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1.1	Model Description: Weather Research and Forecasting model (WRF)
The Weather Research and Forecasting (WRF) model (Skamarock et al., 2008), developed by the National Centre for Atmospheric Research, is a community of Eulerian non-hydrostatic equations solvers that have a range of applications including forecasting, weather prediction, regional climate modelling, and atmospheric chemistry (Skamarock et al., 2008, 2019). The model has diverse features such as mass-based and hybrid sigma-pressure vertical coordinates, Arakawa-C grid staggering, 2nd to 6th-order advection options, Sub-grid scale turbulence formulation, and full Coriolis terms. WRF provides various options for parameterization, including microphysics, cumulus parametrization, surface physics, planetary boundary layer physics, and atmospheric longwave and shortwave radiation. From WRF V4.3 the multilayer Building Effect Parameterization (BEP), and BEP with Building Energy Model (BEP+BEM) UCMs are added to the Yonsei University (YSU) planetary boundary layer parameterization  (Hendricks et al., 2020). Further, while the preceding versions of WRF accounted only for three urban classes in the land use (Low density residential, high-density residential and Industrial or commercial), the versions after WRF V4.3 now allow the incorporation of the LCZ scheme (Zonato & Chen, 2021) when a flag is added into the “& physics” section of the namelist.input files: use wudapt_lcz =1. 

1.2 Description of Urban Canopy Models
In order to improve the ability of the WRF model to capture fine-scale urban processes and better representation of surface air energy interactions in urban areas (Chen et al., 2004), a number of urban parametrization schemes have been implemented. The Simple Layer Urban Canopy Model (SLAB) is a straightforward urban canopy model that assumes all urban processes are occurring below the lowest model vertical level. It estimates fluxes of heat and momentum based on the Monin-Obukov Similarity Theory (MOST) regardless of the urban structure. The SLUCM (Kusaka & Kimura, 2001)  includes street canyons to represent urban geometry, shading, and radiative reflection by buildings. It also includes a multilayer heat equation for roof, wall, and road surface temperatures (Chen et al., 2011). Unlike SLAB, it takes into account the heterogeneity of urban landscapes and urban green infrastructure. The BEP  (Martilli et al., 2002)  is a 3D structure model that distributes the exchanges of heat, moisture, momentum, and turbulent kinetic energy within the urban structure. BEP+BEM, developed by Martilli et al., (2002), is a highly sophisticated multilayer scheme that estimates anthropogenic heat generated by air conditioning systems and heat exchange between the interior of a building and the atmosphere. 
Bassett et al., (2020) experimented with the WRF-SLUCM driven by the Urban Canopy Parameters (UCPs) of  Jackson et al., (2010)and found it to produce reliable results over Lagos in terms of UHI assessment. Building on this study, the proposed research seeks to assess the performance of SLAB, BEP, and BEP+BEM models driven with the UCPs of the Local Climate Zone (LCZ) scheme to determine the best model for heat stress analysis in the tropical humid city of Lagos.

1.3	Model Configuration
[bookmark: _Hlk124695734]WRF version 4.4 was used for this study.  WRF model has been used in several quasi-operational as well as process-based assessments of extreme temperature, UHI and heat stress investigations over the tropics (e.g Bhati & Mohan, 2016; Kedia et al., 2021; Khan & Chatterjee, 2016;  Bassett et al., 2020).  The domain is configured  with 4 interacting nested domains set at 27km, 9km, 3km and 1km (grid ratio 1:3:3:3), similar to Bassett et al., (2020). All domains comprised of 35 vertical levels from the surface to 50hpa to capture the boundary layer processes. The master domain covers a large region of West Africa and extends over the Atlantic Ocean, which is the main source of wind and moisture for monsoon activities over the region; domain 2 covered Nigeria and domain 3 covered the city of Lagos at a much finer resolution and timestep. 
The physical parameterisation schemes were derived from the optimal combination of schemes used in previous studies  (e.g Bassett et al., 2020; Niyogi et al., 2020; Gbode et al., 2019) over a tropical savanna climate. The cloud microphysics is used from WSM 6-class graupel scheme (Lim & Hong, 2010), Surface Layer is  parameterised using  Monin-Obukhov Similarity scheme (Monin and Obukhov 1954), Land Surface Model  considered in the study is the Noah Land-Surface Model (Liu et al., 2006). Boundary layer parameterization is from Bougeault and Lacarrère scheme (Bougeault & Lacarrere, 1989), long wave radiation model used is rapid radiative transfer model (RRTM: Mlawer et al., 1997), and for short wave radiation Dudhia’s scheme  (Dudhia, 1989) is selected.
The model was run for 31 days for a typical pre monsoon period in March 2020. March generally is usually associated with a high degree of heat stress in southern Nigeria (Balogun et al., 2010) due to the influence of moisture-laden warm maritime air. The annual time series of mean daily air temperature is shown in (Fig. S1).
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Fig. S1: Annual time series of air temperature for 2020
1.3 Model Inputs
The WRF initial and boundary conditions were obtained from the fifth generation of the European Center for Medium-Range Weather Forecasting (ECMWF) reanalysis ERA5 data set. For outer domains, the default MODIS IGBP 21- land cover category data was used. However, for the innermost domain (d04), we implement the high-resolution LCZ map (Fig. S2) for the urban Land use (LU) category. The  LCZ map of Lagos representative of year 2020 was generated using the LCZ generator (Demuzere et al., 2021). The LCZ generator is an online web interface that accepts training areas file processed the map and produces a high-quality Gaussian-filtered map at 100m spatial resolution. The LCZ map in Fig. S2 displays the 17 classes with 10 urban and 7 natural classes. For Lagos Urban area, the dominant LCZs include LCZs 6, 3, 9 and 7 covering 54%, 25%, 22%, 13% of the urban area respectively.
To incorporate the LCZ map into WRF Preprocessing System (WPS), we made use of the WUDAPT to WRF python tool (w2w: Demuzere et al., 2021). The urban pixels corresponding to MODIS IGBP 21 urban land use categories (LU-index 13) were replaced with 10 distinct LCZ urban classes (Fig. S2). For details of the conversion processes see Demuzere et al., (2021). 
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Fig. S2- a) High resolution (100m) LCZ map of Lagos Nigeria representative of year 2020 and b) high resolution (90m) SRTM topography data
As part of the model set up, we also implemented Shuttle Radar Topography Mission (SRTM:  Slater et al., 2006) in WPS. SRTM was delivered onboard the Space Shuttle Endeavour during an eleven-day mission in February 2000 to create global most complete high-resolution (~90m) topographic database. 

1.4	Anthropogenic Heat
To have a more realistic representation of the anthropogenic heat (QF) generated in Lagos, we ran a simple standalone Surface Urban energy and water balance Scheme using Python (SuPy: Grimmond, 2020; Sun & Grimmond, 2019). The model was driven with LCZ UCPs and forced with ERA5 surface meteorology at 500m spatial resolution and population data from Grid 3 (https://grid3.gov.ng/). SUEWS calculates QF  based on heating and cooling degree days and population density (Järvi et al., 2011). The resulting values of anthropogenic heat per grid cell were aggregated by each LCZ and used in the UCMs model. 

1.5 SUEWS Model Run
Surface Urban Energy and water balance scheme was used to simulate the anthropogenic heat for each LCZ as input to the Urban Canopy Model (UCM).  The LCZ map of Lagos provides the land cover characteristics. In addition, SUEWS needs population data to estimate the anthropogenic heat (QF). These were obtained from the Geo-Referenced Infrastructure and Demographic Data for Development (GRID3 ; WorldPop., 2020). This was used to calculate the population density per grid in pp/hectare for each grid using the zonal statistics tool in QGIS. Hourly meteorological data for a single location (Lagos Airport; 3.321E, 6.581N) from ERA5 were used. SUEWS was run in SuPy mode (SUEWS in Python) at 5 minutes time-step for the month of March 2020. The model output was subsequently averaged to hourly and for each LCZs.

1.6 Heat stress Analysis
A comparison of heat Indices, Humidex vs WBGT
The Wet-Bulb Globe Temperature, WBGT (Yaglou & Minard, 1957) on the other hand is widely considered as the most frequently used heat stress index due to its straightforward physical interpretation and its derivation from a broader range of environmental factors such as air temperature, humidity, wind, and solar radiation. 
WBGT is formulated as a linear combination of the natural wet-bulb temperature, , black globe temperature and air temperature,:
 
Where  is estimated from relative humidity and air temperature using Stull’s equation (Stull, 2011) and  measures the combined effect of radiant heat , air temperature , and wind speed .
=    
Obviously, WBGT will seem to be a better representation of human comfort than Humidex since it would account for the effect of four environmental factors than Humidex’s two. However,  recent studies (e.g Budd, 2008; Havenith & Fiala, 2016; Kong & Huber, 2022) have shown that WBGT responds poorly to humidity and wind speed and consequently underestimates the heat stress under restricted evaporation in a prevailing highly humid environment. In this regard, it is possible that the humidity and wind patterns might not be well accounted for in a complex coastal city like Lagos using WBGT. Nevertheless, we compared the 2 indices and found a good linear relation between them as shown in Fig. S3 (R2 = ~0.7). 
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Fig.S3- Scatter plot showing the linear relation between WBGT and Humidex (OC)
2. Result and Discussion
2.1 Model evaluations
2.1.1 Air Temperature Evaluation
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Fig.S4- Heat maps showing a) the MBE B) RMSE and c) the correlation coefficients of predicted T2 (oC) and observations over the selected stations.
Relative Humidity
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Fig.S5- Mean diurnal pattern of observed and simulated relative humidity (RH) over Lagos Airport and Unilag


2.1.2 Wind Speed
The wind pattern is shown in Fig. S6 corresponding to Ikenne (LCZ 6), Lagos Airport (LCZ8) and Unilag (LCZ 3). Overestimation of the diurnal pattern of wind speed is observed in Ikenne by all the models. The overestimation is most pronounced in the SLAB model, followed by BEP and least in BEP+BEM model. In Lagos Airport, we noted a general underestimation of wind speed, particularly during the day. Additionally, we noted that BEP model was able to capture the low wind speed at nighttime than SLAB and BEP+BEM model. In Unilag location, the diurnal pattern of wind speed by BEP model seems to be closest to observations, whereas the overestimations of the diurnal wind pattern is observed in the SLAB model and underestimations by the BEP+BEM. Despite the similarities in the physical configurations of BEP and BEP+BEM model, we found a general low wind speed in diurnal pattern of wind speed predicted by BEP+BEM . This might be related to the addition of a drag coefficient in the latest version of WRF(V>4.3: Zonato & Chen, 2021). The drag coefficient influences momentum sinks caused by vertically oriented surfaces (buildings and vegetation) as well as turbulent kinetic energy generated by buildings (Martilli et al., 2002). The drag from horizontal surfaces is however based on the MOST. In previous versions, drag coefficients were constant, however in WRFV4.3, this was modified to depend on the building plan area ratio, since the ratio affects the overall drag in simulations using Reynolds-averaged Navier-Stokes equations (Santiago & Martilli, 2010 ; Gutiérrez et al., 2015). The low wind speed predictions by BEP+BEM has also been noted by (Hendricks & Knievel, 2022) over Houston.
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Fig. S6- Comparison of mean diurnal pattern of 10m air at the 3 locations
The error metrics evaluation between observed and modelled wind speed for each location and aggregates indicated a general overestimation in all the models with largest MBE occurring in the SLAB model (MBE=1.63), this is followed by BEP model (MBE=0.97m/s). However, BEP+BEM predicted wind speed closer to 0m/s (MBE= 0.05m/s). Likewise, BEP+BEM presents the lowest RMSE (RMSE =2.19m/s), followed by BEP (RMSE = 2.6m/s) and the highest error is noted with the SLAB model (RMSE = 3.1m/s). The correlation between the observed and predicted wind speeds is generally low with a correlation coefficient of 0.32, 0.36 and 0.35 for SLAB, BEP and BEP+BEM models respectively. The heat map for the evaluation metrics for the three stations is shown in Fig. S7.  Although with a grid resolution of 1 km, we might expect the WRF model to perform better in simulating wind speed, as noted by Solbakken et al., (2021). However, the low correlation values observed between the model output and observations may be related to the model's land-use specification at each location. For instance, at Lagos Airport, the model grid with a resolution of 1 km is classified as LCZ 8, which represents large low-rise buildings. In reality, the meteorological site is located on grass with the closest low-rise buildings at least 100m away.
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Fig. S7- Heat maps showing a) the MBE B) RMSE and c) the correlation coefficients of predicted wind speeds and observations over selected stations.
2.1.3 Wind Direction and Wind speed frequency
Fig. S8-S10 illustrates the comparison of modelled and observed wind directions and wind speed frequency. Over Ikenne (LCZ6) location. The prevalent wind direction is southwesterlies, which the models did well in replicating. However, BEP+BEM model shows much more variability in the wind direction than SLAB and BEP model. The wind speed histogram shows a general overestimation of the wind speed. Low wind speed frequency were underestimated (0-1m/s) by all the models, 1% by SLAB, 4% by BEP however BEP+BEM shows an improved performance with 14%. Wind speeds between 1 -2mls were well captured by BEP and BEP+BEM. 35% of the observed wind speed are between 1-2m/s, BEP predicted 34%, and BEP+BEM predicted 33% whereas the SLAB model predicted just 17%. It is evident that the model successfully captured the dominant sectors in the direction, indicating that the direction sectors that were not accurately simulated by the model have little significance.
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Fig. S8- a) wind rose and b) wind speed histogram depicting the wind speed frequencies in Ikenne location
Over Lagos airport, because this is an airport weather station, wind speed less than 3m/s which is classified as 0(calm). For comparison, modelled wind speed less than 3m/s were also classified as calm. The prevalent wind direction from observation is southwesterlies, which the models did well in replicating. However, BEP+BEM model shows much more variability in the wind direction than SLAB and BEP model. The wind speed histogram shows a general overestimation of the wind speed. Low wind speeds frequency were underestimated (0-1m/s) by all the models, 1% by SLAB, 4% by BEP however BEP+BEM shows an improved performance with 14%. Wind speeds between 1 -2mls were well captured by BEP and BEP+BEM. 35% of the observed wind speed are between 1-2m/s, BEP predicted 34%, and BEP+BEM predicted 33% whereas the SLAB model predicted just 17%. It is evident that the model successfully captured the dominant sectors in the direction, indicating that the direction sectors that were not accurately simulated by the model have little significance.
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Fig. S9 a) Wind rose and b) wind speed histogram depicting the wind speed frequencies in Lagos airport location.
However, in Unilag location where north-westerly winds predominate, the 3 models failed to reproduce the wind directions as they all predicted southwesterlies. This again might be due to mismatch between the actual description of the measurement site and the grid description. Moreover, BEP+BEM did well in capturing the wind speed frequencies than BEP and SLAB. We noted that majority of the wind speed are between 1-2m/s (90%). BEP+BEM predicted the highest percentage within this range. As low wind speeds were observed in the location for (90%). BEP+BEM predicted the highest percentage within this range with a frequency of 50% followed by BEP (5%) and SLAB with 1%.
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Fig. S10- a) wind rose and b) wind speed histogram depicting the wind speed frequencies over Unilag location
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Fig. S11 Bar chart illustrating the normalised root mean square error for air temperature, wind speed and relative humidity.
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