conducted
by one individual with the speciﬁc aim of teasing out more information
about water use changes in response to rainfall. Respondents were
asked about handpump use, use of other sources in both wet and dry
seasons, and animal ownership. The extent of household rainwater harvesting and water storage was also recorded. (It should be noted that
during the 2013 household survey a sample of 37 households within
the transect area were interviewEd.)

4. Results
Overall precipitation in 2014 was typical of the long-term average at
1475 mm, but the onset was late, with only 7% of the year's rain falling in
April compared to the long term average of 18%. For all the sites monitored, the mean daily abstraction from community handpumps is
around 1500 l per pump. This equates to 450 m3 per day or
164,000 m3 over the whole year for all 300 pumps. Handpump use is
highly heterogeneous, varying both between pumps and over time.
While the heterogeneity in pump use varies across the cohort of
pumps with a coefﬁcient of variation (standard deviation divided by
mean) in weekly use ranging from less than 20% to over 200%, there
are trends in pumping behaviour related to the duration and intensity
of rainfall events.

Comparison with rainfall data from weather stations in the study
area showed that over weekly or monthly timeframes abstraction is inversely correlated to rainfall. The week with the largest total abstraction
(an average of 2335 l per pump per day) was the ﬁrst week of March,
just before the onset of the long rains, and was three times greater
than that in the second week of May around the peak of the rains (an average of 789 l per pump per day). Examining the cross-correlation of the
pumping and rainfall time series, a negative correlation was seen when
the pumping lags the rainfall for around 50 days, after which the correlation becomes positive. Likewise, the correlation coefﬁcient is slightly
positive for the 30 days leading rainfall. This is consistent with welldocumented seasonal reductions in groundwater use as other sources,
e.g. rainwater and surface water become available (Blum et al., 1987;
Thomson, 2016; Kelly et al., 2018; Elliott et al., 2017).
Fig. 1 also shows that there were immediate short-term drops in
pumping in response to individual rainfall events, in addition to these
seasonal trends in water use. The cross-correlation between the rainfall
and pumping time series is greatest (negative) when the pumping lags
rainfall by one day, shown in Table 2. Taking the cross-correlation between pumping and rainfall by decile shows that this correlation only
exists in relation to days of heavy rainfall with the strongest correlation
being with days receiving rain above the 90th percentile. The crosscorrelation captures all the rainfall and pumping information and therefore cannot disaggregate the short-term and seasonal effects or the effect of rainfall on preceding or succeeding days. To isolate the shortterm effect we now examine pumping on December 1st, a day of
heavy rainfall (99 mm) with no rain on the days immediately preceding
it and only very light rainfall the day after (3 mm). Fig. 3 shows the
pumping on and for the week following December 1st as a percentage
of the average of the ﬁve preceding days for 138 pumps included in
this analysis, illustrating the reduction in pumping seen immediately
following heavy rainfall.
The daily mean percentage reductions in pumping following the isolated day of rainfall on December 1st are used to generate the impulse
response function that is then applied to the rainfall data time series.
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Table 2
Correlation coefﬁcients between rainfall and handpump use time series (millimetres and rainfall deciles).
Rainfall

Day −1

No lag

Day +1

Day +2

Day +3

Day +4

Day +5

Day +6

Day +7

mm
P50 to P60
P60 to P70
P70 to P80
P80 to P90
Over P90

−0.17
+0.09
+0.00
−0.09
−0.15
−0.17

−0.34
+0.07
−0.02
−0.08
−0.20
−0.34

−0.42
+0.05
−0.09
−0.11
−0.16
−0.41

−0.29
+0.08
−0.11
−0.05
−0.10
−0.32

−0.23
+0.09
−0.12
−0.07
−0.06
−0.27

−0.17
+0.10
−0.05
−0.02
−0.01
−0.22

−0.16
+0.04
−0.05
−0.05
−0.00
−0.18

−0.17
+0.02
−0.03
−0.03
−0.00
−0.18

−0.17
+0.04
−0.02
+0.01
−0.03
−0.16

(Correlation coefﬁcients with absolute value N0.20 in bold for emphasis.)

This produces a time series of expected reduction in use due to rainfall
(Fig. 2d) which we then test against the observed short-term response
using the Nash-Sutcliffe Efﬁciency (NSE) (Nash and Sutcliffe, 1970)
and the ratio of the “root mean square error to the standard deviation
of the observations” (RSR) (Moriasi et al., 2007). As the upper envelope
we are using to remove the long-term variation will be inevitably higher
than a hypothetical use less the short-term effect, and what is of interest
here is the variation in use, the residual response was adjusted so that
the means of the residual and the modelled response were the same,
giving an offset of 160 l (Fig. 2c). The calculated NSE and RSR are 0.58
and 0.65 respectively. According to the criteria deﬁned by Moriasi
et al. (2007) these two values would indicate “satisfactory” performance for a hydrological model.
While this reduction in pump usages was observed across the study
area, it was more pronounced for a cluster in the south west of the study
area around Mwananyamala, the average reduction in pumping on December 2nd in that area being 85% as opposed an average of 68% for all
measured pumps in the study area. Responses from the household survey showed how this area differed from the rest of the study area. Certain household characteristics and concerns can be seen in Table 3.
Households in the transect area were respectively 3.5 times and 4.6
times more likely to be concerned about water quantity for domestic
use and livestock watering than others, but less concerned about the
quality and cost of the water. While they were only marginally more
likely to own animals, and this difference was not statistically signiﬁcant, households in the transect area were much more likely to be concerned about water availability for livestock. The number of large
animals per person was also higher at 0.94, in contrast to 0.42 outside
the transect area. The transect area had very few—if any—surface

water sources that were consistently available year-round. Speaking
to committee members at some of the most heavily used pumps, we
were told that in the dry season handpumps are vital for providing
water for livestock and that cattle “drink as much water as a family”, a
statement broadly consistent with literature suggesting that one head
of cattle drinks between 50 and 100 l per day (Rouda et al., 1994;
Nicholson, 1985). In the weeks just prior to the delayed onset of rains
in 2014, one handpump was being used for 24 h each day: for household
water collection during the day and then through the night for watering
cattle.
During the dry season 86% of households in the transect area stated
that their main source of water was a handpump, with over half of these
stating that it was the only source of water. In the wet season this
dropped to 6% stating that their only source of water was a handpump.
Most households (55%) used multiple sources, the most common types
being rainwater harvesting (75%), followed by collecting water from
natural springs or wells (50%). Observation data from the transect survey was consistent with these responses, with 35% of households having ‘extensive’ rainwater harvesting (RWH) infrastructure, deﬁned by
having a metal roof, guttering and dedicated harvesting tank. The
mean storage capacity of these systems was 183 l. A further 31% of
households had ‘some’ RWH infrastructure, deﬁned as having a metal
roof, but no guttering, or a roof made from makuti (woven coconut
leaves) with guttering or another similar intermediate status, with the
remaining 34% of households having no visible RWH infrastructure.
This extensive use of rainwater harvesting in the transect area, which
enables many households to be self-sufﬁcient during the wettest
months and provide some buffer into drier months is a rational response to the stated concern about the quantity of water available for

Fig. 3. Handpump usage in response to heavy rainfall.
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Table 3
Household concerns and characteristics from 2013 household survey.
Inside transect (n = 37)

Outside transect (n = 2471)

Inside w.r.t. outside

Households

Percentage

Households

Percentage

Risk ratio

p-Value⁎

Household concerns:
Reliability of handpump
Distance to handpump
Queues at handpump
Cost of water
Safety (drinking)
Seasonality of source
Quantity for agriculture
Quantity for livestock
Quantity for domestic use
Concern re. storage

6
9
15
0
0
5
0
3
8
0

16%
24%
41%
0%
0%
14%
0%
8%
22%
0%

800
692
655
241
350
265
61
44
155
168

32%
28%
27%
10%
14%
11%
2%
2%
6%
7%

0.50
0.87
1.53
n/a
n/a
1.26
n/a
4.55
3.45
n/a

0.049
0.72
0.062
0.044
0.007
0.59
1.00
0.031
0.002
0.17

Household characteristics:
Improved roof
Improved ﬂoor
Improved walls
Improved toilet
Grow crops
Own animals
Secondary education
Own bicycle
Own radio
Own mobile phone

22
8
11
12
35
17
22
22
34
30

59%
22%
30%
62%
95%
46%
59%
59%
92%
81%

804
749
1059
1256
1865
964
982
1051
1714
2087

33%
30%
43%
51%
75%
39%
40%
42%
69%
84%

1.83
0.71
0.69
1.22
1.25
1.18
1.50
1.40
1.32
0.96

0.001
0.28
0.13
0.188
0.006
0.40
0.018
0.045
0.002
0.50

⁎ Two-tailed Fisher exact (bold indicates p b 0.05).

livestock watering and domestic purposes. Households in the transect
area were 1.8 times more likely to have a metal roof than households
outside, whereas there was no difference in the likelihood of having improved ﬂoors or walls. Taken with the concerns about water quantity,
this suggests that improvements in rooﬁng in the transect area were
speciﬁcally undertaken to practise rainwater harvesting rather than a
more general indicator of household wealth, and the ability to upgrade
one's dwelling.
For household use, those with extensive rainwater harvesting infrastructure can quickly build up a supply of water after the ﬁrst few weeks
of the rains. Livestock watering can switch from groundwater to surface
water when the latter becomes available, be that in rivers and streams
or springs, reducing reliance on handpumps. Both these effects are
lagged, so do not provide an explanation for the immediate but shortterm drop in pump use following heavy rainfall. Some of those in the
transect area without formal rainwater harvesting infrastructure did
conduct ad-hoc rainwater harvesting from makuti roofs and trees.
This can only be done when there is heavy rainfall and will only provide
water to ﬁll jerrycans and buckets rather than replenish large storage
tanks, thereby only having a short-lived impact that would be consistent with the observed effect.
5. Limitations
The transect survey was undertaken speciﬁcally for this study; the
other data sources used in this study were not gathered exclusively in
support of it. Therefore there are inevitable limitations. Firstly, the protocol for measuring rainfall is to take a daily reading at 9am and classify
that as the previous day's rainfall. A lot of handpump use comes ﬁrst
thing in the morning, starting around 6am. In this way rainfall early in
the morning when pumping is taking place could be counted as rainfall
from the previous day, thereby creating an error in the apparent temporal relationship between the two. For one rain gauge in the study area,
monitored by Base Titanium, readings had been taken twice per day.
On 1st December this rain gauge showed that 80% of the rainfall classed
as falling on that day did in fact fall on 1st December, indicating that our
approach and ﬁndings remain valid despite this source of error. Secondly, the survey in the transect area was taken two years after the
main household survey. This limits the comparison that can be made,
and care has been taken in this regard. Thirdly, handpump and water

use are inﬂuenced by many factors unrelated to rainfall, and no attempt
has been made here to account for these; what is presented here is only
one part of a complex picture (White et al., 1972; Thompson et al., 2001;
Blum et al., 1987; Tucker et al., 2014; Elliott et al., 2017; Kelly et al.,
2018). The aim here has not been to produce a predictive model but
to construct the simplest model possible to illustrate the relationship
between handpump use and rainfall, and so no model calibration has
been undertaken. The implicit assumption of linearity and superposition that comes with generating an impulse response to describe this
most certainly does not reﬂect the full complexity of reality. The merely
“satisfactory” assessment of this model against goodness-of-ﬁt metrics
(Moriasi et al., 2007), while conﬁrming the relationship, underscores
the fact that there are many other factors at play and serves as a caution
against over-inference. Finally, while we believe that the experience of
handpump users of Kwale is fairly typical, the patterns of behaviour described and analysed in this paper are for this area only, and generalisations from this study should be made with caution.

6. Discussion
While the concept of an improved water source and its usefulness is
contested, and the deﬁnitions being used to monitor the SDGs are more
nuanced and service oriented (WHO & UNICEF, 2015; WHO & UNICEF,
2017a; Clasen, 2012), the improved water source remains a key concept
and has effectively been carried over into the SDG monitoring framework in the form of “basic water”. While only one of a number of improved sources, handpumps abstracting water from boreholes or
protected hand-dug wells remain a means of providing water across
much of rural Africa, and will continue to be for some time to come.
They are still used operationally in rural water programmes, be they implemented by governments, NGOs or development agencies (Foster,
2013), providing a low-cost and resilient means of supply (Luh et al.,
2017; MacDonald et al., 2011). With this implementation there often
comes an implicit assumption that water users will consistently use improved sources throughout the year if those are available. But what are
the implications if users choose to use such infrastructure selectively?
Will the assumed health beneﬁts of an improved water supply be reduced if users switch to other sources for reasons of cost, taste or
convenience?
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This study demonstrates that households adapt to their hydrosocial situation, with decisions based on a portfolio of water supply alternatives more or less suited to an array of uses, be that for drinking,
livestock watering, laundry, washing or bathing. This adaptive capacity
manifests itself here in water users switching away from using
pumped groundwater in response to both immediate rainfall and seasonal variations. The rate at which water was pumped in the ﬁrst three
months of 2014, before the rains came, was 53% higher than during the
ﬁnal nine months. The short-term response corresponds to around
11,500 m3 of water across the whole year for all pumps under monitoring. While it is not possible to infer whether and from where the
water ‘not pumped’ was replaced, this is the equivalent of 7% of total
observed pumping of 164,000 m3, around 26 days of water use.
While this study shows that the volume of water involved in these
changes is signiﬁcant, the evidence so far as to which alternative
sources are used for what purpose, is mixed. If the switch were in favour of using contaminated sources for drinking water there may be
signiﬁcant health impacts, over and above the trend for higher faecal
contamination being found in drinking water sources in the wet season
(Kostyla et al., 2015). In the speciﬁc case of rainwater harvesting,
which is also classed as an improved source, it may be a safer source
of drinking water than surface water but is certainly not without risk
of both microbial and chemical contamination (Lye, 2002; Boelee
et al., 2013; Gwenzi et al., 2015; Ahmed et al., 2008; Stewart et al.,
2016). Indeed, a meta-analysis by Bain et al. (2014a) found collected
rainwater more likely to be contaminated with faecal indicator bacteria than water from boreholes. Failure to discard the “ﬁrst ﬂush” of
rainwater, especially after a period without rain, will increase the likelihood of pollutants and pathogens ending up in the harvested rainwater water (Yaziz et al., 1989; Lye, 2009). Therefore the safety of the
drinking water from these systems is dependent on them being both
well designed and built, and used and maintained according to the
proper procedures (Lye, 2009), conditions which are not likely to be
fulﬁlled in all instances.
In this area the large changes in use may not correspond to large
changes in water consumption patterns, even though the decision to
continue using pumped groundwater for drinking, rather than water
from other cheaper and more convenient sources, may be as much
related to taste as to health considerations. That said, the wider
range of water sources used here—including more unimproved
sources—may increase the likelihood water from those sources
being inadvertently drunk or mixed with household drinking water
that would otherwise be at lower risk of being contaminated. This
study did not examine water quality or directly address health impacts, but in light of evidence of an association between heavy rainfall events and diarrhoea (Carlton et al., 2014; Eisenberg et al., 2014)
more investigation is needed to understand the health effects of such
short-term changes in the quality of water consumed. While the epidemiological evidence is inconclusive (Waddington et al., 2009;
Arnold and Colford, 2007), modelling suggests that even very short
term exposure to contaminated water can have a signiﬁcant adverse
effect (Enger et al., 2012; Hunter et al., 2009; Howard et al., 2006;
Brown and Clasen, 2012).
The choices made by rural communities may well be optimal given
current information and constraints, but may be a consequence of
long-term experience and an intuitive understanding of the local environment rather than aetiological knowledge of water-related diseases
and formal understanding of the hydrological cycle. Similarly, institutional interventions may be based on what has been effective in the
past rather than designed for an expected future. Notwithstanding
that the pattern of precipitation change under a changing climate is
not clear (Sun et al., 2012; Good et al., 2016), the weather experienced
in East Africa may change to one with more intense wet seasons
(Shongwe et al., 2011; Shongwe et al., 2009). Weather-induced behaviour change analogous to that presented here is likely to take place.
With effective adaption being dependent on scale (Vincent, 2007) and

institutional arrangements (Agrawal and Perrin, 2008), maladaptation
is possible or even likely if these arrangements are not actively
considered (Barnett and O'Neill, 2010).
7. Policy implications
As the SDGs take on a more service-oriented approach to making
global drinking water estimates, the assumption that if infrastructure is
built it will be used must be challenged. Health is one of the driving forces
behind why moving up the service ladder is viewed as desirable.
Achieving “basic” water services through access to a well-sited, wellmaintained handpump that accesses groundwater can be no less safe
to drink than treated piped water. But if seasonal effects or just a single
day of heavy rainfall results in people effectively having only “unimproved” water, the putative health gains of having “basic” water may
never be realised.
Further research should investigate the actual health impacts of
environmental or operational shocks that may, either permanently
or temporarily, move households down the JMP's service ladder. Climate change can only exacerbate this as households have to respond
to weather patterns they have no previously experience of. While
climate-induced changes in disease are well studied, albeit
contested (Hunter, 2003; Patz et al., 2005; Liang and Gong, 2017;
Watts et al., 2017; Wu et al., 2016), research should not neglect
weather-induced changes in the behaviours of households and individuals as these will undoubtedly inﬂuence disease patterns and
morbidity.
If the health beneﬁts of “basic” water are precarious, one response is
simply to redouble efforts to push towards “safely managed” water for
all. However, the danger of purely focusing effort on this is that there
will be backsliding down the ladder from “basic” water. The perfect
must not become the enemy of the good; “basic” water services must
also be strengthened. This can be through proper resourcing of the
parts, tools and personnel that maintain these systems, but also through
institutional reform and a move away from the community maintenance paradigm, which has not resulted in sustained high levels of service (Golooba-Mutebi, 2012; Chowns, 2015; Foster et al., 2018; Cronk
and Bartram, 2017; Foster, 2013), and towards more pluralist approaches (Koehler et al., 2018).
The metrics used to measure progress towards the SDGs must
take into account the actual temporal and spatial variations in
water use behaviour that infrequent, periodic surveys will not capture. Monitoring technologies for rural water systems designed to
improve system performance by putting near real-time data into
the hands of those managing and maintaining the system
(Thomson et al., 2012; Nagel et al., 2015; Wilson et al., 2017;
Thomson and Koehler, 2016), can also provide real data on use patterns and system downtimes to inform policy and SDG monitoring
(Thomson and Koehler, 2016). If policy and practice are informed
by different data there will be an inevitable dislocation between policy and practice. Linking Monitoring and Evaluation to Operations
and Maintenance will reduce the risk of high-level reporting being
based on a caricature of actual practice—and this caricature becoming the basis of policy—the consequences of which can only be poor
outcomes and wasted resources.
8. Conclusion
This paper has combined novel and traditional data sources to
shed light on actual handpump use behaviour in rural Kenya. As
well as seasonal variations we have shown that there is a large and
immediate reduction in handpump use following heavy rainfall. Examination of the reasons for this raises issues concerning a possible
mismatch between actual water use behaviour and behaviour upon
which WASH policy is predicated, speciﬁcally the health gains that
may—or may not—be realised from “basic” water services. We
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therefore urge further empirical research into actual rural water use
behaviour and health dynamics, and how they interact with changing weather. We also believed that serious consideration is given to
what sources of data that will be most effective for monitoring progress towards the SDGs and ensuring that the progress is real.

Acknowledgements
The authors gratefully acknowledge the support of Kenya's Water
Resource Authority, Kwale County Government, Base Titanium Ltd., Rural Focus Ltd., the local enumerator team and households who participated in the surveys. The authors would also like to thank Feyera
Hirpa for advice on model testing, and the two anonymous reviewers
for their critical reading of the manuscript, which resulted in signiﬁcant
improvements. This research was funded by the UK Government via
NERC, ESRC and DFID under the following grants: UPGro Consortium
Grant (NE/M008894/1); UPGro Catalyst Grant (NE/L001950/1); New
Mobile Citizens for Waterpoint Sustainability in Africa (ES/J018120/1).
References
Agrawal, A., Perrin, N., 2008. Climate adaptation, local institutions, and rural livelihoods.
IFRI Working Paper, W08I–6.
Ahmed, W., et al., 2008. Real-time PCR detection of pathogenic microorganisms in roofharvested rainwater in Southeast Queensland, Australia. Appl. Environ. Microbiol.
74 (17), 5490–5496.
Arnold, B.F., Colford, J.M., 2007. Treating water with chlorine at point-of-use to improve
water quality and reduce child diarrhea in developing countries: a systematic review
and meta-analysis. Am. J. Trop. Med. Hyg. 76 (2), 354–364.
Bain, R., Cronk, R., Wright, J., et al., 2014a. Fecal contamination of drinking-water in lowand middle-income countries: a systematic review and meta-analysis. PLoS Med. 11
(5), e1001644.
Bain, R., Cronk, R., Hossain, R., et al., 2014b. Global assessment of exposure to faecal contamination through drinking water based on a systematic review. Tropical Medicine
& International Health: TM & IH.
Barnett, J., O'Neill, S., 2010. Maladaptation. Glob. Environ. Chang. 20 (2), 211–213.
Blum, D., et al., 1987. The effects of distance and season on the use of boreholes in northeastern Imo State, Nigeria. J. Trop. Med. Hyg. 90 (1), 45–50.
Boelee, E., et al., 2013. Options for water storage and rainwater harvesting to improve
health and resilience against climate change in Africa. Reg. Environ. Chang. 13 (3),
509–519.
Brown, J., Clasen, T., 2012. High adherence is necessary to realize health gains from water
quality interventions. S. J. Drews, ed. PLoS One 7 (5), e36735.
Carlton, E.J., et al., 2014. Heavy rainfall events and diarrhea incidence: the role of social
and environmental factors. Am. J. Epidemiol. 179 (3), 344–352.
Chowns, E., 2015. Is community management an efﬁcient and effective model of public
service delivery? Lessons from the rural water supply sector in Malawi. Public
Adm. Dev. 35 (4), 263–276.
Clasen, T., 2012. Millennium development goals water target claim exaggerates achievement. Tropical Med. Int. Health 17 (10), 1178–1180.
Cronk, R., Bartram, J., 2017. Factors inﬂuencing water system functionality in Nigeria and
Tanzania: a regression and Bayesian network analysis. Environ. Sci. Technol. 51 (19),
11336–11345.
Eisenberg, J.N.S., et al., 2014. Impact of rainfall on diarrheal disease risk associated with
unimproved water and sanitation. Am. J. Trop. Med. Hyg. 90 (4), 705–711.
Elliott, M., et al., 2017. Multiple household water sources and their use in remote communities with evidence from Paciﬁc Island countries. Water Resour. Res. 53 (11),
9106–9117.
Enger, K.S., et al., 2012. Linking quantitative microbial risk assessment and epidemiological data: informing safe drinking water trials in developing countries. Environ. Sci.
Technol. 46 (9), 5160–5167.
Foster, T., 2013. Predictors of sustainability for community-managed handpumps in subSaharan Africa: evidence from Liberia, Sierra Leone, and Uganda. Environ. Sci.
Technol. 47 (21), 12037–12046.
Foster, T., Hope, R., 2016. A multi-decadal and social-ecological systems analysis of
community waterpoint payment behaviours in rural Kenya. J. Rural. Stud. 47,
85–96.
Foster, T., et al., 2018. Risk factors associated with rural water supply failure: a 30-year
retrospective study of handpumps on the south coast of Kenya. Sci. Total Environ.
626, 156–164.
Golooba-Mutebi, F., 2012. In search of the right formula: public, private and communitydriven provision of safe water in Rwanda and Uganda. Public Adm. Dev. 32 (4–5),
430–443.
Good, S.P., et al., 2016. Global patterns of the contributions of storm frequency,
intensity, and seasonality to interannual variability of precipitation. J. Clim. 29 (1),
3–15.
Guswa, A.J., et al., 2014. Ecosystem services: challenges and opportunities for
hydrologic modeling to support decision making. Water Resour. Res. 50 (5),
4535–4544.

729

Gwenzi, W., et al., 2015. Water quality and public health risks associated with roof rainwater harvesting systems for potable supply: review and perspectives. Sustain.
Water Qual. Ecol. 6, 107–118.
Hennessy, K.J., Gregory, J.M., Mitchell, J.F.B., 1997. Changes in daily precipitation under enhanced greenhouse conditions. Clim. Dyn. 13 (9), 667–680.
Howard, G., Pedley, S., Tibatemwa, S., 2006. Quantitative microbial risk assessment to estimate health risks attributable to water supply: can the technique be applied in developing countries with limited data? J. Water Health 4 (1), 49–65.
Hunter, P.R., 2003. Climate change and waterborne and vector-borne disease. J. Appl.
Microbiol. 94 (s1), 37–46.
Hunter, P.R., Zmirou-Navier, D., Hartemann, P., 2009. Estimating the impact on health of
poor reliability of drinking water interventions in developing countries. Sci. Total Environ. 407 (8), 2621–2624.
Kelly, E., et al., 2018. Seasonality, water use and community management of water systems in rural settings: qualitative evidence from Ghana, Kenya, and Zambia. Sci.
Total Environ. 628–629, 715–721.
Koehler, J., et al., 2018. A cultural theory of drinking water risks, values and institutional
change. Glob. Environ. Chang. 50, 268–277.
Kostyla, C., et al., 2015. Seasonal variation of fecal contamination in drinking water
sources in developing countries: a systematic review. Sci. Total Environ. 514,
333–343.
Liang, L., Gong, P., 2017. Climate change and human infectious diseases: a synthesis of research ﬁndings from global and spatio-temporal perspectives. Environ. Int. 103,
99–108.
Luh, J., et al., 2017. Expert assessment of the resilience of drinking water and sanitation
systems to climate-related hazards. Sci. Total Environ. 592, 334–344.
Lye, D.J., 2002. Health risks associated with consumption of untreated water from
household roof catchment systems. J. Am. Water Resour. Assoc. 38 (5),
1301–1306.
Lye, D.J., 2009. Rooftop runoff as a source of contamination: a review. Sci. Total Environ.
407 (21), 5429–5434.
MacDonald, A.M., Calow, R.C., 2009. Developing groundwater for secure rural water supplies in Africa. Desalination 248 (1–3), 546–556.
MacDonald, A.M., et al., 2011. Groundwater Resilience to Climate Change in Africa.
Moriasi, D.N., et al., 2007. Model evaluation guidelines for systematic quantiﬁcation of accuracy in watershed simulations. Trans. ASABE 50 (3), 885–900.
Nagel, C., et al., 2015. Evaluating cellular instrumentation on rural handpumps to improve
service delivery—a longitudinal study in rural Rwanda. Environ. Sci. Technol. 49 (24),
14292–14300.
Nash, J.E., Sutcliffe, J.V., 1970. River ﬂow forecasting through conceptual models part I — a
discussion of principles. J. Hydrol. 10 (3), 282–290.
Nicholson, M.J., 1985. The water requirements of livestock in Africa. Outlook Agric. 14 (4),
156–164.
Ostrom, E., 2010. Analyzing collective action. Agric. Econ. 41 (s1), 155–166.
Owor, M., et al., 2009. Rainfall intensity and groundwater recharge: empirical evidence
from the Upper Nile Basin. Environ. Res. Lett. 4 (3), 35009.
Patz, J.A., et al., 2005. Impact of regional climate change on human health. Nature 438
(7066), 310–317.
Rouda, R.R., et al., 1994. Free-ranging cattle water consumption in southcentral New
Mexico. Appl. Anim. Behav. Sci. 39 (1), 29–38.
Sansom, K., Koestler, L., 2009. African Handpump Market Mapping Study: Summary Report for UNICEF WASH Section and Supply Division.
Shongwe, M.E., et al., 2009. Projected changes in mean and extreme precipitation in Africa
under global warming. Part I: Southern Africa. J. Clim. 22 (13), 3819–3837.
Shongwe, M.E., et al., 2011. Projected changes in mean and extreme precipitation in Africa
under global warming. Part II: East Africa. J. Clim. 24 (14), 3718–3733.
Stewart, C., et al., 2016. Health hazards associated with consumption of roof-collected
rainwater in urban areas in emergency situations. Int. J. Environ. Res. Public Health
13 (10), 1012.
Sun, F., Roderick, M.L., Farquhar, G.D., 2012. Changes in the variability of global land precipitation. Geophys. Res. Lett. 39 (19) (n/a-n/a).
Taylor, R.G., et al., 2012. Evidence of the dependence of groundwater resources on extreme rainfall in East Africa. Nat. Clim. Chang. 3 (4), 374–378.
Thompson, J., et al., 2001. Drawers of water II. 30 years of change in domestic water use
and environmental health in East Africa. Bull. World Health Organ. 80, 63–73.
Thomson, P., 2016. Handpump usage changes in response to rainfall. UNC Water and
Health 2016 (Poster presentation).
Thomson, P., Koehler, J., 2016. Performance-oriented monitoring for the water SDG –
challenges, tensions and opportunities. Aquat. Proc. 6, 87–95.
Thomson, P., Hope, R., Foster, T., 2012. GSM-enabled remote monitoring of rural
handpumps: a proof-of-concept study. J. Hydroinf. 14 (4), 829.
Thomson, P., Koehler, J., Hope, R., 2015. Implementing, monitoring and ﬁnancing the
water SDG in rural Africa. World Water Week 2015 (Sunday 23rd August).
Trenberth, K.E., et al., 2003. The changing character of precipitation. Bull. Am. Meteorol.
Soc. 84 (9), 1205–1217.
Tucker, J., et al., 2014. Household water use, poverty and seasonality: wealth effects, labour constraints, and minimal consumption in Ethiopia. Water Resour. Rural Dev.
3, 27–47.
Tversky, A., Kahneman, D., 1981. The framing of decisions and the psychology of choice.
Science (New York, N.Y.) 211 (4481), 453–458.
United Nations, 2015. Sustainable Development Goals: 2030 Agenda for Sustainable Development. UN.
University of Oxford, 2014. From Rights to Results in Rural Water Services - Evidence
From Kyuso, Kenya Smith School Water Programme.
Vincent, K., 2007. Uncertainty in adaptive capacity and the importance of scale. Glob. Environ. Chang. 17 (1), 12–24.

730

P. Thomson et al. / Science of the Total Environment 649 (2019) 722–730

Waddington, H., Snilstveit, B., White, H., 2009. Water, Sanitation and Hygiene Interventions to Combat Childhood Diarrhoea in Developing Countries (August).
Watts, N., et al., 2017. The Lancet countdown: tracking progress on health and climate
change. Lancet 389 (10074), 1151–1164.
White, G.F., Bradley, D.J., White, A.U., 1972. Drawers of Water: Domestic Water Use in East
Africa.
WHO & UNICEF, 2015. WHO/UNICEF Joint Monitoring Program for Water Supply and Sanitation (JMP) - 2015 Update | UN-Water.
WHO & UNICEF, 2017a. Safely Managed Drinking Water - Thematic Report on Drinking
Water 2017. pp. 1–56.

WHO & UNICEF, 2017b. WHO/UNICEF Joint Monitoring Program for Water Supply, Sanitation and Hygiene (JMP) - 2017 Update and SDG Baselines | UN-Water.
Wilson, D.L., Coyle, J.R., Thomas, E.A., 2017. Ensemble machine learning and forecasting
can achieve 99% uptime for rural handpumps. J. P. van Wouwe, ed. PLoS One 12
(11), e0188808.
Wu, X., et al., 2016. Impact of climate change on human infectious diseases: empirical evidence and human adaptation. Environ. Int. 86, 14–23.
Yaziz, M.I., et al., 1989. Variations in rainwater quality from roof catchments. Water Res.
23 (6), 761–765.

