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ABSTRACT: Lake Victoria (LV), the world’s largest tropical lake, significantly influences East Africa’s regional climate
through diurnally varying lake-land-breeze circulations. In particular, lake-breeze fronts (LBFs) often trigger cloudiness,
deep moist convection, and heavy precipitation, leading to weather-related hazards. To systematically study LBFs over
LV, we developed an observation-based lake-breeze detection algorithm (OLBDA), which objectively identifies LBF pas-
sages using 15-min data from 45 automatic weather stations across Uganda’s extended coastal region over 6 years (2017-22).
Focusing on daytime (0900-1900 LT) during dry months (December-February and June-August), the algorithm applies
thresholds based on the lowest (highest) 30% of temperature drops (dewpoint and wind speed increases), enabling detection
of subtle meteorological changes associated with LBF passage. Validation against visible satellite imagery shows strong per-
formance with high accuracy (ACC = 0.76), detection rate [probability of detection (POD) > 0.7], and low false alarms
[probability of false alarm (POFA) = 0.2]. Application of the OLBDA revealed that LBFs predominantly occur from early
afternoon to evening, peaking at 1300 LT near the coast and shifting inland with distance. LBFs were observed on 48% of
days, with December—February and January having the highest seasonal and monthly frequencies, respectively. LBF propa-
gation speed varied in relation to the background wind in different hinterland sectors of LV, with the fastest movement west-
ward at 8§ m s~ ! and the slowest northward at 5.8 m s~ . LBFs penetrate up to ~130 km inland. The OLBDA offers a robust
framework for analyzing LBFs, providing valuable insights for disaster preparedness and climate mitigation in the
Lake Victoria basin.
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1. Introduction and/or inadequate observational data for assimilation. These
model deficiencies contribute to substantial uncertainties in pro-
jections of future coastal climate and rainfall patterns. This
“global” problem is also relevant to Lake Victoria (LV), the
second largest lake on Earth and the largest in the tropics. The
region surrounding LV is already experiencing devastating ex-
treme rainfall and urban flooding events (Wainwright et al.
2021; Pietroiusti et al. 2024), exacerbated by rapid population
growth and escalating pollution levels, which contribute to
clogged drainage systems and degradation of natural water man-
agement systems. Climate change is expected to aggravate these
impacts through even more extreme rainfall events (IPCC 2023;
WMO 2025).

A large and growing proportion of the global population lives
within 150 km of the ocean and lake coastlines, where many meg-
acities are located (Small and Cohen 2004; Cosby et al. 2024).
These regions are particularly susceptible to land-sea and land—
lake-breeze (LSB/LLB) circulations, which greatly impact cloud
development (van der Linden et al. 2015; Viner et al. 2021,
Wermter et al. 2022), deep convective initiation, and related (ex-
treme) rainfall events (Mapes et al. 2003a,b; Warner et al. 2003;
Miller et al. 2003; Birch et al. 2015; Fu et al. 2022). The LSBs and
LLBs also impact air quality through pollutant transport and dis-
persion (Zhang et al. 2007; Loughner et al. 2011, 2014; Stauffer
et al. 2015; Deroubaix et al. 2019) and shaping local climate pat-

terns (e.g., Dai et al. 1999). Despite their importance, LSBs and
LLBs and their associated impacts remain poorly understood and
inadequately represented in most global climate models (Hannak
et al. 2017), partly due to the coarse resolution and insufficient
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LSB and LLB circulations are thermally driven mesoscale
(local) systems formed due to pressure gradients between the
air over a warmer land surface and the cooler adjacent water
body during the day and vice versa at night. These circulations
are favored in weak synoptic flow (Miller et al. 2003; Wentworth
et al. 2015) and can be triggered by a temperature gradient as
low as 1°C (Watts 1955). Larger temperature gradients, often
common in dry months, induce stronger sea- or lake-breeze
fronts (SBFs/LBFs), the leading edge of the sea/lake breeze,
with greater propagation velocity and deeper inland penetration.
For instance, sea breezes have been observed to penetrate over
200 km inland in Australia (Simpson 1994; Barry and Chorley
2010) and over 100 km in Brazil, India, and the southeastern
United States (Planchon et al. 2006; Muppa et al. 2012; Noble
et al. 2024). Over West Africa, Guedje et al. (2019) reported
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SBFs reaching 185 km inland, driven by strong temperature and
pressure gradients. Importantly, several of these studies have
shown strong connections of the LSBs/LLBs to convection
initiation.

Over LV, many studies have investigated the climatic drivers of
precipitation extremes and severe thunderstorms in the LV basin
(LVB; Chamberlain et al. 2014; Thiery et al. 2016, Woodhams
et al. 2019; Finney et al. 2020). A key factor identified is the land—
lake temperature contrast, which drives region-specific mesoscale
circulations and initiates thunderstorms (Flohn and Fraedrich
1966; Anyah et al. 2006; Thiery et al. 2015; Van de Walle et al.
2020). These circulations are governed by diurnal heating,
where daytime solar radiation warms the land faster than the
lake, generating pressure gradients that initiate afternoon lake
breezes and overlake subsidence (Virts and Goodman 2020).
The breezes are often enhanced by upslope winds from the
Kenyan highlands, particularly along the eastern shore where
they interact with prevailing easterlies to strengthen low-level
convergence (Thiery et al. 2015; Woodhams et al. 2019). This me-
soscale convergence contributes to afternoon deep convection
maxima over land, with lightning peaking around 1300-1600 LT
and precipitation falling shortly after at around 1500-1800 LT
(Virts and Goodman 2020). Collectively, these studies highlight
the dominant role of LLB circulation in controlling storm initia-
tion, location, timing, intensity, and propagation, especially dur-
ing the dry seasons of December—February (DJF) and June-
August (JJA). These months are ideal for studying LLBs due to
low cloudiness, weak synoptic winds (Ngoma et al. 2021), and
stable lake surface temperatures (~25°C) throughout the day
(Lumb 1970). The plethora of studies on LLB corroborate that
even though the temperature gradient between the lake and the
surrounding land is relatively small, it is still sufficient to drive
daytime LLBs during the relatively cloud-free dry seasons.

Globally, various methods have been employed to detect
SBFs/LBFs, with many studies relying on time series from at
least two meteorological stations (e.g., Papanastasiou and
Melas 2009; Laird et al. 2001; Azorin-Molina et al. 2011; Stauffer
and Thompson 2015; Hughes and Veron 2018; Guedje et al.
2019; Mazzuca et al. 2019; Viner et al. 2021). Typically, data from
coastal and inland stations are used to track the inland progres-
sion of the breeze front. Visible satellite imagery has also been
used (e.g., Schrage and Fink 2012; van der Linden et al. 2015),
though its effectiveness is limited under clear-sky conditions.
Over LV, studies have examined cloud and precipitation pat-
terns to infer LLB impacts on local weather (Datta 1981;
Chamberlain et al. 2014), but persistent convection around the
lake complicates clear attribution. Numerical models have also
been applied (Anyah et al. 2006; Song et al. 2004), though con-
vection parameterization introduces uncertainty and limits realism
in precipitation patterns. More recent work using convection-
permitting models (Woodhams et al. 2019, 2022; Finney et al.
2020) has provided detailed insights but remains limited to
case studies. Radar observations (Waniha et al. 2019; Wilson
and Roberts 2022) revealed interactions between gust fronts
and LLBs, yet operational constraints hinder consistent data
collection. To this end, the primary bottleneck in developing
a ground-based LBF detection algorithm in the region has
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always been the lack of a dense and reliable in situ network,
yet many stations are needed to prove spatial coherency.

Efforts to automate detections worldwide have led to the
development of various algorithms that can identify SBFs/
LBFs using either station data or satellite images. Most of
these algorithms have been developed in extratropical regions
(e.g., Berri and Dezzutti 2020; Viner et al. 2021; Stauffer and
Thompson 2015; Hughes and Veron 2018; Wentworth et al.
2015; El-Geziry et al. 2021; McCabe and Freedman 2023),
with fewer studies in tropical regions (e.g., Guedje et al. 2019;
Ferdiansyah et al. 2020; Abatan et al. 2014; Planchon et al.
2006). Wind direction reversal has been commonly used as
the primary criterion for identifying sea-/lake-breeze days,
though not all SBF/LBF passages exhibit this feature (Guedje
et al. 2019). Some are better identified through increases in
wind speed, temperature drops, and humidity rises, often us-
ing fixed thresholds (e.g., Stauffer et al. 2015; Mazzuca et al.
2019; Sikora et al. 2010; Hughes and Veron 2018; Noble et al.
2024). A key challenge remains in ensuring that the observed
changes in the meteorological variables are solely caused by
the SBF/LBF passages (Ryznar and Touma 1981). Nonethe-
less, the algorithms have proven effective, largely due to their
objective criteria, reliance on standard meteorological obser-
vations, and ease of application to long-term datasets.

With respect to LV, despite the enormous role of LLBs over
the LVB and the obvious usefulness of detection algorithms, to
the best of our knowledge, no algorithm currently exists for de-
tecting and tracking LBFs using observational data from a dense
station network. This gap is largely due to the scarcity of publicly
available data around LV, making it hard to develop an auto-
mated algorithm in the first place. To address this, the present
study develops and evaluates an automated observation-based
lake-breeze detection algorithm (OLBDA) using data from
an unprecedented dense network of stations, primarily concen-
trated along the northern shore in Uganda. The specific objec-
tives of this study are to (i) develop an algorithm solely based
on ground station observations to detect LBFs and evaluate its
ability to accurately identify LBF passages across the study do-
main, (i) use the algorithm to analyze the spatiotemporal char-
acteristics of LBFs, and (iii) develop a baseline climatology of
LBFs in the region based on algorithm-detected events. This
work contributes to the limited body of research on LLB sys-
tems over LV and advances understanding of their spatiotempo-
ral characteristics.

The rest of the paper is structured as follows: Section 2 describes
the study area and the data used. Section 3 presents the methods
used, including the development of the observation-based lake-
breeze detection algorithm. Results are presented in section 4,
starting with an analysis of the algorithm’s performance and then
its application to derive the various LBF characteristics and clima-
tology. Finally, section 5 provides a summary and conclusions.

2. Study area and data
a. Description of the study area

The study focuses on the areas surrounding the northern
shores of LV including the Kampala metropolitan area in
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F1G. 1. Map showing the location of LV and the surrounding topography. The study area is shown by the black box
together with the distribution of the AWSs: TAHMO (red) and UDMS (blue). Stations are classified according
to (a) their relative distances from the coastline (letters A-E) and coastal sector location (markers) (see Table S1 for
further information). The color shading shows the elevation from the Global Land One-km Base Elevation Project
(GLOBE; Hastings et al. 1999). The inset highlights the location of stations around Kampala and Jinja within the

study area (red box).

Uganda (Fig. 1). LV, located in East Africa, is the largest
tropical freshwater body in the world, with a surface area of
69000 km? (Semazzi 2011). Straddling the equator, the lake is
shared by three East African countries (Uganda, Kenya, and
Tanzania) and supports the livelihood of over 30 million people
in eastern Africa (Semazzi 2011). The study area is characterized
by two distinct rainfall seasons: March-May (MAM), commonly
termed the “long rains” with its peak in April, and September—
November (SON), commonly known as the “short rains” with
its peak in October (Nicholson 2017; Diem et al. 2019). How-
ever, the region receives significant rainfall amounts even during
the dry months of JJA and DJF. These rains are the result of
the local effect of LV, particularly, the LLB circulation system
which results in nocturnal and afternoon rainfall regimes in the
western and eastern sides of the lake, respectively (Nicholson
2017). In addition, the prevailing surface winds are mostly
easterlies, with some seasonal variability due to the move-
ment of the intertropical convergence zone (ITCZ) (Flohn
and Fraedrich 1966; Nicholson 1996). Topographically, the
area is relatively flat which favors inland penetration of the
lake breezes (LBs).
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b. Observational data
1) IN SITU STATION DATA

High-quality ground-based observations are often essential
in any scientific research due to their accuracy and reliability.
In this study, in situ data from 45 automatic weather stations
(AWSs) located along the northern shores of LV in Uganda
within a radius of 100 km from the lake shores are utilized
(Fig. 1). Of these, 34 stations are operated by the Trans-African
Hydro-Meteorological Observatory (TAHMO; https://tahmo.
org; van de Giesen et al. 2014), while the remaining 11 are
managed by the Uganda Department of Meteorological
Services (UDMS).

The AWSs record several meteorological parameters, in-
cluding precipitation, air temperature, solar radiation, relative
humidity, atmospheric pressure, and wind speed and direction
at 15-min intervals. TAHMO data, which have been widely used
in previous studies across Africa (e.g., Macharia et al. 2022;
Hoeller et al. 2024), were downloaded from the TAHMO data
portal (https:/portal.tahmo.org/login), while UDMS station
data were obtained from UDMS. It is important to note that


https://tahmo.org
https://tahmo.org
https://portal.tahmo.org/login
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FIG. 2. Temporal availability of the 45 AWS data used in the study for the period 2017-22. The number string in brackets after
the station name indicates the station’s distance in kilometers from the coast (see Fig. 1). The blue-strip shading shows >80% sub-
daily data availability based on the 41 time steps from 0900 to 1900 LT (15-min intervals) expressed as percentages (numbers on the
right) for each station during the dry seasons of DJF and JJA in the period 2017-22.

both TAHMO and UDMS data used in this study are re-
corded at a 2-m height above ground level.

Given that some of the UDMS AWS datasets had not previ-
ously been used in scientific research, a comprehensive quality
control process was undertaken prior to analysis. This included
checks for time stamp consistency, range and step tests to flag
values outside known climatological bounds, and internal con-
sistency checks for parameters such as wind and temperature.
TAHMO applies quality control processes that include cross
calibration between sensors, comparisons between nearby sta-
tions, and qualitative intercomparisons with satellite observa-
tions (van de Giesen et al. 2014; Macharia et al. 2022).

Considering the tropical climate of the study area, which is
characterized by alternating wet and dry seasons, LB circula-
tions are more pronounced during dry, sunny periods (Planchon
et al. 2006). Therefore, the analysis concentrates on the dry sea-
sons (DJF and JJA) to identify LB events during the 6-yr
study period from 2017 to 2022. Since not all AWSs were
operational throughout the entire period, we limit our analysis
for each station to days with more than 80% of wind or temper-
ature data records. Therefore, data availability varies among sta-
tions depending on the installation date, with 42 (36) of the 45
stations having more than 60% (80%) subdaily data availability
(see Fig. 2 and Table S1 in the online supplemental material).
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Additionally, the stations are classified relative to their distance
from LV as follows: A (<7 km), B (7-20 km), C (21-40 km),
D (41-80 km), and E (>80 km) (see Figs. 1 and 2).

2) SATELLITE IMAGES

In addition to ground-based station data, this study incorpo-
rates visible satellite imagery from NASA’s Earth Observing
System Data and Information System (EOSDIS) Worldview
platform (NASA EOSDIS Worldview)' to identify LBFs dur-
ing the DJF and JJA seasons over the 2017-22 period. The
analysis utilizes visible spectrum channels from the Moderate
Resolution Imaging Spectroradiometer (MODIS) aboard
NASA'’s Terra and Aqua satellites, as well as the Visible Infra-
red Imaging Radiometer Suite (VIIRS) onboard the Suomi
NPP and NOAA-20 satellites. These satellites provide twice-
daily overpasses (nominal equatorial overpass times) over the
study region at the following local times: 1030 and 2230 for
Terra-MODIS, 1220 and 0020 for NOAA-20/VIIRS, and 1330
and 0130 for both Aqua-MODIS and Suomi NPP/VIIRS. The
thermal band spatial resolution is ~250 m per pixel for MODIS

! https://worldview.earthdata.nasa.gov/.
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UGANDA

FIG. 3. (top) Examples of the manually identified satellite LB days on which LBFs were visible around LV from
NASA EOSDIS Worldview visible spectrum images. A line of cumulus-form clouds aligned parallel to LV’s shoreline
advecting inland shows the presence of the LBF on these days. (bottom) Examples of satellite non-LB days: a cloudy
day and a completely cloud-free day image. The red-shaded circle in all panels indicates the location of Kamenyamigo
station (C1), which is also passed by the LBF in the top panel subfigures.

and 375 m per pixel for VIIRS, enabling detailed observation of
mesoscale atmospheric features.

3. Methods

a. Sampling potential lake-breeze candidates from
satellite images

Using visible spectrum satellite imagery, LBFs are often iden-
tified by the presence of cumulus-form cloud lines aligned paral-
lel to the shoreline and moving inland under the influence of LB
circulation (Simpson 1994). However, not all LB circulations re-
sult in visible cloud lines, particularly in conditions of low atmo-
spheric humidity, when cloud development may be suppressed,
rendering the LBF undetectable in visible imagery. Thus, the ab-
sence of visible cloud lines does not necessarily indicate the ab-
sence of a lake breeze.

To effectively identify LB events in our study area, the
northern shores of LV were partitioned into three coastal sec-
tors based on coastline orientation and complexity: western
(W: 30°-32°E, 0°-1°S), northwestern (NW: 31°-32°E, 0°-1°N),
and northern (N: 32°-34°E, 0°-1.3°N) (Fig. 1). Then, visible
spectrum satellite images from NASA EOSDIS Worldview
were visually inspected for the dry seasons of DJF and JJA
over the period 2017-22. Days such as those shown in Fig. 3,
exhibiting clear cloud lines aligned parallel to the coast, were
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catalogued as LB days, while days with no discernible LB fea-
tures were recorded as non-LB days in this study. Furthermore,
days characterized by (i) strong synoptic disturbances with ex-
tensive cloud cover or (ii) entirely cloud-free conditions across
the study area were considered as non-LB days following the
screening methodology of Planchon et al. (2006) and Damato
et al. (2003).

In addition to using linear, coherent cloud bands as the pri-
mary indicator of LB activity, the visual inspection also consid-
ered other supporting mesoscale cloud structures (e.g., horizontal
convective rolls and cloud streets) when their orientation and
timing were consistent with expected LB evolution. These com-
bined qualitative indicators formed the basis of the satellite-
derived reference dataset. For each of the 1093 dry-season
days examined, 2-3 visible spectrum satellite images (depending
on overpass times) were reviewed to ensure consistency in iden-
tifying LB-related cloud signatures. Of these days, 578 were clas-
sified as LB days and 210 as non-LB days. Days for which the
satellite scene did not allow for a confident classification were
designated as “uncertain” and excluded from the analysis to
minimize potential misclassification and to maintain a robust
comparison between clear LB and non-LB cases. These result-
ing LB and non-LB samples serve as the “reference” dataset for
validating the LBF detection algorithm for ground-based station
data, as described in the next section.
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b. Description of the objective OLBDA
1) GENERAL OVERVIEW OF THE ALGORITHM

The algorithm is developed using key characteristic features
of SBF/LBF passage at an observing station, with all its main
components described in more detail in the next section. The al-
gorithm begins by checking for onshore winds at a test station,
a compulsory flag based on the definition of sea-/lake-breeze
circulation that must be satisfied before proceeding to the next
step. If this is passed, then it checks for a change in environmen-
tal conditions at that station as a result of the marine air mass
from the lake replacing the air over land. For example, when a
LBF passes over a test station, there is a rapid increase in on-
shore wind speed usually accompanied by a sharp decrease in
temperature and an increase in humidity or dewpoint (Sills et al.
2011; Miller et al. 2003). Finally, the algorithm checks whether
the above changes were not a result of cold pools of convective
systems. By doing this, the algorithm ensures that all the changes
in the measured meteorological parameters are exclusively pro-
duced by lake-breeze frontal passages. If all these criteria flags
are passed sequentially, then the LBF passage at that station is
counted. The complete sequence of procedures employed to au-
tomatically identify LBF occurrences at a station is outlined in
the OLBDA flowchart (Fig. 4).

2) DETAILED DESCRIPTION OF THE ALGORITHM

The OLBDA shown in Fig. 4 processes 15-min instanta-
neous observations of 2-m temperature, dewpoint, and wind at
each station, iterating through the time series and comparing
each observation with the one from 15 min earlier to detect
15-min changes. For example, at 0915 LT, the algorithm com-
pares the observations from 0915 LT with those recorded at
0900 LT. Then, it is incremented to 0930 LT and compared
with the observations from 0915 LT. This 15-min window was
chosen because it was the highest temporal resolution avail-
able across all stations and is sufficient to capture changes due
to LBF passage.

Like in Hughes and Veron (2018) and Hawbecker and
Knievel (2022), we identify LBs by focusing on daytime peri-
ods when the coastal land-lake temperature contrast is as-
sumed to be strong. Specifically, the algorithm searching times
are limited to 0900-1900 LT during the dry months (i.e., DJF
and JJA). The three different criteria employed to detect lake-
breeze episodes from station observational data are described
in the following.

(i) Wind shift and wind speed increase criteria

Based on the definition of the sea-/lake-breeze circulation, on-
shore winds are expected (e.g., Azorin-Molina et al. 2011; Hughes
and Veron 2018); hence, the algorithm starts by defining an on-
shore wind direction for each station. That is, for each station, we
define the onshore angle range such that it encompasses the ex-
tent/shoreline of LV as illustrated in Fig. 5. If the recorded wind
direction at this station falls within this range, it is classified as on-
shore; otherwise, it is classified as offshore.

A potential LBF passage is detected at any given station
and time if one of the following wind conditions is met: either
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there is a rapid shift in wind direction from offshore to on-
shore (i.e., wind direction reversal) or there is a rapid increase
in wind speed in the onshore direction within a 15-min period
at the onset of the lake breeze. Owing to the complex shape
of LV’s shoreline, wind shifts at individual stations are defined
relative to the orthogonal of the nearest shoreline.

Although a shift from offshore to onshore often accompa-
nies LBF passage, this is not typical in our study area due to
its location and prevailing large-scale synoptic flow, which is
predominantly easterly at low levels (northeasterly in DJF and
southeasterly in JJA). In such cases, LBF passages can be as-
sociated with increases in wind speed driven by a positive
land-lake temperature contrast (Azorin-Molina et al. 2011).
Consequently, our algorithm is designed to detect LBFs with-
out explicitly requiring wind reversal, but onshore wind re-
mains a mandatory condition to exclude signals from other
phenomena such as synoptic fronts (Borne et al. 1998) and
must be satisfied before the algorithm proceeds to identify an
LBF passage.

(ii) Temperature criterion

Once the wind direction and speed criteria are met, the
data are tested for a drop in air temperature or an increase in
dewpoint temperature, which are often associated with the in-
flux of cooler moist air coming from the lake.

Given the variability in temperature drops and dewpoint in-
creases across stations (Fig. 1), applying a single fixed threshold
was not feasible. For example, Fig. 6a illustrates that a fixed
0.5°C temperature drop (black dashed line) in 15 min would
miss many LBF passages at stations Al, A3, A4, BS, B7, and
DY, since this value exceeds the interquartile range at these sta-
tions. Similarly, Fig. 6b shows that a fixed 0.5°C dewpoint in-
crease would underestimate LBF occurrences at most stations.

As a result, percentile-based thresholds for temperature
and dewpoint criteria are applied to account for regional vari-
abilities. Here, the lowest (highest) 30% of the air (dewpoint)
temperature decreases (increases) in the dry seasons are used,
making temperature change thresholds station dependent.
These percentile thresholds stem from a performance test of
OLBDA that is presented later in section 4b.

(iii) Exclusion of cold pool passages

A day is not counted as a lake-breeze day if there is significant
precipitation within 3 h prior to the potential LBF passage de-
tection, including the time of arrival at the station. This filter was
introduced to minimize misclassification, since precipitation-
related convective cold pools can generate temperature, dew-
point, and wind changes similar to those associated with LBF
passages. Accordingly, this algorithm requires that in the case of
any precipitation at a station in the preceding 3-h period inclu-
sive of arrival time, it should not exceed 0.1 mm prior to the
LBF passage. The filter therefore removes any candidate LBF
event coinciding with antecedent precipitation at the station
above this threshold. By contrast, cases in which precipitation
develops after LBF detection are retained.

If in any 15-min interval, all the three specified criteria are
satisfied at a given station, the entire day is classified as an LB
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FIG. 4. Flow diagram showing the three different criteria used by OLBDA to objectively de-
tect LBF passage at a station using meteorological data of temperature, dewpoint, wind, and pre-
cipitation. If the station time series on that day meets all the three criteria checks, then the day is
classified as a lake-breeze day; otherwise, it is classified as a nonlake breeze day. The AT, AT,
and AWS refer to 15-min changes in temperature, dewpoint, and wind speed, respectively, while
P30 and P70 refer to the 30th and 70th percentile values of these changes.

day for that station. The timing of the LBF passage can be
used to examine the expected changes in the meteorological
variables resulting from the front’s passage over a particular
station as shown later in the results section.

c. Verification of OLBDA-detected lake-breeze days

To test performance, the OLBDA-detected LB days at a
given station were compared with the manually identified
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satellite LB and non-LB days (“reference dataset”) in the
same geographical area. The number of identified lake-breeze
days in both OLBDA and satellite gives the hits (H), while
the number of OLBDA-detected LB days common in the sat-
ellite non-LB days gives the false alarms (F). The number of
satellite LB days that were not detected by the OLBDA gives
the misses (M), while the number of non-LB days in both
OLBDA and satellite gives correct negatives (V). From this,
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FIG. 5. An illustration of how onshore angle ranges were de-
termined at any station. The onshore angle range (red shading)
is defined based on the minimum and maximum radial lines from
the point of interest toward LV in a clockwise sense and intersect-
ing with it. In this example, the blue star represents the station of
interest (Mbarara; E3) for which the onshore minimum (67°; pur-
ple line) and maximum (151°; orange line) angles are determined.
If the wind direction at this station lies between these two angle
values, then it is characterized as an onshore wind; otherwise, it is
offshore (no shading).

a2 X 2 contingency table (Table 1) was formed, and the evalua-
tion of the OLBDA was carried out using the performance met-
rics, namely, probability of detection (POD), probability of false
alarm (POFA), success ratio (SR), critical success index (CSI),
bias in detection (BID), accuracy (ACC), and Heidke skill score
(HSS). The description and calculation of each statistic are sum-
marized in Table 2.

d. Deriving lake-breeze characteristics

After the LBF passage is detected at a station, that day is
classified as a lake-breeze day at that station. Then, LBF occur-
rences are analyzed for LB frequency and onset (arrival) time
statistics. Additionally, the LBF occurrences are analyzed for
diurnal, seasonal, and interannual variability. To assess the me-
teorological conditions surrounding the passage of the LBF,
each LB day is aligned such that time, #, (# = 0), corresponds to
the LBF’s arrival time. This alignment enables a comparative
analysis of atmospheric variables within a 3-h window before
and after the event, offering insights into the directional persis-
tence of the LB and associated meteorological changes. Fur-
thermore, inland penetration characteristics such as LBF speed
and depth are investigated using transects in different direc-
tions. For example, when the LBF moves through two of the
stations along a transect, the difference in the frontal arrival
time is used to calculate the LBF speed between those two
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stations. Finally, a snapshot climatology of lake-breeze charac-
teristics is developed.

4. Results

a. Example of lake-breeze front passage detected by
the OLBDA

This section presents an example of the LBF passage detected
by OLBDA on 14 December 2017 at Kamenyamigo station
(C1), located ~28 km from LV along the western coast. The al-
gorithm detected the LBF passage at approximately 1600 LT,
coinciding with notable changes in atmospheric variables
(Fig. 7). Specifically, air temperature dropped by 1.4° and
1.3°C over two consecutive 15-min intervals, while dewpoint
temperature increased by 4° and 2°C, respectively. These
abrupt changes exceeded the thresholds defined by the low-
est (highest) 30% of the air (dewpoint) temperature de-
creases (increases) at Kamenyamigo by more than 0.8°C
(1.6°C). Concurrently, wind direction shifted from northerly
(offshore) to easterly (onshore), accompanied by a marked
increase in wind speed. These changes are characteristic of
the LBF passage. The passage time (i.e., 1600 LT) is defined
as the moment when a sharp temperature drop and a simul-
taneous rise in humidity are observed, marking the arrival
of the thermodynamic front. This OLBDA-detected LB day
was also confirmed by the satellite image in Fig. 3 (top left).

b. Sensitivity test: Identification of the best configuration

To optimize the algorithm, multiple configuration setups
were tested to identify the most effective threshold combina-
tion for detecting LBF passages at near-coastal stations. We
only selected coastal stations based on the certainty that the
LBF passed them as visually seen from the satellite images in
Fig. 3. The algorithm operates on absolute 15-min changes in
air temperature, dewpoint, and wind speed rather than per-
centage changes. Accordingly, all percentile thresholds used
in the sensitivity analysis were derived from the empirical dis-
tributions of these absolute changes and are independent of
the baseline meteorological conditions at each station. This
approach ensures that the thresholds represent characteristic
magnitudes of short-term variability rather than proportional
departures from the background state.

The algorithm’s sensitivity was evaluated by systematically
varying percentile thresholds for air temperature drop, dewpoint,
and wind speed increase. In this framework, each percentile cor-
responds to a defined portion of the observed distribution at
each station (e.g., a combination of P30, P70, and P70 means the
lowest 30% of temperature drops, the highest 70% of dewpoint
increases, and the highest 70% of wind speed increases), allow-
ing us to evaluate how increasingly stringent or permissive crite-
ria affect detection performance. The resulting impacts on POD,
POFA, SR, CSI, and BID are summarized in the performance
diagram in Fig. 8.

A total of 58 configuration setups were assessed, including
two configurations with fixed thresholds for temperature, dew-
point, and wind speed changes. Each configuration yielded vary-
ing LBF detection counts, confirming the algorithm’s sensitivity
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FIG. 6. Box-and-whisker plot showing the distribution of 15-min (a) temperature drops and (b) dewpoint increases at every station
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(0.5°C) temperature (dewpoint) change, respectively, across the different stations. The blue-dashed line in each box indicates the percen-
tile-based threshold value (also annotated at the top of each whisker) for each station.

to threshold values. To identify the most effective setup, perfor-
mance metrics were calculated for the identified LBF events
with each configuration and then averaged across stations. The
station ensemble mean position of each configuration was then
plotted on the performance diagram for easy comparison. As
shown in Fig. 8, the “P40-P60_AWS > 0” configuration had the
highest POD but also the highest POFA and BID, indicating
overdetection, while the “AT_AT, = 0.5_AWS = 0.2” configu-
ration showed the highest SR (0.81) but a lower POD (0.57)
and CSI (0.50). Conversely, the “P40-P60-P60” was unbiased
(BID = 1) but had a lower SR (0.75). The most balanced
configuration for identifying LBFs was “P30-P70-P70,” with
POD = 0.74, SR = 0.79, CSI = 0.62, and BID = 0.95. Thus,
the “P30-P70-P70” configuration (see highlighted marker in
Fig. 8), representing the lowest 30% air temperature drops
and highest 70% dewpoint and wind speed increases in the dry

TABLE 1. A 2 X 2 contingency table for comparing algorithm-
detected LB days and satellite-identified LB and non-LB days.

Satellite LB day Satellite non-LB day

Hit (H) False alarm (F)
Miss (M) Correct negative (N)

OLBDA LB day
OLBDA non-LB day
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seasons, was adopted as the optimal threshold for these pa-
rameters in the algorithm.

c¢. Station-based performance evaluation

To evaluate performance, OLBDA-detected LB days ob-
tained using the most suitable configuration from section 4b
are compared with the manually identified satellite lake-
breeze days during the study period.

The OLBDA algorithm demonstrates robust performance in
detecting LB events, particularly at coastal stations. It achieves
a high POD (POD > 0.7), low false alarm ratio (POFA = 0.2),
and good overall accuracy of 0.76, although it slightly underesti-
mates LB frequency (BID = 0.95) (see Fig. 8). The spatial dis-
tribution of performance metrics is shown in Fig. 9. Figure 9a
shows that POD values in the western sector and within 20 km
of the shoreline are higher than 0.6, while beyond 70 km, they
are less than 0.40. This indicates that the algorithm correctly
captures the majority of the LB days identified by the satellite,
especially near the coast, likely because the changes in wind
and temperature are stronger. About 93% of the stations
have POFA values below 0.25, with an average value of 0.19
(Fig. 9b), implying that 19% of detected LB events at these
stations are false alarms. The CSI, SR, and ACC patterns
(Figs. 9c—e) align closely with those of POD, indicating
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TABLE 2. A summary of the different performance metrics used in this study to validate the algorithm. The terms H, F, M, and N
denote hits, false alarms, misses, and correct negatives, respectively. The range and the best score of each statistic are given in the

first column in square brackets and the bold numbers, respectively.

Statistic Formula Description
POD; [0, 1], 1 POD = H Quantifies the ability of the OLBDA to correctly detect LB days
H+M
POFA; [0, 1], 0 POFA — F Proportion of OLBDA-detected lake-breeze days that were
H+F non-LB days in the satellite
SR; [0, 1],1 SR = H Compares the number of correctly detected LB days with the
H+F total number of OLBDA-detected LB days
CSI; [0, 1], 1 CSI = H Ratio of all LB days detected and observed which are correctly
H+F+M detected
BID; [, +x], 1 H+F Assesses whether the OLBDA overestimates or underestimates
BID =
H+M LB-day frequency
ACG; [0,1],1 B H+N Quantifies the ability of the OLBDA to correctly detect LB
ACC=————
H+N+F+M and non-LB days
HSS; [—x, 1], 1 2(HN — FM) Accesses the skill of the OLBDA compared to random chance

HSS =

(H+ M)(M + N) + (H + F)(F + N)

consistent detection reliability. The majority of stations exhibit
CSI > 0.4 (73%), SR > 0.7 (98%), and ACC > 0.6 (93%),
with coastal stations having the highest values across all
three metrics. The mean CSI value of 0.49 across all stations
implies that the algorithm correctly detects nearly half of
the LB events (observed and/or detected). As with other
metrics, the HSS in Fig. 9f highlights greater detection skill
near the coast, diminishing inland. With a mean HSS value
of 0.37, OLBDA demonstrates a higher ability to detect LBF
passages compared to random chance at most stations. Over-
all, OLBDA effectively captures most satellite-identified

LB days, underscoring its high suitability for LB detection, par-
ticularly along the coast. The diminishing detection skill further
inland is related to the fact that not all LBFs actually reach the
inland stations as some may weaken or stagnate while moving
inland due to the weak onshore flow, potentially leading to an
overestimation in the number of misses at these stations.

d. Application of algorithm

After evaluating the algorithm’s performance, the algorithm
was applied to extract several LB features as discussed in the
following subsections.
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F1G. 7. Case study from 14 Dec 2017 portraying the meteorological effects of a lake-breeze
frontal passage at station C1 (Kamenyamigo) as detected by the OLBDA. The (top) tempera-
ture, (middle) wind speed and direction, and (bottom) relative humidity before and after LBF
passage are shown. The red shading indicates LBF passage. This same day was captured by the
satellite images (see Fig. 3; top left).
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sents the eventual configuration used.

1) OBSERVED LAKE-BREEZE FREQUENCY AND
VARIABILITY

(i) Overall observed frequency

Using results from the algorithm, a day is considered as a
LB day in this study if OLBDA detects LBF passage in at
least three arbitrary coastal stations on that day. Based on
this definition, a total of 524 LB days were identified out of
1093 days in DJF and JJA considered (Table 3), representing
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48% (i.e., one LB event every 2.1 days). Of these LBs, 428 (81.7%)
were detected on the western sector and 476 (90.8%) on the
northern sector of LV. The variation in frequency is partly due
to the availability and location of coastal stations used on ei-
ther side of the lake. For instance, the closest station to the coast
on the western side is 27 km away, while on the northern side, it
is only 0.2 km (see Fig. 1, Table S1). Consequently, the observed
LB frequency on the western side is likely underestimated,
as weaker LBs that cannot penetrate far enough inland go
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FIG. 9. Spatial distribution of (a) POD, (b) POFA, (c) CSI, (d) SR, (e) ACC, and (f) HSS for the algorithm’s perfor-
mance at different stations in the study area. The mean value for each metric is indicated in the bottom-right corner
of each subpanel. The background shading shows the elevation from GLOBE (Hastings et al. 1999).

undetected. Table 3 also reveals that the number of LB days
per year is not evenly distributed, with 2021 (2018) having
the most (least) LB days of 111 (58), respectively, out of the
182 available days. This indicates interannual variability in
the frequency of LB occurrence.

Figure 10 shows the spatial distribution of LB days during the
dry months (December-February and June-August) throughout

TABLE 3. Total number of LB days detected in DJF and JJA on
the western coast (W) and northern coast (N).

No. of days Total LB LB days LB days
Year (DJF-JJA) days (W) (N)
2017 182 72 53 72
2018 182 58 48 54
2019 182 83 63 77
2020 183 99 82 85
2021 182 111 93 98
2022 182 101 89 90
Total 1093 524 428 476
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the entire study period. During daylight hours (0900-1900 LT),
LBF passages are observed at most stations on 12%-54% of the
days (Fig. 10; Table S2). Furthermore, Fig. 10 and Table S2 reveal
substantial spatiotemporal variability in the frequency of LB days
across the entire study region. For instance, the proportion of de-
tected LB days varies by sector: 4%-54% in the N, 3%-33% in
the NW, and 10%-44% in the W sectors. Like seen in section 4c,
station proximity to the coastline plays a significant role, with
coastal stations consistently recording higher LB-day frequencies
(Fig. 10). As explained previously, not all LBFs propagate deeply
inland. This results in fewer detections inland as most LBFs dissi-
pate before reaching inland stations. Consequently, the misses are
potentially overestimated at these stations.

(ii) A case of Al (Entebbe WDD) and CI (Kamenya-
migo) stations

Figure 11 demonstrates distinct differences in the frequency
and diurnal timing of LB occurrences at two stations close to
the coast with the most complete dataset (2017-22): Entebbe
WDD (A1, N) and Kamenyamigo (C1, W). As expected, Al,
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located just 0.2 km from the coast, experiences lake-breeze
conditions earlier in the day than C1, which lies farther inland
(Fig. 11a). Typically, LBFs arrive between 0900 and 1900 LT,
peaking at 1200 LT for Al and 1500 LT for Cl1, indicating a
systematic shift with increasing distance from the coastline.
This pattern underscores the strong influence of coastal prox-
imity on LBF timing, consistent with findings by Odongo et al.
(2022), who used ERAS data to study lake breezes at these
stations.

Figure 11b reveals that LB occurrences peak in January
and August and are lowest in June at both stations. The high-
est LB occurrences in January and August can be attributed
to being the hottest months of the year in the area, whereas
the lowest occurrences in June are partly due to the transition
from the long March-May rain season. Comparing the two
dry seasons, DJF records more LBs than JJA, with A1 and C1
registering 226 and 255 events in DJF, against 188 and 197 in
JJA, respectively. This is supported by an auxiliary tempera-
ture analysis (not shown) which shows slightly higher temper-
ature gradients in DJF than JJA on average.

Frequency of lake breezes at any given station also varies in-
terannually. Table 4 and Fig. 11c demonstrate the variability for

(a) Hourly Frequency
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Al and C1 stations. At these stations, lake breezes were de-
tected on 35%-52% and 26%-59% of dry season days depend-
ing on the year for Al and Cl, respectively (Table 4). The
annual LBF frequency at these stations shows a year-to-year
variability, typical of what is seen across the study region. These
results corroborate with findings in the previous subsection.

2) OBSERVED LAKE-BREEZE CHARACTERISTICS
(i) Mean observed conditions before and after LBF passage

To illustrate the spatial variation in the atmospheric condi-
tions introduced as the LBF propagates through different di-
rections, the changes in the observed meteorological variables
3 h before and after the detected LBF passage are averaged
and aligned with respect to the frontal passage as presented in
Fig. 12. On average, the mean air temperature sharply drops
by over 0.75°C in response to the passing of the front and con-
tinues to decrease steadily for the next 3 h on all sides of the
lake after the LBF passage (Fig. 12a). This is probably due to
the late arrival of the front mostly in late afternoon coinciding
with a decrease in incoming solar radiation as suggested by
Hughes and Veron (2018). Also, the small temperature change
is most likely related to the weak temperature gradient between
the lake and the land. Notably, the temperature drop remains
consistent in western and northwestern sectors even after the
front passage. The mean dewpoint shows a similar trend across
all sectors, increasing by over 0.7°C ahead of the frontal passage
and continues to increase briefly after the passage, peaking
within 15 min (Fig. 12b). Thereafter, the dewpoint starts to
drop slightly in all sectors. The northern sector shows the great-
est increase (~0.9°C), while the western sector records the low-
est (0.7°C), indicating a westward reduction in moisture influx
during the LBF passage. The slight drop in dewpoint after the
peak may be attributed to the mixing of incoming cooler ma-
rine air with warmer air over land within the convective internal
boundary layer.

On the other hand, the mean relative humidity exhibits a re-
verse pattern to that of mean temperature, increasing by over
5% ahead of the LBF passage and even after the frontal passage
for all sectors (Fig. 12c). Like for dewpoint, the greatest increase

(c) Yearly Frequency
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FIG. 11. Bar graphs showing the occurrence of lake-breeze events detected using the algorithm at Entebbe WDD (A1; N) and
Kamenyamigo (C1; W) stations during the dry seasons (DJF and JJA) between 2017 and 2022 in terms of the number of detected
events by (a) hour, (b) month, and (c) year. These stations are the closest to the coastline in each sector, with the most complete
dataset during the period 2017-22.
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TABLE 4. LBF occurrences at Entebbe WDD (A1, N) and Kamenyamigo (C1, W) stations showing interannual variability.

Entebbe WDD (A1)

Kamenyamigo (C1)

Year DIJF-JJA valid days LB days LB days percentage (%) DJF-JJA valid days LB days LB days percentage (%)
2017 170 80 471 182 53 29.1
2018 84 35 41.7 182 48 204
2019 172 60 349 182 63 34.6
2020 172 73 424 183 93 50.8
2021 172 89 51.7 182 107 58.8
2022 173 77 44.5 182 88 484

in relative humidity is experienced on the northern sector, while
the lowest increase occurs on western side of the lake.

Last, the winds weaken after the frontal passage in all direc-
tions except for the northern sector where they remain steady
for 15 min before decreasing (Fig. 12d). However, during the
frontal passage, wind speed increases sharply in all sectors with a
rise of over 0.6 m s~ ! within 15 min, with western (northwestern)
sector showing the greatest (least) increase of 0.85 m s !
(0.65ms™h).

(ii) LBF arrival times

To assess the influence of coastal proximity on LBF arrival
time characteristics, stations were clustered into five groups
based on their relative distance from the coastline and their
coastal sector (see Fig. 1). Figure 13 presents the spatiotempo-
ral LBF characteristics across these groups. Lake-breeze con-
ditions occur earlier in the day, starting at 0900 LT for stations

within 40 km across all sectors (Figs. 13a—c). The median LBF
arrival time for stations within 7 km from coast coincides with
the peak arrival time of 1400 LT (Fig. 13a). For stations 7-20 km
inland, both median and peak arrival times shift to 1500 LT in all
sectors (Fig. 13b). This timing remains consistent for the
21-40-km group, except in the NW sector where the peak shifts
to 1600 LT (Fig. 13c). In the 41-80-km range (Fig. 13d), the me-
dian arrival time is 1500 LT in W and NW sectors and 1600 LT
for N, indicating a clockwise delay pattern. However, the peak
arrival time in this group is 1600 LT across all sectors.

For stations beyond 80 km, both the median and peak arrival
times are further delayed to 1600 LT in the N and NW sectors
and 1700 LT in the W (Fig. 13e). This marks a drastic 2-h delay
in median arrival time between the 41-80 and >80 km groups
in the W sector, with the peak also delayed by 1 h. Notably, no
LBFs are detected before 1100 LT in any sector for stations
beyond 40 km. Overall, LBFs occur from early afternoon to
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FIG. 12. Mean observed atmospheric conditions before and after LBF passage on the W (blue), NW (orange), and
N (green) sides of the lake, for (a) mean temperature, (b) mean dewpoint, (c) mean relative humidity, and (d) mean
wind speed. The vertical dotted gray line indicates the first time step that fulfilled the LBF criteria, ;. The shading in-

dicates the 95% confidence interval.
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FIG. 13. Bar graphs showing the arrival time of LBFs initially detected at different station classes from the coast: (a) A (<7 km),
(b) B (7-20 km), (c) C (21-40 km), (d) D (41-80 km), and (e) E (>80 km) in the three different coastal sectors: N (blue), NW (or-
ange), and W (green). The triangle marker on top of the bars indicated the median arrival time. Note: The hour bin plotted here
contains all LBF passages in that hour (e.g., 1000 LT contains all passages between 1000 and 1059 LT).

evening in all sectors, peaking between 1400 and 1500 LT
within 40 km of the coast and between 1600 and 1700 LT
beyond 80 km. These findings align with those of Datta
(1981), who observed maximum LBF strength at 1500 LT
using coastal station observations. Furthermore, these re-
sults support the strong influence of coastal proximity on
LBF timing.

(iii) LBF propagation characteristics and climatology

To assess LBF propagation and develop its climatology over
the northern and western shores of LV, station data along seven
transects (T1-T7) in three coastal sectors were analyzed. Iso-
chrones of mean LBF arrival times (Fig. 14) interpolated using
cubic polynomial method were used to visualize spatiotemporal
inland propagation of the front, with wider spacing indicating
faster movement and closer spacing reflecting slower progres-
sion. Propagation speed along each transect was estimated using
time differences between LBF arrivals at successive stations,
representing a relative forward propagation speed. In estimating
propagation speed, we explicitly assumed that the LBF travels
along a straight-line path between station pairs, consistent with
previous station-based tracking methods (e.g., Hughes and
Veron 2018). For each successive station pair, the propagation
speed was calculated from the interstation distance and the
difference in detected arrival times. When multiple station
pairs were available, the transect-scale propagation speed was
computed from the total distance and travel time. Although
this approach provides a practical estimate of LBF propaga-
tion, the resulting speeds should be interpreted in light of in-
herent uncertainties due to the straight-line assumption,
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interstation spacing, and the potential curvature or spatial
heterogeneity of the front.

The analysis presented in Fig. 14 reveals that coastal sta-
tions typically experience LBFs between 1300 and 1400 LT,
while far inland stations such as E4 (~132 km from the shore-
line) record arrivals between 1700 and 1730 LT. Most stations
(75%) register mean arrival times between 1400 and 1600 LT,
with cessation occurring around 1730 LT. The relatively late
onset at coastal stations suggests a weak initial thermal con-
trast between lake and land, which intensifies in the afternoon
after substantial solar heating. These patterns indicate steady in-
land propagation of the front with the timing and inland extent
being controlled by regional climatology and modified by local
topography, consistent with previous findings (e.g., Woodhams
et al. 2019). The maximum inland extent of ~132 km confirms
the findings of Woodhams et al. (2019), who reported propaga-
tion up to ~240 km during the dry season.

LBF propagation speeds vary by sector: In the western sec-
tor, speeds along transects T1 and T2 averaged ~8 m s '
northwestward; in the northwestern sector, speeds range from
5.2t0 7.6 ms ! for transects T3 and T4, averaging 6.5 m s~ !;
and in the northern sector, frontal speeds along TS, T6, and T7
average 5.8 m s ! northward. These propagation speeds
are consistent with Woodhams et al. (2019) and indicate that
LBFs propagate fastest westward and slowest northward of
the lake. This directional variation suggests a clockwise de-
crease in inland speed from west to east, likely driven by align-
ment with prevailing easterly winds (Fig. S1), as supported by
Baker et al. (2001). Additionally, although not shown here,
LBFs tend to move slowly within the first few kilometers from
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FIG. 14. Spatiotemporal evolution of the LBF being shown by the 30-min isochrones of LBF mean arrival times
across stations along the northern and western parts of LV. The dashed gray lines labeled in red boldface (T1-T7)

represent transects in different sectors of the lake.

the shoreline before accelerating further inland. This is likely
due to increased land friction and urban effects from coastal cit-
ies as observed by other studies (e.g., Thompson et al. 2007).

5. Summary and conclusions

Using an unprecedented dense network of AWS, we devel-
oped and tested a novel observation-based lake-land-breeze de-
tection algorithm (OLBDA) and inferred climatological LLB
characteristics for 2017-22. The OLBDA analyses 15-min tem-
perature, wind speed and direction, and precipitation to objec-
tively identify and detect LBF passages over a range of stations
across LVB. It employs three sequential detection criteria:
(i) wind-based criterion (wind shift and speed increase),
(ii) temperature-based criterion (air temperature drop and
dewpoint increase), and (iii) dry-condition criterion that filters
out cold-pool passages. Detection is based on station-specific
percentile thresholds, defined using the lowest (highest) 30% of
temperature (dewpoint and wind speed) decreases (increases), to
ensure sensitivity to the subtle signals typical of LBFs in this re-
gion. A day is classified as an LB day based on the first daytime
LBF passage at a station. Verification against manually identified
satellite-based LB and non-LB days shows that OLBDA reliably
captures LBF events, especially at coastal stations, demonstrating
high detection probability, low false alarm rates, and good overall
accuracy. These results confirm that the algorithm effectively de-
tects the small temperature, humidity, and wind speed changes as-
sociated with LBFs over LVB.

Applying the OLBDA to all the 45 stations in the study area
and analyzing all detected lake-breeze days to determine the
LBF characteristics over the northern edge of Lake Victoria in
Uganda revealed the following key results:
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1) Nearly half (48%) of all DJF and JJA days during 2017-
22 featured an LB event (524 of 1093 days), implying one
LB event about every 2 days.

2) LBF passages occur on 12%-54% of dry-season days
(DJF and JJA) between 0900 and 1900 LT across most
stations, with slightly more frequencies in DJF season due
to slightly higher temperature gradients. The LB occur-
rences also exhibit interannual variability in frequency.

3) Station proximity to the LV shoreline significantly influences
LBF frequency, with coastal stations consistently recording
more events than inland stations. This is partly because
LBFs may dissipate before reaching distant stations, leading
to potential underestimation. Additionally, some LBFs may
pass through inland stations undetected by the algorithm as
noted by Hughes and Veron (2018), especially when they
move slowly and warm over land, thereby failing to meet
the algorithm’s temperature criteria. Besides proximity,
LBF frequency also varies by coastal sector, reflecting local-
ized influences on breeze development and propagation.

4) Most LBFs occur from early afternoon at coastal stations to
late evening at the furthest stations. The relatively late onset
at coastal stations suggests a weak thermal contrast between
the lake and surrounding land. Peak arrival times range be-
tween 1200 and 1300 LT for coastal stations, shifting with in-
creasing distance inland, and averaging between 1400 and
1500 LT across most stations. Dissipation typically occurs
around 1730 LT at the furthest stations. These timing pat-
terns align with the findings of Datta (1981) over the region,
confirming that proximity to the coastline strongly influences
LBF timing.

5) LBFs propagate fastest westward of LV at 8§ m s™~ and
slowest northward at an average speed of 5.7 m s ',

1
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indicating a directional variation in inland movement. This
variation, which decreases progressively in a clockwise direc-
tion from west to east, highlights the influence of the pre-
vailing easterly background flow on frontal speed. Similar
patterns have been observed elsewhere (e.g., Baker et al.
2001), where LBs propagate inland faster when synoptic
winds align with the low-level breeze flow.

Despite these directional differences in speed, LBFs can
penetrate up to ~132 km inland in all directions, consistent
with findings of Woodhams et al. (2019).

6) The LB exhibits weak frontal properties, with mean tem-
perature drops of 0.75°-0.80°C, dewpoint increases of
0.7°-0.85°C, relative humidity increases of 5%-8%, and
wind speed increases of 0.65-0.85 m s~ ', depending on
the direction of propagation.

The development of the OLBDA presented in this article
represents a significant advancement in the analysis of LBFs
and other local meteorological phenomena over the LVB, with
potential applications in disaster response and recovery. Unlike
region-specific developed algorithms (e.g., Hughes and Veron
2018; Ferdiansyah et al. 2020; Viner et al. 2021), OLBDA uses
percentile-based thresholds in its detection criteria, making it
adaptable across regions. Additionally, the algorithm can be ap-
plied to various gridded datasets with minor tuning. However,
like other algorithms, its sensitivity to wind direction signals
may lead to its underperformance in capturing the total LBF
occurrences at some stations. In addition, the use of 2-m wind
measurements from the AWSs instead of the standard 10-m
height introduces uncertainty in the wind-based criterion and
may significantly affect the number of LBF passages detected.
A further limitation arises from exclusion of cold pool passages
by relying solely on precipitation at a station, which is not opti-
mal since rainfall may have occurred away from the station.

When verifying the skill of OLBDA, it is important to clarify
what we defined as “truth” in this study. We defined truth as LB
and non-LB days identified visually from satellite imagery as de-
scribed in section 3a. Because the satellite-based reference data-
set relied on only a limited number of daily overpasses, this
temporal sampling limitation may have affected the representa-
tiveness of both the LB and non-LB classifications. Since only a
few overpasses were available, with at most three overpasses a
day, LB events that occurred outside these times may have been
missed, leading to some true LB days to be categorized as non-
LB days, and thereby inflating the number of false alarms. This
means that we would expect even a much better performance of
the OLBDA. Additionally, because days with either clear skies
or extensive cloud cover were classified as non-LB days in this
study, the number of false alarms is most likely further overesti-
mated. Nevertheless, it was the only feasible option available for
constructing a reference dataset. We therefore consider the veri-
fication of OLBDA using visually identified LB days to be rea-
sonable, though not perfect, and this limitation should be kept
in mind when interpreting the algorithm’s performance.

Our analysis provides refined insights into LBF behavior over
LV and reinforces earlier findings. The observed peak arrival
times of 1200-1300 LT at coastal stations and 1500-1600 LT
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inland reflect the weak lake-land temperature gradient, a well-
known peculiarity of the LLB system in this region. These
timings are broadly consistent with previous studies report-
ing predominantly afternoon lake breezes (Flohn and Frae-
drich 1966; Datta 1981; Woodhams et al. 2019; Van de Walle
et al. 2020; Odongo et al. 2022). The observed LBF penetration
of up to ~132 km inland at speeds of 5.7-8.0 m s~ ! also agrees
with simulation results of Woodhams et al. (2019). Overall, the
weak thermal contrast explains the generally weak frontal
properties and modest temperature drops (~0.75°C), under-
scoring the complexity of identifying LBs in this region and
the tropics compared to midlatitudes, where drops often ex-
ceed 3°C.

Although this study does not focus exclusively on precipitation-
producing events, LBFs are fundamental components of the me-
soscale circulation system over Lake Victoria, shaping boundary
layer structure, local wind regimes, humidity gradients, and the
thermodynamic environment that can favor convective initiation,
even on nonprecipitating days. Their objective identification there-
fore contributes to a more comprehensive understanding of
regional mesoscale dynamics and offers a physically grounded
benchmark for evaluating numerical weather prediction and
climate models. In addition, because LBFs modulate condi-
tions relevant to air quality, heat stress, and the precondi-
tioning of the atmosphere for subsequent convection, their
detection provides broader utility beyond rainfall-focused
applications.

Given the sparse network of weather stations capable of
monitoring LBs in some areas across the LVB, it would be in-
teresting to see how this OLBDA performs when applied to
various model outputs, such as ECMWF Integrated Forecast-
ing System (IFS) operational analysis dataset at 9-km spatial
resolution. Studies like Hawbecker and Knievel (2022) have
shown that observation-based detection algorithms underper-
form when applied to model outputs. Alternatively, radar data
that offer higher spatiotemporal resolution and better proxy of
precipitation and winds could also be explored if available. The
Uganda Meteorological Services has recently installed three op-
erational radars, including one at Entebbe International Airport
along the shores of Lake Victoria; however, data were not avail-
able for this study and, even if available, would not be long
enough to give robust findings. Furthermore, large-eddy simula-
tions with a state-of-the-art NWP model have the potential to
improve the understanding of the dynamical nature of LBs over
the northern shores of LV and generally the impacts of LBFs
on local climate and its predictability.
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