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            Abstract
CategoryÂ 4 landfalling hurricane Harvey poured more than a metre of rainfall across the heavily populated Houston area, leading to unprecedented flooding and damage. Although studies have focused on the contribution of anthropogenic climate change to this extreme rainfall event1,2,3, limited attention has been paid to the potential effects of urbanization on the hydrometeorology associated with hurricane Harvey. Here we find that urbanization exacerbated not only the flood response but also the storm total rainfall. Using the Weather Research and Forecast modelâ€”a numerical model for simulating weather and climate at regional scalesâ€”and statistical models, we quantify the contribution of urbanization to rainfall and flooding. Overall, we find that the probability of such extreme flood events across the studied basins increased on average by about 21 times in the period 25â€“30 August 2017 because of urbanization. The effect of urbanization on storm-induced extreme precipitation and flooding should be more explicitly included inÂ global climate models, and this study highlights its importance when assessing the future risk of such extreme events in highly urbanized coastal areas.
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                    Fig. 1: Storm total rainfall by hurricane Harvey.[image: ]


Fig. 2: Key variables for diagnosing the effects of urbanization on hurricane Harvey.[image: ]


Fig. 3: Modelling of the annual maximum peak discharge records.[image: ]


Fig. 4: Examination of the effects of urbanization on the modelled annual maximum discharge.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Effect of urbanization on the storm total rainfall during hurricane Harvey.
The map (the black outlines mark urban areas of Houston) shows the difference (Urban BEM minus NoUrban) in accumulated precipitation for 25 August 0Â h to 30 August 0Â h 2017 between the â€˜Urban BEMâ€™ and â€˜NoUrbanâ€™ WRF experiments. The stippled regions represent areas for which these differences are statistically different from zero (that is, there are no effects of urbanization in terms of rainfall) at the Pâ€‰=â€‰0.05 significance level based on Studentâ€™s t test.


Extended Data Fig. 2 Accumulated precipitation in each ensemble member of the WRF experiments.
aâ€“n,Â Accumulated precipitation (colour scale) for 25 August 0Â h to 30 August 0Â h 2017 in each member of the â€˜Urban BEMâ€™ (aâ€“g) and â€˜NoUrbanâ€™ (hâ€“n) WRF experiments initialized between 23 August 0Â h and 24 August 12Â h at 6-h intervals.


Extended Data Fig. 3 Key variables for diagnosing the impacts of urbanization on hurricane Harvey.
aâ€“l, Friction velocity (aâ€“c), roughness length (dâ€“f), Bowen ratio (gâ€“i) and boundary layer height (jâ€“l) are shown for the â€˜Urban BEMâ€™ (top panels) and â€˜NoUrbanâ€™ (middle panels) experiments with WRF and their differences (bottom panels).


Extended Data Fig. 4 Accumulated precipitation for hurricaneÂ Harvey in observations and different urbanization schemes andÂ settings of WRF experiments.
aâ€“d, Accumulated precipitation (colour scale) is shown for 25 August 0Â h to 30 August 0Â h 2017 in observations (a), and inÂ the â€˜Urban BULKâ€™ (b), â€˜Urban BEMâ€™ (c) and â€˜NoUrbanâ€™ (in which urban land-use types are replaced by croplands;Â d) WRF experiments.


Extended Data Fig. 5 Basin boundaries of the five watersheds considered in this study.
TheÂ ID numberÂ for each basin is also shown.Â The percentage of impervious areaÂ is indicated by the grey scale.


Extended Data Fig. 6 Worm plots for the fitted models of annual maximum peak discharge records.
aâ€“e, Worm plots for the fitted models shown to evaluate the goodness of fit as shown in Fig.Â 3. For a satisfactory fit, the data points should be within the two grey lines (95% confidence interval).


Extended Data Fig. 7 Information related to the WRF simulations.
a, Land-use map in the Houston area. The low-residential, high-residential and commercial land-use categories are coloured in orange, red and dark red, respectively. (DevOpen, developed open space; EH Wetland, emergent herbaceous wetlands.) b, Three spatial domains d01, d02 and d03 in the WRF simulations with spatial resolution of 12 km, 4 km and 1.33 km, respectively.


Extended Data Table 1 Summary of the characteristics of the five watersheds studied and of the WRF physics optionsFull size table


Extended Data Table 2 Summary of the modelling results for the five basins considered in this studyFull size table
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