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Abstract

Background Climate change has caused more frequent and severe extreme weather events, threatening health
system resilience worldwide. In April and May 2024, Kenya experienced unprecedented extensive floods with
devastating outcomes. However, the quantitative impact of flooding on geographical access to healthcare remains
unclear. This study, therefore, evaluates post-disaster accessibility to health facilities and quantifies geographical
coverage losses resulting from flooding compounded by doctors'strike in Kenya.

Methods Geospatial datasets were assembled including health facility locations (public, private not-for-profit (PNfP),
and private for-profit (PfP)), road network, land use/land cover, topography, population density, and flooding extents).
A pre-flood baseline and three post-flood scenarios were defined using satellite-derived flooding extents (Sentinel

1 synthetic aperture radar (SAR) and National Oceanic and Atmospheric Administration - Visible Infrared Imaging
Radiometer Suite (NOAA-VIIRS) satellites) and their combined maximal extents. Travel time (TT) to the nearest health
facility by type was estimated using a least-cost path algorithm, accounting for +20% variations in travel speed

and flood extent for sensitivity analysis. Population coverage was extracted within five 30-minute TT bands for each
scenario, nationally and by subnational units (county).

Results A total of 10,995 health facilities were assembled (public=5,586; PNfP =855; PfP=4,554). Pre-floods, average
TT to the nearest facility was 19.6 min, with public facilities at 20.7 min, PfP at 37.8 min, and PNfP at 49.2 min. Post-
floods average TT increased across all sectors, longest across PNfP at 113.5 min and shortest for public facilities at
48.5 min. Pre-floods, 94.0% (52.5 million) of the population had access within 30-min and 20 out of 47 counties with
an average TT of <2 h. Under the maximal flood extents, coverage dropped to 73% (40.9 million) and only 5 counties
retained <2 h TT. County-level 30-min coverage losses ranged from 1.0% (Nairobi) to 51.0% (Narok). In several arid
counties, populations facing 2+hours TT rose to 15-31%, up from 4 to 12% pre-floods.
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Conclusion Kenya's health system is highly vulnerable to floods, causing unequal disruptions in geographical access
across subnational region. Incorporating disaster preparedness into county health care planning to strengthen health

system resilience nationwide is needed.

Keywords Geographical access, Travel time, Flooding, Healthcare system, Population affected

Introduction

Ensuring equitable healthcare access, - the ability to
obtain appropriate healthcare services when needed -
is crucial for improving population health outcomes [1,
2]. One of the key dimensions of healthcare access is
physical accessibility, which is assessed through realised
accessibility, considering actual travel time or distance,
or through potential accessibility, estimating travel time
accounting for barriers [2, 3]. Providing efficient access
to health services is challenging for policymakers, espe-
cially during crises like natural disasters, when demand
increases and the environment becomes complex. In
such times, increased demand and a compromised
environment make physical proximity to services a key
determinant of survival and effective response, where
assessments based on hazards, exposure, and vulner-
abilities guide targeted measures to boost population
resilience and protect critical services and infrastructure
[4-6].

The increasing frequency and severity of extreme
weather events, a direct consequence of climate change,
pose significant threats to the resilience of health sys-
tems worldwide [7]. This threat is magnified in Africa by
underlying structural vulnerabilities, including strained
health infrastructure and gaps in adaptive capacity. Cli-
mate change is exacerbating vulnerabilities through
disasters such as floods, droughts, and heat waves [8],
while diminishing the capacity to recover from these
events [9]. Floods stand out as the most prevalent natural
disasters in sub-Saharan Africa (SSA) accounting for 60%
of the reported natural disaster between 1970 and 2019
[10]. By 2023, floods were responsible for nearly 75% of
the 6.3 million people displaced due to disasters in Africa
[11]. In 2024 alone, extreme rainfall affected 27 coun-
tries, resulting in widespread flooding that impacted over
11 million people, caused about 2,500 fatalities, and dis-
placed 4 million individuals [12]. These events have been
reported to disrupt healthcare services and damage criti-
cal infrastructure [13] hindering care delivery and under-
scores the urgent need to bolster health system resilience
[14] to anticipate, prepare for, and respond to climate-
related disruptions.

In April-May 2024, Kenya faced one of its most devas-
tating floods in decades, with over 300 fatalities and hun-
dreds of thousands displaced [15, 16]. The risk of cholera
outbreaks and an increase in malaria cases was height-
ened due to stagnant waters, limited access to safe water
and sanitation, and the overcrowding of under-resourced,

haphazardly delineated temporary shelters [17]. The
floods caused substantial damage to numerous health
facilities, schools and critical infrastructure [15, 18, 19].
Various sources have also estimated considerable general
losses to infrastructure and personal property [16, 20,
21], but the exact quantitative impact of the flooding on
geographical accessibility to healthcare remains unclear.

Modelling geographic accessibility and population
coverage based on travel time to health facilities offers
insights for disaster preparedness and response. Recent
maps of access in Kenya highlight marginalised groups
[2], and advances in remote sensing, geospatial tech-
nology, and post-disaster data collection allow accurate
impact assessments, considering infrastructure damage,
loss of road access, and movement barriers [5, 6, 17].
However, disaster management frameworks often lack
guidance on integrating spatial barriers into accessibility
assessments. Despite guidelines for post-disaster needs
[22], some static measures don’t address dynamic accessi-
bility changes caused by barriers like floods. Geographi-
cal models can identify gaps, support decision-making,
and improve disaster response efficiency [4].

Here, geospatial modelling approaches were used [4]
to assess post-disaster accessibility to health facilities
and analyse accessibility coverage losses resulting from
extreme flooding in Kenya. The approach enables the
precise quantification of disaster impacts on geographi-
cal healthcare accessibility, thereby providing invaluable
insights for post-disaster interventions and resilience-
building efforts. Specifically, travel time before (busi-
ness-as-usual -BAU) and after flooding were modelled
and the proportion of the population that lost access to
healthcare were quantified. Flood zones based on two
independent satellites were defined and facilities were
disaggregated by four ownership levels and sensitivity
analyses were done based on travel speeds.

Methods

Kenya-Country context

According to the most recent national census con-
ducted in 2019, Kenya had a population of approxi-
mately 47.6 million people [23]. By 2025, this figure was
projected to reach about 57.5 million and 63 million by
2030, with the population distributed unevenly across the
country’s diverse geographical regions [24]. Population
density varies considerably across its counties, ranging
from under 20 to over 500 people per square kilometre
in arid regions and in urban centres respectively. This
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uneven distribution significantly impacts geographic
healthcare accessibility. Since 2013, Kenya has embraced
devolution, a system where decision-making and
resource allocation for sub-national healthcare services
have been transferred to 47 county governments (Fig. 1).
This decentralisation aims to address local needs better.
However, the national government retains control over
major hospitals, health regulations, and overall policy
direction.

Kenya’s healthcare system comprises six service deliv-
ery levels, ranging from community services (level 1) to
national referral hospitals (level 6). It includes primary
care at dispensaries and clinics (level 2), health centres
(level 3), secondary and tertiary care at sub-county hospi-
tals and medium-sized private hospitals (level 4), primary
referral hospitals (level 5), and national referral hospi-
tals (level 6). Facilities are operated by the government,
non-governmental organisations (NGOs), faith-based
organisations (FBOs), and private sector. Service com-
plexity varies from basic medication and rapid diagnostic
tests (RDTs) with lower-skilled staff to advanced labora-
tory procedures conducted by higher-skilled workers,
depending on facility ownership and level.
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Fig. 1 The map of Kenya and its 47 counties
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Kenya has experienced significant disruptions in
healthcare services due to health worker strikes. Notably,
the prolonged strikes in 2017 markedly impacted ser-
vice delivery. Another nationwide health workers’ strike
occurred from December 2020 to February 2021, driven
by demands for better working conditions, including suf-
ficient personal protective equipment, higher risk allow-
ances, and comprehensive health insurance coverage
[25, 26]. The duration of the strike varied across differ-
ent health facilities and categories of workers. Although
there is no comprehensive national database tracking
these strikes, it is presumed that most health facilities
were impacted throughout this period. The 2023/2024
period also witnessed strikes by healthcare workers, fur-
ther straining the healthcare system [27] and significant
delays in recruiting interns, a critical cadre in the provi-
sion of healthcare in Kenya [28].

Kenya is highly vulnerable to flooding due to several
factors. Situated in the drought-prone greater Horn
of Africa region, the country is susceptible to extreme
weather events [29]. Heavy rainfall and El Nifo cycles
often lead to overflowing rivers and flash floods, exacer-
bated by widespread poverty and inadequate infrastruc-
ture, especially in urban areas and in arid and semi-arid
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regions [30]. In April and May 2024, heavy rains that
reached 111% to over 200% of the long-term average
across the country [31], caused devastating floods across
Kenya, that displaced hundreds of thousands of people,
damaged infrastructure, and caused significant loss of life
[32]. These recent events underscore the urgent need for
improved flood preparedness and mitigation strategies in
Kenya.

Methods overview

A four-step approach was applied. First, data including
health facilities (public, private not-for-profit (PfNP),
and private for-profit (PfP)), road networks, land use/
cover, elevation, population distribution and the flood-
ing extents were assembled. Second, different travel sce-
narios were defined to account for how flooding affected
physical accessibility in Kenya. Third, travel time (TT)
from every location to the nearest health facility was
estimated for (i) all facilities, (ii) public, (iii) PfP and
(iv) PNfP using the least-cost path algorithm while also
conducting a sensitivity analysis on the travel speeds
and flood extents. Finally, the proportion of popula-
tion within 30 min, 30-60, 60-90, 90-120 and beyond
120 min TT was extracted, and all estimates were aggre-
gated at subnational units of decision-making (county
and sub-county).

Data
a. Healthcare facilities

The Kenya health facility data used in the study were
accessed from the Kenya Ministry of Health’s 2023 health
facility census that was carried out between the 14th and
29th of August 2023 [33]. The survey aimed to map all
health facilities in Kenya including public, private and
PNfP (FBOs/NGOs). Some of the information collected
during the census and relevant to the current analy-
sis included facility name and code, county, sub-county,
ward, latitude, longitude, Kenya Essential Package for
Health (KEPH) level and ownership. The focus of the
analyses were on all facilities offering general medical
services to the public. Facilities offering services to a sub-
set of the population, i.e. company and secondary school
clinics, military, police and prison facilities were excluded
(n=188). Additionally, we excluded specialised facilities
including dental, eye, cancer, tuberculosis, HIV volun-
tary counselling and testing (VCT) centres, maternal and
nursing homes, drop-in centres, mental health centres,
hospices, funeral homes, rehabilitation, family planning
clinics, radiology/X-ray, blood transfusion, gynaecology,
nephrology, kidney dialysis, diagnostic and pharmacies
(n=1,192). The final list of facilities contained 10,995

(2026) 25:25

Page 4 of 14

facilities (Fig. 2); 8,112 dispensaries (level 2), 1,995 health
centres (level 3) and 888 hospitals (level 4—6).

b. Factors affecting travel to healthcare

Travel time to healthcare facilities was modelled using
multiple geospatial factors including road network,
land use/land cover (LULC), digital elevation model,
water bodies, national parks and population distribu-
tion. The road network was classified into primary, sec-
ondary, county, and other roads based on the Kenya’s
proposed 2023 road register (Supplementary File, Fig-
ureS1) [34]. In areas without road network, LULC data
derived from 2023 Sentinel-2 imagery at 10 m resolution
was used to estimate travel conditions (Supplementary
File, Figure S2) [35]. The terrain slope, derived from the
Shuttle Radar Topographic Mission (SRTM) at 30-meter
resolution digital elevation model (DEM) [36] (Supple-
mentary File, Figure S3), was incorporated to adjust
walking and cycling speeds. Additionally, water bodies
and national parks [37] were treated as impassable bar-
riers (Fig. 1; Supplementary File, Figure S2). Fine spatial
resolution (100x 100 m) population distribution for the
whole country was obtained from WorldPop open spatial
demographic data portal [38, 39]. Here, the constrained
(population modelled on in areas containing built set-
tlements) gridded population raster for 2023 was used
(Supplementary File Figure S4). Additional details of
these datasets are provided in Supplementary File.

c. Flooding extent

The flood extents were assessed using high-resolution
imagery from the National Oceanic and Atmospheric
Administration — Visible Infrared Imaging Radiometer
Suite (NOAA-VIIRS) and Sentinel 1 Synthetic Aper-
ture Radar (SAR) sensors, created specifically for flood
response efforts in Kenya. The data was sourced from
the United Nations Institute for Training and Research
(UNITAR) and the International Center for Humani-
tarian Affairs (ICHA). The ICHA’s Sentinel 1 SAR flood
extents data covered flood extents for the entire country
from March 31 to May 9, 2024, at a spatial resolution of
30 m, and was created using a change detection model to
aggregate all predictions of flood extents since the start of
flooding in the country [40]. This was supplemented by
flood extents for Tana-Galana River (April 29) based on
0.5 m spatial resolution Pleiades satellite imagery and the
Nyando River (May 5) based on Sentinel 1 SAR. More-
over, UNITAR provided two NOAA-VIIRS flood extents
at the national level, covering April 24-28 and May
12-16, at a resolution of 375 m [41], which were com-
bined to represent the overall flood extent during that
period.
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Fig. 2 The spatial distribution of health facilities in Kenya by sector in 2023: Public (n=5,586), Private not-for-profit (n=855), private for-profit (1=4,554)

and total (both public and private) health facilities (n=10,995)

In addition to considering the Sentinel 1 SAR and the
NOAA-VIIRS flood extents independently, all datasets
were integrated to produce a maximal flooding extent
covering the entire country from 31st March to 9th May
2024. Data that were in raster format were first converted
to vector format, while those available as images were
georeferenced and digitised to extract flood extents. The
merged flood extents were then checked for topological
errors and polygons that overlapped or shared common
boundaries were dissolved into single polygons. All pre-
processing steps described above were conducted in Arc-
GIS Pro version 3.0.3 (ESRI Inc., Redlands, CA, USA).

Finally, to capture the sections of the roads closed due
to floods, various newspaper reports and articles were
sought out within the flooding period (April-May 2024).
Using the Editor tool in ArcMap version 10.8.2 (ESRI
Inc., Redlands, CA, USA), the sections of the flooded
roads were split according to the reports and added an
attribute of whether it was flooded or not in the attribute
table.

Travel scenarios
Two main travel scenarios were defined: (i) prior
to the flooding (BAU) and (ii) during the flooding,

applicable across the entire country. For each scenario,
various modes of transport and their corresponding
speeds across different road networks and land cov-
ers were outlined. In the pre-flooding scenario, a travel
framework developed from our earlier national spatial
accessibility modelling in Kenya was utilised (5; Table 1).
Briefly, this scenario encompasses a hybrid mode of
transport involving either walking (areas with no roads),
bicycling (lower class roads), motorized (motorbike and
vehicles, both public and private in motorable roads)
or combined forms of transport based on availability of
motorable roads and class of roads.

On the other hand, during flooding, all the roads within
the flooding zone were considered impassable (barri-
ers) while the facilities in the flooding zone were deemed
non-functional. In addition, parts of the road network
outside the flooding zone that the Kenyan government
had closed owing to the floods were deemed inacces-
sible. Outside the flooding zones, we considered reduced
speeds (by 50%) in areas across all roads (7; Table 1).

Estimating travel time
To estimate travel time for the different scenarios,
AccessMod version 5.7.17 was used, an open-source tool
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Table 1 Travel modes for each road type and land cover
category for modelling travel to health facilities before and
during flooding)

ID Category Mode of Travel Scenarios (km/h)
transport  Business-as-usual During
flooding

1 Flooding extents  Various modes and corresponding  Travel

speeds depending on road type  barrier
and land cover

2 Trees Walking 25 1.25

3 Range land Walking 4.5 2.25

4 Crops Walking 4 2

5 Bare or built-up Walking 5 2.5

6 Flooded Barrier 0.1 0.05

vegetation

7 Water Barrier 0 0

8 Primary road Motorized 50 25

9  Secondary road Motorized 30 15

10 County roads Cycling 10 5 (walk)

11 Other minorroads  Walking 5 25

supported by the World Health Organization (WHO)
to analyse geographic accessibility via a least-cost path
algorithm [42]. For the BAU scenario, land cover, road
network, water bodies and protected areas (usual barri-
ers) were combined via the “merge land cover” module in
AccessMod Toolbox to create a merged gridded surface.
Based on the resultant single raster, speeds from the BAU
model (Table 1) were applied to compute travel time to
the nearest facility for (i) all facilities, (ii) public facilities,
(iii) PfP facilities and (iv) PNfP facilities (FBOs/NGOs).
This was necessary because, during the flooding period,
doctors from the public health facilities were on indus-
trial strike [43, 44]. Therefore, clients could only attend
either the PfP or PNIfP facilities.

Conversely, during flooding, we created a unified grid-
ded surface by utilising land cover, the road network
outside the flooding area, and additional barriers (i.e.,
standard barriers), the maximum flooding extent, and the
closed roads beyond the flooding zone. We then assigned
speeds to this merged surface to calculate travel time to
facilities, categorised into four groups (as previously done
for BAU). Further, the travel speeds outside the flooding
zones were reduced speeds by 50% (Tables 1 and 7).

For each scenario, the cumulative travel time from
every populated location in Kenya based on WorldPop’s
population distribution maps was computed towards
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(anisotropic) the closest facility via the least cost path
(cost measured as time) at 100 x 100 m spatial resolution.

Sensitivity analyses

Two types of sensitivity analyses were conducted. First, in
addition to the combined flooding extents, spatial acces-
sibility metrics after flooding based on the individual
flooding extents from two sensors (Sentinel 1 SAR and
NOAA-VIIRS) were computed. Second, the travel speeds
in Table 1 were varied by +20% [5, 45], and the least-cost
path model was repeated to define an upper and lower
bound of travel times for all travel scenarios (BAU and
during flooding), facility ownership (all facilities, public,
PfP and PNfP and sensor type (Sentinel 1 SAR, NOAA-
VIIRS and combined extents).

Population affected

The geographic coverage estimates (the proportion of the
total population within 30 min, between 30 and 60 min,
60-90 min, 90-120 min and beyond 120 min) of the
nearest health facility disaggregated by travel scenario,
sensor type and level of speed was extracted at national,
county and sub-county levels. This was achieved by using
Zonal statistics tool in ArcGIS Pro Version 3.3.

Results

Health facilities assembled

Of the 10,995 facilities assembled for this study over 97%
were outside all three flooding zones (99.2%, 97.9% and
97.4% for the NOAA-VIIRS, Sentinel 1 SAR and com-
bined flooding zones respectively). A total of 86, 232 and
289 facilities were identified to be within the NOAA-
VIIRS, Sentinel 1 SAR and the combined flooding zones
respectivel (Table 2). Majority (68.9%) of the facilities
within the three flooding zones were public facilities (45,
172 and 199 facilities for NOAA-VIIRS, Sentinel 2 and
combined zones respectively) with the least (4.5%) being
PNfP facilities (one, five, and 13 facilities for NOAA-
VIIRS, Sentinel 1 SAR and combined zones respectively)
Table 2.

Extent of flooding

The total flood-affected area was 43,422.9 km?, repre-
senting 7.3% of Kenya’s land area. This was mainly due
to Sentinel 1 SAR, which covered 39,115.3 km* (6.6%),
compared to NOAA-VIIRS, which covered 7,345.2 km?*

Table 2 Summary of health facilities by type within each travel time scenario

Type All facilities Within flooding zones Outside the flood zone

NOAA-VIIRS Sentinel 1 SAR Both NOAA-VIIRS Sentinel 1 SAR Both
Public 5,586 45 172 199 5,541 5414 5,387
Private not-for-profit 855 1 5 13 854 850 842
Private for-profit 4,554 36 51 77 4,518 4,503 4,477
Total 10,995 86 232 289 10,909 10,763 10,706
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(1.2%). The overlap in sensor detection was 3,037.6 km?,
or 0.5% of the total area, and 7.0% of the total flood extent
area (Fig. 3A, Supplementary File, Figure S5). Nyamira
was the only county with no flood extents recorded from
either sensor. Nine counties (Trans Nzoia, Nyeri, Bun-
goma, Kakamega, Nandi, Vihiga, Kericho, Bomet, and
Kisii) were not included in NOAA-VIIRS flood extents
but appeared in Sentinel 1 SAR data. Isiolo showed the
highest proportion of flooded area at 17.0% based on
maximum extents and also had the highest non-overlap-
ping flood extents at 15.3%.

Population within flooding zones

An estimated 1,734,531 people, representing 3.1% of
Kenya’s population, were located within these maxi-
mum flood extents. By satellite, an estimated 1,360,396
people were located within the S1-defined extents while
488,530 people were located within the NOAA-VIIRS-
defined extents. By county, people residing in Garissa
county were the most affected by the floods according to
the combined and the S1 defined extents with estimated
155,162 and 150,013 people respectively. However, from
the NOAA-VIIRS-defined extents, Mombasa county was
the most affected with estimated 87,273 residing within
the flooded extents (Supplementary file, Table S1).

Travel time to health facilities pre- and post-flooding

Pre flooding

Under the BAU scenario, the national average travel
time to the closest facility was 19.6 min (range: 16.4—
24.4). When disaggregated by facility type, the average
travel times were 20.7 min (17.3-25.7) for public facili-
ties, 37.8 min (31.6—47.1) for PfP facilities, and 49.2 min
(41.1-61.4) for PNfP facilities. Nairobi County had the
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shortest mean travel times: 2.5 min (2.2-3.1) overall,
3.8 min (3.3-4.7) for public facilities, 2.9 min (2.5-3.5)
for private facilities, and 4.1 min (3.5-4.9) for PNfP facili-
ties (Fig. 4). In contrast, Marsabit County recorded the
longest average travel times across all types of health
facilities: 76.3 min (63.7-95.3) for all facilities, 77.1 min
(64.3-96.2) for public facilities, and 185.4 min (154.6—
231.6) for private facilities (Supplementary File, Figures
S6-S8). Mandera county, however, showed the high-
est average travel time for PNfP facilities at 363.0 min
(302.6—-453.7) (Supplementary File, Figure S9). Thirteen
counties (Garissa, Isiolo, Kajiado, Kitui, Lamu, Mandera,
Marsabit, Narok, Samburu, Tana River, Turkana, Wajir
and West Pokot) had travel times longer than the national
average travel times for all, public, and private facilities
(Supplementary File, Figures S6-S8), while twelve coun-
ties surpassed the national average travel time for PNfP
facilities (Supplementary File, Figure S9).

Post flooding

In all worst-case scenarios (NOAA-VIIRS, Sentinel 1
SAR, and the combined data), the national average travel
time to health facilities exceeded that of the BAU scenario
(Fig. 4). Specifically, the average travel time to the near-
est facility (covering all facilities) was 55.6 min (range:
46.5-69.6) for Sentinel 1 SAR-derived extents, 45.8 min
(38.3-57.1) for NOAA-VIIRS, and 56.3 min (47.0-70.3)
for the combined flooded extents. Similar patterns were
observed across the different facility ownership types
and flooding scenarios, with the longest travel times for
PNfPs facilities was 113.5 min (range: 94.6-191.5) and
the shortest for public facilities was 48.5 min (range:
40.5-74.5), regardless of flooding extent. The combined
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flooding scenario resulted in the greatest reduction in
travel times (Fig. 4; Supplementary Figures S6-S9).

Geographic coverage pre- and post-floods

Pre flooding

Before the floods (BAU), 94.0% of the population had
access to health facilities within 30 min (Fig. 5, panel 1)
and 0.7% lived outside 2 h travel time (Fig. 5, panels 2—-5).
County level population access within 30-min access var-
ied between 66.4% (Garissa) to 100% (Kisii). Overall, 30

of 47 counties had over 94% of their population within
the 30-minute access range, matching the national aver-
age. Only eight counties had their entire population
within 60 min, 16 counties within 90 min and 20 counties
within 2 h travel time.

Post flooding

During flooding events (under combined scenarios), the
proportion of the population with timely access (within
30 min) decreased from 94.0% to 73.3%. Specifically,
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extents)

between sensors, only 19 counties (Sentinel 1 SAR sce-
nario), 20 counties (NOAA-VIIRS), and 17 counties
(combined) maintained at least 75% of their population
coverage within 30 min, as shown in Fig. 5, panel 1.

The reduction in population coverage within this
30-minute threshold at the county level ranged from
as low as 1.0% in Nairobi to as high as 51.0% in Narok.
The most significant declines (41.0-51.0%) were seen in
Narok, Turkana, Makueni, Tana River, Kitui, Laikipia,
Lamu, Wajir, Nyandarua, and West Pokot. Conversely,
counties such as Nairobi, Vihiga, Kiambu, Kisii, Mom-
basa, and Nyamira experienced relatively small coverage
losses (1-10%; Fig. 5). Only five counties- Kakamega,
Kisii, Nairobi, Nyamira, and Vihiga- retained full popula-
tion access within a 2-hour travel time. Counties includ-
ing Wajir, Garissa, Turkana, Marsabit, Samburu, Isiolo,
and Tana River saw 15-31% of their populations falling
beyond 2 h of access after the floods, an increase from 4
to 12% before the floods (Fig. 5, panel 5). Similar reduc-
tions in access to health services across public health
facilities were observed, with the most severe impacts
in counties in northern and northeastern Kenya, which
have fewer private and PNfP facilities (Supplementary
Files, Figures S10-512).

Discussion
The 2024 Kenya floods recovery needs assessment and
other humanitarian impact reports highlighted exten-
sive disruptions to health services following the March—
May 2024 floods [16]. While these reports documented
cross-sectoral impacts and proposed broad mitigation
measures, they did not quantify health service coverage
losses. Our study addresses this critical gap by assess-
ing the impact of floods on geographical access to health
care facilities by quantifying travel time during pre-floods
(BAU) and post-floods. The post-floods scenarios were
analysed using Sentinel 1 SAR and NOAA-VIIRS satellite
data and a combined scenario integrating the two data-
sets. Our results reveal a substantial reduction in timely
(within 30-min) access to health care facilities, with
population coverage dropping from 94% (52,488,181)
pre-flood to 73% (40,916,717) post-floods. The increased
travel time to health facilities was also observed across all
health facility types. These findings underscore the sensi-
tivity of Kenya’s health system to extreme weather events
and highlight the urgent need for frameworks that aid in
disaster preparedness to mitigate the risk of loss of access
to healthcare during crises [46].

Flooded extents varied substantially across coun-
ties (Supplementary Figure S13) reflecting a complex
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interplay of topographical and socio-environmental fac-
tors beyond rainfall intensity [47]. For instance, the larg-
est flood extents were observed in diverse ecological and
geographic settings: semi-arid counties such as Isiolo,
Laikipia, and Turkana, which typically experience low
rainfall and limited drainage infrastructure; Mombasa, a
coastal urban county prone to tidal influences and poor
urban drainage; and Nakuru, a highland region with
urban zones where topography and land use may contrib-
ute to localized flooding. These spatial differences were
further influenced by the characteristics of specific satel-
lite sensors. For example, Sentinel-1 SAR, with its finer
spatial resolution (5x20 m), was able to detect small-
scale flooded areas across all counties that may have been
missed by NOAA-VIIRS, likely due to its coarser resolu-
tion (375 m). In addition, Sentinel-1 SAR’s advantages
include (i) the sensor produces microwaves which have
the ability to penetrate through clouds, whereas optical
sensors do not have the ability to see through clouds (ii)
the SAR is an active sensor, which means that it produces
its own electromagnetic radiation in this case micro-
waves, and does not rely on sunlight hence can detect
floods during the day and night, whereas NOAA-VIIRS is
an optical sensor and relies on sunlight for its sensing and
(iii) has a shorter revisit period of six days as compared to
16 days for NOAA-VIIRS. Also, floods extents captured
by SAR covered between 31st March—9th May 2024 while
for NOAA-VIIRS, the flooded extents covered between
24th-28th April and 12th-16th May 2024. Notably, in
Mombasa County NOAA-VIIRS detected wider flood-
ing extents than Sentinel 1 SAR, while in counties like
Narok, Nakuru and Laikipia, the opposite was true. This
sensitivity of results and flood extent estimates to the sat-
ellite sensor selected highlights the crucial role of high-
resolution, real-time geospatial data in disaster response
efforts [48]. In Nyamira County, neither sensor detected
flood extents despite reports of infrastructural damages
caused by the heavy rainfall [49, 50]. Such limitations in
satellite-based flood monitoring emphasise the need for
standardized, multi-source flood assessment methods to
enhance detection accuracy, especially in low-resource
settings [6, 51].

Under the BAU scenario, over 90% of the population
resided within half an hour of a health facility. How-
ever, this national coverage masks out some of the huge
inequalities particularly in arid and semi-arid counties
such as Garissa, Isiolo, Marsabit and Wajir where travel
times exceeded 1 h, reflecting persistent access chal-
lenges in marginalised regions [2, 45]. The floods further
exacerbated these disparities reducing the coverage of
people within 30 min nationally to 73% (combined sce-
nario), with northeastern counties experiencing longer
travel times above national average. These counties are
characterised by limited road infrastructure, and they
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heavily rely on public facilities. For instance, Mandera
had an average travel time of 37 min to a public facility
under the BAU scenario as compared to over 3.5 h aver-
age travel time to PfP and PNfP facilities. After floods
travel time to PNfP facilities alone in this county doubled
(6 h). In addition, PfP and PNfP facilities that serve as
critical alternatives during public sector strikes [27, 43],
were concentrated in urban centres, hence shorter travel
times leaving rural populations with even fewer options
post-disaster (Fig. 4).

Floods have disproportionately disrupted timely access
to health facilities, exposing critical geographic, hydro-
logical, and infrastructural vulnerabilities across coun-
ties [47, 52]. Counties with the greatest loss in 30-minute
coverage, such as Narok, Tana River, Lamu, Kitui, and
Makueni, are located in major flood-prone areas identi-
fied in flood advisories issued months before the floods
[53, 54]. Notably, Kitui experienced the highest coverage
loss at 51% and also sustained the most extensive dam-
age to health facilities at 47%, including a referral hospital
[16]. Turkana, Tana River, Wajir, and Lamu had the high-
est proportion of facilities within flooded areas, with at
least nine facilities in Tana River reported damaged [19].
Laikipia and Nyandarua were among those with the larg-
est flooded extents. The correlation between health facil-
ity exposure and coverage decline was also evident in
longer travel times (60 to 120 min) across counties like
Marsabit, Turkana, Tana River, Wajir, Isiolo, and Garissa,
where limited road infrastructure further hindered
access.

Our findings reveal that even minor disruptions in
coverage (1-10%) in densely populated counties such as
Vihiga, Kiambu, Kisii, Mombasa, and Nyamira can lead
to significant increases in the number of people facing
longer travel times, despite generally good infrastructure.
These delays have varied impacts on health service utili-
zation. Notably, Kiambu experienced some of the steep-
est declines in hospital admissions, outpatient visits, and
immunization services [16]. This underscores the need to
interpret coverage losses not just in percentage terms but
through the lens of absolute population affected and spa-
tial context. The fact that only five counties had the entire
population within 2 h travel time post-floods down from
20 pre-floods, further underscores the urgency of inte-
grating disaster preparedness policies to ensure respon-
sive, equitable healthcare access during extreme weather
events [4].

These vulnerabilities exposed by floods are further
compounded by systemic challenges such as the recur-
rent health workers’ strike [26, 27, 43, 55]. The 2017
national wide strike disrupted health service delivery for
about 300 days, and illustrates how prolonged and desta-
bilizing such labour disputes can be [56]. The 2024 strike
coincided with the national flood emergency, further
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constraining the system’s ability to respond [57]. Public
health facilities are disproportionately affected during
such periods, often scaling down operations or tempo-
rarily closing [57, 58]. This further limit access for com-
munities already facing reduced geographic coverage
due to flood-related disruptions. As a result, patients are
forced to delay treatment or seek care from private facili-
ties that are more expensive and unevenly distributed,
leading to longer travel times, higher out-of-pocket costs,
worsening health conditions, and in some cases prevent-
able loss of life [58]. This convergence of climate-related
and labour-related disruptions deepens existing inequi-
ties and erodes the overall resilience of the health system
during crises.

Policy implications

Kenya continues to experience recurrent and severe flood
events resulting in fatalities, destruction and disruption
of essential infrastructural services, including health care
[59]. Our study highlights the sensitivity of Kenya’s health
system to flood-related shocks, offering insights that
complement existing recovery strategies and help miti-
gate long-term impacts on the population. Policymakers
should prioritise resource allocation to high-risk coun-
ties, not only those vulnerable to flooding but also those
susceptible to post-disaster health risks. For instance,
Tana River, Lamu and Siaya counties experienced chol-
era outbreaks following the March-May floods. Mapping
access to care losses including at the sub-county level
(Fig. 3) offers actionable insights for targeted emergency
response. Further, leveraging multi-source flood assess-
ment approaches, including geospatial and drone tech-
nologies [60] and including participatory approaches to
gather historical flood impacts from communities, can
enhance informed decision-making and develop contin-
gency strategies, such as mobile clinics and emergency
transport corridors, to buffer access disruptions during
disasters. Enhancing health system resilience amid esca-
lating climate risks will require stronger intersectoral
coordination among health, infrastructure, humanitar-
ian, and meteorological agencies. It is also critical that
both national and county governments treat flood advi-
sories and weather forecasts [53, 61] as actionable early
warnings, prompting proactive disaster prevention and
preparedness rather than reactive responses.

Strengths

This study offers several strengths. Unlike previous simi-
lar studies [62, 63] that rely solely on assumptions such
as reduced travel speeds during flood events, we incor-
porated actual flooded extents to comprehensively cap-
ture access disruptions caused by flooding. To overcome
the limitations of any single sensor, we employed multi-
sensor data. Further, the Sentinel 1-derived flood extents
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was an aggregation of satellite data since the flooding
started and hence not from a single point in time. In
addition, Sentinel 1 SAR sensor is not affected by cloud
cover and by lack of daylight which ensured uninter-
rupted monitoring of flooding events. We also integrated
official records on road closures provided by Kenyan
road authorities [18, 64]. Additionally, since travel speeds
used in the analysis are estimates rather than directly
observed, we conducted a sensitivity analysis increas-
ing/decreasing speed by 20% to adjust for uncertainties.
We also used the most recent and comprehensive data-
base of health facilities, compiled through a nationwide
survey conducted by the Ministry of Health. Finally, we
disaggregated our analysis by health sector owing to doc-
tor strike and household wealth differentials in terms of
money that influence the ability to access care.

Limitations

Notwithstanding the valuable insights on understanding
the impacts of flooding on access to health care in Kenya,
there are several limitations. The change detection model
that produced the Sentinel 1 SAR-defined flood extents
may have resulted to some false positives within the
semi-arid areas for instance in Wajir. NOAA-VIIRS is
an optical sensor, and its flood detection capabilities is
constrained by cloud cover and lack of daylight, further
contributing to potential underestimation of inundation.
This study incorporated flooded road segments in addi-
tion to the flood extents, but only segments reported
to have flooded were accounted for possibly missing
other affected roads not documented. Furthermore, we
did not know the extent of damaged roads, limiting our
mapping of infrastructure disruption. We assumed that
population within flood zones had no alternative means
of accessing health facilities. However, in some affected
areas boats were reportedly used. We also lacked data
on conditions outside the mapped flood zones, so we
couldn’t account for disruptions caused by unusually
heavy rainfall in those areas. We assumed individuals
travel to the nearest facility, which may not reflect actual
healthcare-seeking behaviour or preferences. All flooded
roads were assumed impassable although some vehicles
(e.g. trucks) may have been able to navigate certain seg-
ments. Lastly, this study only focused on quantifying the
impact of floods on geographical access to health facili-
ties, highlighting spatial disparities in health care access
during floods. However, further research is needed to
assess county-level adaptive capacity which is essential
for understanding overall health system vulnerabilities to
extreme weather events.
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Conclusions

One of the core responsibilities of the health system is to
prevent, prepare for, detect and respond to public health
threats [65] including floods, the second most prevalent
natural disaster in Kenya. Our findings show that flood
events significantly reduce geographical access to health-
care services, with pronounced subnational disparities
across flood-prone counties, semi-arid regions with per-
sistent infrastructural deficits, and densely populated
regions. The loss of access to health care is largely driven
by impacts on flood-exposed health facilities, spatial
extent of flooding, and damaged transport system inhib-
iting access. However, the impact on health services utili-
sation varies sub-nationally. Considering compounding
health risks associated with floods such physical injuries,
the spread of communicable diseases (e.g., measles) due
to overcrowding in displacement settlements, disease
outbreaks (malaria, cholera, etc.), it is critical to ensure
that health care system can sustain service delivery amid
recurring climate shocks.

Abbreviations

BAU Business-as-usual

DEM Digital elevation model

ESRI Environmental systems research institute
FBOs Faith-based organisations

ICHA International center for humanitarian affairs
KEPH Kenya essential package for health
LULC Land use/land cover

MoH Ministry of health

NGOs Non-government organisations

NOAA-VIIRS  National oceanic and atmospheric administration — visible
infrared imaging radiometer suite

PfP Private-for-profit

PNfP Private-not-for-profit

RDTs Rapid diagnostic tests

SAR Synthetic aperture radar

SRTM Shuttle radar topographic mission

SSA Sub-Saharan Africa

T Travel time

UNITAR United nations institute for training and research

VCT Voluntary counselling and testing

WHO World health organization

Supplementary Information
The online version contains supplementary material available at https://doi.or
9/10.1186/512942-026-00461-x.

[ Supplementary Material 1 ]

Acknowledgements

We are grateful to the International Centre for Humanitarian Affairs (Kenya Red
Cross Society) for providing Sentinel 1 SAR flood extent data and the Ministry
of Health (MoH) for providing health facilities data.

Author contributions

BNR: Data curation, Formal Analysis, Conceptualisation, Investigation,
Methodology, Software, Validation, Visualisation, Writing — original

draft, Writing - review & editing; SKM: Data curation, Formal Analysis,
Conceptualisation, Investigation, Methodology, Software, Validation,
Visualisation, Writing — original draft, Writing - review & editing; EWK: Data
curation, Writing — review final draft; BHH: Data curation, Writing — review final

(2026) 25:25

Page 12 of 14

draft; HK: Data curation, Writing — review final draft; EAO: Conceptualisation,
Investigation, Methodology, Funding acquisition, Resources, Supervision,
Validation, Writing - original draft, Writing — review & editing; PMM: Data
curation, Formal Analysis, Conceptualisation, Investigation, Methodology,
Validation, Visualisation, Supervision, Writing — original draft, Writing — review
& editing; All authors contributed to the final manuscript.

Funding

EAQ is supported by the Wellcome Trust Senior Fellowship (#224272) which
supported BNR. SKM and BNR are supported by the Wellcome Trust Principal
Fellowship (#212176) awarded to Professor Bob Snow. PMM is supported by
the Fonds voor Wetenschappelijk Onderzoek — Research Foundation Flanders
Senior Postdoctoral Fellowship (#1201925 N). BNR, SKM, PMM and EAO are
grateful for the support of the Wellcome Trust to the Kenya Major Overseas
Programme (#203077). The views expressed in this publication are those of
the authors and not necessarily those of Wellcome Trust. The funders had

no role in study design, data collection, data analysis, data interpretation, or
writing of the report.

Data availability

The health facility data is available from the Ministry of Health (https://www
.health.go.ke/contact-us).Sentinel-2 flooding extent from the International
Center for Humanitarian Affairs (ICHA; https://redcrosske.maps.arcgis.com/h
ome/item.html?id=bce5234218c547439ce2a71f7cbeb4e2) and NOAA-VIIRS
flooding extent from the United Nations Institute for Training and Research
(https://unosat.org/products/). The roads data from the Kenya Roads Board
portal (https://maps.krb.go.ke/kenya-roads-board12769/maps). The Digital
elevation model can be downloaded from the Regional Centre for Mapping
of Resources for Development (RCMRD) geoportal (https://gmesgeoportal.
rcmrd.org/datasets/rcmrd:kenya-srtm-dem-30meters/about). The land use
land cover from the Environmental Systems Research Institute (ESRI's) ArcGIS
platform (https://www.arcgis.com/home/item.html?id=6df9ed7aleda4ed580
23456b7c5484fd), protected areas for the Global database of protected areas
(https://www.protectedplanet.net/en/about) and population data from the
WorldPop open spatial demographic data portal (https://www.worldpop.org

Declarations

Ethics approval and consent to participate
No individual patient-level data was used in this publication.

Consent for publication
Not applicable - The manuscript does not contain data from any individual
person.

Competing interests
The authors declare no competing interests.

Author details

'Population & Health Impact Surveillance Group, Kenya Medical Research
Institute- Wellcome Trust Research Programme, Nairobi, Kenya

“Spatial Epidemiology Lab, Université Libre de Bruxelles, Brussels, Belgium
3International Center for Humanitarian Affairs, Kenya Red Cross Society,
Nairobi, Kenya

“Division of Monitoring and Evaluation, Ministry of Health, Nairobi, Kenya
>Centre for Tropical Medicine and Global Health, Nuffield Department of
Medicine, University of Oxford, Oxford, UK

Department of Public Health, Institute of Tropical Medicine, Antwerp,
Belgium

Received: 26 September 2025 / Accepted: 5 March 2026
Published online: 18 March 2026

References

1. Penchansky R, Thomas JW. The concept of access: definition and relationship
to consumer satisfaction. Med Care. 1981;19(2):127-40.

2. Moturi AK, Suiyanka L, Mumo E, Snow RW, Okiro EA, Macharia PM. Geo-
graphic accessibility to public and private health facilities in Kenya in 2021:


https://doi.org/10.1186/s12942-026-00461-x
https://doi.org/10.1186/s12942-026-00461-x
https://www.health.go.ke/contact-us).Sentinel-
https://www.health.go.ke/contact-us).Sentinel-
https://redcrosske.maps.arcgis.com/home/item.html?id=bce5234218c547439ce2a71f7cbeb4e2
https://redcrosske.maps.arcgis.com/home/item.html?id=bce5234218c547439ce2a71f7cbeb4e2
https://unosat.org/products/
https://maps.krb.go.ke/kenya-roads-board12769/maps
https://gmesgeoportal.rcmrd.org/datasets/rcmrd::kenya-srtm-dem-30meters/about
https://gmesgeoportal.rcmrd.org/datasets/rcmrd::kenya-srtm-dem-30meters/about
https://www.arcgis.com/home/item.html?id=6df9ed7a1eda4ed58023456b7c5484fd
https://www.arcgis.com/home/item.html?id=6df9ed7a1eda4ed58023456b7c5484fd
https://www.protectedplanet.net/en/about
https://www.worldpop.org/
https://www.worldpop.org/

Robert et al. International Journal of Health Geographics

20.

an updated geocoded inventory and spatial analysis. Front Public Health.
2022;10:1002975.

Ouma PO, Maina J, Thuranira PN, Macharia PM, Alegana VA, English M, et al.
Access to emergency hospital care provided by the public sector in sub-
Saharan Africa in 2015: a geocoded inventory and spatial analysis. Lancet
Glob Health. 2018;6(3):e342-50.

Hierink F, Rodrigues N, Mufiz M, Panciera R, Ray N. Modelling geographical
accessibility to support disaster response and rehabilitation of a healthcare
system: an impact analysis of Cyclones Idai and Kenneth in Mozambique.
BMJ Open. 2020;10(11):039138.

Tariverdi M, Nunez-Del-Prado M, Leonova N, Rentschler J. Measuring accessi-
bility to public services and infrastructure criticality for disasters risk manage-
ment. Sci Rep. 2023;13(1):1569.

Patrascu Fl, Mostafavi A, Vedlitz A. Relationship between Access to Critical
Facilities During Normal Times and Disrupted Access During Extreme
Weather Events, and Underlying Disparities [Internet]. Rochester, NY: Social
Science Research Network; 2022 [cited 2025 Aug 23]. Available from: https://
papers.ssrn.com/abstract=4108983

Wade R. Climate change and healthcare: creating a sustainable and climate-
resilient health delivery system. J Healthc Manag. 2023,68(4):227-38.

Wright CY, Kapwata T, du Preez DJ, Wernecke B, Garland RM, Nkosi V, et al.
Major climate change-induced risks to human health in South Africa. Environ
Res. 2021;196:110973.

Africa Risk Capacity. The State of Natural Disasters in Africa [Internet]. 2024
[cited 2025 Aug 23]. Available from: https://www.arc.int/sites/default/files/20
24-07/ARC_white_paper_2024.pdf

World Meteorological Organisation (WMO). State of the Climate in Africa
2024 [Internet]. [cited 2025 Jun 9]. Available from: https:/library.wmo.int
Internal Displacement Monitoring Center (IDMC). Internal Displacement in
Africa. (2024) [Internet]. Internal Displacement Monitoring Center (IDMC);
2024 Nov [cited 2025 Jun 9. Available from: https://www.internal-displacem
entorg/publications/internal-displacement-in-africa/

Africa Center for Strategic Studies. Record Levels of Flooding in Africa [Inter-
net]. Africa Center. [cited 2025 Aug 23]. Available from: https://africacenter.o
rg/spotlight/record-levels-of-flooding-in-africa-compounds-stress-on-fragil
e-countries/

Petricola S, Reinmuth M, Lautenbach S, Hatfield C, Zipf A. Assessing road criti-
cality and loss of healthcare accessibility during floods: the case of Cyclone
Idai, Mozambique 2019. Int J Health Geogr. 2022;21(1):14.

WHO. Health systems resilience. toolkit: a WHO global public health good to
support building and strengthening of sustainable health systems resilience
in countries with various contexts [Internet]. [cited 2025 Aug 23]. Available
from: https://www.who.int/publications/i/item/9789240048751

Kenya OCHAK. Heavy Rains and Flooding Update - Flash Update #510 May
(2024) | OCHA [Internet]. 2024 [cited 2025 Aug 2]. Available from: https://ww
w.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-up
date-flash-update-5-10-may-2024

United Nations Development Programme. Kenya Floods Recovery Needs.
Assessment 2024 [Internet]. [cited 2025 Aug 22]. Available from: https://www
.undp.org/sites/g/files/zskgke326/files/2025-05/kenya_floods_recovery_nee
ds_assessment_2024.pdf

WHO. Greater Horn of Africa - WHO. 2024 Health Emergency Appeal [Inter-
net]. 2024 [cited 2025 Aug 7]. Available from: https://cdn.who.int/media/docs
/default-source/documents/emergencies/2024-appeals/greater-horn-of-afric
a---who-2024-health-emergency-appeal.pdf

Kenya OCHAK. Heavy Rains and Flooding Update - Flash Update #1 (11 April
2024) | OCHA [Internet]. 2024 [cited 2025 Aug 22]. Available from: https://ww
w.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-up
date-flash-update-1-9-april-2024

Kenya OCHAK. Heavy Rains and Flooding Update - Flash Update #6 (17 May
2024) | OCHA [Internet]. 2024 [cited 2025 Aug 22]. Available from: https://ww
w.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-up
date-flash-update-6-17-may-2024

Kenya Red Cross. Floods operations, 2024 [Internet]. 2024 [cited 2025 Aug 7].
Available from: https://www.redcross.orke/wp-content/uploads/2024/06/MA
M-SitRep-18th-June-2024.pdf

Kenya OCHAK. Heavy Rains and Flooding Update - Flash Update #7 (19 June
2024) | OCHA [Internet]. 2024 Jun [cited 2025 Aug 7]. Available from: https://
www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-floodin
g-update-flash-update-7-19-june-2024

(2026) 25:25

22.

23.
24.

25.

26.

27.

28.

29.

30.

31.

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Page 13 of 14

WHO. Post-Disaster Needs. Assessment Guidelines: Volume B - social sectors
(health) [Internet]. [cited 2025 Aug 23]. Available from: https.//www.who.int/
publications/i/item/post-disaster-needs-assessment-guidelines

Kenya National Bureau of Statistics, editor. 2019 Kenya population and hous-
ing census. Nairobi: Kenya National Bureau of Statistics; 2019.

KNBS. Kenya National Bureau of Statistics [Internet]. 2021 [cited 2025 Aug 23].
Available from: https://www.knbs.orke/

Wambua S, Malla L, Mbevi G, Nwosu AP, Tuti T, Paton C, et al. The indirect
impact of COVID-19 pandemic on inpatient admissions in 204 Kenyan
hospitals: an interrupted time series analysis. PLoS Glob Public Health.
2021;1(11):0000029.

Irimu G, Ogero M, Mbevi G, Kariuki C, Gathara D, Akech S et al. Tackling health
professionals’strikes: an essential part of health system strengthening in
Kenya. BMJ Glob Health [Internet]. 2018 Nov 28 [cited 2025 Aug 23];3(6).
Available from: https://gh.bmj.com/content/3/6/e001136

Nakweya G, Kenya. Patients are turned away from hospitals as doctors'strike
enters fourth week. BMJ. 2024;385:9845.

Kenya Medical Association. Kenya Medical Association Statement on delayed
posting of medical interns 2024 [Internet]. [cited 2025 Aug 7]. Available from:
https://kma.co.ke/images/KMA_Statement_on_Delayed_Posting_of_Medica
|_Interns_20240222.pdf

Osima S, Indasi VS, Zaroug M, Endris HS, Gudoshava M, Misiani HO, et al.
Projected climate over the Greater Horn of Africa under 1.5°C and 2°C global
warming. Environ Res Lett. 2018;13(6):065004.

Kilavi M, MacLeod D, Ambani M, Robbins J, Dankers R, Graham R, et al.
Extreme rainfall and flooding over central Kenya including Nairobi city during
the long-rains season 2018: causes, predictability, and potential for early
warning and actions. Atmosphere. 2018,9:472. [Internet]. [cited 2025 Aug 23].
Available from: https://www.mdpi.com/2073-4433/9/12/472

NDMA - KnowledgeWeb [Internet]. [cited 2025 Jun 10]. Available from: https:
//knowledgeweb.ndma.go.ke/Public/Resources/ResourceDetails.aspx?doc=2
8861990-6d58-4404-bala-bf7d0a940eab

Kenya. Floods - Apr 2024 | ReliefWeb [Internet]. 2024 [cited 2025 Jun 10].
Available from: https://reliefweb.int/disaster/fl-2024-000045-ken

Ministry of Health. Kenya Health Facility Census Report September 2023
[Internet]. 2024. Available from: https://www.health.go.ke/sites/default/files/2
024-01/Kenya%20Health%20Facility%20Census%20Report%20September%?2
02023.pdf

KRB. KENYA ROADS BOARD (KRB.) MAP PORTAL [Internet]. [cited 2024 Mar 11.
Available from: https://maps.krb.go.ke/kenya-roads-board12769/maps

Karra K, Kontgis C, Statman-Weil Z, Mazzariello JC, Mathis M, Brumby SP.
Global land use / land cover with Sentinel 2 and deep learning. In: 2021 IEEE
International Geoscience and Remote Sensing Symposium IGARSS [Internet].
2021 [cited 2025 Aug 23]. pp. 4704-7. Available from: https://ieeexplore.ieee.
org/document/9553499

RCMRD, Kenya. SRTM DEM 30meters [Internet]. [cited 2024 Mar 1]. Available
from: https://gmesgeoportal.rcmrd.org/datasets/rcmrd:kenya-srtm-dem-30
meters/about

UNEP-World Conservation Monitoring Centre (WCMC),International Union
for Conservation of Nature (IUCN). The world database on protected areas.
2023 [cited 2023 Dec 9]. About. Available from: https.//www.protectedplanet.
net/en/about

WorldPop. WorldPop, open data for spatial demography | Scientific Data
[Internet]. [cited 2025 Aug 23]. Available from: https://www.nature.com/articl
es/sdata20174

Tatem AJ. WorldPop, open data for spatial demography. Sci Data.
2017;4:170004.

International Centre for Humanitarian Affairs. Kenya Flood Extent Layer
[Internet]. 2025. Available from: https://redcrosske.maps.arcgis.com/home/ite
m.html?id=bce5234218c547439ce2a71f7cbebde?

United Nations Institute for Training and Research. UNITAR/UNOSAT [Inter-
net]. 2024. Available from: https://unosat.org/products/

Ray N, Ebener S. AccessMod 3.0: computing geographic coverage and acces-
sibility to health care services using anisotropic movement of patients. Int J
Health Geogr. 2008;7(1):63.

Kabiru D. ON-GOING DOCTORS STRIKE [Internet]. Kenya National Commission
on Human Rights (KNCHR). 2024 Apr 16. [cited 2025 Aug 23]. Available from:
https://www.knchrorg/Articles/ArtMID/2432/ArticlelD/1192/ON-GOING-DO
CTORS-STRIKE

Nakweya G. Doctors in Kenya end strike after threat of court action. 2024 May
14 [cited 2025 Aug 23]; Available from: https://www.bmj.com/content/385/b
mj.q1088.full


https://papers.ssrn.com/abstract=4108983
https://papers.ssrn.com/abstract=4108983
https://www.arc.int/sites/default/files/2024-07/ARC_white_paper_2024.pdf
https://www.arc.int/sites/default/files/2024-07/ARC_white_paper_2024.pdf
https://library.wmo.int
https://www.internal-displacement.org/publications/internal-displacement-in-africa/
https://www.internal-displacement.org/publications/internal-displacement-in-africa/
https://africacenter.org/spotlight/record-levels-of-flooding-in-africa-compounds-stress-on-fragile-countries/
https://africacenter.org/spotlight/record-levels-of-flooding-in-africa-compounds-stress-on-fragile-countries/
https://africacenter.org/spotlight/record-levels-of-flooding-in-africa-compounds-stress-on-fragile-countries/
https://www.who.int/publications/i/item/9789240048751
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-5-10-may-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-5-10-may-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-5-10-may-2024
https://www.undp.org/sites/g/files/zskgke326/files/2025-05/kenya_floods_recovery_needs_assessment_2024.pdf
https://www.undp.org/sites/g/files/zskgke326/files/2025-05/kenya_floods_recovery_needs_assessment_2024.pdf
https://www.undp.org/sites/g/files/zskgke326/files/2025-05/kenya_floods_recovery_needs_assessment_2024.pdf
https://cdn.who.int/media/docs/default-source/documents/emergencies/2024-appeals/greater-horn-of-africa---who-2024-health-emergency-appeal.pdf
https://cdn.who.int/media/docs/default-source/documents/emergencies/2024-appeals/greater-horn-of-africa---who-2024-health-emergency-appeal.pdf
https://cdn.who.int/media/docs/default-source/documents/emergencies/2024-appeals/greater-horn-of-africa---who-2024-health-emergency-appeal.pdf
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-1-9-april-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-1-9-april-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-1-9-april-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-6-17-may-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-6-17-may-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-6-17-may-2024
https://www.redcross.or.ke/wp-content/uploads/2024/06/MAM-SitRep-18th-June-2024.pdf
https://www.redcross.or.ke/wp-content/uploads/2024/06/MAM-SitRep-18th-June-2024.pdf
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-7-19-june-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-7-19-june-2024
https://www.unocha.org/publications/report/kenya/kenya-heavy-rains-and-flooding-update-flash-update-7-19-june-2024
https://www.who.int/publications/i/item/post-disaster-needs-assessment-guidelines
https://www.who.int/publications/i/item/post-disaster-needs-assessment-guidelines
https://www.knbs.or.ke/
https://gh.bmj.com/content/3/6/e001136
https://kma.co.ke/images/KMA_Statement_on_Delayed_Posting_of_Medical_Interns_20240222.pdf
https://kma.co.ke/images/KMA_Statement_on_Delayed_Posting_of_Medical_Interns_20240222.pdf
https://kma.co.ke/images/KMA_Statement_on_Delayed_Posting_of_Medical_Interns_20240222.pdf
https://www.mdpi.com/2073-4433/9/12/472
https://knowledgeweb.ndma.go.ke/Public/Resources/ResourceDetails.aspx?doc=28861990-6d58-4404-ba1a-bf7d0a940ea6
https://knowledgeweb.ndma.go.ke/Public/Resources/ResourceDetails.aspx?doc=28861990-6d58-4404-ba1a-bf7d0a940ea6
https://knowledgeweb.ndma.go.ke/Public/Resources/ResourceDetails.aspx?doc=28861990-6d58-4404-ba1a-bf7d0a940ea6
https://reliefweb.int/disaster/fl-2024-000045-ken
https://www.health.go.ke/sites/default/files/2024-01/Kenya%20Health%20Facility%20Census%20Report%20September%202023.pdf
https://www.health.go.ke/sites/default/files/2024-01/Kenya%20Health%20Facility%20Census%20Report%20September%202023.pdf
https://www.health.go.ke/sites/default/files/2024-01/Kenya%20Health%20Facility%20Census%20Report%20September%202023.pdf
https://maps.krb.go.ke/kenya-roads-board12769/maps
https://ieeexplore.ieee.org/document/9553499
https://ieeexplore.ieee.org/document/9553499
https://gmesgeoportal.rcmrd.org/datasets/rcmrd::kenya-srtm-dem-30meters/about
https://gmesgeoportal.rcmrd.org/datasets/rcmrd::kenya-srtm-dem-30meters/about
https://www.protectedplanet.net/en/about
https://www.protectedplanet.net/en/about
https://www.nature.com/articles/sdata20174
https://www.nature.com/articles/sdata20174
https://redcrosske.maps.arcgis.com/home/item.html?id=bce5234218c547439ce2a71f7cbeb4e2
https://redcrosske.maps.arcgis.com/home/item.html?id=bce5234218c547439ce2a71f7cbeb4e2
https://unosat.org/products/
https://www.knchr.org/Articles/ArtMID/2432/ArticleID/1192/ON-GOING-DOCTORS-STRIKE
https://www.knchr.org/Articles/ArtMID/2432/ArticleID/1192/ON-GOING-DOCTORS-STRIKE
https://www.knchr.org/Articles/ArtMID/2432/ArticleID/1192/ON-GOING-DOCTORS-STRIKE
https://www.bmj.com/content/385/bmj.q1088.full
https://www.bmj.com/content/385/bmj.q1088.full

Robert et al. International Journal of Health Geographics

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

56.

Macharia PM, Mumo E, Okiro EA. Modelling geographical accessibility to
urban centres in Kenya in 2019. PLoS One. 2021;16(5):0251624.

Nyandiko NO. Devolution and disaster risk reduction in Kenya: progress, chal-
lenges and opportunities. Int J Disaster Risk Reduct. 2020;51:101832.

Opere A. Chapter 21 - Floods in Kenya. In: Paron P, Olago DO, Omuto CT, edi-
tors. Developments in Earth Surface Processes [Internet]. Elsevier; 2013 [cited
2025 Aug 11. pp. 315-30. (Kenya: A Natural Outlook; vol. 16). Available from: h
ttps//www.sciencedirect.com/science/article/pii/B9780444595591000219
Vanderhoof MK, Alexander L, Christensen J, Solvik K, Nieuwlandt P, Sagehorn
M. High-frequency time series comparison of Sentinel-1 and Sentinel-2
satellites for mapping open and vegetated water across the United States
(2017-2021). Remote Sens Environ. 2023;288(1):113498.

Nyamira. Locals warned of potential flooding amid heavy rains [Internet].
[cited 2025 Aug 2]. Available from: https://citizen.digital/wananchi-reporting/
nyamira-locals-warned-of-potential-flooding-amid-heavy-rains-n362416
Nyamaswo K. 5-Storey Building Collapses in Gesima. Nyamira County as
Floods Persist - Kenyans.coke [Internet]. 2024 [cited 2025 Jul 28]. Available
from: https://www.kenyans.co.ke/news/100001-5-storey-building-collapse
s-gesima-nyamira-county-floods-persist

Johary R, Révillion C, Catry T, Alexandre C, Mouquet P, Rakotoniaina S, et al.
Detection of large-scale floods using Google Earth Engine and Google Colab.
Remote Sens. 2023:15(22):5368.

Juma B, Olang LO, Hassan MA, Chasia S, Mulligan J, Shiundu PM. Flooding in
the urban fringes: analysis of flood inundation and hazard levels within the
informal settlement of Kibera in Nairobi, Kenya, vol. 132. Parts A/B/C: Physics
and Chemistry of the Earth; 2023. p. 103499.

Water Resources Authority (WRA). Flood Advisory — Water Resources Author-
ity [Internet]. [cited 2025 Aug 2. Available from: https://wra.go.ke/flood-advis
ory-2/

Office of the Auditor-General. Response to floods in Kenya [Internet]. Nairobi:
Office of the Auditor-General; 2023. [cited 2025 Aug 2]. Available from: https:
//www.oagkenya.go.ke/wp-content/uploads/2023/08/Response-To-Floods-i
n-Kenya.pdf

Special Correspondent. Patients flood KNH, Murang'a Level 5 amid doctors’
strike [Internet]. Nairobi Law Monthly. 2025 [cited 2026 Feb 18]. Available
from: https://nairobilawmonthly.com/patients-flood-knh-muranga-level-5-a
mid-doctors-strike/

Mathew Thuku M, Kathambara A, Malubi J, Kiema L, Vihenda S, Atieno A,
Mungai R, Indah L, Keeru L, Njenga A, Murunga, AVERTING PUBLIC HEALTH
SECTOR INDUSTRIAL UNREST IN KENYA: ESTABLISHING STAKEHOLDER WORK
COUNCILS TO FOSTER HARMONIOUS LABOR RELATIONS [Internet]. Dr. Janet

(2026) 25:25

57.

58.

59.

60.

61.

62.

63.

64.

65.

Page 14 of 14

Muriuki, Esther Kariuki, Wycliffe Omanya. 2021 Sep. Available from: https:.//w
ww.intrahealth.org/sites/default/files/attachment-files/hrhkenyaworkcouncil
policybriefweb.pdf

Editorial K. K24 Digital. [cited 2026 Feb 18]. Gov't appeals to doctors to
resume work, help flood victims. Available from: https://k24.digital/uncategor
ized/doctors-to-help-flood-victims

Rukanga B. Kenya doctor strike: The public caught between the medics and
the government. 2025; Available from: https://www.bbc.com/news/world-afr
ica-68769839

International Federation of Red Cross and Red Crescent Societies. Kenya
Flood and Cholera Outbreak 2025 - DREF Operation (Appeal: MDRKE066) -
Kenya | ReliefWeb [Internet]. 2025 May [cited 2025 Aug 25]. Available from: ht
tps://reliefweb.int/report/kenya/kenya-flood-and-cholera-outbreak-2025-dre
f-operation-appeal-mdrke066

ICHA and Kenya Red Cross. Leveraging Technology in the Face of Disaster -
Kenya | ReliefWeb [Internet]. 2024 [cited 2025 Aug 23]. Available from: https:/
/reliefweb.int/report/kenya/leveraging-technology-face-disaster

Kenya Meteorological Department (KMD). THE, CLIMATE OUTLOOK FOR.
APRIL 2024 AND REVIEW FOR MARCH 2024 [Internet]. [cited 2025 Aug 25].
Available from: https://meteo.go.ke/documents/17/April_2024_Forecast_Rev
_D.pdf

Makanga PT, Schuurman N, Sacoor C, Boene HE, Vilanculo F, Vidler M, et al.
Seasonal variation in geographical access to maternal health services in
regions of southern Mozambique. Int J Health Geogr. 2017;16(1):1.

Espinet Alegre X, Stanton-Geddes Z, Aliyev S. Analyzing Flooding Impacts on
Rural Access to Hospitals and Other Critical Services in Rural Cambodia Using
Geo-Spatial Information and Network Analysis [Internet]. Rochester, NY:
Social Science Research Network; 2020 [cited 2025 Aug 25]. Available from: ht
tps://papers.ssrn.com/abstract=3614143

Daily Nation. Daily Nation. 2024 [cited 2025 Aug 22]. Kura announces road
closures in Nairobi due to flooding. Available from: https://nation.africa/keny
a/counties/nairobi/kura-announces-road-closures-in-nairobi-due-to-floodin
g-4601706

Ministry of Health (MoH). Kenya Public Health Emergency Operations Center
(KPHEOC) Handbook [Internet]. [cited 2025 Aug 2]. Available from: https://w
ww.nphi.go.ke/sites/default/files/KPHEOC%20Handbook.pdf

Publisher’s note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.


https://www.sciencedirect.com/science/article/pii/B9780444595591000219
https://www.sciencedirect.com/science/article/pii/B9780444595591000219
https://citizen.digital/wananchi-reporting/nyamira-locals-warned-of-potential-flooding-amid-heavy-rains-n362416
https://citizen.digital/wananchi-reporting/nyamira-locals-warned-of-potential-flooding-amid-heavy-rains-n362416
https://www.kenyans.co.ke/news/100001-5-storey-building-collapses-gesima-nyamira-county-floods-persist
https://www.kenyans.co.ke/news/100001-5-storey-building-collapses-gesima-nyamira-county-floods-persist
https://wra.go.ke/flood-advisory-2/
https://wra.go.ke/flood-advisory-2/
https://www.oagkenya.go.ke/wp-content/uploads/2023/08/Response-To-Floods-in-Kenya.pdf
https://www.oagkenya.go.ke/wp-content/uploads/2023/08/Response-To-Floods-in-Kenya.pdf
https://www.oagkenya.go.ke/wp-content/uploads/2023/08/Response-To-Floods-in-Kenya.pdf
https://nairobilawmonthly.com/patients-flood-knh-muranga-level-5-amid-doctors-strike/
https://nairobilawmonthly.com/patients-flood-knh-muranga-level-5-amid-doctors-strike/
https://www.intrahealth.org/sites/default/files/attachment-files/hrhkenyaworkcouncilpolicybriefweb.pdf
https://www.intrahealth.org/sites/default/files/attachment-files/hrhkenyaworkcouncilpolicybriefweb.pdf
https://www.intrahealth.org/sites/default/files/attachment-files/hrhkenyaworkcouncilpolicybriefweb.pdf
https://k24.digital/uncategorized/doctors-to-help-flood-victims
https://k24.digital/uncategorized/doctors-to-help-flood-victims
https://www.bbc.com/news/world-africa-68769839
https://www.bbc.com/news/world-africa-68769839
https://reliefweb.int/report/kenya/kenya-flood-and-cholera-outbreak-2025-dref-operation-appeal-mdrke066
https://reliefweb.int/report/kenya/kenya-flood-and-cholera-outbreak-2025-dref-operation-appeal-mdrke066
https://reliefweb.int/report/kenya/kenya-flood-and-cholera-outbreak-2025-dref-operation-appeal-mdrke066
https://reliefweb.int/report/kenya/leveraging-technology-face-disaster
https://reliefweb.int/report/kenya/leveraging-technology-face-disaster
https://meteo.go.ke/documents/17/April_2024_Forecast_Rev_D.pdf
https://meteo.go.ke/documents/17/April_2024_Forecast_Rev_D.pdf
https://papers.ssrn.com/abstract=3614143
https://papers.ssrn.com/abstract=3614143
https://nation.africa/kenya/counties/nairobi/kura-announces-road-closures-in-nairobi-due-to-flooding-4601706
https://nation.africa/kenya/counties/nairobi/kura-announces-road-closures-in-nairobi-due-to-flooding-4601706
https://nation.africa/kenya/counties/nairobi/kura-announces-road-closures-in-nairobi-due-to-flooding-4601706
https://www.nphi.go.ke/sites/default/files/KPHEOC%20Handbook.pdf
https://www.nphi.go.ke/sites/default/files/KPHEOC%20Handbook.pdf

	﻿Impact analysis of flood-induced changes in geographical accessibility and coverage to healthcare in both public and private sector, 2024, Kenya
	﻿Abstract
	﻿Introduction
	﻿Methods
	﻿Kenya-Country context
	﻿Methods overview
	﻿Data
	﻿Travel scenarios
	﻿Estimating travel time
	﻿Sensitivity analyses
	﻿Population affected

	﻿Results
	﻿Health facilities assembled
	﻿Extent of flooding
	﻿Population within flooding zones
	﻿Travel time to health facilities pre- and post-flooding
	﻿Pre flooding


	﻿Post flooding
	﻿Geographic coverage pre- and post-floods


