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Citizen science, as a complement to ground-based and remotly-sensed precipitation
measurements, is a promising approach for improving precipation observations.
During the 2018 monsoon (May to September), SmartPhones4War (S4W) Nepal—a
young researcher-led water monitoring network—partnered Vth 154 citizen scientists
to generate 6,656 precipitation measurements in Nepal withlow-cost (<1 USD)
S4W gauges constructed from repurposed soda bottles, concete, and rulers.
Measurements were recorded with Android-based smartphons using Open Data
Kit Collect and included GPS-generated coordinates, obsefation date and time,
photographs, and observer-reported readings. A year-long4W gauge intercomparison
revealed a 2.9% error compared to the standard 203 mm (8-inch) gauge useé by
the Department of Hydrology and Meteorology (DHM), Nepal. @ analyzed three
sources of S4W gauge errors: evaporation, concrete soakingand condensation,
which were 0.5mm day ! (n D 33), 0.8mm @ D 99), and 0.3mm f D 49),
respectively. We recruited citizen scientists by leveragg personal relationships, outreach
programs at schools/colleges, social media, and random sé& visits. We motivated
ongoing participation with personal follow-ups via SMS, pbne, and site visit; bulk
SMS; educational workshops; opportunities to use data; luky draws; certi cates of
involvement; and in certain cases, payment. The average @en scientist took 42
measurements (minD 1, max D 148, stdev D 39). Paid citizen scientistsf D 37)
took signi cantly more measurements per week (i.e., 54) tha volunteers (i.e., 39;
alpha levelD 0.01). By comparing actual values (determined by photograps) with
citizen science observations, we identi ed three categoas of observational errors
(n D 592; 9% of total measurements): unit f D 50; 8% of errors; readings in
centimeters instead of millimeters); meniscusn( D 346; 58% of errors; readings
of capillary rise), and unknown r{ D 196; 33% of errors). A cost per observation
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analysis revealed that measurements could be performed faas little as 0.07 and 0.30
USD for volunteers and paid citizen scientists, respectivg Our results con rm that citizen
science precipitation monitoring with low-cost gauges carhelp Il precipitation data gaps
in Nepal and other data scarce regions.

Keywords: citizen science (CS), recruitment, motivation, pe rformance, low-cost rain gauge, smartphones, open
data kit (ODK), cost per observation

INTRODUCTION Citizen science has emerged as a promising tool to
help Il data gaps. At the same time, citizen science can
Precipitation is the main terrestrial input of the global wate improve overall scienti ¢ literacy and reconnect people with
cycle; without it, our springs, streams, lakes, and commesiit their natural resourcesdMcKinley et al. (2017)de ne citizen
would gradually disappear. Understanding the spatial andcience as “the practice of engaging the public in a scientic
temporal distribution of precipitation is therefore criticdibr project_” They go on to C|arify that Crowdsourcing is another
characterizing water and energy balances, water resourcg@y for public participation in science through “... large
planning, irrigation management, ood forecasting, ande&l  numbers of people processing and analyzing data.” Notable
other resource management and planning activitiesienmaier  examples of citizen science precipitation monitoring include
et al., 201y. However, observing, and moreover understandingthe Community Collaborative Rain, Hail, and Snow Network
precipitation variability over space and time is fraught with(CoCoRaHS: www.cocorahs.org); Weather Underground (www.
di culty and uncertainty. Because of these challengesrér@e  wunderground.com); Met O ce Weather Observation Website
persistent, but spatially heterogeneous, precipitation dag@sg (WOW: wow.meto ce.gov.uk/); UK Citizen Rainfall Network
that need to be addresseidi(id et al., 201). (lllingworth et al., 201)% the NOAA Citizen Weather Observer
Accuracy is a primary concern, even for commonprogram (CWOP: wxga.com); and an internet-connected
precipitation measurement methods<igjewski et al., 2003; amateur weather station network called Netatmo (www.matat
Villarini et al., 2009 including: manual and automatic gauges, com) (Kidd et al., 201Y.
radar, and satellite remote sensing. Manual and automaticgs Launched in the spring of 1998 by the Colorado Climate
are expensive to maintain and thus generally do not lead t@enter at Colorado State University, CoCoRaHS is a volunteer
adequate spatial representations of precipitation (8 gkmann  |ed precipitation monitoring e ort (Reges et al., 20)L6
etal., 201 For example, the total area of all the rain gauges i/olunteers measure daily precipitation with a standardized
the world is less than half a football E|CK(dd et al., ZOly or 102 mm (4-inch) gaugeaevruk and K|emm, ]_gsmnd report
0.000000002% of the global terrestrial Iandscape. Pretmplta their data via an online system. While CoCoRaHS was
radars can provide meaningful data between gauges, bdktablished in response to small scale ash oods, it has
are subject to errors from beam blockage, range e ects, angrown into the world's largest volunteer precipitation monitugy
imperfect relationships between rainfall and backscattédq{  network, with over 20,000 active observers in the UnitedeStat
et al., 201y Additionally, radars are expensive and operate byCanada, the U.S. Virgin Islands, the Bahamas, and Puerto
line of sight, so spatial cover of radar in mountainous temsai Rijco (Cifelli et al., 2005
like Nepal can be limited. Satellite remotely sensed pretipita In Nepal, three speci ¢ attempts have been made to launch
products have the bene t of global coverage, but can be impactesitizen science precipitation measurement campaigns. The rs
by random errors and bias (e.gtputsouris et al., 20)@rising  was a single year e ort in 1998 initiated by Nepali scientists
from the indirect linkage between the observed parameteds anpjaya Dixit and Dipak Gyawali who partnered with community
precipitation and imperfect algorithmss(in et al., 209)8Clearly, members to measure rainfall in the Rohini River watershed, a
there remain precipitation data gaps and uncertainties th&the tributary to the Ganges, in south-central Nepal. The secoad w
to be lled. launched by Recham Consulting in 2003, and included 17 gauges
Low-cost sensors and consumer electronics can play a role gimilar to US National Weather Service 203 mm (8-inch) gauges
closing these data gapsi(t, 2013; Tauro et al., 20).8n general, in the Kathmandu Valley. However, the project stalled aftelyo
the potential of low-cost sensors to improve understanding of few years of data collection. The third, Community Based
a process depends on the interplay between (1) the spatiglainfall Measurement Nepal (CORAM-Nepal), was launched in
heterogeneity of the process being observed, (2) the impacts @015 with seven high schools in the Kathmandu Vallegi(harel
accuracy of the low-cost sensor, and (3) the observationst ¢ et al., 2015 CORAM's approach to obtain rainfall data is to
savings. The need for higher density observations inceease partner with local high school science teachers and stuglents
the spatial heterogeneity of the process being observedisese other community members were also welcome to participate.
So, if (1) the observed process has high spatial heterogeneityORAM-Nepal uses standard 102mm (4-inch) CoCoRaHS
and (2) the low-cost sensor provides high accuracy, with (3}auges and collects data from schools monthly by phone call
high cost savings, the potential of the low-cost sensor to 8pr or site visits. All of these previous e orts grappled with the
understanding of the process is considered high. challenges of sustainable (1) funding, (2) human resoyes
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(3) technological issues related to data collection, gpabtntrol, (Nayava, 1980 Temporal uctuations are mostly due to the
data storage, analysis, and dissemination of precipitataia.d South Asian summer monsoon (June to September)—a south
What is needed is a sustained e ort to monitor precipitation to north moisture movement perpendicular to the Himalayas
via citizen scientists. To achieve sustainability, sucheamt  (Figure 1) along the southern rim of the Tibetan Platedti¢hn,
needs to be both accurate and cost e ective. The latter part957; Turner and Annamalai, 20l Roughly 80% of Nepal's (and
may be attainable through leveraging low-tech MacGyvpety South Asia’s in general) precipitation occurs during the summe
solutions—but only if they lead to accurate and reproduciblenonsoon (Nayava, 1974; Shrestha, 2J08nnual precipitation
observations (note that MacGyver was a popular television shoiw Nepal varies spatially by more than an order of magnitude,
in the late 1980s and early 1990s that often highlighted fléya  ranging from 250 mm on the northern (leeward) slopes of the
of the protagonist—Angus “Mac” MacGyver—to make just aboutimalayas to over 3,000 mm around Pokhara in the Kaski
anything from commonly available materials). To this endr o District (Nayava, 1974 In general, both (1) the percentage of
research was conducted in the context of SmartPhones4Watannual rainfall occurring during the summer monsoon railhfa
(S4W), a California based non-pro t organization investigg and (2) total annual precipitation decrease from the center
how young researchers, citizen scientists, and mobile ®lolgy  of the country westward. About 88% of our 2018 monsoon
can be mobilized to help close growing water data gaps (imefud measurements were performed in Nepal's Kathmandu Valley.
precipitation). S4W's rst pilot project in Nepal (S4W-Nepal; Within the Kathmandu Valley, average monsoon precipitation
Davids et al.,, 20189,bwas launched in early 2017. This (42 years average) is 1,040 miokharel and Hallett, 20)5
paper focuses on the 2018 monsoon (May through Septemben)ith average annual precipitation being roughly 1,300 mm at
precipitation monitoring e orts in Nepal using low-tech gauges Tribhuvan International Airport. Thapa et al. (20173tate that
(in contrast to high-tech approaches like Netatmo). average annual precipitation ranges from roughly 1,500 mm in
Our research questions can be organized into two primaryhe Valley oor to 1,800 mm in the surrounding hills.
categories: (1) low-cost S4W precipitation gauge analyse@and

citizen scientist involvement. METHODS AND MATERIALS
1. S4W precipitation gauge analyses S4W Rain Gauge
a. What are the types and magnitudes of errors for S4WGonstruction and Use
low-cost precipitation gauges? S4W gauges were constructed from recycled clear plastiebottl

b. How do precipitation measurements from S4W's low-co&.g., 2.2-liter Coke or Fanta bottles in Nepal) with a 100 mm
gauges compare to other commonly used gauges, includii@gneter, concrete, rulers, and gldgdure 2A). A tutorial video
the Department of Hydrology and Meteorology (DHM)describing how to construct an S4W rain gauge is available on
Nepal standard gauge? S4W's YouTube channel (https://bit.ly/2sItFTh; Nepali langeia
only). The clear plastic bottles had uniform diameters for at
least 200 mm from the base toward the top; bottles with non-
a. How e ective were our methods to recruit citizens to join theniform cross sections were not used. Concrete was placed in
monsoon precipitation monitoring campaign? the bottom of the bottle up to the point where the uniform cross
b. How e ective were our methods to motivate citizens teection begins. The concrete provided a level referencacirf
continue taking daily precipitation measurements? for precipitation measurements. The additional weight frame t
c. What were the types and frequencies of common citizeancrete also helped to keep the gauge upright during windy
scientist observation errors? conditions. Bottle lids were cut 0 at the point where the invdar
d. What were the average costs per observation for citize&gper begins. This lid was then inverted and placed on top of
scientists, and did this relate to citizen scientist pegioce? the gauge in an attempt to minimize evaporation losses—which
can be a major source of rain gauge errélapib et al., 2001
A simple measuring ruler of su cient length with millimeter
CONTEXT AND STUDY AREA graduations was glued vertically onto the side of the bofilee
ruler was placed with the zero mark at precisely the same level
To answer our research questions, S4W-Nepal launched as the surface of the concrete. In order to minimize varigpil
2018 monsoon precipitation monitoring campaign; 154 citizerand possible introduction of errors, all gauges used in this
scientists generated 6,656 precipitation measurementsg usiinvestigation were constructed by S4W-Nepal. Each S4W gauge
low-cost €1 USD) S4W gauges constructed from repurposedosts<1 USD in terms of materials and takes roughly 15min
soda bottles, concrete, and rulers. Measurements werededor to make (assuming a minimum of 10 gauges are constructed at
with smartphones using an Android-based application called time).
Open Data Kit (ODK) Collect, and included GPS-generated The S4W gauge design is similar to whéaendriks (2010)
coordinates, observation date and time, photographs, aizkcit proposed as a low-budget rain gauge, except that the addition of
scientist reported readings. Measurements were primarily @ tha solid base and measuring scale enabled direct measurefent
Kathmandu Valley and Kaski District of Nepdtigure 1). precipitation depths, thus eliminating the need to measureawat
Precipitation in Nepal is highly heterogeneous, both spatiall volumes. Similar low-cost funnel-type gauges have also bessh u
and temporally. Spatial variability of precipitation in Nepal extensively in rainfall partitioning studies(ndberg et al., 1997;
is driven by (1) strong convection and (2) orographic e ectsThimonier, 1998; Marin etal., 2000; Llorens and Doming@ 20

2. Citizen scientist involvement
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FIGURE 1 | Locations of 2018 Monsoon (May to September) precipitatiomeasurements with the number of measurements shown in pareheses for (A) Nepal, with
enlarged views of(B) the Kaski District, including the Pokhara Valley, an¢C) the Kathmandu Valley. Topography shown from a Shuttle Radafelemetry Mission
(SRTM) 90-m digital elevation model (DEMFRTM, 2000).

O 4 2 1034PM

-
4\ epa g %
- SAW Galges ORI [Jswinea 8

Deployéa on | B s Enter precipitation in millimeters
: (e.g. 97):

FIGURE 2 | (A) Repurposed plastic bottle after placement of concrete, ra@r, and inverted lid.(B) S4W Gauges installed on the roof of the S4W-Nepal of ce in
Thasikhel, Lalitpur, Nepal. After selecting the parameteo measure, the citizen scientist{C) entered their observation of precipitation (mm) angD) took a picture of
the water level in the S4W rain gauge before emptying it. Eaaecord was reviewed by S4W-Nepal staff to ensure that the nueric entry from the citizen scientist
(C) matched the photographic record of the observation(D). Any observed discrepancies were corrected, and records oédits were maintained.

Precipitation measurements were performed by citizer2. An inverted lid without a cap (i.e., Capl; sEegaporation
scientists using an Android smartphone application errorg was used to minimize evaporation losses.
called Open Data Kit Collect (ODK CollectAnokwa 3. Measurements were performed as often as daily but
et al.,, 200R Video tutorials of how to install and use  sometimes less frequently.
ODK and perform S4W precipitation measurements are4. Gauges were removed from their stands and placed on a
available on S4W's YouTube channel (https:/bit.ly/2Rdtadx level surface.
Nepali language only). Citizen scientists collected th&. Precipitation readings were taken as the height of the lowe
precipitation data presented in this paper by performing meniscus of the water level within the bottle with the gauge
the following steps: placed on a level surface.
A numeric reading of precipitation level was entered into
: ODK in millimeters (mm;Figure 20).
sky (e.g.Figure 28). 7. ODK was used to record a photograph of the water level
a. Gauge heights above ground surface ranged from 1 meter with the smartphone camera level to the water surface
(m) in rural areas to over 20 m (on rooftops) in densely (Figure 2D). ODK was also used to record date, time, and
populated urban areas. GPS coordinates.

1. S4W gauges were installed in locations with open viewseof tk?'
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8. Water was quickly dumped from the gauge to ensur&athmandu Valley. Our initial results showed that evaparati
that all ponded water above the concrete surfacéosses were not noticeably di erent between the 10 and 30 mm
was removed but moisture within the concrete depths, so we used 30 mm depths for the remainder of the tests.
was retained. During each 24 h period, all nine gauges were set on the roof

9. The measurement was saved locally to smartphone memooy the S4W-Nepal o ce in Thasikhel, Lalitpur (https://goo.gl/
and sent to the S4W-Nepal ODK Aggregate server running omaps/oq81TwPAZnKk) in a place with full exposure to the sun
Google App Engine. and wind. If precipitation occurred during the 24 h period, the

experiment was canceled and restarted the following day. We

used an EK1051 [Camry] electronic weighing scale (accuracy
1g 0.08 mm) to determine evaporation losses by measuring
the mass of the gauges before and after each successfuidi.e.
precipitation) 24 h period.

(a) ODK was designed to work o ine (i.e., without cellular
connection) and can be con gured to automatically or
manually send data after the connection is restored.

Error Analysis
The World Meteorological Organization WMO, 2009

identi ed the following primary error sources for precipitain As previously described, SAW gauges have a concrete base.

measurementso 4(§st|mateq migrilgg/des n q p2arig(t)/heie§i's a semi-porous media, concrete requires a certain amount
evaporation (0-4%), wetting (1-15%), wind (2-10% foly¢ iy e prior to saturation and subsequent ponding or

. A oo .
rain), splashing in or out of the gauge (1-2%), and randon}:u:cumulaﬂon of water above the concrete surface. The amoun

observaﬂonallll and mstrgmené errors._\x'LheOrstz(t)%reeBsomaﬁ of water absorbed prior to ponding is a function of the concrete
errors are all systematic and negath/NIO, 9. Because mixture (e.g., type and ratio of materials, etc.), the voluofie

of the SAW gauge design, we separated wetting into Concreégncrete, and the initial moisture content of the concrefbe

soaking_and condensation on the cl_ear plastic WaIIs.TheII'gguI depth of precipitation read from S4W gauges represents only
categories Ofk.S4W39au9% errors mcluc(ijedéi (1)heva80:r_it|c)n, (%recipitation that accumulates above the concrete surfaog. A
concrete soaking, (3) condensation, and (4) other. Unlike 8omy o cinitation that soaks into the concrete itself was not ideld

observation errors, which can be identi ed and correcteonfr in gauge readings. Therefore, concrete soaking represemted
photographs, gauge related errors must be understood and,g stematic negative error

possible, systematically corrected. The following sestaavide To evaluate soaking, we used an EK1051 [Camry] electronic

additional details regarding the rst three sources of gaegors eighing scale to measure the mass of the nine gauges used in
_reIated to the_ SAW gauge being lOW'CO.St. and non-standar\g{le evaporation tests in both dry and saturated conditions. F
n nature. Wh”e all gauge errors were originally measured b}t'he rst set of measurements, the concrete had cured andddrie
g' erﬁnces mfmass, al errors \I/ver(; cc:gvgrted todanhequnlﬁler}or 30 days and no additional water beyond the amount inlijial

ept (mm) for comparison. It shou N n.ote that O,t €M heeded for making the concrete mixture had been introduced
rainfall gauge related errors, such as errors in constonctf to the gauge. To saturate the concrete,00 mm of water was
the gauge, errors related to placement of the gauge (€.Qug 93, yjeq 1o the gauge and left for a period of 24 h. Subsequent

installed too c.lose to a building or below vegetathn), aioes soaking measurements were performed after drying the gauges
related to maintenance of the gauge (e.g., clogging) wete nt sunlight for periods ranging between one and 3 days.
analyzed but are described in more detail below.

Concrete soaking errors

Condensation errors

Evaporation errors For S4W gauges with Capl and Cap2 covers, condensation
For manually read gauges, evaporation errors occur wheaccumulated on the clear plastics sides of the rain gaugauBec
precipitation evaporates from the rain gauge prior to takingwe used weight as a measurement to quantify evaporation
a reading. Gauge design, weather, and the duration betwedwsses, condensation was not included as a loss; only weger t
precipitation events and gauge readings all impact the madaitu fully exited the rain gauge was considered an evaporation loss.
of the evaporation errors. To assess evaporation errors \df S4However, water that evaporates and subsequently condenses on
gauges, we performed evaporation tests between June 5th ahé gauge walls causes a lowering of the ponded water level,
August 23rd, 2018. We evaluated the impact of the followingr the amount of moisture within the concrete if no ponded
three rain gauge cover con gurations on evaporation losgs: water is present. Therefore, condensation constitutes arsygic
Open (i.e., no lid), (b) Capl (i.e., lid without cap), and (c)negative error in S4W gauge readings.
Cap?2 (i.e., lid with cap and 7 mm holEjgure 3). We randomly To evaluate condensation, we lled the same nine gauges with
selected three gauges for each of these cover con gurdio@s roughly 5 mm of water and covered them with a Cap2 cover. The
total of nine gauges. With these nine gauges, we performedrle gauges were placed in the sun fo h to allow condensation to
sets of 24 h evaporation measurements yielding a total of 9®velop. Condensation was removed from gauges by wiping the
evaporation observations (i.e., 33 for each cover con gant inside of each gauge completely dry with a paper towel, ensuring

We performed an initial investigation to see if the depththat any remaining ponded water at the bottom was avoided. We
of water in the gauge had a noticeable impact on evaporatiodetermined condensation with an EHA501 [Camry] electronic
losses. We investigated two water depths (i.e., 10 and 30 mmjighing scale (accuracyd.1g  0.008 mm) by measuring the
that corresponded to commonly observed rainfall events & thmass di erence between each saturated and dry paper towel.
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FIGURE 3 | Three different rain gauge cover con gurations for evaporan measurements. Open(A) is completely open to the atmosphere. Cap1(B) has the original
top of the bottle inverted and placed back on top of the gauge Cap2 (C) has the same cover but also includes the original soda bottleap with a 7 mm punched or
drilled hole in the center to allow precipitation to enter i gauge. The resulting areas open to evaporation were roughi7,850, 530, and 40 mm? for Open, Cap1, and
Cap2 covers, respectively. The diameters of the cover and thlower portion of the gauge are the same, but the thickness athe plastic material causes a tight
connection between the cover and the gauge.

Other errors not included in this analysis Rain Gauge (Onset), a manually read Community Collaboeativ
Dierences in gauge installation can impact precipitation Rain, Hail, and Snow Network standard gauge (CoCoRaHS),
measurements. For example, gauge height can inuencand a manually read standard 203 mm (8-inch) diameter Nepali
systematically negative wind-induced erroi&iig et al., 1998 Department of Hydrology and Meteorology gauge (DHM;
or cause splash into the gauge. Wind-induced errors averagémilar to US National Weather Service 203 mm (8-inch) gauges
between 2 and 10% and increase with decreasing rainfall rafEhe Onset gauge measured the date and time of every 0.2 mm of
increasing wind speed, and smaller drop size distributionprecipitation from June 3rd to November 23rd, 2017.

(NeSpor and Sevruk, 199%auges that are not installed level will  We used DHM gauge measurements as the reference or actual
also cause an undercatch. The suitability of all gaugellastan  precipitation. Because Onset data were not available foritiese
locations used in this paper were evaluated by S4W-Nepal stgear period (i.e., May 1st, 2017 to April 30th), cumulativeoesr

by reviewing pictures of each gauge installation. Any issudser the Onset gauge are not presented. Only fully overlapping
identi ed from pictures were communicated directly to ciéim  data sets between DHM and Onset are used. Based on DHM
scientists via personal communication (SMS, phone call, er sitmeasurements, we grouped the data into three precipitation
visit) and corrective actions were taken. However, inatalh  event sizes (i.e., 0-5, 0-25, and 0-100 mm).

errors are not the focus of this work and the data collecteditte

were insu cient to characterize these errors; thereforeuge Recruiting and Motivating

installation errors were not analyzed. Citizen Scientists

Gauge construction quality can also introduce errors.16fe  Gitizen science projects rely on citizens. As such, the sscce
studies use gauges constructed by citizen scientists #1eess of any citizen science project relies at least partly on ssédes
(not the case in this study), the errors related to di eren@es jtizen recruitment and engagement e orts. We decided to focu
construction quality should be considered. monitoring on a 5-month period from May through the end

Other possible maintenance or observation errors that may September in 2018. Even though the monsoon usually does
impact citizen scientists' measurements include: cloggiig ot start until the middle of Juneleno et al., 2008 starting
gauge inlets, incomplete emptying of gauges, and takingmgadi ¢ campaign in May provided time to ramp up interest and
on unlevel surfaces. E ective training and follow-up is Ikel participation. Interested and motivated citizen scientistsrev
the key to minimizing such errors, so future work should encoyraged to continue measurements after the campaign. We
explore dierent training approaches and their e cacy for recryited citizen scientists for the monitoring campaigrtiwa

various audiences. Training approaches should also considggyiety of methods (the number of citizen scientists re@dit
scalability; for example, site visits become impractic#iefe are  \yith each method is shown in parentheses):

1,000 participants.
R1: Leveraging personal relationshipsi(D 53)—At the time

Comparison to Standard Rain Gauges of the 2018 monsoon expedition, the S4W-Nepal team was
To evaluate the accuracy of S4W gauges, a comparison withcomprised of nine young researchers (i.e., BSc, MSc, and Ph.D.
three other gauges (within 5 meters) was performed in Bhatsepa researchers or recent graduates). Our rst round of citizen
Lalitpur, Nepal from May 1st, 2017 to April 30th, 20Fdure 4). science recruiting started with our personal connectionghEa
Measurements were generally taken within 12 h of the end of of us asked our family, friends, and colleagues to consider
each precipitation event, and in the morning or evening to joining the S4W-Nepal monsoon monitoring campaign.
minimize condensation errors. The other gauges included an R2: Social media posts | D 11}—-We made posts
Onset Computer Corporation Hobo Tipping Bucket RG3-M on S4W's Facebook page (https://www.facebook.com/
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FIGURE 4 | Comparison between (A) four different gauges including(B) Onset Computer Corporation Hobo tipping bucket,(C) Community Collaborative Rain, Hail,
and Snow Network (CoCoRaHS) standard 102 mm (4-inch) diamet gauge, (D) S4W gauge, and(E) the Nepali Department of Hydrology and Meteorology (DHM)
standard 203 mm (8-inch) diameter gauge (similar to a US Nathal Weather Service 203 mm (8-inch) gauge).

SmartPhones4Water) in order to explain the monsoon community members responded positively, we would ask for
monitoring campaign and invite interested individuals torjoi references of individuals with a general interest in science
as citizen scientists. S4W-Nepal's 2018 monsoon monitoring and technology who had working Android smartphones. At
expedition titled “Count the Drops Before It Stops” included other times, we started a dialogue directly with people we
the main themes of “Join, Measure, and Change the way water thought might be interested. In either case, once an indigid

is understood and managed in Nepal” (poster included as with a working Android smartphone showed interest, we
Supplementary Materia). together installed an S4W gauge and performed initial
R3: Outreach programs at schools/collegess © 61)—In training, including taking a rst measurement together. In
order to reach larger groups of possible citizen scientists, roughly 10 cases, we provided donated Android smartphones
we organized outreach events at four secondary schools to individuals who were keenly interested in participatingt bu
and ve colleges during the spring of 2018. The outreach did not have a working smartphone.

programs typically included presentations about the globa.ll_ isuall it ¢ developed a heat f
water cycle, the Asian South Monsoon, the Kathmandu 0 visualize recruitment progress, we developed a heatmap o

Valley water crisis, the importance of measuring resourcef'¢ Number of measurements performed showing time by week
we are trying to manage, and how the S4W-Nepal project i8" the hpnzontal axis and (A) |nd|\(|du_al citizen scientists,
trying to quantitatively “tell the story” of the Valley's e (B) .recrwtr'nent method, anq (C) motivational method on the
problems to citizens and policy makers alike, with the aimvertical axis. When computing grouped averages, zeroes were
to improve understanding and management in the future used for citizen scientists who did not take measurementbén
Outreach programs generally ended with a call for volunteerd€spective weeks. We used the Mann-Whithetest (Mann and
practical training on how to measure precipitation, and the'Vhitney, 1947 for the entire 22-week period to determine if a
distribution of S4W gauges to interested individuals. In theSigni cantly di erent number of measurements were taken for
case of secondary schools, S4W gauges were provided to glepossible pairs of recruitment methods and between paid (see
schools directly, along with large pre-printed canvas graphgiotivation M7 below for details on payments) and volunteer
for plotting both daily precipitation amounts and cumulative Citizen scientists. Citizen scientist composition was del rigy
monsoon precipitation totals. four categories including: (A) volunteer or paid, (B) gend€)

R4: Random site visits if D 29)—The recruiting methods age, and (D) education. For education, citizen scientisteewe
above mainly reached people living in the core urban area@assi ed based on the highest level of education they hnei

of the Valley. However, our goal was to maximize the spatiatompleted or were currently enrolled in.

distribution of our precipitation monitoring network, so it Once a citizen scientist has been successfully recruited it
was important to include sites in the surrounding rural is critical to motivate their continued involvement. Preus
areas as well. In order to recruit citizen scientists in thesstudies have shown that appropriate and timely feedback is a
areas, we made random site visits to strategic areas lackikgy motivation factor for sustaining citizen sciendgugtaert
citizen scientists. Sometimes during these random sitiesyis et al., 2014; Sanz et al., 2014; Mason and Garbarino, 201€s Reg
we would rst talk to local community members to explain et al., 201} Essentially, there were two di erent combinations
the vision and importance of the S4W-Nepal project. Ifof motivations for the volunteersn(D 117) and paid i D 37)
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citizen scientists, respectively. Motivations M1 through MGave  M6: Certi cates of involvement—Especially for high
applied to all volunteers; whereas, M1, M2, and M7 were applied school, undergraduate, and graduate students, certisate
to paid citizen scientists. are important motivational factors because companies or
organizations looking for new hires consider participation
and employment certi cates an important part of a candidate's
resume. In order to get a certi cate, citizen scientists had
to take measurements for at least 50% of the days during
the monsoon.

M7: Payments—In some cases, especially in rural areas with
limited employment opportunities, where the need for data
was high, and the number of possible volunteers was low,
S4W-Nepal compensated citizen scientists for measurements.
For these citizen scientists, S4W-Nepal provided a small
per observation transfer to their mobile phone account.
Precipitation observations earned 25 Nepali Rupees (NPR;
roughly 0.22 USD).

M1: Personal follow-ups—At the end of each week, we
reviewed the performance of each citizen scientist and
developed plans for personal follow-ups for the subsequent
week. Follow-ups focused on citizen scientists who had
taken measurements in the last month but had not taken a
measurement in the last 5 days, or citizen scientists making
either unit or meniscus errors (see section Performance of
Citizen Scientists). Personal follow-ups included (a) SMS
messages, (b) phone calls, and (c) site visits. Roughly 20
site visits were made each week, amounting to an average
of two visits per volunteer, and ve (i.e., monthly) visits
per paid citizen scientists during the 5-month campaign.
During personal follow-ups, S4W-Nepal sta reiterated the
importance of the work the citizen scientists were doing, andVe used the number of measurements per citizen scientists as a
the di erence that their measurements were making. Anothersimple indicator of the e ectiveness of motivational e orts. o
purpose was to develop stronger personal relationships areiach group in each citizen scientist characteristic (i@unteer
develop a sense of being part of a larger community of peopler paid, gender, age, and education level), we used the Kruskal-
who are passionate about improving the way water resourcé¥allis H test Kruskal and Wallis, 1952to see if there were

are managed in Nepal. statistically signi cant di erences (alpha levBl 0.01) between

M2: Bulk SMS messagesAt the end of each week we the number of measurements taken by citizen scientists pengro
provided personalized bulk SMS messages to all citizen each category per month during the entire 5-month period.
scientists who had taken measurements during the 201Bor example, for age, we tested if more measurements per month
monsoon campaigns. The goals of the messages wemere taken by 18 compared to both 19-25 and25, and

to acknowledge the citizen scientists' contributions, toso forth.

summarize their measurements in a meaningful way, and

to reinforce that their data was making a dierence. Theparformance of Citizen Scientists

personalized message read: “Hello from S4W-Nepal! Froyging a custom Python web application, we manually reviewed
StartDateto EndDateyou have takeMumberOfMeasurements icyres from every precipitation observation to ensure that
tota!lng AmountOfPreplpnauonmm. Your data is making \4ues entered by citizen scientistEigure 20 matched

a di ergncg! https://bit.ly/2Rb15U0” Where StartDate WaSphotographic recordsHigure 2D). Any observed discrepancies
the beginning of the monsoon campaigBndDatewas the  \yere corrected, and records of edits were maintained. Tghou

date of the citizen scientists’ most recent measuremeniis process we identied three categories of citizen saenc

NumberOfMeasurementsas the number of measurements gpseryation errors: unit, meniscus, and other errors. Unioes
and AmountOfPrecipitationwas the cumulative depth of .5 ,sed an order of magnitude di erence between originateiii
presentation betweeStartDateand EndDate The link at the  gientist values and edited values due to citizen scierékisg

end_ of the message was to S4W's Facebook page. _ readings in centimeters instead of millimeters. Meniscusrsr
M3: Outreach and workshops-Because Nepalis a collectivist,yere caused by citizen scientists taking readings of capiisey
or group society, we thought it was important to gather a§ngtead of the lower portion of the meniscus, which was as much

an entire group at least once a year for a post-monsoos 3mm in some cases. Other observation errors were errors
celebration. At this celebration, preliminary results fraar .o ,seq by unknown factors.

e orts were presented and stories from the citizen scientistS e combination of edit ratio and edit distance was used to
were shared. We also did follow-up visits to schools thalieermine the type of error for each corrected record. Ediora

measured precipitation. was calculated as:

M4: Use of the data—S4W's aim is to share all of the data

we generate, but our data portal is not nished yet. We oV,

encouraged citizen scientists to continue their participatdy ERD EV, 1)
providing them with all the data generated by the monsoon

monitoring campaign. where ERis the edit ratio, OYis the original precipitation value,

M5: Lucky draws—We held a total of nine lucky draws (i.e., and EV is the edited precipitation value for record i. Unit errors
ra es) for gift hampers that included earphones, study lamp,were de ned as records with edit ratios between 8 and 12. Edit
wallet, movie ticket, and mobile balance credits. Onlyzeiti  distance was calculated as:

scientists taking regular measurements (i.e., at leastbd8e

time) were entered into the lucky draw. ED DOV, EV )
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where ED is edit distance for record i. Meniscus errors All citizen scientists used the S4W gauge, so equipment
were dened as records with edit ratiosx8 and edit costs were constant. RC was dierent for citizen scientists
distances between 0 and 3. The remaining edited recordfepending on which recruitment strategy (R1 through R4) was
(neither unit nor meniscus errors) were classi ed as unkmow applied; we assumed that only one recruitment strategy was
observation errors. ultimately responsible for each citizen scientists' partitga

On a weekly interval, we performed additional training and(recruitment methods per citizen scientist are included as
follow up (via SMS, phone, or in person) with citizen scientistsSupplementary Materia). Table 1details the assumptions used
who had made measurement errors during the previous weeko develop recruitment and motivational costs.
Performance ratio was used to evaluate individual and group Motivational costs (MCs) for volunteers (MCVol) were
performance and was calculated as: entirely xed, and were solved for using Equation 5. For paid

citizen scientists, MCs were a combination of xed (MCPaid;

TNMcst  NCMcst Equation 5) and variable costs (M7; Equation 6). MCs were

PRest D 100% ©)

TNMcst calculated with the following equation:
Where_ PRsis the _perfgrmancg ratio for one or more citizen Svic M1, C M1V C M2C M3C M4C M5C M6, if CS is Volunteer
scientists (CS) during time period (t), NCM tis the number MCcs D .
of corrected measurements, and TNWl; is the total number M1 C M1, C M1PC M2C M7cs, if CSis Paid

of measurements for the same citizen scientist(s) (CS) enel t
period (t). Performance ratio (%) ranges from 0 to 100 with 100%
being ideal.

We used the Mann-Whitney test (Mann and Whitney, M7cs D TNMcst  Rerecip (6)
1947 to evaluate if the interquartile range (IQR) of citizen
scientists (in terms of the number of measurements they Yookwhere Rrecip iS the payment rate for each precipitation
had worse performance ratios (PRs). After dividing citizenmeasurement. TNMs was limited to a maximum of one
scientists into two groups based on the number of measuresnenineasurement per day.
they took during the 5 months campaign [i.e., (1) the IQR ang (2
the remainder], we calculated the Mann-Whitneyon the PRs  RESULTS
(alpha leveD 0.01).

here the variables are de ned above, with the exception of
7cs tfor paid citizen scientists. My rwas calculated as:

S4W Rain Gauge Results
Cost per Observation Ofthe S4W gauge errors investigat@dlifle 2, initial (post-cure)
In order to evaluate the cost e ectiveness of our approach, andoncrete soaking errors(D 9) and evaporation without lids
any relationships between cost and citizen science perfocgan (Open;n D 33) were the largest, averaging 3.9mm and 3.7 mm
we performed a reconnaissance-level cost per observatioCPday !, respectively. Subsequent concrete soaking requirements
analysis. For each citizen scientist, average CPO wasataltas: (n D 99) averaged 0.8 mm, or roughly ve times smaller than the
initial soaking requirement. S4W gauge evaporation wascedu
ECcst C RCst C MCcsit @) from Open by an average of 86% (0.5mm diyand 92%
TNMcst (0.3mm day 1) for Cap1 and Cap2 con gurations, respectively.
Condensation errors were similar to Cap2 evaporation, and
where EC is equipment costs, RC is recruiting costs, MGveraged 0.31 mmm(@ 49).
is motivational costs, and TNM is the total number of Cumulative precipitation amounts for the 1 year of data
measurements for each citizen scientist (CS) and time pdtjod collected were 900, 930, and 927 mm for the S4W, CoCoRaHS,
In this case, the time period was 5 months from May throughand DHM gauges, respectively. Using DHM as the reference for
September 2018. The following general assumptions were usgt entire year of data, cumulative gauge error was9% for
for the CPO analysis: S4W and 0.3% for CoCoRaHS. Measured precipitation amounts

All costs {Table 1) are in Nepali rupees (NRP): an exchangewere linearly correlated for the three precipitation ranges the

i correlation decreased in strength as total precipitatiorrdased
rate of 114.3 NPR (November 22nd, 2018)_ per United State(]<:igure 5). Points near the horizontal axis &igure 5A (n D 9)
dollar (USD) was used for currency conversion

indicate that some small rain events D 5 for DHM less than
All costs assume an hourly labor rate of 50 NPR per hour . )
. . he 0.8 mm soaking lose;D 4 for DHM between 0.8 and 2 mm)
The full study period of 22 weeks was used for calculatmgscos% ;
unless stated otherwise were completely missed by the S4W gauge.
For S4W, the magnitude of the systematic underestimation
It is important to have a general sense of Nepal's economimicreased for smaller measurement&iglres 5A-Q. For
context to properly interpret CPO results. Nepal's per capitagrosexample, for precipitation measurements between 0 and 5mm
domestic product (GDP) in 2018 was 1,004 USD or 114,800 NPFigure 5A), the S4W gauge linear regression coe cient was
(CEIC, 201%. Assuming 2,080 working hours per year (i.e., 40 0.95 indicating that measurements were on averagéo from
work week for 52 weeks), the average hourly rate for 2018 waéise DHM gauge. In contrast, linear regression coe cients fo
0.48 USD or 55 NPR per hour. 0 to 25 and 0 to 100 mm ranges were 0.964%) and 0.98

CPQ:s; D
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TABLE 1 | Summary of the results from the evaporation, soaking, and aedensation experiments (error type), including con guratin, unit, sample size (), mean,
minimum (min), maximum (max), and standard deviation (stue

Error type Con guration Unit n Mean Min Max Stdev
Evaporation Open mm day 1 33 3.7 2.1 5.8 1.0
Capl mm day ! 33 05 0.1 1.0 0.2
Cap2 mm day ! 33 0.3 0.1 1.3 0.3
Soaking Initial (post-cure) mm 9 3.9 2.0 4.7 0.9
Subsequent mm 99 0.8 0.4 1.9 0.5
Condensation - mm 49 0.31 0.04 0.51 0.11

TABLE 2 | Number and compositions of citizen scientists taking meastements from May through September 2018.

Year-Month Active CS Paid Volunteer Female Male 18 19-25 >25 < Bachelors Bachelors > Bachelors
2018-05 121 21 100 47 74 11 87 23 21 92 8
2018-06 106 26 80 39 67 11 76 19 20 79

2018-07 96 30 66 38 58 12 63 21 21 65 10
2018-08 93 30 63 35 58 11 64 18 21 63 9
2018-09 64 20 44 26 38 10 43 11 15 43 6

Active citizen scientists (CS) took at least one measurement dugrthe respective month. 18, 19-25, and > 25 refers to the citizen scientist's age, andk Bachelors, Bachelors, and
> Bachelors refers to the highest level of education the citizen saiéist had either completed or was currently enrolled in.

( 2%), respectively. Measurements from the CoCoRaHS gaugamained relatively stable throughout the period (mé&a63%).

were strongly correlated with the measurements from thd-rom May to September, the number of volunteer citizen
DHM gauge for all ranges with small biases (linear regressioscientists decreased by 66%, whereas the number of paidcitize
coe cients between 1.00 and 1.0Ejgures 5D-H. For Onset, scientists only decreased by 5%. The most stable age group was
the magnitude of systematic overestimation increased for 18, followed by 19-25, and nally 25. In terms of education,
larger eventsHigures 5G-), from 1.07 (7%) at 0 to 5mm, and < Bachelors and> Bachelors were more stable than Bachelors,
up to 1.09 (9%) and 1.12 (12%) at O to 25 and 0 to 100 mmwhich decreased by 53%.

ranges, respectively. From May through September 2018, the average citizen
scientist took 42 measurements (ninl, maxD 148, stdD 39).

Recruiting and Motivating Citizen Sixteen citizen scientists took only one measurement. Base

Scientists Results on results from Kruskal-WallidH tests, paid citizen scientists

took signi cantly more measurements than volunteergure 7,

A heatmap of citizen scientists' precipitation measuremeets o IS
alpha leveD 0.01;p D 0.005). No other statistically signi cant

week illustrates the rate of recruitment along with the dooity : - g
of their measurementsH{gure 6A). “Citizen science heroes” can di €rences in contributions were observed.
There were statistically signi cant correlations betwdée

be seen as the persistent dark blue rows (e.g., the second row ' s
down from the top). In contrast, inconsistent citizen scistg NUmber of measurements taken and mean daily precipitation

can be seen as the rows with large variations in blue (e, f for the same dayRigure 8A' r D 0.60;r critical D 0.21; alpha
and sixth rows down from the top). Unfortunately, severalzeti  '€v€l D 0.01) and the previous dayFigure 88 r D 0.38;r
scientists took only a few measurements during their rseke Crtical D 0.21; alpha leveéd 0.01), but the strength of the same
especially toward the end of the second week (e.g., 20181®). day correlation was stronger, explaining 36% of the variance
0.05 alpha level, the average number of measurements per wddiile the previous day precipitation explained only 14%. This
was signi cantly higher for citizen scientists recruiteidsocial SU99ests that the harder it rains the more likely citizenrsses
media (R2) vs. personal relationships (Rigure 68 pD 0.018), &€ to take a measurement that same day (and the next but
recruited via outreach programs (R3) vs. personal relatigusshi €SS SO)-
(R1; Figure 6B p D 0.033), and motivated with payments vs.
volunteers Figure 6C p D 0.013). At an alpha level of 0.01, Performance of Citizen Scientists Results
the average number of measurements per week was signi cani@jitizen scientist observation errors were found for 9%(592)
higher for recruitment by random site visits (R4) vs. personabf the total measurements O 6656). Meniscus errorsi0 346)
connections (R1Figure 6B p D 0.003). No other statistically (Figure 9 light blue area) accounted for 58% of observation
signi cant di erences (alphalevé) 0.05) were observed betweenerrors. Unit errors (1 D 50) (Figure 9; light red sector) comprised
the remaining possible pairs of recruitment methods. 8% of the errors. Finally, unknown errons D 196) accounted for
The number of active citizen scientists peaked in Majythe remaining 33% of observational errors.
(n D 121) and decreased through the campaign until September Only six citizen scientists had Unit, Meniscus, and Unknown
(n D 64;Table 3. The ratio of female to male citizen scientistserrors. 41 citizen scientists had both Meniscus and Unknown
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FIGURE 5 | Comparison of precipitation data from S4W, CoCoRaHS, and Oset gauges using DHM observations as the reference (i.e., aontal axis). Per reference
DHM measurements, data was ltered into three precipitatiorevent ranges: 0-5mm [i.e. panel{A,D,G)], 0-25 mm [i.e., panels(B,E,H)], and 0-100 mm [i.e., panels
(C,EI)]. No precipitation events above 100 mm were recorded. Datalsown are from May 1st, 2017 through April 30th, 2018. The pedd of record for the Onset
gauge was June 3rd, 2017 to November 27th, 2018; only fully oerlapping data sets between Onset and DHM were used, resuitg in decreased sample sizes for
panels (G-I).

errors; 10 had both Meniscus and Unit errors; and 8 hadCost per Observation Results

Unit and Unknown errors. The largest number of errors for aFixed costs for equipment (S4W gauge) were 0.87 USD. Fixed
citizen scientist was 32, or 22% of their 143 records. Thenmeaosts for recruiting ranged from 0.66 to 5.02 USD, while for
citizen scientist performance ratio (PR) was 93Btg@re 10.  motivation they were 8.79 and 8.45 USD for volunteer and paid
Stated alternatively, on average, there were errors on 7/teof citizen scientists, respectivelyaple 4 seeTable 1 for details).
measurements from citizen scientists. There were a tot&3of Variable costs were only applicable for paid citizen scientiats, a
citizen scientists with perfect PRs (100%); 10 of these redordevere 0.22 USD per observation. Outreach programs recruited
more than the median number of measurements and 53 less (3Be largest number of citizen scientiste D 61), but were
below Q1). Citizen scientists who took a moderate number oélso the most expensive recruitment method (5.02 USD per
measurements (i.e., interquartile range (IQR) between Q4 ancitizen scientists recruited). Leveraging personal retesips
Q3; middle 50%) were signi cantly more likely to have a worsewvas the second most e ective O 53) and cheapest approach
PR than those outside of the interquartile rang&ure 1Q alpha (0.66 USD). Random site visits recruited 29 citizen scientist
levelD 0.01;p D 0.0001). whom 27 were paid, and cost roughly 2.45 USD per recruited
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FIGURE 6 | Heatmap of the number of measurements per year-week for a 22veek period from the rst week of May (i.e., 2018-18) through lhe end of September
(i.e., 2018-39). Each column of pixels represents a single @ek. Each row of pixels representgA) an individual citizen scientist( D 154), (B) averages from the four
recruitment methods [i.e., R1: Leveraging personal relatnships ( D 53); R2: Social mediaif D 11); R3: Outreach programs i D 61); R4: Random site visits

(n D 29)], or(C) motivation method group [i.e., paid § D 37) or volunteer fi D 117)]; see sections Recruiting and Motivating Citizen Samists and Recruiting and
Motivating Citizen Scientists Results for details). The tar of each pixel represents the number of measurements pesfmed each week. Light and dark blue represent
one and seven measurements, respectively; white means zenmeasurements were performed that week. For paneA) citizen scientists are sorted vertically in reverse
chronological order by the date of their rst measurement; tle rate of recruitment is shown by the slope of the left edge of igels in the heatmap—Iarger negative
slopes (i.e., 2018-18 and 2018-19) represent higher recrtment rates. When computing grouped averages for panel¢B,C), zeroes were used for citizen scientists
that did not perform measurements in the respective weeks.

citizen scientist. Only 11 citizen scientists joined themtaring  (2) maximum CPOs approached xed costs for paid citizen
campaign purely through social media, for a cost of 1.75 USD pestientists as the number of measurements approached one
recruited citizen scientist. (Figures 11C,D. Performance ratio (PR) did not appear to be
Estimated average costs per observation (CPO) for all nitizerelated with CPO[igures 11A,B.
scientists ranged from 0.07 to 14.68 USD and 0.30 to 11.99 Gauge cost had a large impact on xed costs for all citizen
USD for volunteer and paid citizen scientists, respectivelgcientists. For example, increasing gauge cost from 0.87 USD
(Figure 11). Median CPOs where 0.47 USD for both volunteer(S4W gauge) to 31.50 USD (CoCoRaHS gauge) increased median
and paid citizen scientists. Because all costs for volustaer CPOs from 0.47 to 1.57 and 1.12 USD for volunteer and
xed, the number of observations per citizen scientist hadpaid citizen scientists, respectively. Using DHM gaugeschvhi
the largest impact on CPOs. For example, volunteer citizenost 65.60 USD, increases median CPOs to 2.88 and 1.85
scientists (recruited with outreach programs) that took yonl USD for volunteer and paid citizen scientists, respectivelys Thi
one measurement had CPOs of 14.68 USy(re 11A). For  analysis was limited to 5 months, however, since the estunate
paid citizen scientists, xed costs were lower, but an adddl lifespan of all three gauges is well over 5 months (perhaps 5
variable cost of 0.22 USD (25 NPR) was added due to pgears or longer), CPOs will decrease as more measurements
observation payments. This resulted in a smaller range of §POare taken. As gauge lifespan increases, CPOs approach the
where (1) minimum CPOs approached per observation paymergum of annually recurring xed costs plus per observation
amount as the number of observations performed increased andariable costs.

Frontiers in Earth Science | www.frontiersin.org 12 March 2019 | Volume 7 | Article 46



Davids et al. Soda Bottle Science

TABLE 3 | Assumptions and the resulting costs for each recruitment ath motivational category.

CPO category Sub category Assumptions Cost (NPR) Cost (USD)

R1 Leveraging personal relationships took four staff 10 h peveek for 2 weeks, for a total 75 0.66
of 4,000 NPR. Since 53 citizen scientists were recruited wlit this method, the cost
was 75 NPR per citizen scientist recruited.

R2 For social media, an investment of 2 h per week at 50 NPR was atle. Since 11 200 1.75
citizen scientists were recruited with this method, the coswas 200 NPR per citizen
scientist recruited.

R3 Workshops and outreaches were organized at a total of fouschools and ve 574 5.02
colleges/universities. Workshops at schools and collegeshiversities were estimated
to cost 2,500 and 5,000 NPR, respectively. Since 61 CS were reruited with this
method, the cost was 574 NPR per citizen scientist recruited

R4 Random site visits were used to recruit 29 citizen sciergtis in rural areas. Assuming a 280 2.45
two-person team, working for 8 h, plus 40 km traveled per daya daily subsistence
allowance of 200 NPR/person, and recruitment of 5 citizen seintists per day, the
average cost was 280 NPR per citizen scientist recruited.

M1 There are three types of personal follow ups: SMS (M1a), pime calls (M1b), and site
visits (M1cV and M1cP)

M1 Mila For SMS, we assumed that each citizen scientist recedd eight SMS messages 80 0.70
during the monsoon, and that each message cost 10 NPR, for a t@l of 80 NPR.

M1 M1b For phone calls, we assumed that each citizen scientiseceived eight phone calls, 120 1.05
and that each call cost 15 NPR, for a total of 120 NPR.

M1 Mic Assuming a two-person team, working for 8 h, plus 40 km taveled per day, a daily

subsistence allowance of 200 NPR/person, and visits of 10 diten scientists per day,
the average cost was 140 NPR per citizen scientist site visit

M1 MicV For site visits, we assumed that each volunteer citén scientist received two site 280 245
visits, for a total of 280 NPR per volunteer citizen scientis

M1 M1cP For site visits, we assumed that each paid citizen sentist received ve site visits, for 700 6.12
a total of 700 NPR per paid citizen scientist.

M2 Bulk SMS messages were sent weekly, and cost roughly 3 NPRgr message 66 0.58
including the time to generate and load the necessary repofs), for a total of 66 NPR
per citizen scientist.

M3 Outreach workshops focused on motivating volunteer citien scientists, at an 342 2.99
estimated cost of 40,000 NPR total, or with 117 volunteer cizen scientists, 342 NPR
per volunteer.

M4 The motivation of data use was considered to have negligle cost, because of 0 0.00
existing infrastructure necessary for other purposes.

M5 Lucky draws were used as a motivation for volunteer citizescientists. A total of nine 92 0.80
lucky draws were performed, with an estimated cost of 1,200 NPR each for 117
volunteers, or 92 NPR per volunteer.

M6 Certi cates were used to motivate volunteer citizen scietists, and cost 25 NPR each. 25 0.22
M7 Payments were used to motivate paid citizen scientists, r@d cost 25 NPR per 25 0.22
observation.

See section Recruiting and Motivating Citizen Scientists for more deted descriptions of each category.

DISCUSSION scientists should be encouraged to take measurements edyjui

. . . as possible after precipitation events. Citizen scientists ghoul
S4r\]N Rain Gfaugde' [d)ISCéJSSIon ising f i also be speci cally guided to minimize the other errors dissed
In the context of wind induced errors arising from using (oot in section Error Analysis by: (1) keeping gauge inlets free of

using) wind shields or di erences in gauge heights, which lban clogging hazards, (2) fully emptying gauges after measurtnen
as large as 10% for precipitation gauges of the same 8pe(k  4nq (3) taking readings on level surfaces.

and Klemm, 198p the SAW gauge errors related to evaporation, ayerage S4W gauge evaporation losses with Capl
soaking, and condensation are relatively small. Neveztiselour (meanD 0.5mm day!) and Cap2 (mearD 0.3mm day?)
ndings highlight the importance of (1) using covers to minizé  compared favorably with Tretyakov gauge summer evaporation
evaporation (regardless of cap type), in addition to (2) eeeti losses reported byaltonen et al. (1993)which ranged from
training on how to properly install covers to minimize air gaps0.3 to 0.8mm day!. Interestingly, Golubev et al. (1992)
and evaporation losses. Since evaporation can be limitedevy thound evaporation losses from US National Weather Service
amount of time that ponded water is stored in the gauge, aitize 203 mm (8-inch) gauges (similar to the DHM gauge used
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FIGURE 7 | Grouped box plots showing the medians and distributions oftie number of citizen scientist precipitation observationper month. Box plot groups are
shown for four different categoriesiA) volunteer or paid;(B) gender, (C) age, and (D) education. For education, citizen scientists were classi & into the highest
education level that they had either completed or were curmly enrolled in. An asterisk (*) in the subplot title indites statistically signi cant differences (alpha
levelD 0.01) between the number of measurements performed by each up within that category during the entire 5-month period.

FIGURE 8 | Scatter plot of the number of measurements per day as a funatin of mean daily precipitation for thg(/A) same day and(B) previous day. Mean daily
precipitation was taken as the average of all citizen scieists' measurements. There were statistically signi cant coelations (Pearson'sr) for the (A) same day
(r D 0.60; r critical D 0.21; alpha levelD 0.01) and the previous day (D 0.38; r critical D 0.21; alpha levelD 0.01).

in this investigation) to be “negligible” (e.g., 0.2mm d&y and relative humidity Sevruk and Klemm, 1939it is also
While variability in evaporation can be partially explainedpossible that small di erences in cover installation could also
by dierences in solar radiation, wind speed, temperatureexplain part of the observed variability in evaporation losses
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FIGURE 9 | Scatter plot of corrected records 6 D 592) with original (i.e., raw) precipitation entries on thieorizontal axis and edited (i.e., after quality control) W@#es on
the vertical axis. Data is shown for three different scalegA) 0—10 mm, (B) 0-50 mm, and (C) 0-200 mm. Meniscus error rangetf D 346) is shown as light blue area,
while Unit error range 1f D 50) is shown as light red sector. Points outside of the lightlloe and light red areas are unknown errorsn(D 196).

FIGURE 10 | Summary of (A) the number of measurements collected from May through Septaber with volunteer and paid citizen scientists distingutsed and
(B) the corresponding error composition for all 154 citizen seintists. Citizen scientists sorted in descending order bytteir total number of measurements.
Performance ratio (PR) becomes less informative as the tdtaumber of measurements for each citizen scientist decreas, especially at or below two.

For example, if a cover is installed at an angle, or not rmlythe need for corrections, alternative lower-porosity magksifor
pressed down, a small opening between the lid and the insidding the bottom of S4W gauges should be investigated.
of the gauge can remain. These small openings could account Citizen scientists should be encouraged to take measuremen
for some of the high evaporation rates observed with Capat a consistent time in the morning (e.g., 07:00 REges et al.,
(maxD 1.0mm day 1) and Cap2 (mavD 1.3mm day ) cover 2016 to minimize condensation errors and to simplify data
con gurations (Table 2. processing. S4W gauge condensation averaged 0.31 mm, which
S4W gauges should be manually saturated prior to dates 61% of observed average daily Capl evaporation rates (0.5 mm
collection to avoid the rst roughly 3.9mm of rain going to day 1) and 39% of concrete saturation requirements (0.8 mm).
concrete saturationTable 2. While subsequent saturation took While percentage-wise, condensation errors were smalken th
only 0.8 mm, if not corrected for, this could introduce sysgic  evaporation and concrete saturation, taking measuremarttssi
negative bias into S4W gauge measurements. In order to eedumorning (or evening) when condensation accumulations are |
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TABLE 4 | Summary of xed and variable costs for equipment, recruitmef) and motivation per citizen scientist, including the numer of applicable citizen scientists.

Cost type Description Number of citizen Per citizen scientist Per observation
scientists xed costs (USD) variable costs (USD)

Equipment S4W Gauge 154 0.87 -
Recruitment R1: Personal relationships 53 0.66 -

R2: Social media 11 1.75 -

R3: Outreach programs 61 5.02 -

R4: Random site visits 29 2.45 -
Motivation MCVol: Volunteer motivations 117 8.79 -

MCPaid: Paid motivations 37 8.45 0.22

FIGURE 11 | Scatter plots of performance ratio (PR) as a function of avage cost per observation for costs from(A) 0-16 USD and(B) 0-2 USD ranges, respectively.
Each point represents the performance ratio and average cdger observation for a single citizen scientist. Histogrambelow show the total number of citizen
scientists in each cost bin for(C) 0-16 USD and(D) 0-2 USD ranges, respectively.

can reduce these errors. A correction for condensationrerro It is important to note that gauge errors, or systematic
could be added if the time of a measurement is during peakneasurement dierences, arising from dierences in gauge
daylight hours. installations were not evaluated. While standardizing ggau
While S4W gauge error was relatively small 2(9%) installation criteria like gauge height could help to minimi
compared to the DHM standard, it is still possible to applythese di erences, it may not be practical to apply such standards
corrections for the systematic S4W gauge errors. We suggsst to citizen science projects in urban areas. For example, in the
corrections could be based on either an (1) error correcfamtor  densely populated mid-rise core urban areas of Kathmandu,
(ECF) or (2) evaporation (EVAP). The ECF uses cumulativénstalling precipitation gauges at 1 m would only be possible in
precipitation values for S4W and DHM gauges to developarge courtyards. In these cases, it is likely more practeadi (
a constant correction, which is our case was 1.03. Aftesiccurate) to install rain gauges on roof tops.
adjusting S4W gauge records with the ECF approach, corrected S4W gauge evaluation results should be considered the likely
cumulative S4W precipitation matched the DHM total of errors for “ideal” citizen scientists. Other possible errdvattmay
927 mm. Alternatively, the EVAP approach is based on averagepact citizen scientists' measurements include: (1) clogygif
daily evaporation (i.e., 0.5 mm) with soaking requiremenits.( gauge inlets, (2) incomplete emptying of gauges, (3) improper
0.8 mm) as an upper limit. After applying the EVAP approach,gauge installation, and (4) taking readings on unlevel aes.
corrected cumulative S4W precipitation was 943 mm, or roughlBecause we performed gauge intercomparison measurements
1.8% higher than DHM. Additional details regarding both of ourselves with focused attention on avoiding these issihey,
these approaches are includedsagpplementary Material are not re ected in our results. Future work should consider
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the impacts of these potential error sources on citizen sisent low scienti c literacy levels. In such areas, payments mathbe
measurements. Since itis likely that e ective training aoliiwv-  most e ective near-term incentive.
up is the key to minimizing such errors, future work should  Survey results from CoCoRaHS volunteers have shown that
also explore the e ectiveness of di erent training approaches ora signi cant motivational factor is the knowledge that thatd
di erent audiences. they are providing is usefulReges et al., 20)L.6Therefore, a
key component of any citizen science project should be “closing
. . . . the loop” back to citizen scientists by clearly communicating
Recruiting and Motivating Citizen the usefulness of their data, along with easy to understand
Scientists Discussion examples. Our experience has shown that the diculty of
Our results showed that citizen scientists recruited viad@m  “closing the loop” increases as the citizen scientists' saen
site visits (R4; alph® 0.01), social media (R2; alplta 0.05), literacy decreases. Therefore, in places like rural Nepdl, wit
and outreach programs (R3; alph® 0.05) on average on average, relatively low scientic literacy rates, addial
took signi cantly more measurements than those recruitede orts must be made to properly contextualize and connect
from personal connections (R1). Since all but two citizerabstract concepts like data collection and fact-based decisi
scientists recruited from random site visits were also paidmaking to the daily lives of community members. Payments
it is not clear if the greater number of measurementsmight also be an important intermediate solution to motivate
was due to the recruitment method or payment, or ainvolvement while generational improvements in scientic
combination of the two. Citizen scientists who were recedit literacy are realized.
via social media had to take several self-initiated steps to Finally, even though we speci cally reinforced the value of
move from (1) initially seeing something about S4W-Nepalmeasuring zeros during training, our results suggested tha
on social media to (2) collecting precipitation data duringthe magnitude of precipitation was an important motivator
the 2018 monsoon. In contrast, the barrier to entry forfor citizen scientists. However, there was some noise in this
other recruitment methods was lower, and was externallyelationship because for the citizen scientists who did not
initiated through interpersonal interactions. Thereforéhe take measurements, it was unknown whether this occurred
initial investment and motivation level of citizen sciest8 because (1) there was no measurable precipitation in their
who joined the monitoring campaign through social media isgauge that day, or (2) they simply did not take a measurement.
relatively higher. Regardless, this suggests that it may be dicult to motivate
A survival analysis of volunteers in CoCoRaHS, theeople to continue taking regular measurements outside the
longest running large scale citizen science-based pretgrita monsoon season, so focused monsoon monitoring campaigns are
monitoring e ort, found that retirement aged participants a good solution.
(i.e., ages 60 and above) were most likely to continue takinlg_]) o o
measurementsSheppard et al., 20).7This suggests that older Performance of Citizen Scientists
citizen scientists are most easily motivated, at least irstevn  Discussion
context. While we did not have any retirement aged particisant Our ndings reinforce the importance of including photograghi
our oldest age group>(25) actually had the largest attrition rates records so that citizen science observations can be quality
(52%). Future citizen science projects in Asia should focus ogontrolled and corrected if necessary. In our 5-month
involving older citizen scientists to test the validity bf¢ nding campaign, 9% of measurements required corrections; if not
in the context of Nepal or other Asian settings. for photographic records, these errors may have been more
Since payment appears to be an e ective motivation, futureli cult to detect, or may have gone unnoticed. It is important
work should explore how payment can be used as an e ectivey note that the feedback we provided to citizen scientists
means of recruitment. Also, recruitment of citizen scist#i about their errors during the campaign most likely led to fewer
should be expanded to focus on retirement age grouperrors than there would have been without feedback. Future
and on clear communication of the usefulness of generate@ork should explore the opportunity to automate the quality
precipitation data. control process by leveraging machine learning techniques
While we only observed statistically signi cant di erencesto automatically retrieve correct values from photographs of
in citizen science performance due to payment, roughly half ofneasurements. Meniscus errors were more di cult to identify
the bachelor's students involved in the project continuedith and correct from photographic records. Training citizen
involvement in the project (attrition rate was 53% for the 5scientists to read the lower meniscus was at times a di cak,
months campaign) without monetary motivations (no bach&lor because of the small variations in readings, often on theiood
students received payments). This suggests that students canly a few millimeters.
be motivated to participate in citizen science projects with
incentives like (1) the opportunity to use data for their resta  Cost per Observation Discussion
projects (e.g., bachelor's theses), (2) lucky draws (eeesr Median CPOs of 0.47 USD for both volunteer and paid
or giveaways), and (3) by receiving certi cates of involeatn  citizen scientists were roughly equivalent to 1h of labor at
However, these student-focused incentives often lead ta danationally averaged rates (0.48 USD per hour; see section Cost
collection in urban areas, and may not be e ective at geneeati per Observation for details). The cost per observation arglysi
datain rural areas with limited student populations and redaly  revealed well over an order of magnitude di erence between
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minimum and maximum average CPO for both volunteer andof using payment as a means of recruitment should also
paid citizen scientists; this demonstrates the sensitftCPO  be investigated.
to the number of observations. Our initial ndings suggest Finally, future e orts should explore the potential for cross-
that personal relationships and social media are the most costutting organizations to facilitate and catalyze this psxse
e ective means of recruitment. A limitation of this study is by linking young water-related researchers across a rarige o
that only two di erent groups of motivations were applied to academic institutions related to water including: natweaiences,
volunteer and paid citizen scientists, respectively. agriculture, engineering, forestry, economics, sociklagban
There was no increase in data accuracy with increases in CPlanning, etc. Desired outcomes of these links would be to
thus e orts to minimize CPO do not appear to systematically(1) encourage young researchers to focus their e orts on
lower PR. An important part of sustaining citizen science e ortsrelevant and multidisciplinary research topics and (2) emege
is funding, and all e orts to minimize CPO while maintaining academic institutions to integrate participatory monitogifinto
data quality will lead to lower funding requirements andager  their curricula and academic requirementshah and Martinez,
chances of sustainability. 2016. Ultimately, these young researchers can then become the
Since it is dicult to predict how citizen scientists will champions of engaging citizen scientists in the communities
respond to recruitment and motivational e orts, returns on where they grew up, live, research, and work.
investments (as partially quanti ed by CPO) in citizen saen
monitoring e orts are uncertain and dicult to predict.
Improved characterization of the e ectiveness of dierent CONCLUSIONS
recruitment and motivational strategies will facilitate test
understanding of the returns from citizen science-base®ur results illustrate the potential role of citizen sciencel a
precipitation monitoring investments. low-cost precipitation sensors (e.g., repurposed soda bpttles
in lling globally growing precipitation data gaps, especially
in resource constrained environments like Nepal. Regardiéss
Outlook how simple low-cost gauges may be, it is critical to perform
Using gauges constructed by citizen scientists could mitizeic  detailed error analyses in order to understand and correct,
science rainfall monitoring approaches more scalable. Hewev when possible, low-cost gauge errors. In this study, we aedlyz
if such gauges are used in future studies, the errors refated three types of S4W gauge errors: evaporation (0.5mm Hay
di erences in construction quality should be evaluated.c®in concrete soaking (3.9 mm initial and 0.8 mm subsequent), and
this study did not investigate potential gauge errors agdfiom  condensation (0.31 mm). Compared to standard DHM gauges,
(1) gauge clogging, (2) incomplete draining, (3) improper gaugS4W and CoCoRaHS cumulative gauge errors we?e9 and
installation, and (4) taking readings on unlevel surfadatjre  0.3%, respectively, and were relatively small given the madgit
work should focus on characterizing these errors. Addisiityy  of other errors (e.g., wind induced) that aect all “catch”
the e ectiveness of dierent training approaches aimed attype gauges.
minimizing such errors should be evaluated. Opportunities to In total, 154 citizen scientists participated in the project,
automate the quality control review process used in this ytudand on average performed 42 measuremems < 6,656
(i.e., manual retrieval of correct rainfall values from pbgtaphs)  total) during the 5-month campaign from May to September
should also be investigated. 2018. Citizen scientists recruited via random site visitgiad
While leveraging personal relationships was a cost-e ectivenedia, and outreach programs (listed in decreasing order)
means of citizen scientist recruitment, relying on this hmed  took signi cantly more measurements than those recruitéa v
poses challenges to scalability. Future e orts should foaus opersonal connections. Payment was the only categorizaiien (
development and re nement of more scalable approaches. Weot gender, education level, or age) that caused a statligtica
see young researchers (grade 8 through graduate school) signi cant di erence in the number of measurements per citize
potential catalysts toward expanding and sustaining citizescientist, and was therefore an e ective motivational meth&e
science-based monitoring e orts. Future work should exploredenti ed three categories of citizen science observagorors
how sustainable measurements of precipitation (and othefn D 592; 9% of total measurements): umtl) 50; 8% of errors),
parameters) can be achieved by linking standard measurememteniscusii D 346; 58% of errors), and unknown D 196; 33%
goals and methods developed by professional scientists witf errors). Our results illustrate that simple smartphonedzhs
(1) young researchers, (2) citizen science at the communityetadata like GPS-generated coordinates, date and tinge, an
level, and (3) a common technology platform including lownsto photographs are essential for citizen science projects. Btin
sensors (not necessarily electronic). Involving youngaeshers cost per observation (CPO) was highly dependent on the number
in this process has the potential benets of both improvingof measurements taken by each participant and ranged from
the quality of their education and level of practical expecen 0.07 to 14.68 USD and 0.30 to 11.99 USD for volunteer and
while simultaneously providing valuable data to support factpaid citizen scientists, respectively. Median CPOs were 0.87 US
based decision making. As previously mentioned (see sectidar both volunteer and paid citizen scientists. There was no
Recruiting and Motivating Citizen Scientists Discussiorfje t increase in data accuracy with increases in CPO, thus e orts
potential role of retired aged participants (i.e., ages 60 antb minimize CPO do not appear to systematically lower citizen
above) in Asian citizen science projects, along with the jpdigi  scientist performance.

Frontiers in Earth Science | www.frontiersin.org 18 March 2019 | Volume 7 | Article 46



Davids et al. Soda Bottle Science

DATA AVAILABILITY ACKNOWLEDGMENTS

The datasets generated and analyzed for this study can Béost importantly, we want to thank each and every citizen
found in the FigShare digital repository. All Python scriptsscientist who joined the S4W-Nepal family during our monsoon
used to analyze data and develop visualizations are indlude monitoring campaigns. This research would not be possible
the following GitLab repository: https://gitlab.com/je 58dda_  without them. We appreciate the dedicated e orts of Eliyah
bottle_science. Moktan, Anurag Gyawali, Amber Bahadur Thapa, Surabhi
Upadhyay, Pratik Shrestha, Anu Grace Rai, Sanam Tamang,
Kristina M. Davids, and the rest of the S4W-Nepal team
of young researchers. We would also like to thank Dr.
JD had the initial idea for this investigation and designeé th Ram Devi Tachamo Shah, Dr. Deep Narayan Shah, and
experiments in collaboration with MR, ND, AP, RP, and NvdG.Dr. Narendra Man Shakya for their supervision and support
Field work was performed by JD, AP, ND, and RP. JD preparedf this work. Lastly, thanks to the reviewers for their

AUTHOR CONTRIBUTIONS

the manuscript with valuable contributions from all co-aotis.

FUNDING

useful comments.

SUPPLEMENTARY MATERIAL

This work was supported by the Swedish InternationalThe Supplementary Material for this article can be found

Development Agency (SIDA) under grant number 2016-0580bnline at:

and by SmartPhones4Water (S4W).

REFERENCES

Aaltonen, A., Elomaa, E., Tuominen, A., and Valkovuori, P.

(1993).

https://www.frontiersin.org/articles/10.3B&art.
2019.00046/full#supplementary-material

lllingworth, S. M., Muller, C. L., Graves, R., and Chapman, L. (20UK.
citizen rainfall network: a pilot studyWeather69, 203—207. doi: 10.1002/wea.
2244

“Precipitation measurement and quality control, v2; iRroceedings of Kidd, C., Becker, A., Hu man, G. J., Muller, C. L., Joe, P., Skaftedackson, G.,

the International Symposium on Precipitation and Evapomna{Bratislava:
Slovak Hydrometeorological Inst. and Swiss Federal Institute ciiff@ogy).

Anokwa, Y., Hartung, C., and Brunette, W. (2009). Open sourta dallection in
the developing worldComputer42, 97—-99. doi: 10.1109/MC.2009.328

Buytaert, W., Zulka i, Z., Grainger, S., Acosta, L., Alemie, T,.Bastiaensen, J.

et al. (2014). Citizen science in hydrology and water resouoggsrtunities
for knowledge generation, ecosystem service management, atairsable
developmentFront. Earth Sci2, 1-21. doi: 10.3389/feart.2014.00026

CEIC (2019).Nepal 2018 per Capita Gross Domestic Product (GBR)lable
online at:  https://www.ceicdata.com/en/indicator/nepal/gdp-pepita
(Accessed January 29, 2019).

Cifelli, R., Doesken, N., Kennedy, P., Carey, L. D., Rutledgk,, &immestad,
C., et al. (2005). The community collaborative rain, hail, and snotwoek—
informal education for scientists and citizensm. Meteorol. So&6, 78—79.
doi: 10.1175/BAMS-86-8-1069

Davids, J. C., Rutten, M. M., Pandey, A., Devkota, N., vamQOyé D., Prajapati,
R., et al. (2018b). Citizen science ow — an assessment obmiticience
stream ow measurement methods, HydroEarth Syst. Sci. Discusks28.
doi: 10.5194/hess-2018-425

Davids, J. C., Rutten, M. M., Shah, R. D. T., Shah, D. N., Dayka, Izeboud,
P., et al. (2018a). Quantifying the connections—linkagesvéxen land-use
and water in the Kathmandu Valley, Nep&nviron. Monit. Asses&90:304.
doi: 10.1007/s10661-018-6687-2

Flohn, H. (1957). Large-scale aspects of the “summer monsoon” ith &od East
Asia.J. Meteor. Soc. Japats, 80—186.

Golubey, V. S., Groisman, P. Y., and Quayle, R. G. (1992). An ¢emlua

of the United States standard 8-in. nonrecording raingage at talkelav

etal. (2017). So, how much of the Earth's surface is covered byaaiesBull.
Am. Meteorol. So®8, 69-78. doi: 10.1175/BAMS-D-14-00283.1

Koutsouris, A. J., Chen, D., and Lyon, S. W. (2016). Comparingagjfmecipitation
data sets in eastern Africa: a case study of Kilombero Valley, Tanzan J.
Climatol 36, 2000-2014. doi: 10.1002/joc.4476

Krajewski, W. F., Ciach, G. J., and Habib, E. (2003). An arsabfssmall-scale
rainfall variability in di erent climatic regimesHydrol. Sci. J48, 151-162.
doi: 10.1623/hysj.48.2.151.44694

Kruskal, W. H., and Wallis, W. A. (1952). Use of ranks in one-criten@miance
analysisJ. Am. Stat. Asso47, 583-621. doi: 10.1080/01621459.1952.10483441

Lettenmaier, D. P., Alsdorf, D., Dozier, J., Hu man, G. J., Pan,avid Wood, E. F.
(2017). Inroads of remote sensing into hydrologic science dutiegVRR era.
Water Resour. Resl, 7309-7342. doi: 10.1002/2015WR017616

Llorens, P., and Domingo, F. (2007). Rainfall partitioning by tetien under
Mediterranean conditions . a review of studies in EurojeHydrol.37-54.
doi: 10.1016/j.jhydrol.2006.10.032

Lundberg, A., Eriksson, M., Halldin, S., Kellner, E., and Seildert1997). New
approach to the measurement of interception evaporatihnAtmos. Ocean
Technal14, 1023-1035. doi: 10.1175/1520-0426(1997)014<APBMID>2.
0.CO;2

Mann, H. B., and Whitney, D. R. (1947). On a test of whether ofdwm
random variables is stochastically larger than the othAen. Math. Stat50—-60.
doi: 10.1214/aoms/1177730491

Marin, C. T., Bouten, W., and Sevink, J. (2000). Gross rainfal #s
partitioning into throughfall , stemow and evaporation in four fose
ecosystems in northwesl. Hydrol.237, 40-57. doi: 10.1016/S0022-1694(00)
00301-2

polygon, Russial. Atmos. Ocean. Techn@l, 624-629. doi: 10.1175/1520- Mason, C. E., and Garbarino, J. (2016). The power of engagitigerci

0426(1992)009<0624:AEOTUS>2.0.CO;2

Habib, E., Krajewski, W. F., and Kruger, A. (2001). Sampling errdrs o

tipping-bucket rain gauge measurementd. Hydrol Eng. 6, 159-166.
doi: 10.1061/(ASCE)1084-0699(2001)6:2(159)

Hendriks, M. R. (2010)ntroduction to Physical Hydrologydew York, NY: Oxford
University Press.

Hut, R. (2013). New Observational Tools and Datasources
Hydrology [dissertation]. [Delft (NL)]: Delft University of Teclufogy.
doi: 10.4233/uuid:48d09fb4-4aba-4161-852d-adf0be3s22

scientists for scientic progressJ. Microbiol. Biol.
doi: 10.1128/jmbe.v17i1.1052

McKinley, D. C., Miller-Rushing, A. J., Ballard, H. L., Bonney, Roy#, H., Cook-
Patton, S. C., et al. (2017). Citizen science can improve caatgamscience,
natural resource management, and environmental protectiol. Conserv.

208, 15-28. doi: 10.1016/j.biocon.2016.05.015

Educ.17, 7-12.

foNayava, J. L. (1974). Heavy monsoon rainfall in Nepéeather29, 443-450.

doi: 10.1002/.1477-8696.1974.tb03299.x
Nayava, J. L. (1980). Rainfall in Negdimal. Rev. Nepal Geogr. Sb2, 1-18.

Frontiers in Earth Science | www.frontiersin.org 19

March 2019 | Volume 7 | Article 46



Davids et al.

Soda Bottle Science

NesSpor, V., and Sevruk, B. (1999). Estimation of wind-inducedreof rainfall
gauge measurements using a numerical simulatiotmos. Ocean. Technol
16, 450—-464. doi: 10.1175/1520-0426(1999)016<0450:EQ%2.0.CO;2

Pokharel, A. K., and Hallett, J. (2015). Distribution of rainfalteinsity during
the summer monsoon season over Kathmandu, Nepadather70, 257-261.
doi: 10.1002/wea.2544

Pokharel, B., Marahatta, S., Giri, B., and Stahl, P. (2@®RAM-Nepal Website
Available online at: http://coramnepal.org/about-coram/

Reges, H. W., Doesken, N., Turner, J., Newman, N., Bergantinoanid
Schwalbe, Z. (2016). CoCoRaHS: the evolution and accomplishménts
a volunteer rain gauge networlBull. Am. Meteorol. So®7, 1831-1846.
doi: 10.1175/BAMS-D-14-00213.1

Sanz, F. S., Holocher-Ertl, T., Kieslinger, B., Garcia, F. SSiarad C. G. (2014).
White Paper on Citizen Science in Eurofeailable online at: http://www.
socientize.eu/sites/default/ les/white-paper_0.pdf

Sevruk, B., and Klemm, S. (1989nstruments and observing methods

(Report No. 39)-catalogue of national standard precipitajugesGeneva,
Switzerland. Available online at: http://www.wmo.int/pages/progiwWlMOP/
publications/IOM-39.pdf

Shah, H. R., and Martinez, L. R. (2016). Current approaches in implengenti
citizen science in the classroond. Microbiol. Biol. Educl?7, 17-22.
doi: 10.1128/jmbe.v17i1.1032

Sheppard, S. A., Turner, J., Thebault-Spieker, J., Zhu, H., anédm®ri. (2017).
Never too old, cold or dry to watch the skijroc. ACM Hum. Comput. Interact
1, 1-21. doi: 10.1145/3134729

Shrestha, M. L. (2000). Interannual variation of summer monsoonfagi over
Nepal and its relation to southern oscillation indéweteorol. Atmos. Phyg5,
21-28. doi: 10.1007/s007030070012

SRTM (2000).Shuttle Radar Topography Missiofvailable online at: https:/
earthexplorer.usgs.gov/ (Accessed September 14, 2016).

Sun, Q., Miao, C., Duan, Q., Ashouri, H., Sorooshian, S., and Ksu. (2018).
A review of global precipitation data sets: data sources, estma#and
intercomparisonsRev. Geophys6, 79-107. doi: 10.1002/2017RG000574

Tauro, F., Selker, J., Van De Giesen, N., Abrate, T., UijlenhoeRd® ri, M.,
et al. (2018). Measurements and observations in the XXI centu@XMl):
innovation and multi-disciplinarity to sense the hydrological keyélydrol. Sci.
J.63, 169-196. doi: 10.1080/02626667.2017.1420191

Thapa, B. R., Ishidaira, H., Pandey, V. P., and Shakya, N. M7J2Rulti-model
approach for analyzing water balance dynamics in Kathmandu VallgyalNe
Hydrol. Reg. Stu®, 149-162. doi: 10.1016/j.ejrh.2016.12.080

Thimonier, A. (1998). Measurement of atmospheric deposition unfigest
canopies: Some recommendations for equipment and sampling design.
Environ. Monit. Assess2, 353-387. doi: 10.1023/A:1005853429853

Turner, A. G., and Annamalai, H. (2012). Climate change and thelSéstan
summer monsoonNat. Clim. Chang2, 587-595. doi: 10.1038/nclimate1495

Ueno, K., Toyotsu, K., Bertolani, L., and Tartari, G. (2008). Siepwnset of

o0 monsoon weather observed in the Nepal Himalay®n. Weather Rev136,
2507-2522. doi: 10.1175/2007MWR2298.1

Villarini, G., Mandapaka, P. V., Krajewski, W. F., and Moore, R20J08). Rainfall
and sampling uncertainties: a rain gauge perspecfiv&eophys. Res. Atmos
113, 1-12. doi: 10.1029/2007JD009214

Volkmann, T. H. M., Lyon, S. W., Gupta, H. V., and Troch, P. A. (2010).
Multicriteria design of rain gauge networks for ash ood predictioin
semiarid catchments with complex terraiWater Resour. Reg6, 1-16.
doi: 10.1029/2010WR009145

WMO (2008).Guide to Meteorological Instruments and Methods of Oligmtva
WMO-No. 8. Geneva, Switzerland: World Meteorological Organarati
Available online at: https://library.wmo.int/pmb_ged/wmo_8_en-2@Hf

Yang, D., Goodison, B. E., Metcalfe, J. R., Golubev, V. Ss,BatePangburn, T.,
et al. (1998). Accuracy of NWS®Btandard nonrecording precipitation gauge:
Results and application of WMO intercomparisah. Atmos. Ocean. Technol
15, 54-68. doi: 10.1175/1520-0426(1998)015<0054: AONSOIEO;2

Coniict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or nancial relatidps that could
be construed as a potential con ict of interest.

Copyright © 2019 Davids, Devkota, Pandey, Prajapati, ErtiseiRltyon, Bogaard
and van de Giesen. This is an open-access article diglribotier the terms
of the Creative Commons Attribution License (CC BY). Thedisteibution or

reproduction in other forums is permitted, provided themalguthor(s) and the
copyright owner(s) are credited and that the original paifidic in this journal

is cited, in accordance with accepted academic practicaséyalistribution or
reproduction is permitted which does not comply with tieesest

Frontiers in Earth Science | www.frontiersin.org 20

March 2019 | Volume 7 | Article 46



