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ABSTRACT
Lake-breeze fronts (LBFs) are important drivers of cloudiness, deep moist convection, and heavy precipitation around large 
tropical lakes, yet their representation in global forecast systems remains poorly understood. This study evaluates the ability of 
the ECMWF Integrated Forecasting System (IFS) 9 km operational analyses to represent the lake-breeze system over the Lake 
Victoria basin in Uganda during December–February and June–August 2017–2022. A recently developed objective lake-breeze 
detection algorithm (OLBDA) is applied to hourly station data and IFS surface data to identify LBF passages. Results show that 
while the IFS captures the coherent progression of the LBF from early to late afternoon, the analysis reveals biases, including 
an overprediction of LBF occurrence by ~26% and an early arrival of 1–2 h at most stations. Among three commonly used pa-
rameters to delineate LBFs, that is, surface convergence, and gradients of surface specific humidity and boundary-layer height 
(BLH), the latter two emerge as the most reliable indicators of LBF structure and evolution. Composite and vertical cross-section 
analyses reveal physically consistent three-dimensional lake-breeze features in the IFS, yet contrasts occur between western 
and northern transects. The NW-SE transect shows stronger vertical motion and deeper inland penetration when compared to 
the North–South transect. The latter is likely related to the mean easterly low-level flow over the lake. The depth of the BLH in 
the late afternoon is 3 km. Overall, our results suggest that ECMWF IFS operational analyses can be reliably used to study lake-
breeze systems in both observational and modeling contexts.

1   |   Introduction

Lake-breeze fronts (LBFs) are key components of coastal me-
soscale meteorology that arise from diurnal lake-land thermal 
contrasts and strongly modulate boundary-layer structure, 
low-level convergence, convection, local air quality, and pol-
lutant transport (Papanastasiou and Melas 2009; Crosman and 
Horel  2010; Sills et  al.  2011; Fu et  al.  2021). Despite their im-
portance, accurate representation of LBFs in global numerical 
models and reanalysis products remains challenging due to 
their small horizontal scale (typically ~1–10 km), sharp surface 
gradients, and strong dependence on lake geometry, synoptic 
background flow, and surface fluxes (Laird et al. 2001; Hannak 

et al. 2017). The operational analysis from the European Centre 
for Medium-Range Weather Forecasts (ECMWF) Integrated 
Forecasting System (henceforth called IFS) has been available 
at 9 km since 2016 (ECMWF 2016), thus should, in principle, be 
able to reproduce mesoscale features such as LBFs. If this can be 
proven, IFS can be used to study individual cases and climato-
logical characteristics of lake-land breeze (LLB) systems as well 
as serve as initial and boundary conditions for model studies at 
higher spatial resolutions. This is particularly relevant in sea 
and lake shores with poor surface and upper-air station density.

Over Lake Victoria (Figure 1), the second largest freshwater lake 
on Earth, numerous studies have examined the environmental 
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controls on precipitation extremes and severe thunderstorms in 
the Lake Victoria Basin (e.g., Chamberlain et  al.  2014; Thiery 
et  al.  2016; Woodhams et  al.  2019; Finney et  al.  2020). A key 
mechanism identified is the land-lake temperature contrast, 
which drives the Lake Victoria LLB circulation and plays a 
fundamental role in the initiation and organization of convec-
tion (e.g., Flohn and Fraedrich 1966; Anyah et al. 2006; Thiery 
et al. 2015; Van de Walle et al. 2020). These LLBs typically de-
velop during the afternoon as the surrounding land heats more 
rapidly than the lake surface, generating onshore flow that con-
verges over and around the lake (Virts and Goodman  2020). 
The LLB circulations are the primary control on the timing, 
location, and propagation of convective storms over the basin 
(Woodhams et al. 2019). Because these mesoscale circulations 
occur on spatial scales of only a few kilometers, their repre-
sentation is highly sensitive to model resolution. Previous 
studies have demonstrated that convection-permitting models 
can realistically reproduce the observed structure and diurnal 
evolution of Lake Victoria lake-breezes and associated thunder-
storms (e.g., Woodhams et al. 2019, 2022; Finney et al. 2020). In 
contrast, global forecasting systems such as the ECMWF IFS 

operate at resolutions that may not fully resolve the detailed dy-
namics of the lake-breeze circulation, instead relying partly on 
parameterized representations of convection and other sub-grid-
scale processes. The performance of such models in coastal and 
lake-influenced environments is known to be highly sensitive 
to the representation of boundary-layer mixing, near-surface 
thermodynamics, and lake-land thermal contrasts (Holtslag 
et  al.  2013; Savazzi et  al.  2022), raising questions about how 
effectively LLBs can be captured at coarse resolution. Despite 
the well-established role of LLBs in controlling convective initi-
ation, organization, and propagation over Lake Victoria, the ex-
tent to which these features are represented in global forecasting 
systems remains largely unquantified in literature. This gap is 
particularly important because IFS-based forecasts and reanal-
yses underpin a wide range of weather and climate applications 
(Hersbach et al. 2020; Brown et al. 2026), and are frequently re-
lied upon for operational forecasting and atmospheric research 
in observation-sparse regions such as the Lake Victoria basin.

In the present study, we take the unique opportunity to evaluate 
IFS with respect to its ability to represent the LLB circulation 

FIGURE 1    |    A comparison of IFS (grids) and AWSs (scatters) regarding (a) lake-breeze frequency and (b) mean time of arrival (LT) for the dry 
months of DJF and JJA during 2017–2022. The colored pixels show the study region. Northern and western AWSs are denoted by circle and pentagon 
markers, respectively.
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over Lake Victoria in East Africa. Building upon the methodol-
ogy and findings in Ssemujju et al. (2026), in which the Objective 
Lake Breeze Detection Algorithm (OLBDA) was developed and 
validated using a dense surface station network, we extend this 
line of research by applying the algorithm to hourly ECMWF 
IFS operational analysis, therein treating model grid points as 
pseudo-stations. This approach provides a spatially continuous 
diagnosis of LBF occurrence, position, geometry, timing, and 
propagation speed, thereby overcoming the spatial limitations 
of relatively sparse point-based surface observations. Using the 
previously established lake-breeze day catalog as an observa-
tional benchmark, we quantitatively assess, for the first time, 
the ability of IFS to reproduce the occurrence, timing, inland 
propagation, and three-dimensional meteorological character-
istics of LBFs over Lake Victoria. This evaluation provides new 
insight into the skill of the IFS in representing the full evolution 
of the lake-breeze circulation, including aspects that cannot be 
diagnosed from surface point observations alone. Finally, using 
the detected fronts as a reference, we assess three computation-
ally simple, physically motivated proxy variables to determine 
whether standard IFS output fields provide consistent and inter-
pretable indicators of lake-breeze activity relevant for forecast-
ing over Lake Victoria.

2   |   Data and Methods

2.1   |   Data

This study uses hourly output from the ECMWF IFS Cycles 
43–47 operational forecast dataset (ECMWF 2017, 2019, 2020, 
2022). The data are provided at 9 km horizontal resolution and 
are available at the surface and across 137 model levels, enabling 
a consistent analysis of surface and boundary-layer processes 
relevant to lake-breeze dynamics. The analysis is conducted 
over the northern shores of Lake Victoria, Uganda, during the 
dry seasons of December–February (DJF) and June–August 
(JJA) over the period 2017–2022, consistent with Ssemujju 
et al. (2026).

We utilize surface variables including 2-m temperature, 2-m 
dewpoint temperature, 10-m wind components, surface pres-
sure, as well as boundary-layer height. Specific humidity is 
computed from 2-m dewpoint temperature and surface pres-
sure using the MetPy Python package (v1.7; May et  al.  2019). 
Additionally, hourly vertical velocity, temperature, and horizon-
tal wind components are extracted for the lowest 38 model lev-
els, extending to ~5 km above ground level (AGL).

For validation of LBFs detected in IFS analyses, we use 
hourly surface observations obtained from a network of 45 
automatic weather stations (AWSs; Figure 1) operated by the 
Trans-African Hydrometeorological Observatory (TAHMO; 
van de Giesen et  al.  2014) and the Uganda Department of 
Meteorological Services (UDMS). In addition, satellite visi-
ble imagery from NASA's Earth Observing System Data and 
Information System (EOSDIS) Worldview platform is used. 
Here, lake-breeze and non-lake-breeze days identified from 
satellite visible imagery serve as the reference dataset for vali-
dating IFS-detected lake-breeze days, following the methodol-
ogy of Ssemujju et al. (2026).

2.2   |   LBF Identification Using OLBDA

LBF passages are objectively identified using the OLBDA, which 
detects characteristic thermodynamic and kinematic signatures 
of the lake breeze at individual stations or grid points within the 
study domain. The algorithm is applied to hourly grid point val-
ues of wind and temperature between 09:00 and 19:00 LT (daylight 
hours) to determine frontal location and occurrence. At a given 
station, the algorithm follows a sequential procedure by checking 
for the increase of the magnitude of onshore winds, a sharp de-
crease in temperature, and an increase in humidity or dew point 
(Sills et al. 2011; Miller et al. 2003). Finally, the algorithm applies 
a precipitation criterion to exclude the possibility of a convective 
cold pool-driven impact on the onshore wind. By doing this, the 
algorithm ensures that all the changes in the measured meteo-
rological parameters are exclusively produced by the lake-breeze 
frontal passages. If all these criteria flags are passed sequentially, 
then the LBF passage at that station is counted. The OLBDA algo-
rithm identifies LBF passages by adopting the threshold criterion 
of Ssemujju et al. (2026) based on the lowest 30% of temperature 
drops and the highest 30% of dewpoint and wind speed increases, 
but on a 1-h timescale to accommodate for the native temporal res-
olution of IFS. This way, we maintain methodological consistency 
with the observational framework and ensure that differences 
between the observed and simulated lake-breeze characteristics 
reflect the performance of the IFS analysis rather than changes in 
the event detection criteria. We refer to Ssemujju et al. (2026) for 
full methodological details on OLBDA.

2.3   |   Definition of a Lake-Breeze Day and  
Performance of OLBDA

Following Ssemujju et al. (2026), and accounting for the limited 
number of coastal AWSs, a lake-breeze day in the station dataset 
is defined as a day on which the OLBDA detects LBF passage in at 
least three coastal stations. We apply a similar approach to IFS by 
treating the nearest IFS grid points as stations and then checking 
whether at least three of these pseudo-coastal stations recorded 
a passage. This ensures a consistent and fair comparison of lake-
breeze day detection between the AWS and IFS datasets. The 
performance of the OLBDA when applied to IFS analysis is then 
evaluated using the same methodology and reference dataset of 
the manually identified satellite lake-breeze and non-lake-breeze 
days as in Ssemujju et al.  (2026). Furthermore, for each station, 
lake-breeze days detected by the OLBDA in the ECMWF IFS anal-
ysis were matched with the corresponding lake-breeze days iden-
tified from the AWS observations at the same location. Frequency 
bias was then calculated as the difference between the number of 
lake-breeze days detected in the IFS and AWS datasets, whereas 
arrival-time bias was calculated as the difference between the 
times of first LBF arrival in the two datasets for matched events. 
Event occurrence statistics and arrival time biases were computed 
consistently across the full network of 45 AWS surface stations and 
for all days when stations recorded observations.

2.4   |   Identifying LBFs Using Proxy Fields in IFS

Global reanalysis and forecast systems such as the IFS pro-
vide spatially continuous, three-dimensional fields of winds, 
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moisture, and boundary-layer structure beyond the capabili-
ties of surface stations. If the OLBDA framework can robustly 
identify LBFs from gridded IFS output using near-surface wind, 
temperature, and dewpoint, then the full model state can be ex-
ploited to evaluate additional physically motivated diagnostics 
of LBF activity.

To assess the suitability of such diagnostics, we evaluate three 
commonly used proxies between 09:00 and 19:00 LT: the hori-
zontal gradient of boundary-layer height (∇BLH; Antonelli and 
Rotunno 2007; Kalthoff et al. 2020), low-level horizontal wind 
convergence (− ∇ .U; Miller et al. 2003; Drobinski et al. 2006; 
Crosman and Horel 2010; Brown et al. 2026), and the horizon-
tal gradient of specific humidity (∇q; Borne et  al.  1998; Laird 
et al. 2001; Zhu and Atkinson 2004; Brown et al. 2026). Together, 
these diagnostics leverage the spatial and vertical structure of 
IFS fields to assess whether the model captures robust meso-
scale signatures of LBFs.

3   |   Results and Discussion

3.1   |   LBF Occurrence Frequency

Using the lake-breeze day definition in Section 2.3, the OLBDA 
identifies 526 and 417 lake-breeze days in the IFS and AWS 
datasets, respectively, out of 1093 DJF and JJA days within the 
2017–2022 study period, corresponding to 48% and 38% (Table 1; 
Figure  1). Of these, 400 are common to both datasets, mean-
ing that 126 and 17 detected lake-breeze days are exclusive to 
IFS and AWS, respectively. When applied to IFS, the OLBDA 
achieves a probability of detection of 0.71 and a false alarm 
ratio of 0.25, which are comparable to the corresponding AWS 
scores of 0.68 and 0.20, respectively. In IFS, lake-breeze days 
are nearly evenly distributed between the western and northern 
sectors, whereas AWS observations show higher frequency in 

the northern sector. Interannual variability is consistent across 
datasets, with 2021 (2018) recording the highest (lowest) lake-
breeze days (Table 1).

Figure  1a shows that both datasets exhibit a coherent spatial 
gradient, with the highest LBF occurrences concentrated along 
the Lake Victoria shoreline and progressively decreasing inland. 
This pattern is consistent with the expected spatial footprint of 
LBFs, frequent near the lake where the circulation forms, and 
diminishing inland as the temperature-driven pressure gradient 
weakens.

The IFS reproduces this large-scale pattern but exhibits a sys-
tematic positive bias in LBF frequency. Across all stations, 30 of 
45 (~67%) show higher LBF frequencies in the IFS than in the 
AWS, suggesting that the model overestimates LBF occurrence. 
This positive bias is typically ~5% and spatially consistent, with 
10 of 15 (~67%) stations in the western and 20 of 30 (~67%) in the 
northern sector. The overestimation is most pronounced within 
~20 km of the shoreline, where occurrence frequencies reach 
~50% in both datasets but decline more slowly inland in the IFS 
than in the AWSs. On average, LBF frequency in IFS decreases 
by ~4% every 20 km inland compared to a steeper decline of ~6% 
in AWS data.

The positive bias in occurrence frequency in IFS extends even 
to the most distant stations, with 4 of 7 showing higher LBF fre-
quencies than in AWS. This suggests that the LBF in the IFS 
model propagates farther and more frequently inland than ob-
served. This behavior may reflect an excessively smooth or overly 
persistent representation of the lake-land temperature contrast 
in the IFS, which can effectively strengthen or sustain the ther-
mal gradient that drives LBF initiation and inland penetration. 
It may also stem from unresolved sub-grid processes such as 
shoreline roughness transitions, small-scale topographic vari-
ations, local land-use heterogeneity, or shallow boundary-layer 

TABLE 1    |    Summary of lake-breeze days statistics in December–February and June–August (DJF-JJA) during 2017–2022 for IFS model (collocated 
grid points) and AWS observations.

Year

Percentage 
of days in 

DJF and JJA 
(182 days) 
with lake-

breezes 
across 

both sites

Number 
of days on 
Western 

coast with 
lake-

breezes

Number 
of days on 
Northern 
coast with 

lake-
breezes

Number of 
days extra 

in IFS model 
compared 

to AWS

Excess IFS 
detection as 
a percentage 
of total days 

sampled 
(182 days)

OLBDA performance

Probability 
of detection

False alarm 
ratio

IFS AWS IFS AWS IFS AWS West North West North IFS AWS IFS AWS

2017 49% 38% 69 50 70 62 19 8 10% 4% 0.69 0.65 0.21 0.19

2018 37% 29% 66 42 55 41 24 14 13% 8% 0.61 0.56 0.22 0.19

2019 41% 32% 71 55 62 56 16 6 9% 3% 0.66 0.59 0.19 0.17

2020 47% 40% 80 72 70 70 8 0 4% 0% 0.69 0.67 0.20 0.18

2021 62% 46% 84 84 105 88 0 17 0% 9% 0.80 0.80 0.35 0.22

2022 53% 44% 83 75 92 75 8 17 4% 9% 0.82 0.83 0.32 0.23

Mean 48% 38% 76 63 76 65 13 10 7% 6% 0.71 0.68 0.25 0.20

Note: West and North represent western and northern sectors of the lake, respectively.
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mixing that in reality inhibit inland penetration of the breeze. 
However, along portions of the northern coast, the IFS closely 
matches observed coastal frequencies and reproduces the inland 
decline to ~20% within ~40 km. Overall, the IFS captures the 
regional-scale spatial gradient of LBF occurrence but systemati-
cally overestimates event frequency.

3.2   |   Mean Time of LBF Arrival

Figure 1b presents the mean LBF arrival time from AWSs and 
IFS grid points. The mean arrival times show a clear and co-
herent inland progression, with earlier arrivals (12:00–14:00 LT) 
near the lakeshore and later arrivals (16:00–17:00 LT) farther 
inland, consistent with the expected daytime propagation of the 
LBF seen in previous work (e.g., Anyah et al. 2006; Chamberlain 
et al. 2014; Woodhams et al. 2019; Ssemujju et al. 2026). Both 
datasets capture this distance-dependent delay, indicating real-
istic representation of inland progression.

The IFS, however, exhibits an early-arrival bias. Across the net-
work, 27 of 45 stations (~60%) record LBF arrivals at least 1 h 
earlier than observed. Of the remaining stations, 11 (~24%) show 
delayed arrivals, while the rest agree closely. The bias is stron-
gest in the western sector, where 12 of 15 stations (80%) record 
earlier arrival, compared to 15 of 30 (50%) in the northern sector. 
On average, IFS leads observations by ~1 h, with local leads of 
1–2 h depending on the station. It should be noted that the early-
arrival bias occurs when averaged over all LBF days. In fact, late 
arrivals are frequently detected as well, as seen in the compar-
ison of LBF arrival times between IFS and AWSs in Figure S1.

Despite this bias, spatial patterns are consistent across data-
sets. In the IFS, LBFs typically arrive first along the northern 
coast (~12:00 LT) and then along the western coast (~13:00 LT), 
slightly earlier than observed but following the same sequence. 
This shows that the tendency of the IFS analysis to simulate ear-
lier arrival times is consistent across all geographic sectors of 
the study region, with only slight variations in the average lead 
time of the simulated fronts. Although the causes of this ear-
lier onset and the faster, deeper inland propagation of the LBF 
remain uncertain, they likely reflect a too rapid generation of 
lake-land thermal contrasts, thereby promoting earlier initiation 
and accelerated inland propagation of the LBF.

3.3   |   Performance of Diagnostic Proxy Variables 
From IFS: Case Study of 26 January 2022

To evaluate the proxy variables described in Section  2.4, we 
examine a representative lake-breeze case on 26 January 2022. 
This day was consistently identified as a lake-breeze day by sat-
ellite imagery and the OLBDA across most AWS stations and IFS 
grid points, with clearly defined frontal progression. Figure  2 
compares the diurnal evolution of the LBF inferred from these 
proxies with OLBDA- and satellite-inferred frontal positions at 
12, 15, and 18 LT. All three LBF metrics exhibit coherent inland 
propagation. At 12 LT, a clear signal delineating the shoreline 
appears in all three fields, indicating the initial development 
of a lake-driven circulation (Figure 2a,d,g). By 15 LT, this sig-
nal intensifies and extends inland, consistent with the daytime 

progression of a developing lake-breeze system (Figure 2b,e,h), 
while by 18 LT (Figure 2c,f,i) the signal becomes more diffuse 
and further displaced inland.

However, among the three diagnostics, ∇BLH provides the 
most continuous and well-defined frontal signature through-
out the day (Figure 2a–c). At 12 LT, strong land-lake contrasts 
in boundary-layer depth produce a pronounced ∇BLH sig-
nal that becomes more organized by 15 LT and remains iden-
tifiable, though weaker, by 18 LT. The resulting narrow and 
spatially coherent band allows the front to be tracked from 
initiation through inland propagation. The ∇q also delineates 
the LBF clearly, particularly during the early-to-mid afternoon 
(Figure  2d–f). A sharp ∇q band forms along the shoreline at 
12 LT, intensifies and advances inland by 15 LT, and remains 
detectable at 18 LT, albeit broader and less sharply defined than 
∇BLH. Overall, ∇q appears a suitable diagnostic, but tends to 
develop other strong gradient structures between the LBF and 
the shoreline (Figure 2e,f). In contrast, horizontal convergence 
exhibits weaker and more fragmented signatures (Figure 2g–i), 
with broader and less spatially consistent bands near the shore-
line than those identified by ∇BLH and ∇q. It should be noted 
that, although IFS exhibits an overall tendency for faster LBF 
propagation when averaged across all identified lake-breeze 
days (Figure  1b), Figure  2 represents a single case study in 
which the observed front (blue line) propagates faster than the 
IFS-derived front (red line) in some areas. Such event-to-event 
variability is expected and does not contradict the statistical re-
sults presented in the previous section, which are based on the 
complete lake-breeze-day dataset.

As a quantitative validation of the frontal locations, satellite im-
agery from Terra-MODIS (10:30 LT), NOAA-20 (12:20 LT) and 
Suomi-NPP (13:30 LT) are shown in Figure 2j–l. In both scenes, 
cloud lines or sharp surface reflectance contrasts align closely 
with fronts identified by ∇BLH and ∇q, providing independent 
confirmation of these diagnostics in this region. This visual 
agreement supports both diagnostics as physically consistent 
indicators of LBF position and morphology. Thus, LBF clima-
tologies from IFS ∇BLH and ∇q will be henceforth considered.

3.4   |   Composite of LBF Propagation Within �BLH 
and �q

To further assess the robustness of the two best-performing di-
agnostics, Figure 3 presents composites of ∇BLH and ∇q for 400 
common lake-breeze days, providing a generalized view of how 
well these fields capture the typical evolution of the observed 
LBF. Before noon, developing lake-land thermal contrasts pro-
duce weak, spatially incoherent gradients in both ∇BLH and 
∇q. Consistent with surface observations, no shoreline-anchored 
front is evident, as a coherent LBF forms only after ~12 LT. We 
therefore focus our analysis from 12 LT onward.

At 12 LT, both ∇BLH and ∇q show gradient maxima closely 
aligned with the OLBDA-derived front along most shoreline 
sectors (Figure  3a,d). The close agreement in frontal position, 
curvature and shoreline-parallel orientation indicates that both 
proxies reliably capture the early-stage LBF structure despite 
substantial event-to-event variability.
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From 12 to 18 LT, both fields track the observed inland propa-
gation of the breeze but differ structurally. The ∇BLH field pro-
vides the most intuitive correspondence, with gradient bands 
advancing inland in parallel with the OLBDA-detected front and 
retaining a compact structure that closely matches the observed 
frontal geometry (Figure 3a–c). In contrast, ∇q signal expands 
inland rather than forming a single sharp boundary, especially 
in the western sector, where coherent, narrow contours are less 
prominent (Figure 3d–f). Here, agreement with observations is 
better reflected in the inland extent and spatial footprint of en-
hanced ∇q than in a discrete moving front.

Despite these structural differences, both diagnostics retain 
strong spatial correspondence with the observed front through-
out the afternoon. The ∇q reliably highlights the moisture dis-
continuity associated with the breeze, while ∇BLH more clearly 
delineates a migrating frontal boundary. This consistency rela-
tive to the OLBDA-identified front demonstrates that ∇BLH and 
∇q are reliable and complementary proxies for diagnosing LBF 
structure and propagation in the IFS.

3.5   |   Vertical Structure and Evolution 
of the Lake-Breeze Circulation (LBC)

The almost complete lack of upper-air observations inhibits 
any in situ studies on the vertical structure of the LBF during 

the course of the day. Based on the reasonable delineation of 
the LBF by IFS, we created daytime composite cross-sections 
of vertical velocity (w), BLH, and virtual potential temperature 
(θᵥ) along transects perpendicular to the western and northern 
shores (Figure 4a) to examine the diurnal vertical structure.

The vertical cross-sections reveal a well-defined thermally-
driven LBC evolving systematically from 12 to 18 LT 
(Figure  4b–g). At 12 LT, a shallow ascent zone (orange shad-
ing) forms near the shoreline along both transects, indicating 
the lake-breeze initiation (Figure  4b,e). Over the lake, stable 
stratification maintains a shallow boundary layer (black line), 
while inland heating drives boundary-layer growth. A modest 
cross-shore θᵥ gradient (green contours) establishes the thermal 
contrast required for circulation development, and weak low-
level onshore flow emerges but remains confined near the coast. 
This structure is consistent with the initial adjustment phase of 
thermally-forced breezes described in classical conceptual mod-
els (Simpson 1994).

By 15 LT, the circulation peaks (Figure 4c,f). A pronounced as-
cent zone develops tens of kilometers inland, collocated with 
the inland-most extent of onshore flow, representing the LBF. 
The strongest ascent coincides with a sharp BLH gradient, indi-
cating low-level convergence, intrusion of cooler lake-modified 
air, and frontal lifting characteristic of a density-current head. 
Ahead of the front, strong surface heating rapidly deepens the 

FIGURE 2    |    Comparison of three proxy diagnostics for identifying the lake-breeze front (LBF) in the IFS on 26 January 2022 at 12 (top row), 
15 (middle row), and 18 LT (bottom row). Shown are (a–c) boundary-layer height gradient (∇BLH), (d–f) horizontal gradient of specific humidity 
(∇q), and (g–i) low-level horizontal convergence. Panels (j–l) show corresponding satellite imagery from MODIS Terra (10:30 LT), VIIRS NOAA-20 
(12:20 LT), and VIIRS Suomi-NPP (13:30 LT), respectively, for visual comparison of observed frontal position. Red and blue lines indicate LBF posi-
tion identified by the OLBDA in AWS and IFS data, respectively, for this case study. The black contours delineate areas where the threshold values 
applied to the proxy-variable fields are exceeded: ∇BLH > 0.07 m m−1, ∇q > 10 g kg−1 m−1, and convergence < −12 × 10−5 s−1.
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boundary-layer, leading to enhanced mixed-layer growth in-
land. The inland, weakly stratified and well-mixed boundary-
layer reaches a maximum depth of ~3 km AGL, consistent with 
previous studies over Lake Victoria (Fraedrich 1968; Woodhams 
et al. 2019), and within the typical 2–3 km depth of vigorously 
convective boundary layers under strong surface heating (e.g., 
Stull 1988; Miller et al. 2003). Streamlines indicate a fully de-
veloped closed circulation cell with well-defined onshore flow 
feeding the frontal ascent and a distinct return branch aloft, 
while weakened vertical θᵥ gradients inland indicate increased 
instability and continued deepening of the mixed layer relative 
to the cooler, more stably stratified lake-modified air.

By 18 LT, the circulation weakens as surface heating diminishes 
(Figure 4d,g). Frontal ascent becomes shallower and less coher-
ent, the onshore flow retracts toward the shoreline, and thermal 
gradients relax. The inland BLH decreases and the frontal gra-
dient becomes less distinct, marking a transition to the decay 
phase. Residual ascent persists longer along the western tran-
sect, but overall vertical motion diminishes, consistent with the 
canonical diurnal cycle of thermally driven breezes.

Despite similar evolution, the two transects differ systemati-
cally. Along the western transect (Figure 4e–g), ascent is deeper 
and stronger, boundary-layer growth is more rapid, and the 
LBF penetrates farther inland (~200 km), with a clearer return 

flow aloft. Along the northern transect (Figure 4b–d), ascent is 
weaker, boundary-layer development is more gradual, and in-
land penetration is limited (~130 km). These contrasts reflect 
shoreline orientation relative to the prevailing easterlies (see 
supporting information in Ssemujju et  al.  2026). Along the 
western shore, the easterlies impinge more perpendicular to the 
coast, enhancing low-level convergence and strengthening fron-
tal lifting, whereas along the northern shore, more parallel flow 
weakens convergence and yields a weaker LBF. Similar sensi-
tivities to synoptic wind alignment have been documented in 
previous lake- and sea-breeze studies (e.g., Simpson 1994; Miller 
et al. 2003; Markowski and Richardson 2010).

Overall, the coupled evolution of w, BLH, and θᵥ demonstrates a 
classic thermally-driven mesoscale circulation whose strength, 
vertical extent, and inland propagation are strongly governed 
by surface heating and modulated by synoptic flow orientation. 
This three-dimensional analysis further highlights the advan-
tage of the IFS data by revealing aspects of the LBF that cannot 
be resolved from a two-dimensional perspective, including the 
vertical thermodynamic structure of the front, the return flow 
aloft, the pronounced BLH gradient marking the frontal bound-
ary, and variations in boundary-layer depth throughout the 
evolution of the lake breeze. These results reinforce established 
LBC theory while providing new insight into its vertical struc-
ture and asymmetry over Lake Victoria.

FIGURE 3    |    Composite lake-breeze structure derived from all satellite-identified lake-breeze days, shown for (a–c) boundary-layer height gra-
dient (∇BLH), and (d–f) horizontal gradient of specific humidity (∇q) at 12 (top row), 15 (middle row), and 18 LT (bottom row). Red and blue lines 
indicate LBF position identified by the OLBDA in AWS and IFS data, respectively. The black contours delineate areas where the threshold values 
applied to the proxy-variable fields are exceeded: ∇BLH > 0.028 m m−1, and ∇q > 7 g kg−1 m−1.
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4   |   Summary and Conclusions

This study evaluates how well LBFs are represented in ECMWF 
IFS operational forecasts over the Lake Victoria region. Applying 
the OLBDA developed in Ssemujju et al.  (2026) directly to the 
IFS data allowed grid point detection of LBF passages and direct 
comparison with the passage at a large network of weather ob-
servations. The main findings are:

•	 The results demonstrate that the IFS provides a plausible 
representation of the regional-scale lake-breeze circulation. 
However, compared with automatic weather stations, IFS 

overestimates the frequency of LBF passages by ~26% and 
exhibits an early-arrival bias of 1–2 h.

•	 Evaluation of three commonly used proxy diagnostics 
against OLBDA-identified LBFs (based on wind, tempera-
ture, and dew point, as shown in Figure 2) indicates that the 
BLH gradient provides the most consistent and physically 
interpretable representation of LBF structure. The specific 
humidity gradient performs nearly as well, particularly 
during the early-to-mid afternoon, while horizontal conver-
gence was found to be a rather inadequate proxy in our case 
due to the high level of noise and low level of coherence.

FIGURE 4    |    (a) Study domain showing red and magenta lines (transects) oriented perpendicular to the western (W) and northern (N) shores of 
Lake Victoria, respectively, used to compute the mean cross-sections. (b)–(d) and (e)–(g) Composite vertical cross-sections of vertical motion along 
the northern and western transects at 12:00 (top row), 15:00 (middle row), and 18:00 LT (bottom row), respectively. Shading denotes vertical velocity 
(orange = ascent, purple = descent). The black solid line shows the boundary layer height, green contours represent virtual potential temperature, 
and arrows indicate 2-D streamline flow. The red and blue dashed vertical lines in (b)–(g) roughly mark the composited LBF location from AWS and 
IFS, respectively, along the averaged northern and western transects. Distance in km is measured from the lake shoreline (vertical dashed black line) 
with positive (negative) values showing distance away from (into) the lake.
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•	 Vertical cross-sections show a well-defined LBC along 
both western and northern transects, with marked dif-
ferences in strength and depth. The western transect, fa-
vorably aligned with the prevailing easterly synoptic flow, 
exhibits stronger low-level convergence, deeper ascent, 
and greater inland penetration (~200 km), whereas the 
northern transect shows a weaker, shallower circulation. 
Furthermore, the results show that inland regions often 
develop a deep (~3 km) convective boundary layer prior 
to frontal passage, with a distinct BLH gradient marking 
the ascent zone, consistent with density-current-like LBF 
structure.

Overall, our results suggest that ECMWF IFS 9-km oper-
ational analyses provide a plausible and coherent picture of 
daytime evolution of the three-dimensional land-lake circu-
lation at the western and northern shores of Lake Victoria 
during the dry seasons. Some deficiencies are noted regarding 
the overestimation of the frequency and swifter inland prop-
agation. The tendency of the IFS to predict more LBFs and 
earlier frontal arrival times may be due to biases in the repre-
sentation of land-lake thermal contrasts, surface heat fluxes, 
boundary-layer evolution, shoreline roughness transitions, 
and limitations in the representation of turbulent mixing, 
which require further investigation.

The superior performance of the BLH and specific humidity 
gradients compared to surface convergence likely reflects 
the thermodynamic nature of the LBF, which separates rel-
atively cool, moist marine air from warmer continental air 
and thereby produces sharp horizontal contrasts in moisture 
and boundary-layer structure that closely delineate the frontal 
position (e.g., Simpson 1994; Miller et al. 2003). As the front 
propagates inland, strong gradients in specific humidity and 
BLH remain closely aligned with its leading edge, providing 
spatially coherent markers of frontal location. By contrast, 
surface convergence is often diffused or displaced from the 
thermodynamic boundary and can be modified by local to-
pography and mesoscale circulations, making it a less reliable 
standalone indicator of LBF position.

According to IFS, the depth of the LLB reaches about 3–4 km 
(Figure 4). The northern transect in Figure 4 covers Entebbe at 
the lakeshore. Fraedrich (1968) utilized two seasons of PIBAL 
balloon wind soundings from Entebbe, but only up to 1920 m. 
His results indicate that in June–August, the depth of the LLB 
at the coast of Entebbe in the afternoon (12–18 LT) is 1920 m 
or higher, while it is shallower in December–February. Similar 
seasonal differences were evident in IFS (not shown). Our 
NW-SE transect is similar to the one discussed in Woodhams 
et  al.  (2019), using Met Office Unified Model convection-
permitting simulations at 1.5 km resolution. From comparing 
our Figure 4f with Fig. 7n in Woodhams et al. (2019), it can be 
seen that upward motion at the LBF reached around 600 hPa. 
Unfortunately, no upper-air observations at some distances 
away from the coast are available to investigate the vertical 
extent of the LLB.

Our results suggest that IFS analysis can be used to study the 
LLB and as boundary conditions to drive higher resolution at-
mospheric models, including those that simulate atmospheric 

chemistry and pollution. A caveat for long-term climatolo-
gies is that IFS operational analyses are inhomogeneous due 
to changes in the model physics in the different model cycles 
(ECMWF  2025). Yet, the next ECMWF reanalysis, ERA6 
(https://​clima​te.​coper​nicus.​eu/​coper​nicus​-​clima​tes-​era6-​
reana​lysis​-​produ​ction​-​starts), planned to be released in 2027 
at 14 km resolution, that is, more than double the resolution 
of ERA5 (32 km), could solve this issue. Other high-resolution 
global, like DWD ICON DREAM at 13 km (Valmassoi 
et al. 2025), can be used as well to obtain a feeling how differ-
ences in data assimilation and model physics impact the LLB. 
Using these data sets, diurnal, seasonal and interannual vari-
ations in the LLB systems of Lake Victoria could be studied. 
The OBLDA-derived hourly positions of the LLB from weather 
stations in the period 2017–2022 can also be used to quantita-
tively assess LLB forecasts that are freely available from both 
the DWD and ICON model. Furthermore, the findings of this 
study have implications for the growing use of ECMWF IFS-
based reanalysis products as training datasets for AI weather 
models. Any bias in the representation of lake-breeze circula-
tions may be transferred to data-driven forecasting systems, 
highlighting the importance of accurately capturing meso-
scale boundary-layer processes.
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Supporting Information

Additional supporting information can be found online in the 
Supporting Information section. Figure S1: Two-dimensional histo-
gram comparing lake-breeze front arrival hours identified from AWS 
observations (x-axis) and the ECMWF IFS analysis (y-axis) for all com-
mon lake-breeze events across the station network. The red dashed line 
denotes perfect agreement. The concentration of events on and immedi-
ately below the 1:1 line indicates that, while the IFS generally captures 
the timing of lake-breeze arrivals, it exhibits a systematic tendency to 
predict the arrival approximately 1 h earlier than observed. 
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