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Abstract The GLOBE Program's GLOBE Observer application is a free citizen science mobile data
collection and visualization tool compatible with iOS and Android operating systems. Citizen scientists
armed with the app can report the mosquito larval habitats they identify using the GLOBE Mosquito
Habitat Mapper tool. This data can complement the climate, weather, and land cover data obtained
from satellite measurements by scientists who develop risk models for mosquito-borne diseases. Public
participation in mosquito surveillance research provides the opportunity to obtain the volume, velocity
and variety of data needed to fight the threat of vector-borne diseases, especially in under-resourced
communities with minimal to no municipal surveillance and mitigation services. GLOBE Mosquito
Habitat Mappers document and describe potential and active mosquito larval habitats in and around
their homes and communities. An easy-to-use pictorial interface enables users to geolocate and describe
oviposition sites encountered, count and identify mosquito larvae, and when appropriate, eliminate the
larval habitats. During Mosquito Habitat Mapper's first 3 years of use, over 24,000 data observations
have been reported throughout the world. This technical report summarizes GLOBE Mosquito Habitat
Mapper data reported by GLOBE citizen scientists from three regions: Africa, Asia and the Pacific Islands,
and Latin America and the Caribbean. Localized mosquito larvae distribution patterns were examined
by comparing data collected in three cities in Senegal–Dakar, Touba, and Thilmakha. The Senegal data
show habitat and genera differences among mosquitoes identified by citizen scientists in the cities and
illustrates the potential of the app for community-based surveillance and research.
Plain Language Summary

The GLOBE Program's GLOBE Observer application is a free
citizen science mobile data collection and visualization tool compatible with iOS and Android operating
systems. Citizen scientists using the app can report mosquito larval habitats they identify using the
GLOBE Mosquito Habitat Mapper tool. These data can complement the climate, weather, and land cover
data obtained from satellite measurements by scientists who develop risk models for mosquito borne
diseases. Besides supporting scientific research, GLOBE Mosquito Habitat Mappers contribute concretely
to the health of their community by locating and reporting the locations of standing water where adult
mosquitos can lay their eggs. When the larval habitat is found in a container, such as a cistern or old tire,
citizen scientists use the app to indicate if they have removed, dumped, or covered the standing water so
the young mosquitoes can't mature into biting adults. This technical paper describes the data reported by
citizen scientists during the first three years since the release of the GLOBE Mosquito Habitat Mapper in
Africa, Asia and the Pacific Islands, and Latin America and the Caribbean, as well as a closer examination
of data in three cities in Senegal, West Africa.

1. Introduction
Citizen science is a form of public participation in scientific research where volunteer members of the
public and research scientists collaborate to address real world problems (Bonney et al., 2009, 2014; Shirk
et al., 2012). In the last decade, participatory research projects have grown in popularity with the public,
with millions of people volunteering on projects every year (Bowser et al., 2020; Callaghan et al., 2019).
Increasingly, scientists are using citizen science data in their research that spans biological conservation to
mapping galaxies (McKinley et al., 2017; Shanley, 2020). Recently, the value of the volume, velocity, and
variety of data created by non-specialist volunteers using personal mobile devices has also attracted the
attention of public health researchers (Katapally, 2020; Wang et al., 2019). When it comes to pandemics,
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whether COVID-19 or mosquito-vector borne disease, Katapally suggests that the tool we need to obtain
critical data and to reinforce health-fostering behaviors is “perhaps right in our pockets.”
In this paper we describe the data reported by citizen scientists using the GLOBE Mosquito Habitat Mapper
tool in Africa, Asia and the Pacific Islands, and Latin America and the Caribbean during the first three
years since its release on the GLOBE Observer mobile app. After describing the GLOBE Observer app and
the GLOBE Mosquito Habitat Mapper tool, we present the raw data obtained from citizen scientists. Next,
we describe the quality control steps employed in developing the data set used in this analysis. Finally, Mosquito Habitat Mapper data from three cities in Senegal are compared, to demonstrate the potential of high
granuality data when described at the community level.

2. Materials and Methods
2.1. GLOBE Observer Mosquito Habitat Mapper App Description
The Global Learning and Observations to Benefit the Environment (GLOBE) Program is an international
science and education program engaging students, teachers, community members and scientists in Earth
system monitoring and research (www.globe.gov). Since its inception 25 years ago, GLOBE has supported
authentic inquiry-based science in K-12 classrooms in 124 countries though a student environmental monitoring program that applies scientist-developed research protocols and data reporting procedures. In 2016,
The GLOBE Program launched the GLOBE Observer (GO) mobile application (app), expanding its mission
to include the participation of citizen scientists at large, both broadening the reach of NASA science and
increasing the spatial and temporal density of environmental observations reported to the database (Amos
& Andersen, 2019).
Citizen scientists using the GO app provide in-situ, ground reference data that can be used by scientists
to analyze and interpret digital data derived by sensors on remote platforms. Terrestrial, hydrologic and
atmospheric observations are collected and reported using four-in app protocols: Clouds, Land Cover, Tree
Height, and Mosquito Habitat Mapper. In the field, coincident observations using two or more protocols are
encouraged because this provides citizen scientists with an opportunity to observe and document firsthand
some of the complex Earth system interactions that are responsible for the changes we see taking place on
our planet.
Internet connectivity is not required to make and record observations using the app: Data are stored in the
mobile device until sufficient bandwidth is available for uploading data to the GLOBE database. GLOBE
data are publicly available and accessible in a variety of ways. Data can be downloaded as KML or CSV files
using the GLOBE Visualization Tool (GLOBE Vis), the Advanced Data Analysis Tool (ADAT) or through an
Application Programming Interface (API) from the GLOBE website (https://www.globe.gov/globe-data).
Descriptions of GLOBE data visualization and access procedures, metadata descriptions, and quality assurance practices are detailed in Amos and Andersen (2019) and GLOBE (2019).
The GLOBE Mosquito Habitat Mapper tool was released in May 2017 to provide in-situ ground based observations to support scientific research using environmental data obtained from satellites. Scientists who
develop risk models for mosquito borne diseases frequently employ remotely sensed data, but the mosquito
vectors themselves obviously can't be seen from remote sensing platforms in space. Mosquitoes are arthropods whose immature forms are aquatic, and they respond sensitively to changes in environmental conditions such as precipitation, temperature and humidity. Along with weather and climate, land cover data
are frequently analyzed by scientists who conduct mosquito vector borne disease research (see systematic
review by Sallam et al., 2017). There is a pressing need for fine-grained in-situ data describing relationship
of mosquito larval habitats to the land cover classes identified in satellite products (Lorenz et al., 2020) and
thus in-situ observations of mosquito larval habitats are needed, especially in regions where variable conditions are pronounced or where change is occurring rapidly. Citizen scientists, working in conjunction with
local public health and mosquito control authorities, are situated to fill this data gap. To support community-level engagement, the GO app enables groups to establish a team, a feature that enables data from a local
mosquito surveillance group, campaign or event to be readily associated together and analyzed.
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As a built-in incentive for citizen scientists who collect data needed by the scientific community, their actions performed as part of the GLOBE Mosquito Habitat Mapper protocol simultaneously reduce the risk of
mosquito vector borne disease in and around their homes and neighborhoods. By reporting and mitigating
mosquito larval habitats, citizen scientists eliminate thousands of immature mosquitoes that otherwise
would become biting adults and potential vectors of human disease.
By design, GLOBE Mosquito Habitat Mapper citizen scientists can participate in data collection at both
casual and dedicated levels of engagement. To accommodate a citizen scientist's interest, time constraints,
access to simple equipment, and/or ability, the app is designed to allow the volunteer to terminate their
observation at each of the 4 steps in the app. This opens participation to individuals in a broad range of
ages (13+) and skill levels, from novice to expert amateur to professional scientist. The steps in the GLOBE
Mosquito Habitat Mapper protocol are described below.
Step 1: Mosquito larval habitat documentation. The first data collection step involves identifying and photo
documenting potential mosquito larval habitats on the landscape. Users are prompted to look for standing
water sources-natural or artificial-where an adult mosquito might lay her eggs. For example, users might
find discarded items such as cans, bottles or old tires, or purposeful water storage containers, such as cisterns or rain barrels that serve as oviposition sites. Natural standing water sources include ponds, puddles,
marshes and estuaries. GLOBE Observers classify the mosquito larval habitat they observe into one of 32
categories (including “other”) by making selections from images in a graphic interface. Next, they are instructed to document their observation with up to nine photos of the mosquito habitat and surrounding
area. The app prompts them to report whether mosquito larvae are visible in the standing water source. A
series of yes/no questions follow where users report whether they observe larvae, pupae, adults or eggs at
their larval habitat: Reference images are provided for reference by novice users. Once the larval site has
been documented, citizen scientists can either terminate observations or continue to the next step.
Step 2: Determine if immature mosquitoes are present in the habitat. Using a macropipette or mosquito
dipper, citizen scientists are asked to take a sample of the water and enter separate counts for larvae and
pupae observed. If no immature specimens are detected, users are instructed to enter “zero” as the larvae
and/or pupae counts. If larvae are observed, users are prompted to photograph representative specimens,
using the zoom feature of the camera in their mobile device. Interested citizen scientists are encouraged to
obtain an inexpensive (less than $10 US) 60x macrolens that can be clipped onto their mobile camera lens
to capture images of sufficient resolution to identify to genera. To support expert identification, voucher
photos of larvae are stored at their original image resolution in the GLOBE database. Users are then given
the option to terminate observations at this step or continue to specimen identification.
Step 3: Taxon identification. Users are prompted to capture a full body photo of their specimen, as well as
a close-up photo of the diagnostic features located on the terminal anal segments used for discriminating
between taxa. Once a photo is taken, close-up larva photo is displayed at the top of each step in the key for
convenient comparison with diagnostic images.
Citizen scientists employ an in-app pictorial dichotomous taxonomic key to determine whether their larva
specimen belongs to one of three medically important genera found worldwide: Aedes, Culex or Anopheles
(WHO, 2020). The app's information system collects user data at each step in the key, so that if users end
their identification task before identifying the specimen to genus, the last step attempted is recorded. This
feature provides a record of the precision of citizen scientist identifications (Lukyanenko et al., 2019). At
several points in the identification process, citizen scientists have the option of selecting “I'm not sure,” a
feature of the information system that reduces false reports and enhances data quality (Torre et al., 2019).
If citizen scientists would like to identify different genera than the three targeted ones, they can use a local
mosquito identification key and enter the genus or species into the app where they write comments.
Step 4: Source reduction. Regardless of the number of steps previously completed, all users end their observation by indicating if they were able to mitigate the mosquito larval habitat site by removing, dumping
out, or covering a water container. This action, known within the mosquito control community as source
reduction, is a is an important behavioral practice which has a measurable impact on the transmission of
dengue, malaria and other diseases (Forsyth et al., 2020; Gu et al., 2006).
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Figure 1. Geolocated GLOBE Mosquito Habitat Mapper data displayed using the GLOBE Visualization System, May 29, 2017 to May 28, 2020. All reported
data, n = 24,983. Legend: Triangles: Locations of reported mosquito larval habitats, n = 8,335. Red circles: locations with reported mosquito genera, n = 1,336.
Yellow circles: Locations where breeding sites were mitigated, n = 8,307. Not pictured: locations with accompanying photographic data, n = 6,915. Source:
GLOBE Visualization System, August 1, 2020.

Once the observation is completed, the user is prompted to make a coincident observation using the Land
Cover tool, also found on the GO app. Then the user is prompted to either upload their data to the GLOBE
database, or alternatively, store the data in the device until an internet connection is available. Each citizen
scientist is able to access a collection of their own data in app. Personally reported Land Cover observations
can also be reviewed in. app via a map interface.
In the following section, we describe the data obtained using the GLOBE Mosquito Habitat Mapper for the
three years since its release on the GO platform, from May 29, 2017 through May 28, 2020.
After describing the data as a whole, we compare three world regions and present a limited case study of
data reported by citizen scientists from Senegal.

3. GLOBE Mosquito Habitat Mapper Data
3.1. Raw Data
GLOBE Mosquito Habitat Mappers using the GLOBE Observer app are active in 73 countries and contributed more than 24K observations during the period of study, May 29, 2017 through May 28, 2020 (Figure 1).
Reported observations have increased steadily until 2020: 2,153 observations were reported in 2017, followed by 6,726 observations in 2018, 13,328 observations in 2019, totaling more than 24K observations by
May, 2020. Citizen scientists are able to decide which steps they want to complete, so not all attributes identified in the protocol are reported in each record. In this study, a complete record is defined in this study as a
data submission including mosquito habitat description, larval count, and an attempt to identify specimens
to genus. During the period of study, 5,138 complete records were uploaded by volunteers.
After downloading data using the GLOBE API, we automated data cleaning using Python scripts. The
scripts, resulting data sets and analytical procedures are available at https://geospatial.strategies.org/pages/
publication-data.
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3.2. Removal of Records With Suspect Geolocation Data
Knowing the spatial accuracy of a data set is critical to determining its fitness of use for a specific research
application (Chapman, 2005). Each record in the GLOBE database is identified by two sets of coordinates:
The geolocation obtained using the receiver on the citizen scientist's mobile device, and the site's position
within the Military Grid Reference System (MGRS). For naming and visualization purposes, GLOBE site
IDs are associated with the latitude and longitude coordinate of the lower left corner of a 100 × 100 m grid
cell aligned to the Military Grid Reference System (MGRS) (GLOBE, 2019).
We ran Python scripts to remove locations of insufficient precision: These included records with locations
identified by whole numbers, rather than decimal degrees, as well as suspect and anomalous locations
(such as in the ocean). “Measured locations” that were autopopulated by MGRS grid coordinates were
obviously not measured and were also removed from the data set. This procedure removed 5,704 (23%) of
the 24,983 records listed in the GLOBE Mosquito Habitat Mapper database, with 19,279 records remaining.
3.3. Identifying Suspected Training Events
When we imported the unfiltered GLOBE Mosquito Habitat Mapper data into ArcGIS Pro analysis software
(ESRI, 2020), we identified cases where more than one record reported the same geographic coordinates
and water sources. Visual inspection of larval photos associated with these records showed multiple cases
where several citizen scientists submitted submitting photos of the same specimen: Identified either by
the position of the larva, unique time-limited observable features (such as patterns and coloration in the
alimentary canal), or the same detritus in the suspending liquid, with similar geolocation, date, and time
provenience. Realizing that many citizen scientists learn how to use the GLOBE Mosquito Habitat Mapper
in workshops at local, regional, and national GLOBE training events, we explored methods to capture and
remove suspected duplicate data obtained during training events.
The records were first sorted using the GLOBE Site ID location. We identified records that shared the same
MGRS grid coordinates, the same day of submission, and the same water source. For this test, we sought to
identify groups of data that exceeded 10 records sharing these characteristics and subjected those groups
to visual inspection. Because we needed to manually review the photo records, we set the identification
threshold for a group at >10, so that the analysis could be completed in the time allotted. The analysis identified 2,447 records that were postulated to be duplicate data uploaded during training events.
3.4. Data Description
The following section describes the cleaned datasets obtained from citizen scientists from the GLOBE regions of Africa, Asia and the Pacific, and Latin America and the Caribbean. These data are summarized in
Table 1.
1. Water source type. In the app, the water source type is described by four broad categories of standing
water. Open water habitats include permanent or semi-permanent sources (such as a lake, pond, or swamp)
and ephemeral, impounded still water puddle next to an actively flowing river or stream (still water next
to river or stream). The other two categories of standing water include water found in artificial (manufactured) containers (such as jars, cisterns) or natural containers (such as treeholes or an empty coconut husk).
Within these categories, citizen scientists used a pictorial key in the app to select from 32 different subcategories that refine the habitat characteristics.
The reported habitats were similar across all three regions. Over 80% of the records reported artificial container larval habitats. Ranging from 9% to 11%, lake/pond/river was the second most reported category of
larval habitat. Because GLOBE Observer workshops have tended to stress the importance of identifying and
mitigating container habitats, bias in reported observations is expected, and significance is attributed to the
relative number of artificial containers versus natural water sources in sampling locations.
With respect to artificial (manufactured) containers, citizen scientists in the Latin America and Caribbean
region reported far more jars and mosquito traps (intentionally set, scientific). In the Asia and Pacific region
and Africa region, the most frequently reported larval habitats were cement, metal or plastic tanks. In the
LOW ET AL.
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Table 1
Summary Table for GLOBE Observer Mosquito Habitat Mapper Data for the Africa, Asia and Pacific, and Latin
America and Caribbean Regions, Reported by Protocol Step. Blue Column=Raw Counts. White Column=Raw Count as
Percentage of Total

Step

Variable

Africa

4. Habitat
Eliminated?

3. Genus/Species

2. Larval Count

1.Water
Source Type

Count

LA
Caribbean

Asia
Count

%

Container: artificial

3074

83.92

1722

82.79

626

84.37

Container: natural

103

2.81

102

4.90

33

4.45

88

2.40

50

2.40

19

2.56

398

10.87

206

9.90

64

8.63

89

2.43

129

6.20

150

20.22

2151

58.72

566

27.21

174

23.45

313

8.54

211

10.14

64

8.63

High (>100)

23

0.63

43

2.07

23

3.10

no response

1087

29.68

1131

54.38

331

44.61

Total

3663

100

2080

100

742

100

Aedes spp.

259

7.07

61

2.93

58

7.82

Aedes aegypti

108

2.95

26

1.25

24

3.23

11

0.30

23

1.11

8

1.08

Anopheles spp.

418

11.41

102

4.90

10

1.35

Culex spp.

292

7.97

26

1.25

157

21.16

Total ID taxa

1088

29.70

238

11.49

257

34.64

Total no response, non ID taxa

2575

70.30

1841

88.51

485

65.36

1

0.05

Still water next to river or stream
Still: lake/pond/swamp
0
Low (1-25)
Medium (26-100)

Aedes albopictus

%

Count

%

Unknown taxon
Total ID taxa +no response, non ID
taxa

3663

100

2080

100

742

100

Yes

2091

57.08

937

45.05

532

71.70

No
No response

208
1364

5.68
37.24

312
831

15.00
39.95

190
20

25.61
2.70

Total

3663

100

2080

100

742

100

Asia and Pacific region, fountain/bird bath, dish/pot, and well/cistern were next in importance, as were
dishes/pots and used tires in the African Region.
2. Larvae count categories. Actual larval counts for each sampling location are reported by citizen scientists. We summarized the counts into three categories: low (1–25), medium (26–100) and high (over 100). Of
those mosquito larval habitats where citizen scientists conducted larvae counts, the majority reported between 1 and 25 specimens (low). Between 30% and 54% of submitted records did not include larvae counts.
3. Genus/species identification. The identification of larvae specimens using Mosquito Habitat Mapper's
built-in dichotomous taxonomic key requires a significant amount of time as well as access to additional
inexpensive equipment. These include a water sampling tool, such as either a mosquito dipper or cup, or
a macropipette (turkey baster), and a 60–100x clip-on macrolens for use with the mobile device's built-in
camera.
Submitted records that included a specimen identification from the habitat were lowest among participants
in the Asia and Pacific region (12%) followed by Africa (30%). Participants from the Latin America and
LOW ET AL.
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Figure 2. Center: Map showing clustered sampling locations in in each of the three locations. Dakar - large urban,
Thilmakha - rural village, and Touba, town.

Caribbean region provided a specimen identification 35% of the time. Differentiating Aedes aegypti or Aedes
optically from other Aedes taxa requires careful observation and at least 100x magnification. Citizen scientists identified Aedes aegypti or Aedes albopictus specimens in less than 5% of the cases reported. Photos
are submitted of the whole body and close-ups of the abdomen with key identifying features. These photos
serve as voucher specimens for validating identifications by citizen scientists. Development of image recognition software using artificial intelligence is underway, which will greatly assist in validating citizen scientist larval identifications by automating the process, thus reducing the time and labor involved in manual
expert examinations of submitted photos (Muñoz et al., 2019).
4. Habitat Eliminated? Citizen scientists in the Latin America and Caribbean region responded to the
question, “Did you dump out the water?” 96% of the time, with 72% of the responses affirmative. Slightly
more than 60% of citizen scientists from the Asia and the Pacific and Africa regions answered the source
reduction question for the site they identified, answering yes in 57% (Africa) and 47% (Asia and Pacific
Islands) of the records. The differences can be partially attributed to the types of water sources, because it
would be difficult to mitigate a swamp or cement tank without the use of chemicals, and a large percentage
of observed larval habitats in Africa were cement, metal, or plastic tanks.

3.5. Senegal Case Study
This section describes data reported from citizen scientists in Senegal, from October 31, 2018, the first data
entry from this country, until May 31, 2020, the end of the period of this analysis. In this case study, data
from three locations are examined: A large urban center (Dakar), a rural village (Thilmakha) and a town
(Touba) (Figure 2). The discussion refers to data presented in Table 2.
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Table 2
Citizen Science Data Reported From Dakar, Thilmakha and Touba, Senegal. Blue Column=Raw Counts. White
Column=Raw Count as Percentage of Total

1b. Water Source Type
(subcategory)

1a. Water Source
Type

Step

Variable

2.Larval Count
3. Genus

Thilmakha

Touba

Count
193

%
88.13

Count
1502

%
99.40

Count
347

%
98.58

Container: natural
Flowing: still water found
next to river or stream

10

4.57

4

0.26

3

0.85

0

0.00

3

0.20

1

0.28

Still: lake/pond/swamp

16

7.31

2

0.13

1

0.28

219

100.00

1511

100.00

352

100.00

16

7.31

665

44.04

189

53.85

Tire

28

12.79

131

8.68

4

1.14

Well or cistern
Public works: culvert,
bridge, road

19

8.68

19

1.26

14

3.99

13

5.94

2

0.13

0

0.00

Ditch

10

4.57

0

0.00

1

0.28

9

4.10

464

30.73

106

30.20

Other container (specified)
Remaining specified
categories

106

48.40

31

2.05

3

0.85

18

8.21

199

13.17

35

9.94

Total

219

100.00

1511

100.00

352

100.00

0

0.00

0

0.00

0

0.00

Low (1-25)

45

20.55

1229

81.34

322

91.48

Medium (26-100)

24

10.96

165

10.92

30

8.52

High (>100)

1

0.46

13

0.86

0

0.00

no response

149

68.04

104

6.88

0

0.00

Total

219

100.00

1511

100.00

352

100.00

Aedes

55

25.11

135

8.93

70

19.89

Anopheles

16

7.31

201

13.30

86

24.43

Culex

67

30.59

122

8.07

26

7.39

0

0.00

0

0.00

0

0.00

81

36.99

1053

69.69

170

48.30

219

100.00

1511

100.00

352

100.00

No

12

5.479

7

0.463

0

0

Yes

207

94.52

1504

99.54

352

100

Total

219

100

1511

100

352

100

Container: artificial

Total
Cement, metal or plastic
tank

Dish or pot

0

Unknown
No response
Total

4. Habitat
Eliminated?

Dakar

At all three study sites, citizen scientists found most of the larvae in artificial (manufactured) containers
(88%–99%). Mosquito larvae were most frequently found in large water containers (cement, metal, or plastic
tanks) in Thilmakha (44%) and Touba (54%) In Dakar, abandoned tires (12%), wells and cisterns (9%), and
ditch water (5%) were the larval sites where the most mosquito larvae were reported, while outdoor storage
tanks were reported far less frequently (7%) than in the non urban regions. The majority of sites in Dakar
LOW ET AL.

8 of 13

GeoHealth

10.1029/2021GH000436

Figure 3. Mosquito genera reported by raw count and percent of total identified specimens for the three study sites.
Representative images submitted by Senegalese citizen scientists for each of genera collected by the GLOBE Observer
Mosquito Habitat Mapper are pictured on right.

were reported as “other” (48%), a designation used when the larval habitat does not fit into one of the other
31 categories, and suggests a higher diversity of container habitat types in the complex landscape of a built
urban center.
Likewise, Touba and Thilmakha show differences in the reported genera (Figure 3). Anopheles mosquitoes
were most frequently reported in Touba and Thilmakha, followed by Aedes, while citizen scientists in Dakar
reported greater numbers of Aedes and Culex. In the absence of data with meaningful geospatial density, no
conclusions can be drawn from the relative numbers or taxa observed between the different communities,
but photo documentation supplied with identifications indicate that citizen scientists are capable of providing accurate identifications using the GLOBE Mosquito Habitat Mapper tool.
The number of larval sites eliminated by source reduction by citizen scientists in Senegal is impressively
high: Dakar (94%), Thilmakha (99%), and Touba (100%), evidence that this protocol step was stressed in
local workshop training sessions. These data also point to the potential for GLOBE Mosquito Habitat Mapper citien science to be a component of an effective vector control strategy when directed by local mosquito
control officials.

4. Discussion
We have presented the GLOBE Mosquito Habitat Mapper data submitted by citizen scientists over the past
three years of the project for three GLOBE Regions: Africa, Asia and the Pacific, and Latin America and the
Caribbean. These regions participated in GLOBE's “Engaging Citizens in the Forecasting and Observation
of Mosquito Threats” project, which provided training and equipment for target countries beginning in
June 2018. After applying quality control routines, which included filtering for spatial errors, and removing
records with duplicate or anomalous data, the data set prepared for analysis included records documenting
6485 mosquito larval habitats between May 29, 2017 and May 28, 2020.
The veracity and quality of citizen science data has been questioned by some professional scientists
(Aceves-Bueno et al., 2017; Bonney et al., 2014; Kosmala et al., 2016; Lukyanenko et al., 2016; Nature, 2015).
Despite these concerns, citizen science is clearly producing data used in research and policy that is, not
available through other means, and has resulted in numerous peer-reviewed papers (Bonney et al., 2016).
From their examination of a range of citizen science projects, De Sherbinin et al. (2020) suggest that the
biggest impediment to the use and reuse of citizen science data in scientific research is not the quality of
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data collected by volunteers, but the lack of detailed documentation that enable scientists to determine
whether the data is appropriate and meets the fitness of use requirements of their research design. To
this end, GLOBE Observer has published citizen science education and training materials on its website
(observer.globe.gov). Metadata records are also available for the GLOBE database (GLOBE, 2019), as well
as for this paper (Low et al., 2021). For insight on citizen scientist training and support, workshop presentations and educational materials supporting Mosquito Habitat Mappers are archived on the GLOBE
Observer (observer.globe.gov) and GLOBE Mission Mosquito Campaign websites (https://www.globe.gov/
web/mission-mosquito).
Data collected opportunistically have unique spatial and temporal biases that pose statistical and data informatics challenges for the end user (Muller et al., 2015). Both the observers and the environmental features
or phenomena of interest are not distributed evenly across space and time, and not all observations are
equally valuable scientifically (Callaghan et al., 2019). These sampling biases inherent in this data set contrain our ability to make substantive conclusions or comparisons about mosquito populations observed at
the global level until a meaningful spatial density of observations populate the database. However, locally
collected subsets of Mosquito Habitat Mapper data can provide potentially useful data that can guide community and municipal mosquito control decision making, by providing access to surveillance and mitigation data that is, not duplicated elsewhere.
A comparison of the three community data collection locations in Senegal suggest the value of GLOBE
Mosquito Habitat Mapper data on regional, and especially, local spatial scales. There are differences in the
use of oviposition sites exhibited between the three locations, as well as the relative percentage of identified
taxa. These observations provide opportunities for surveillance teams in these communities to be particularly vigilant when encountering potential oviposition sites and can contribute to the creation of tailored
strategies for local scale surveillance and remediation.
The majority of submitted observations did not include identification of the mosquito larva encountered.
There may be many reasons contributing to the lack of submissions. Larval identification requires 65–100x
magnification. Citizen scientists need to have access to a magnifying device, which may not be available to
them locally. The relative difficulty of the larval identification task is high, compared to identifying and documenting larval habitats, and not all citizen scientists will want to spend the time or have sufficient interest
to determine the genus or species of their specimen, especially if they do not use the app regularly. The Mosquito Habitat Mapper does not insist on completion of all the steps of the protocol: This trade-off has been
demonstrated to improve citizen science data quality, because volunteers are less inclined to guess at something they do not know in order to complete their observation (Lukyanenko et al., 2019; Torre et al., 2019).
4.1. A Tool for Community Health Action: Promoting Source Reduction Behavior
By learning to recognize the varied and sometimes unexpected and cryptic breeding habitats used by mosquitoes, volunteers become knowledgeable about where mosquito larvae are found. Reporting the mitigation of a mosquito larval habitat encourages the healthful practice of eliminating potential standing water
breeding sites in and around homes and neighborhoods.
A significant finding in this technical report is the attention citizen scientists paid to source reduction.
Source reduction activity was reported almost as frequently as mosquito larval habitats. This data suggests
that the citizen scientists using the GLOBE Mosquito Habitat Mapper were highly motivated to reduce the
threat of mosquito borne disease in their community. The GLOBE Mosquito Habitat Mapper is one of very
few examples of a citizen science reporting tool that collect environmental data alongside behavioral data
(Crain et al., 2014). From a human health perspective, the high percentage of larval habitats mitigated by
source reduction and reported by participants in the GLOBE Mosquito Habitat Mapper project is a highly
significant outcome.
The World Health Organization stresses that source reduction is the most effective intervention for protecting populations (WHO, 2020). However, source reduction is not regularly implemented in many communities. For example, Forsyth et al. (2020) found that the inhabitants of villages in Kenya where they were
doing their research were well aware of the importance of bed nets, but they were not well informed about
the role of stagnant water in unattended containers in the mosquito lifecycle or the health danger it creates.
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Forsyth et al. note that source reduction is a health intervention that requires little effort or training, and
that even if individuals only target the most productive containers, they can “effectively reduce mosquito
indices and relatedly, mosquito-borne disease risk,” (2020, p. 15). For the many mosquito vector borne diseases for which no commercial vaccine is available, diseases which include malaria, dengue, chikungunya,
Zika, West Nile Virus, and Rift Valley fever, adoption of personal protective behaviors is likely the most
“promising and effective” way to limit infection (Omodior et al., 2018).
The importance of source reduction to control the spread of mosquito borne disease is echoed in messaging
from public health organizations. Warning against the possibility of a deadly spike in dengue fever in Latin
America and the Caribbean, the Pan American Health Organization recommends, “For prevention in the
home, male and female heads of households are called on to reduce the number of key mosquito breeding
sites found in homes,” (PAHO, 2020).
The emergence in Africa of the invasive Anopheles stephensi is a game changer with respect to the malaria
control landscape (Sinka et al., 2020). An. stephensi, unlike many of the other malaria vectors, oviposit in
containers similar to Aedes aegypti and Aedes albopictus. Container breeding mosquitoes are difficult to
mitigate, as they opportunistically oviposit in containers of all sizes, from the size of a bottle cap to as large
as a cistern or stock tank. Due to challenges in collecting An. stephensi adults (Balkew et al., 2020), most
efforts for the detection of this invasive species are based on larval surveillance. There is urgent need to limit
the spread of An. stephensi in Africa and control efforts will rely heavily on early detection of this invasive
species in new locations for rapid response. The GLOBE Mosquito Habitat Mapper tool, used by citizen
scientists, has utility in An. stephensi surveillance efforts that aid in halting the expansion of this invasive
malaria vector.
The GLOBE Mosquito Habitat Mapper is a powerful citizen science tool that engages individuals in the
three ways society can combat mosquito vector borne diseases for which there is no vaccine: surveillance,
mitigation, and education. Citizen science empowers “ordinary people in advancing research endeavors,”
(Lukyanenko et al., 2020). By virtue of their personal experience as citizen scientists, participants are better
equipped to engage in science-based public policy discussions using their own authoritative voice.
When deployed by trusted public health partners, a citizen science approach has the potential to be a powerful tool in the face of pandemics, such as the Zika and dengue pandemics that have taken place in South
America in recent years. Engagement in citizen science health action can enable individual and “community empowerment by connecting citizens in a common cause, manage misinformation by directly engaging
citizens, and inform evidence-based decision making using big data,” (Katapally, 2020).
Citizen science has been called out as a transformative methodology to address and monitor not only
health, but all of the United Nations Sustainable Development Goals (Balázs et al., 2021; Fritz et al., 2019).
The GLOBE Mosquito Habitat Mapper is a no-cost mobile app tool that is, available for rapid emergency
deployment by public health and mosquito control agencies in response to extreme weather events and
mosquito vector borne disease outbreaks. It is our hope that GLOBE Mosquito Habitat Mapper will foster
the “democratization of science and the mobilization of diverse people and communities,” (EPA, 2016, p.
45), and empower the public to take action and play a role in protecting the health of themselves, their
families and their neighborhoods.

5. Conclusions
The GLOBE Mosquito Habitat Mapper is a research tool which can be used in systematic research at many
different scales. It is available in 12 languages and in 124 countries, enabling citizen scientists to be activated in rapid response to real-time mosquito borne health threats posed in the aftermath of extreme weather
events or during a pandemic.
The global data set is collected using a common data collection protocol and tool, creating consistency in
variables and attributes reported to the GLOBE database. These data can be further used in a data driven
approach by scientists who may not have been part of the original data collection. With increased and more
widespread adoption of the GLOBE Mosquito Habitat Mapper by citizen scientists, there will be expanded
opportunities for scientific discovery on multiple scales.
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When the GLOBE Mosquito Habitat Mapper is deployed within a community to address a locally relevant
issue, project leaders can choose the steps that provide the specific data they need. This information design
feature supports increased data quality, but it also makes the GLOBE Mosquito Habitat Mapper a versatile
data collection tool that is, appropriate for understanding a variety of research questions. While the GLOBE
Mosquito Habitat Mapper data as a whole is subject to the analytic limitations of opportunistically collected data, local project leads are free to identify and instruct the public how to collect data so that the data
is obtained using a systematic spatial or temporal sampling design or standardized volume sampling. The
team function in app enables data obtained using a specific sampling protocol to be associated digitally for
future analysis.
Acknowledgments
The GLOBE Program is sponsored by
the National Aeronautics and Space
Administration (NASA); supported by
the National Science Foundation (NSF),
National Oceanic and Atmospheric Administration (NOAA), and U.S. Department of State; and implemented by the
University Corporation for Atmospheric
Research. GLOBE Observer is funded
by the NASA Science Activation award
number NNX16AE28A for the NASA
Earth Science Education Collaborative
(NESEC; Theresa Schwerin, PI). The
authors gratefully acknowledge the
contributions of all citizen scientists
contributing data to the GLOBE
Program by using the Mosquito Habitat
Mapper tool. Special thanks to citizen
scientists who are participating in the
GLOBE Zika Education and Prevention
Project, the GLOBE Mission Mosquito
Campaign, and the 2020 NASA SEES
Virtual High School Intern Cohort:
Mosquito Mappers. The authors thank
Sarah Zohdy, CDC, who provided
useful comments on an earlier version
of this paper. The authors also thank
the following teams and individuals:
the NASA GLOBE Observer Team and
GO Mission Mosquito Campaign team;
David Overoye, SSAI; Theresa Schwerin, IGES; Margaret Baguio, Texas Space
Grant Consortium, and Tony Murphy,
Mindi DePaola, and Kristen Wegner,
GLOBE Implementation Office. The
authors are grateful for the feedback of
two anonymous reviewers whose comments contributed to the final version.
The authors would like to acknowledge financial support from the U.S.
Department of State, awarded to The
GLOBE Implementation Office, under
“Engaging Citizens in the Forecasting
and Observation of Mosquito Threats
Project,” University Corporation for Atmospheric Research. Support of author
Matteo Kimura's participation in this
research was through NASA 2020 SEES
Mosquito Mappers Virtual High School
Internship. The SEES program is funded by NASA and managed by the Texas
Space Grant Consortium; the SEES
Mosquito Mappers virtual internship
was sponsored by NESEC, through an
award to the Institute for Global Environmental Strategies, Arlington VA. by
NASA under Award NNX6AE28A.

LOW ET AL.

The GLOBE Mosquito Habitat Mapper protocol is a relatively recent addition to GLOBE. The intended
purpose of this citizen science tool is to provide ground reference data to support the analysis of digital
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