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Extended Data Fig. 3 | Regional variations in frequency of urban grid cell 
growth rates by decade across eight global regions Regional variations in 
frequency of urban grid cell growth rates by decade across eight global regions 
not in eastern, southeastern or southern Asia plotted against city populations 
(see Fig. 2), (a) Africa, (b) Middle East, (c) Other Asia, (d) Latin America, (e) Russia, 

(f) Australia-New Zealand, (g) Europe, and (h) North America. For each region, 
cities are binned by total 2014 population (Taubenbock et al. 2019) (ref. 41), and 
then the aggregated grid cells are partitioned into four urban growth rate classes 
(see Fig. 1 legend).
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Extended Data Fig. 4 | See next page for caption.
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Extended Data Fig. 4 | Distribution of PR and BF trends by decade/sensor, 
binned by city population in 2014, for all cities in East Asia, China, Southeast 
Asia, and India. Number of cities per bin are: China: >10 M: 5 (n = 1234 total 
grid cells), 5–10 M: 9 (n = 720) 2–5 M: 26 (n = 1217), 1-2 M: 27 (n = 959), <1 M: 286 
(n = 3910); East Asia: >10 M: 3 (n = 539), 5–10 M: 3 (n = 255), 2–5 M: 6 (n = 292), 
1-2 M: 8 (n = 278), <1 M: 23 (n = 420); Southeast Asia: >10 M: 4 (n = 432), 5–10 M: 2 

(n = 104), 2–5 M: 5 (n = 179), 1-2 M: 11 (n = 225), <1 M: 53 (n = 674); and India: >10 M: 
3 (n = 181), 5–10 M: 6 (n = 234), 2–5 M: 8 (n = 210), 1-2 M: 28 (n = 538), <1 M: 119 
(n = 1308). Boxes: 50% of data centered on median); notches: ~95% confidence 
intervals on median; whiskers: smaller of extreme value or 1.5 times length of 
inter-quartile range above and below median; dots: outliers.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Distribution of BF and PR initial states and rates of 
change in k-means clusters for each decade. All four cluster analyses included 
relevant data for 34,880 grid cells. (a) Five 1990s clusters, based on 1993 BF, 1993 
ERS PR, 1993–2000 annual rate of increase in BF and annual trend in ERS PR. 
(b) Five 2000s clusters, based on 2000 BF, 2000 QSCAT PR, 1999–2009 annual 
rate of increase in BF and annual trend in QSCAT PR. (c) Five 2010s clusters, 
based on 2010 BF, 2010 ASCAT PR, 2010–2015 annual rate of increase in BF and 

2010–2021 annual trend in ASCAT PR. (d) Four 1990s k-means clusters (not used 
in analysis). Boxes: inter-quartile range (that is, 50% of data centered on median); 
notches: approximate 95% confidence intervals on the median; whiskers (outer 
lines) extend to smaller of extreme value or 1.5 times length of inter-quartile 
range above and below the median. Outliers are shown as dots. Box widths are 
proportional to square root of number of grid cells in cluster. See Table 2 for 
more characterization of the k-means clusters.
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Extended Data Fig. 6 | Interdecadal transitions in grid cell k-mean clusters 
across eight global regions not in eastern, southeastern or southern Asia. 
MUA grid cell transitions (see Fig. 4) between clusters generated in the 1990s 
(left), 2000s (middle) and 2010s (right) for Africa, Middle East, Other Asia, Latin 
America, Russia, Australia-New Zealand, Europe, and North America. Number of 
grid cells per region and percentage of global total are listed in parentheses.  

Band widths are proportional to the number of grid cells transitioning from a 
cluster in one decade to a cluster in the next decade. Band colors are determined 
by the cluster identity in the 2000s. Two clusters in the 1990s, 1 and 1*, have very 
similar characteristics (see Table 2 for cluster details) and merge into a single 
Budding cluster in the 2000s and 2010s. Note that not all clusters occur in all 
regions in all decades.
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Extended Data Fig. 7 | Mean annual WSF-evo BF and ASCAT PR values for three cities in Syria, relative to 2007 values. These cities were heavily damaged by 
bombing in the early 2010s.
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Extended Data Fig. 8 | Map of Beijing, China region. Beijing+ MUA polygon 
(red) from Taubenböck et al. (2019) (ref. 40). The grid cells (pale red, 0.05°  
lat/lon) that intersect the MUA polygon are included in the analysis. This map also 

includes the MUA polygon and grid cells for the smaller MUA of Langfang, China, 
to the southeast of Beijing+. Background map included for context, not used for 
data; Map © 2022 Google, Map Data © Google Roads.
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Extended Data Fig. 9 | Backscatter sensor trend intercalibrations.  
(a) City-scale mean QSCAT and ASCAT three-year PR trends for 2007–2009.  
(b) QSCAT:ASCAT sensor intercalibration adjusts ASCAT trend by ratio of mean 
QSCAT PR to ASCAT PR for 2007–2009. (c) QSCAT and ERS 2-year PR differences 
(2000 minus 1999) for northern hemisphere cities only; southern hemisphere 
cities had no summer mean QSCAT data for 1999, so there is only one year of 

overlap. (d) QSCAT:ERS sensor intercalibration adjusts ERS trend by ratio of 
mean QSCAT PR (1999–2001 for northern hemisphere cities, 2000–2002 for 
southern hemisphere cities) to ERS PR (1998–2000). Southern hemisphere cities 
had the QSCAT:ERS PR intercalibration applied for analysis in the paper, but 
are not plotted here as trends cannot be intercompared with only one year of 
common data. Dashed lines are 1:1.
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Statistics
For all statistical analyses, confirm that the following items are present in the figure legend, table legend, main text, or Methods section.

n/a Confirmed

The exact sample size (n) for each experimental group/condition, given as a discrete number and unit of measurement

A statement on whether measurements were taken from distinct samples or whether the same sample was measured repeatedly

The statistical test(s) used AND whether they are one- or two-sided 
Only common tests should be described solely by name; describe more complex techniques in the Methods section.

A description of all covariates tested

A description of any assumptions or corrections, such as tests of normality and adjustment for multiple comparisons

A full description of the statistical parameters including central tendency (e.g. means) or other basic estimates (e.g. regression coefficient) 
AND variation (e.g. standard deviation) or associated estimates of uncertainty (e.g. confidence intervals)

For null hypothesis testing, the test statistic (e.g. F, t, r) with confidence intervals, effect sizes, degrees of freedom and P value noted 
Give P values as exact values whenever suitable.

For Bayesian analysis, information on the choice of priors and Markov chain Monte Carlo settings

For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

Our web collection on statistics for biologists contains articles on many of the points above.

Software and code
Policy information about availability of computer code

Data collection Data were all acquired from open source data repositories, details in Data Availability section and references (and also below): backscatter 
from NASA SEDAC, building footprint from World Settlement Footprint (DRL), floor area from IEA and China, Beijing, and Shanghai Statistical 
Yearbook, MUA data from Tubenbock et al. (2019 supplementary data.  These data were either available at or were reprojected to a common 
0.05 degree latiitude longitude grid using python 3.9.12 (including python packages numpy 1.22.3, pandas 1.4.2, rasterio 1.2.6, rioxarray 
0.11.1, xarray 2022.3.0) and GDAL 3.31.

Data analysis Scripts used to generate the figures in this paper were developed in R-Studio (2022.07.2 Build 576, "Spotted Wakerobin" Release (e7373ef8, 
2022-09-06) for macOS).  These scripts and the necessary input files are available at https://github.com/sfrolking/
Urban_three_decade_github_repo_final.

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors and 
reviewers. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Portfolio guidelines for submitting code & software for further information.
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Data
Policy information about availability of data

All manuscripts must include a data availability statement. This statement should provide the following information, where applicable: 
- Accession codes, unique identifiers, or web links for publicly available datasets 
- A description of any restrictions on data availability 
- For clinical datasets or third party data, please ensure that the statement adheres to our policy 

 

This study used published and publicly available data from several sources. The MUA polygons, polygon areas, and 2014 populations are available as a link in the 
Supplementary Material to Reference (40, Taubenbock et al. 2019, https://doi.org/10.1016/j.rse.2019.111353). ERS, QSCAT and ASCAT seasonal urban backscatter 
data at 0.05° lat/lon resolution (39, 44) are available at the NASA Socioeconomic Data and Applications Center (doi: doi:10.7927/GR2E-DH86). World Settlement 
Footprint 3D data (building height, volume, and fraction cover; ref. (12)) are available at  https://download.geoservice.dlr.de/WSF3D/files/. World Settlement 
Footprint Evolution data (settlement fractional cover by year, 1985-2015, ref. (42)) are available at https://download.geoservice.dlr.de/WSF_EVO/. Building floor 
area data are available from the International Energy Agency (global totals data, Ref. (45, https://www.iea.org/reports/world-energy-outlook-2022)), the China 
Statistical Yearbook 2022 (46, http://www.stats.gov.cn/sj/ndsj/2022/indexeh.htm), the Beijing Statistical Yearbook 2021 (47, ttps://nj.tjj.beijing.gov.cn/nj/
main/2021-tjnj/zk/indexeh.htm), and the Shanghai Statistical Yearbook 2020 (48, https://tjj.sh.gov.cn/tjnj/zgsh/tjnj2020en.html). MUA and World Settlement 
Footprint data were re-projected to 0.05° lat/lon grids (using python 3.9.12, including python packages numpy 1.22.3, pandas 1.4.2, rasterio 1.2.6, rioxarray 0.11.1, 
xarray 2022.3.0, and GDAL 3.31).  Resulting tabular data at the 0.05° grid cell level that were analyzed in this study are provided as a supplementary plain text 
comma-separated variable file. 

Research involving human participants, their data, or biological material
Policy information about studies with human participants or human data. See also policy information about sex, gender (identity/presentation), 
and sexual orientation and race, ethnicity and racism.

Reporting on sex and gender not applicable

Reporting on race, ethnicity, or 
other socially relevant 
groupings

not applicable

Population characteristics not applicable

Recruitment not applicable

Ethics oversight not applicable

Note that full information on the approval of the study protocol must also be provided in the manuscript.

Field-specific reporting
Please select the one below that is the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

Life sciences Behavioural & social sciences  Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/documents/nr-reporting-summary-flat.pdf

Ecological, evolutionary & environmental sciences study design
All studies must disclose on these points even when the disclosure is negative.

Study description Study presents analysis of multi-decadal global urban remote sensing data of built fraction and microwave backscatter, to look at 
rates and changes in rates in urban 3-D growth.

Research sample Research 'samples' are ~1550 cities globally, their domain (extent) defined by another study as reported in methods.  For each grid 
cell in each city, there is an annual time series of microwave backscatter and Landsat-derived built fraction; details in Methods 
section.

Sampling strategy all data were included in the analysis.

Data collection We downloaded publicly available data (urban seasonal microwave backscatter, World Settlement Footprint built fraction (WSF-
evolution) and 3D data, city or Morphological Urban Area (MUA) extent polygon and populations; details in Methods section.

Timing and spatial scale Spatial extent: global cities (~1550), city extents from Taubenbock et al. (2019) polygon data.  Spatial scale: 0.05° lat/lon grids.  Total 
of 34,880 urban grid cells. Temporal scale: annual WSF built fraction 1993-2015; annual (summer mean) microwave backscatter:  ERS 
(1993-2000), QSCAT (1999-2009), and ASCAT (2007-2021). 
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Data exclusions As described in Methods, data were excluded for six cities that did not have complete data from all sources (microwave backscatter, 
WSF-evolution, WSF-3D).

Reproducibility Data analysis only, so reproducible with publicly available data.

Randomization not relevant, as only groupings of data were identified geographic regions (e.g., North America, not random), or individual cities (e.g., 
Beijing, not random).

Blinding not applicable

Did the study involve field work? Yes No

Reporting for specific materials, systems and methods
We require information from authors about some types of materials, experimental systems and methods used in many studies. Here, indicate whether each material, 
system or method listed is relevant to your study. If you are not sure if a list item applies to your research, read the appropriate section before selecting a response. 

Materials & experimental systems
n/a Involved in the study
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Palaeontology and archaeology

Animals and other organisms
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Dual use research of concern

Plants

Methods
n/a Involved in the study

ChIP-seq
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MRI-based neuroimaging

Novel plant genotypes not applicable

Seed stocks not applicable

Authentication not applicable
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