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of this predictor did not significantly improve model 
fit. We considered adding the reported incidence of 
SARS-CoV-2 infections in Aden governorate as a further 
predictor but did not have access to these data. Statistical 
analysis was done in R.43 Data and analysis code are acces-
sible at https://​github.​com/​francescochecchi/​aden_​
covid, and we welcome alternative analysis suggestions.

Ethics
The Ministry of Health in Aden was notified of the former 
and approved collection of Civil Registry data. No identi-
fiable personal data were used, and satellite images were 
not of sufficient resolution to identify individual people.

RESULTS
Description of burial patterns
Table 1 summarises data availability and characteristics of the 
11 cemeteries across Aden governorate for which available 
imagery indicated any activity between 2016 and September 
2020. Six were within the city itself; five appeared to add 
graves solely by allocating new ‘blocks’, while the remainder 
partly or only adopted an ‘infilling’ pattern: these distinct 
typologies are illustrated in figure 3.

On average, 7.1 images were available per cemetery, 
for a total 78 observations. Imputation of grave counts 
from surface area was reasonably accurate (online 
supplemental figure S9), and the model did not lose 
predictive power on cross-validation (online supple-
mental table S4).

As shown in figure 2, the trajectory of daily burial rates 
differed considerably across cemeteries; however, in nearly 
all, a peak during April–July 2020 was visible, with evidence 
of decline in some during August–September 2020.

Excess burial estimates
Summary estimates from the case-based analysis 
approach are shown in table 2; results by cemetery are 
in online supplemental tables S3 and S4. Smooth spline 
and linear interpolation yielded very similar estimates 
for the period 1 April to 6 July 2020 (96 days). Around 
1500 excess deaths are estimated to have occurred 
during this period, corresponding to standardised 
mortality ratios of 2.68 (smooth spline) and 2.81 when 
comparing the actual burial rate to the projected coun-
terfactual.

Table 3 shows fit statistics for the GAMLSS model of all 
cemeteries. Model diagnostics are shown in online supple-
mental figure S12, suggesting moderate departures from 
the assumed normality of residuals. Visual inspection 
indicated reasonable fit to observed data points, though 
the model considerably underpredicted or overpredicted 
burials during 2020 in two large cemeteries (Al-Radwan 
and Al-Qateea’; online supplemental figures S4 and S5). 
The model predicted a considerable increase in burials 
during April–July, with a resumption of the pre-epidemic 
rate of burial increase thereafter (figure 4). Overall, the 
GAMLSS approach yielded similar estimates to case-
based analysis for comparable periods (table  2). By 19 
September 2020, it predicted some 2100 excess deaths, 
though with a wide CI. An alternative model featuring 
the rate of insecurity events within the cemetery’s subdis-
trict as an additional predictor yielded 2413 excess deaths 
(95% CI 1427 to 3507); related data are in online supple-
mental table S6 and figure S4.

Figure  5 and online supplemental figure S8 show, 
respectively, monthly and weekly (for 2020 only) 
comparisons of our statistical estimates with available 
records from the Civil Registry office: while patterns 
are consistent, the latter suggests a far steeper peak in 
death notifications in May 2020. During months before 
and after May, satellite imagery analysis yielded higher 
burial estimates; by contrast, Civil Registry records 
were consistently higher in earlier years, particularly in 
2017 when satellite imagery estimated about half the 
number of burials as Civil Registry records (figure 5). 
During a period (April–July 2020 inclusive) when the 
two sources were both available, GAMLSS and Civil 
Registry yielded 2834 and 3417 total deaths/burials 
(crude death rate 8.8 vs 10.6 per 1000 person-years), 
and 1940 and 2205 excess deaths (6.0 vs 6.8 per 1000 
person-years), respectively (we used the median 
number of monthly death notifications in 2017–2019 
as the counterfactual Civil Registry value).

DISCUSSION
This study offers evidence of considerable excess 
mortality temporally coinciding with COVID-19 transmis-
sion in Aden governorate and suggests that at least the 
first wave of the epidemic in this urban part of Yemen 
had peaked and declined by September 2020. Both satel-
lite imagery estimates and Civil Registry records point 

Figure 3  Sample of very high-resolution images from 
two cemeteries in Aden governorate, exemplifying the two 
typologies or burial pattern observed: (A) expansion into 
new ‘blocks’ (denoted by red outline) and (B) ‘infilling’ within 
existing burial area (denoted by red circles) Satellite imagery 
© Maxar Technologies.
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to considerable underascertainment of the true burden 
of COVID-19: only 34 COVID-19 deaths were officially 
reported in Aden over our analysis timespan.16

Mathematical modelling estimates had suggested that, 
without mitigation measures, Yemen could see some 
58–84 000 deaths (or about 1.9 to 2.8 per 1000 persons) 
from COVID-19 disease during the first 6 months of the 
epidemic.4 While this per capita prediction is broadly 
consistent with our estimate for Aden over a roughly 
similar timeframe (≈2.1 per 1000 persons or ≈2.4 if 
the model with insecurity events is used), our analysis 
encompasses deaths both directly and indirectly (eg, 
from other causes occurring in the context of overbur-
dened health services and pandemic control measures: 
see further) attributable to COVID-19; during April 2020, 
severe floods affected Aden, and increased incidence of 
vector-mediated infections including malaria, dengue 
and chikungunya were noted in subsequent months. 
Moreover, it is plausible that SARS-CoV-2 has been more 
transmissible in Aden than in rural parts of Yemen due 
to greater social mixing, resulting in an earlier and more 
dramatic peak in the city; as such, our results should be 
extrapolated with caution to the rest of the country.

Given varyingly limited testing capacity and locally 
different approaches to defining and recording 
COVID-19 deaths, excess mortality may be the single 
most useful metric for establishing the full impact of the 
pandemic and drawing comparisons across geograph-
ical settings.24 44 This excess captures the ‘whole system’ 
impact of the pandemic, as summarised in figure 6. In 
Yemen, widely reported health facility closures to due lack 
of protective equipment, reduced confidence in health 
services and disruptions in humanitarian assistance 
could all have contributed substantially to increased non-
COVID-19 mortality.

COVID-19 excess mortality evidence from low-income 
and middle-income countries is only beginning to 
emerge. Cities in high-income countries experienced 
peak death rates some 200% (London) to 400% (Madrid) 
and 600% (New York) the baseline during March–April 
2020.45 While our findings indicate similar magnitude 
peaks in Aden (≈650% according to Civil Registry data, 
or ≈250% based on satellite imagery), at least three 
factors complicate this comparison: (1) Aden’s much 
younger population would, all else being equal, be 
expected to account for lower case–fatality ratios and 
thus per-capita mortality; (2) Europe and North America 
mortality reflects scenarios of high access to respiratory 

Table 2  Estimates of baseline, epidemic-period and excess burials across Aden governorate, by analysis approach

Statistic

Case-based analysis
1 April to 6 July 2020

GAMLSS model
Estimate (95% CI)

Smooth spline Linear
1 April to 6 July 
2020

1 April to 19 
September 2020

Baseline (counterfactual) burial rate (per 1000 
person-years)

3.61 3.58 2.73 (2.57 to 2.87) 2.78 (2.60 to 2.96)

Total burials 2309 2420 2320 (1904 to 2735) 3424 (1554 to 5600)

Excess burial rate (per 1000 person-years) 5.41 5.82 6.24 (5.02 to 7.78) 4.65 (0.93 to 9.08)

Excess burials 1451 1560 1598 (1285 to 1990) 2120 (424 to 4137)

GAMLSS, generalised additive model for location, scale and shape.

Table 3  GAMLSS model fit statistics. Coefficients are 
exponentiated to provide linear scale rate ratios.

Term Rate ratio P value

Penalised B-spline smoothing terms for the mean 
(expectation) parameter):

 � Baseline growth (day) 1.004 <0.001

 � Added epidemic 
growth (day)

0.996 <0.001

Penalised B-spline smoothing terms for the shape 
(overdispersion) parameter):

 � Baseline growth (day) 0.991 <0.001

 � Added epidemic 
growth (day)

1.038 <0.001

 �  Akaike Information 
Criterion=748.3

Residual 
df=48.1

Coefficients are exponentiated to provide linear scale rate ratios.
GAMLSS, generalised additive model for location, scale and 
shape.

Figure 4  Evolution of the cumulative number of new graves 
across Aden governorate since the start of the analysis 
period, as estimated by the GAMLSS model, in actuality and 
in a counterfactual (no epidemic) scenario. Shaded areas 
indicate 95% confidence intervals. Only the year 2020 is 
shown.
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support and intensive care, while in Aden this is likely 
to have been limited; and (3) high-income countries 
mostly adopted strict and lengthy lockdown measures; 
by contrast, in Yemen and Aden, though school closures 
and restrictions on travel and public gatherings were 
reported,46 measures appear to have been of shorter 
duration, and at least countrywide, population mobility 
seems no lower than prepandemic.47 Additional factors, 
such as the specific gender, age and comorbidity profile 
of Aden’s population and travel during Eid Al-Fitr cele-
brations (end May 2020), may have played a role.

Considerable underascertainment of COVID-19 
deaths has been reported in Damascus,21 Peru48 and 
various urban settings worldwide.49–51 While bureaucratic 
reasons (eg, counting only laboratory-confirmed cases) 

and limited testing and health service access account for 
some of this gap, stigma, distrust of COVID-19 services, 
rumours surrounding the disease and other sociocultural 
factors limiting service utilisation have been documented 
in Yemen.52 Taken together, these factors should fully 
be explored before concluding that the virus’ impact is 
adequately captured by formal surveillance statistics or 
that its severity is milder in low-income countries.

Study limitations
Problems with imagery availability and quality constrained 
the quantity of cemetery observations for analysis, 
reducing the accuracy of models and imposing limits on 
the period of analysis. Furthermore, the inherent incon-
sistencies (differences in viewing geometry, spatial and 
spectral resolution) of archive satellite imagery made it 
difficult to rapidly develop an automated, generalisable 
geospatial analysis method, and thus constrained us to a 
manual approach.

Comparison with Civil Registry data and with the 
projected crude death rate in Yemen (around 6 per 1000 
person-years)53 suggests that imagery analysis underesti-
mated the true death toll, particularly in more remote 
periods (note however that Aden’s young, working 
population might in fact have a lower death rate than 
nationally). Plausible explanations could include: (1) 
incomplete identification of active cemeteries (we could 
not access a formal list of cemeteries or a land registry 
against which to validate our list of 11 sites); (2) problems 
identifying fresh graves in cemeteries where ‘infilling’ 
took place, largely due to insufficient VHR imagery; (3) 
use of small burial plots; and (4) burial of decedents 
in ancestral hometown outside the governorate. The 
latter two phenomena are plausible when considering 

Figure 5  Comparison of monthly estimates of new 
burials across Aden governorate, by analysis method, 
and corresponding records from the Civil Registry office 
(blue columns). The horizontal dotted line and shaded area 
indicate the median, minimum and maximum monthly burials 
based on the 2017-2019 Civil Registry time series.

Figure 6  Diagram of direct and indirect contributions to excess COVID-19 mortality.
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the reported spike in burial costs during the analysis 
period13 and the ongoing economic crisis affecting 
Yemenis. Uncertainty in population denominators could 
also bias estimated rates. By contrast, ground informants 
discounted other explanations such as mass graves and 
multiple bodies being buried together.

Additionnally, the difference between Civil Registry 
data and the imagery analysis could be explained by an 
‘overcount’ that represents the difference between the 
number of burial clearance delivered and the number of 
deceased actually buried in Aden governorate, as families 
could chose to bury their deceased outside of the gover-
norate. However, during period of high intensity, access 
to Civil registry services could also have been hindered.

Lastly, our analysis is subject to causal inference 
limitations: we cannot distinguish direct from indirect 
mortality; the temporal association of SARS-CoV-2 trans-
mission and excess mortality is not conclusive evidence 
that the pandemic caused the observed increase in 
burials; and relatedly, it is inherently impossible to estab-
lish whether the counterfactual mortality trajectories we 
projected would indeed have borne out in reality.

CONCLUSIONS AND FURTHER WORK
Despite limitations, we believe this novel satellite imagery 
method holds promise and could become an efficient 
option for rapidly monitoring population mortality in 
settings without effective vital registration, particularly 
where ground access is arduous. Moreover, if the method 
were applied prospectively, and given sufficient funding, 
data availability and quality could be improved by 
commissioning bespoke imagery with the desired specifi-
cations, an option increasingly available given the deploy-
ment of new satellite sensors and increased control over 
imagery acquisition. Our manually analysed dataset also 
offers a platform for developing techniques including 
(but not limited to) feature extraction, change detection, 
segmentation and supervised classification and training 
a machine learning model to perform automated anal-
ysis. Automation would in turn increase the method’s 
efficiency and enable its rapid implementation in many 
locations at once. Increased use of geospatial analysis in 
crisis-affected settings has been advocated elsewhere.54

Our study helps to characterise the epidemic progres-
sion of COVID-19 in a low-income, crisis-affected context 
and could help refine predictions of the virus’ future 
epidemiology in Yemen. Our excess mortality estimates 
allow international comparisons that can inform under-
standing of how different national strategies and policies 
have affected the spread and severity of the pandemic.
Twitter Emilie S Koum Besson @emilie_skb
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