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Abstract Observations from space-borne spectrometers have been lately used to quantify shipping emissions
of nitrogen oxides (NOx). Here we present a method that enhances the shipping signal of NO, TROPOspheric
MOnitoring Instrument (TROPOMI) satellite sensor observations in order to assess the impact of the Red Sea
ship attacks on NO, levels in three important shipping routes along the Red Sea, the Cape of Good Hope, and the
Gibraltar Strait. Major shipping carriers, sailing usually via the Red Sea, have responded to the attacks by
transiting their fleet around the African continent. The shipping signal from TROPOMI declines by ~55% in the
Red Sea and ~15% in the Gibraltar Strait while an increase of ~40% is found off the South African coast between
January—June 2024 and the same period in 2023. These changes correlate well with vessel statistics,
demonstrating the ability to track abrupt changes in NO, shipping levels with satellite measurements.

Plain Language Summary Since the beginning of the Red Sea attacks on commercial vessels in late
2023, trade operations have been disrupted and international maritime routes have shifted away from the Red
Sea. We use satellite measurements of atmospheric pollutants, capable of detecting emissions from ships along
main trade routes, in order to examine the impact of the attacks along busy shipping lanes in the Red Sea, off the
coast of South Africa and the Gibraltar Strait. Air pollution levels from ships show reductions of 55% and 15% in
the Red Sea and Gibraltar areas, respectively, and an increase of 40% off the coast of South Africa, in the
aftermath of the attacks. Changes in air pollution levels are well in line with changes in the number of ships
transiting through these areas. Ship presence declined by approximately 55% and 15% in the Red Sea and the
Gibraltar Strait, whereas it increased by 80% off the coast of South Africa. Both satellite observations and ship
numbers verify quantitatively the re-routing of ships away from the Red Sea through the coast of South Africa.

1. Introduction

The maritime sector is responsible for the transportation of approximately 80% of global goods
(UNCTAD, 2022), and is one of the most vital components of global economy (Schnurr & Walker, 2019). Since
human activities and global economy are closely related to anthropogenic emissions of trace gases in the at-
mosphere (Raupach et al., 2007), an increase in maritime sector emissions by 90% is expected by 2050 compared
to the global economic recession levels of 2008 (Faber et al., 2020). Shipping activities are responsible for
emissions of hazardous pollutants such as nitrogen oxides (NOx = NO, + NO), sulfur oxides (SOx), carbon
monoxide (CO) and particulate matter (PM) with severe implications for human health and the environment
(Eyring et al., 2010; Smith et al., 2014). Recent studies have shown that international shipping accounts for 15%—
35% of total anthropogenic NOy emissions (Crippa et al., 2018), and for ca. 3% of global greenhouse emissions
(IPCC, 2022). In this context, the International Maritime Organization (IMO) has proceeded to the imple-
mentation of mitigation strategies by reducing the sulfur content in ship fuels in specific marine Emission Control
Areas (ECAs) (IMO MARPOL ANNEX VI-Regulation 13, 2020). Many marine areas are still not designated as
ECAs and a close monitoring of shipping emissions is therefore required.

Space-borne measurements of nitrogen dioxide (NO,) have been employed to assist in the monitoring of NO,
shipping signal from space. In the past years, satellite measurements of NO, column densities from various
sensors have been utilized to detect NO, levels along major international shipping lanes (Beirle et al., 2004;
Marmer et al., 2009; Richter, 2009; Vinken et al., 2014) and to provide quantative information on NO, shipping
emissions. Furthermore, de Ruyter de Wildt et al. (2012) estimated NO, shipping satellite-derived signals and
identified common trends between the NO, shipping signal and global trade economic data. Thanks to the
enhanced spatial resolution of the TROPOMI instrument (3.5 km X 5.5 km, Veefkind et al., 2012), the detection
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of NO, emissions from individual ships was shown to be feasible (Ding et al., 2020; Georgoulias et al., 2020;
Kurchaba et al., 2024). The impact of the COVID-19 pandemic on NOx shipping emissions as sensed by
TROPOMI in European seas (Riess et al., 2022), demonstrated that satellite measurements can detect abrupt
changes in shipping activity.

In this study, we utilize the NO, tropospheric vertical column measurements from TROPOMI to assess the impact
of the Red Sea attacks on ship traffic and associated NO, emissions along major international shipping lanes. The
Israel-Hamas conflict has triggered attacks on commercial vessels in the Gulf of Aden by the Yemen-based
Houthi movement, disrupting trade operations and leading to the re-routing of vessels away from the Red Sea
through the Cape of Good Hope, off the coast of South Africa. Our method follows Latsch et al. (2022) and aims
to strengthen the weak NO, satellite shipping signal and derive non-linear trends of NO, over the shipping lanes
south of the Suez Canal and through the Straits of Bab el-Mandeb (a narrow passage connecting the Red Sea to the
Gulf of Aden), the Cape of Good Hope and Gibraltar. This method tentatively subtracts the background NO,
levels and the outflow from continental emissions, in order to highlight the NO, signal over shipping routes in
background and in polluted areas. We further associate the changes in the NO, satellite-derived shipping signal
with shipping activity statistics in the target regions.

2. Satellite Data and Methodology

We use the reprocessed v.02.04.00. SSP/TROPOMI NO, tropospheric vertical column densities (TVCDs, van
Geffen et al., 2022) over the areas of interest for the period between January 2019 and June 2024. Satellite data are
binned onto a 0.05° X 0.1° grid before implementing the shipping signal enhancement methodology. Only satellite
pixels with a quality assurance value higher than 0.75 are selected, corresponding to a cloud fraction below 0.5 (van
Geffen et al., 2022). Measurements are obtained on a daily basis in the early afternoon (approximately 13:30 local
time), when NO, levels exhibit lower values in the daily cycle, due to photolysis. Nevertheless, shipping signal is
visible over pristine marine areas overlain by the most traveled shipping routes, because NOx has a relatively short
lifetime and is detected close to the emission source.

Figure 1 (left) shows the average NO, TVCDs for the period between January—June 2019-2023, measured by
TROPOMI over the Red Sea, the Cape of Good Hope and the Gibraltar Strait regions, and the average relative
differences (right) between January—June 2024 and the same period in 2019-2023. The shipping signal from the
satellite is visible in all three regions, confined in narrow and well-defined shipping lanes. A clear shipping track
in the Levantine Sea leading to the Suez Canal crossing the Red Sea and the Bab el-Mandeb Strait, stretches down
to the Gulf of Aden. Off the coast of South Africa, a well defined NO, shipping signal can be detected between
Port Elizabeth and the Port of Cape Town, whereas in the Gibraltar Strait, the satellite detects the shipping signal
crossing into the Mediterranean Sea. The effect of the Red Sea ship attacks is imprinted in the relative differences
for each selected region.

The method for estimating changes in the shipping signal of satellite observations, while accounting for back-
ground values, was initially implemented by de Ruyter de Wildt et al. (2012). Over marine pristine shipping lanes,
NO, total tropospheric column abundances (TVCD,,,) are composed of the shipping signal (TVCDy;;,) and the
background NO, levels (TVCDy,) of the adjacent regions not affected by shipping emissions. Small fluctuations
in the background signal are attributed mainly to variations in meteorology and satellite position. Hence, over a
given shipping lane, TVCDyy,, that is, the clean shipping signal, is estimated by subtracting the background
levels of the adjacent regions from the total NO, levels. The limitation of this method lies in the estimation of
TVCDy,;,, over areas affected by the outflow of inland emissions. In those cases, the outflow component
(TVCD,,) of the total NO, TVCDs needs to be quantified, but its estimation is made difficult due to the overlap

between the different contributions near coastlines.

To overcome this shortcoming, an alternative filtering method is implemented in this study to account for the
impact of the land-based emissions outflow (Latsch et al., 2022). We first estimate the monthly averages for each
studied region to minimize short-term variations and then proceed with the implementation of the filtering
method to highlight the shipping signal. Specifically, an average of neighboring pixels within a grid box of
1° x 1° is subtracted from the original pixel value of every single grid cell (with size of 0.05° X 0.1°) over land
and sea of the predefined domain. NO, TVCDs over land are, finally, masked after the application of the filtering
to focus solely on the shipping signal. The choice of the size of the larger grid box (1° X 1°) has been made after
different tests with variable grid box sizes. Over land, it ensures the detection of emission hotspots and accounts
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Figure 1. NO, mean TVCDs (10" molec. cm™?) detected by TROPOMI for the period January—June 2019-2023 over (a) the Red Sea, (b) the South African coastline and
(c) the Gibraltar Strait. NO, TVCDs mean relative differences between the period January-June 2024 and January-June 2019-2023 over (d) the Red Sea, (b) the South
Africa coastline and (c) the Gibraltar Strait. NO, TVCDs over land are masked.

for the outflow of emissions on shipping lanes in the vicinity of land-based emitting sources. Hence, this method
highlights successfully the shipping signal, limiting the striping structures in subtropical regions.

3. Results
3.1. NO, Shipping Signal and Vessel Statistics

A demonstration of the NO, shipping signal derivation described above is shown in Figure 2, for the January-June
period of 2023 (left) and 2024 (right). Here, well-structured shipping routes are identified in all regions after
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Figure 2. NO, shipping signal (molec. cm™>) for the January-June period of 2023 (left) and 2024 (right) over the (a), (d) Red Sea (b), () South African coastline and (c),
(f) Gibraltar Strait. Blue boxes indicate the parts of the examined shipping tracks.
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accounting for the background and outflow segregation. NO, levels are overall low (order of 10'* molec. cm™)
for the Red Sea and South Africa regions and an order of magnitude higher in the Gibraltar Strait. Significant
changes are observed in the Red Sea, where NO, TVCDs are lower in January-June 2024 by approximately 55%
across the whole shipping track. Off the South African Coast, NO, TVCDs display an enhancement of ~40%.
Differences are less pronounced in the Gibraltar Strait but still visible. NO, TVCDs are lower by ~15% compared
to January-June 2023 levels.

To better quantify the impact of the Red Sea crisis on NO, shipping levels and to associate them with changes in
vessel activity, we focus on parts of shipping lanes in the proximity of high-density maritime gateways,
delimited by the blue boxes in Figure 2. Namely, the satellite-derived shipping signal is examined near the Suez
Canal, the Bab el-Mandeb Strait, the Cape of Good Hope and the Gibraltar Strait. Vessel data are acquired from
the International Monetary Fund-PortWatch platform (IMF-PortWatch, https://portwatch.imf.org/, last accessed
on 30 August 2024), which monitors trade disruptions from natural disasters and unforeseen events. PortWatch
uses AIS (Automatic Identification System) satellite-based vessel data to track the number of vessels operating
in international ports and maritime gateways. In this work, we take advantage of the publicly available beta
version that allows users to acquire vessel and trade data in various locations. We aggregate the daily number of
vessels operated in the Suez Canal, the Bab el-Mandeb Strait, the Cape of Good Hope and the Gibraltar Strait
into monthly totals and compare the ship data variations with the NO, satellite-derived shipping signal monthly
fluctuations over the four defined shipping lanes in the vicinity of the maritime gateways.

Figure 3 shows the monthly variations of the NO, shipping signal compared with the total monthly number of
ships crossing through the four examined regions between January 2019 and June 2024. Because NO, has a
seasonal variability, with highs in winter and lows in summer due to higher photolysis rates and photochemical
activity in summer, we remove this seasonality from the NO, timeseries to achieve a more realistic comparison
with the ship data. This is done by decomposing the timeseries into three components (trend, seasonality, residual)
within a 12 month window. The decomposition assumes a multiplicative relationship between the three com-
ponents and the seasonal patterns are removed by dividing the original values by the seasonal component. The
shaded area in Figure 3 shows the uncertainty in the estimation of the shipping signal based on the application of
the filtering method to the daily NO, TVCDs distributions and the calculation of the standard deviations of the
resulting fields, after the removal of the seasonal component.

Overall, the de-seasonalized monthly satellite-derived NO, shipping signal demonstrates a strong temporal
correlation (~0.78) in the Suez Canal, the Bab el-Mandeb Strait (~0.85) and the Cape of Good Hope Strait
(~0.73) with the total number of vessels, and a moderate correlation (~0.5) over the Gibraltar Strait. Specif-
ically, over the Suez Canal, the monthly number of vessels steadily increased from January 2019 (~1,500
vessels) to November 2023 (~2,500 vessels) and after the recent attacks showed a sharp decrease to unprece-
dented levels (~1,000 vessels in March 2024) in this 6 year span. This pattern is also well captured by the
satellite data, with the NO, shipping signal reporting the lowest values (~0.5 X 10" molec. cm™) in the
aftermath of the attacks. Both the NO, shipping signal and the number of vessels slightly declined afterward,
until June 2024. Similar variations in both ship data and NO, shipping signal are also observed in the Bab el-
Mandeb Strait, with the number of ships (<1,000) and NO, levels (<0.5 X 10'* molec. cm™2) reaching their
lowest values in May 2024. Off the South African coast, the alternative route used by ships to avoid the Red Sea
route, both the number of vessels (1,300-1,700 vessels) and the NO, shipping signal (0.6-0.8 x 10" molec.
cm™?) are very stable from January 2019 until December 2023. In January 2024, more than 2200 ships passed
through the Cape of Good Hope, equivalent to a ~45% increase compared to the period between January 2019-
December 2023, whereas a ~40% increase in the NO, shipping signal was observed along the shipping lane
(Figure 2). The number of vessels further increased until June 2024, whereas the shipping signal also increased,
except for a small drop in February 2024. Finally, over the Gibraltar Strait, the connective link between the
Mediterranean and the Red Sea shipping routes, NO,-derived shipping levels and vessel numbers displayed a
slight increasing trend until November 2023, and a drop afterward until February 2024 by ~30%, compared to
November 2023 levels. In March 2024, both vessel numbers and NO, levels showed a slight increase, followed
by a declining trend until June 2024, when both the NO, shipping signal and the number of vessels reported the
lowest values in 2024. Overall, the Red Sea crisis has resulted in a 15% decrease of both NO, shipping levels and
vessel numbers in January-June 2024 compared to 2023 levels. This lesser impact across the Gibraltar Strait
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Figure 3. Monthly NO, satellite-derived shipping signal (10'* molec. cm™?), after the removal of seasonal variability, over
the Suez Canal, Bab el-Mandeb Strait, South Africa and Gibraltar Strait shipping areas defined in Figure 2, compared with
the corresponding total monthly number of vessels (gray). The shaded blue areas show the uncertainty estimates of the NO,
shipping signal. In the top right corner, the temporal correlation coefficient (blue) between the NO, shipping signal and the
number of vessels is shown.
compared to the Red Sea could be explained by the large proportion of ships from the Cape of Good Hope
unloading their cargo in Western Mediterranean ports such as Barcelona and Tangiers, before continuing their
route toward Northern Europe (Bouissou et al., 2024). A detailed overview of the relative changes in the number
of vessels and NO, shipping levels between the periods of January-June 2024, January-June 2019-2023 and
January-June 2023 is given in Table 1. The period of January-June is selected as it is seemingly the most
impacted in the aftermath of the Red Sea crisis.
Table 1

Relative Percentage Differences and Their Uncertainty Estimates Between the January-June 2024 Average and Either the Corresponding 2019-2023 Average or the
Corresponding 2023 Average of the NO, Satellite-Derived Shipping Signal and of the Number of Vessels in the Examined Regions

Region NO, change relative to 20192023 Vessels change relative to 2019-2023 NO, change relative to 2023  Vessels change relative to 2023
Suez Canal —52 +24% —38% —56 £ 22% —50%
Bab el-Mandeb Strait =51 + 18% —51% —56 £ 17% —60%
South Africa +46 + 39% +77% +37 £ 38% +78%
Gibraltar —9 + 44% —4% —16 £ 43% —14%
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4. Conclusions

The impact of the Red Sea crisis on NO, levels along one of the main trade routes between Asia, Middle East and
Europe (ca. 12% of the world trade) was detected in the TROPOMI NO, TVCD measurements. To identify un-
derlying trends in NO, shipping levels, over pristine and polluted areas, where NO, shipping signal intermingles
with continental emissions, a method that enhances the shipping signal is implemented. Monthly variations of NO,
shipping levels and vessel numbers are examined for a 6 year period (January 2019-June 2024) over the Suez Canal,
the Bab el-Mandeb Strait, the Cape of Good Hope and the Gibraltar Strait regions. Observations suggest a reduction
of ~55% on both the NO, satellite-derived shipping signal and the number of vessels in the Suez Canal and the Bab
el-Mandeb Strait in January-June 2024. On the contrary, ship presence has increased by ~80% in the Cape of Good
Hope, accompanied by a ~40% increase of NO, satellite-derived shipping levels off the coast of South Africa. The
effect on the Gibraltar Strait NO, shipping signal is less pronounced, due to vessels coming from Cape of Good
Hope unloading their cargo in Western Mediterranean ports, but not insignificant. Vessels and NO, shipping level
estimates decrease by 15% in January-June 2024 compared to January-June 2023 levels, reflecting the impact of the
ongoing Red Sea crisis on high-density maritime gateways.

To conclude, we presented an effective way to highlight the NO, shipping signal over major international shipping
lanes. The good agreement in the temporal variations between the NO, satellite-derived shipping signal and
shipping activity suggests that the background and outflow signals have been largely accounted for. Hence, shifts in
the maritime commercial routes can be detected by changes in NO, shipping emissions observed by space-borne
instruments.
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The SSP/TROPOMI NO, observations are stored in the Copernicus Data Space Ecosystem platform (https://
dataspace.copernicus.eu/, last accessed on 30 August 2024) and are publicly available via the dataset landing
page: https://t.ly/N1WIx (last accessed on 30 August 2024, a free registration is required). Vessel statistics from
the beta version of the IMF PortWatch platform are stored online (https://portwatch.imf.org/, last accessed on 30
August 2024). The Gibraltar Strait dataset landing page is: https:/portwatch.imf.org/pages/
d2b71882a70449288ee9bd15421d2aa9 (last accessed on 30 August 2024) and the Red Sea-Cape of Good Hope
dataset landing page is: https://portwatch.imf.org/pages/573013af3b6545deaeb50ed1cbaf9444 (last accessed on
30 August 2024).
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