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Abstract. The Hunga Tonga-Hunga Ha’apai (Hunga Tonga; 21.545 ºS, 178.393 ºE) volcanic eruption of 15 January 2022

produced copious amounts of aerosols that reached high into the stratosphere, exceeding 30 km and settling into layers a few

kilometres deep between 22–28 km. The Advanced Himawari Imager (AHI) on board the geostationary Himawari-8 platform

at 140.7 ºE was able to monitor the eruption at 10 minute intervals and 0.25 km2 to 4 km2 spatial resolution within 16 spectral

channels ranging from visible to infrared wavelengths and over a latitude/longitude field of view of ⇠±75º. Here a new use of5

these data is proposed where the the limb region of of the field of view is exploited to detect aerosol layers extending vertically

into the atmosphere. The analyses provide vertical profiles of scattered visible light and are compared to Caliop space lidar

measurements. Hunga Tonga aerosols are detected using the ratio of near infrared reflectances at 1.61 µm and 2.25 µm, in the

western limb from 22 January and in the eastern limb from 31 January 2022 up until the present time (September 2023). The

average zonal velocity is estimated to be ⇠-25 ms�1 (westwards) and the meridional velocity to be ⇠0.2 ms�1 (northwards). The10

latitudinal spread is characterised by a gradual northerly movement of the main layer situated between 22–28 km in the first

60 days, and stagnation or slight southerly spread thereafter. The current methodology does not provide quantitative estimates

of the amount or type of aerosol, but based on the spectral properties of water and ice clouds the analysis suggests there is a

strong liquid water content in the aerosol layers.

1 Introduction15

The Hunga Tonga eruption was the largest and most energetic eruption in over a century and possibly larger than the major

eruption of Krakatau in August 1883 (Wright et al., 2022; Matoza et al., 2022). The main explosive event occurred at around

04:15 UTC on 15 January 2022 and sent material (volcanic ash, water and gas) high into the atmosphere, reaching heights >30

km with some material reaching as a high as 57 km into the mesosphere (Proud et al., 2022; Carr et al., 2022). The explosion

also generated acoustic-gravity waves and a surface propagating wave–the Lamb wave–that travelled across the globe several20

times (Wright et al., 2022; Otsuka, 2022; Purkis et al., 2023; Vergoz et al., 2022). An unprecedented amount of water vapour

(Millan et al., 2022), was deposited into the stratosphere from the eruption, increasing the climatological mean amount by up

to 50% and persisting up to the present time (September, 2023). Other gases, mostly in the form of SO2 were also emitted

(Carn et al., 2022) and converted to sulfate acid aerosol (Sellitto et al., 2022).
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The transport of the aerosol has been modelled (Legras et al., 2022) observed from the ground (Baron et al., 2022) and25

observed by satellites instruments, such as the Microwave Limb Sounder (MLS) (Schoeberl et al., 2022), the Caliop lidar

(Sellitto et al., 2022) and the Ozone Mapping and Profiler Suite (OMPS) (Taha et al., 2022), among others. In this work, a

method is presented to detect and monitor aerosols that extend several kilometres high into the atmosphere, by exploiting the

limb viewing aspect of the Advanced Himawari Imager (AHI) on board the Himawari-8/9 geostationary satellites stationed at

longitude 140.7 ºE over the equator.30

2 Methodology

The eruption and its e↵ects were measured by several earth orbiting satellites, including the AHI (Gupta et al., 2022) that

has a continuous view of a part of the earth extending ⇠75º west, east, south and north. The AHI is designed so that a small

portion of the field of view contains pixels extending beyond the earth’s limb into space (see Fig. 1). Occasionally this allows

a view of solar system objects, such as the Moon (Nishiyama et al., 2022) (as can be seen in Fig. 1), and stars (Taniguchi et al.,35

2022) to be imaged by the AHI’s 16 spectral channels. Horváth et al. (2021), and Proud (2015) and Tsuda et al. (2018) have

used the limb view of geostationary satellites to determine the height of volcanic clouds and mesospheric clouds, respectively,

at high latitude locations in the northern hemisphere. The work of Horváth et al. (2021) is particularly relevant here as the

limb viewing geometry for a geostationary satellite is provided in detail there. For the purpose of this study, the equations

for determining distances and locations of AHI views are based on Horváth et al. (2021) and were coded using the Python 340

programming language. A full mathematical description of the viewing geometry can be found in Horváth et al. (2021), and

here for completeness only the most relevant equation is included.

2.1 Limb geometry

The AHI scans the earth’s disk every 10 minutes starting in the north. The total field of view in the E-W and N-S direction is

17.6º resulting in a single pixel instantaneous field of view of 13.97 µrads for a total scan of 22000 x 22000 pixels, correspond-45

ing to the resolution of the AHI visible channels (see Japan Meteorological Society (2017)). The scan geometry is such that a

small portion extends beyond the earth’s limb and out into space. A simple calculation, using the scan geometry information, is

used to determine the distance of these ‘space pixels’ from the earth’s limb and after correcting to the local vertical an estimate

of the height above the earth’s limb can be found. The relevant equation is,

h = |SB|arccos
 

SB ·SP

|SP||SB|
!
, (2.1)50

where |SB| is the distance (corresponding to the look vector, SB) from AHI to a point on the earth’s limb, and |SP| is the distance

to a point passing through the unit vector extending from B outwards, and intersecting another point on the limb (see Fig. 2). A

correction is applied to convert this tangent height to a local vertical height, as explained by Horváth et al. (2021) this is a small

correction of a few 100 m’s. All of the processing of the image data was done using the Python programming language using

publicly available packages, particularly satpy (Raspaud et al., 2018). The AHI data already contains the necessary information55
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Figure 1. Field of regard of the Himawari-8 Advanced Himawari Imager (AHI) shown for a single spectral channel (band 6). The black

coloured region around the earth’s limb is also imaged. The feature seen at bottom-left is part of the Moon. Himawari AHI data courtesy

JMA/JAXA.

for locating the earth’s limb as the data are supplied with a complete grid of latitudes and longitudes, which are assigned the

value of NaN for pixels outside the limb. This a↵ords a simple scheme for locating the locus of limb pixels which involves

processing the image location data line-by-line across the scan to find the first occurrence of a NaN. The edge of the atmosphere

is located by extending outwards by ⇠86 pixels which was found to correspond to pixels with 0.45 µm reflectance values <1%.

A slice of the image along the limb (the ‘limb image’) is extracted for each of the visible and near-infrared channels at 0.47,60

0.51, 0.64, 0.86, 1.61 and 2.25 µm and one infrared channel at 11.2 µm, and then rotated (for convenience in viewing) and

replotted onto a latitude-height coordinate system. The longitude of the point corresponding to the vector from the spacecraft
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Figure 2. Illustration of the limb geometry calculation, The look vectors SB and SP enclose the angle � which can be used to calculate the

distance from P to L.

to the line extending from the earth limb point is undefined. No correction was made for refraction of the visible light from

the limb image as this error is both di�cult to correct and is smaller than potential geolocation errors due to operational AHI

image navigation (see Horváth et al. (2021) for more detail).65

2.2 Generating the limb image

The processing of the AHI data to obtain the limb image is illustrated in a sequence of three panels (Fig. 3) containing an

RGB true-colour rendition of the raw data near the limb (a), an extracted portion, rotated with the locations of the limb and

estimated extent of the atmosphere indicated (b), and finally the limb image in the latitude-height coordinate system using a

ratio reflectance measure (c) – see next section. It should be noted that the estimated extent of the atmosphere above the limb70

is an arbitrary choice; it was determined using a threshold value on reflectance and to ensure that at it was at least a distance

of 40 km above the earth’s limb. The radiative transfer of light rays from the limb to AHI of this unusual use of AHI data, as

a vertical limb sounder, has not been fully explored here and instead only the utility of using the data for delineating aerosol

layers and investigating the temporal character are investigated. A goal then, is to find a measure that best discriminates aerosol

layers from background light in the limb view.75
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Figure 3. (a) Top: True-colour (RGB) AHI image on 22 January 01:00 UTC. (b) Middle: Rotated image corresponding to the region indicated

by the red-coloured rectangle. The red and green coloured lines show the limb and extent of the atmosphere, respectively. (c) Bottom: Limb

image (Latitude-height) using a ratio of channels (1.61 µm / 2.25 µm) to delineate stratospheric aerosols. Himawari AHI data courtesy

JMA/JAXA.

2.3 Spectral discrimination

AHI has several channels that are sensitive to aerosol and cloud properties. Generally, AHI data have been used to study aerosols

and clouds using data obtained from earth observing geometry, which is how the imaging system was designed to operate. Many

studies have been developed to infer aerosol and cloud properties supplemented with radiative transfer modelling based on this

viewing geometry. These studies suggest that, against a dark background (e.g. the ocean surface), aerosol layers cause an80

increase in reflectance measured at the satellite. Against the dark background of space a similar increase in reflectance should

occur. After experimenting with various combinations of the AHI visible and near infrared channels the ratio, R was found to

be a good discriminator of aerosols:

R = r1.61

r2.25 + r0
, (2.2)

where r1.61 is the reflectance (%) in AHI channel 5, centred at 1.61 µm and r2.25 is the reflectance at 2.25 µm. The constant85

r0 is a positive (>0) arbitrary reflectance at 2.25 µm used to ensure that the ratio is well defined (to avoid divide by 0). The

logic behind the choice of this ratio, is as follows. For deep space, both r1.61 and r2.25 tend to small values (<1%), with r1.61

usually reaching its noise value first. Thus for clear skies R ! 0. When aerosols are present, the ratio is positive and can be

used to distinguished between predominantly liquid or ice aerosol content, and is based on previous published studies using
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this ratio (Miller et al., 2014; Zhou et al., 2022; Noh et al., 2019). Specifically, if the aerosol is predominantly liquid water90

then R tends to be larger than if the cloud were predominantly ice. A value of r0 =10% was found to ensure a clear sky ratio

of <0.01. Observations of the Hunga Tonga aerosol from balloon-borne in situ measurements suggest that the aerosol particles

are small (radius < 1.0 µm), transparent and slightly absorbing suggesting sulfates and liquid water (Kloss et al., 2022). The

large amounts of water vapour from the eruption that entered the stratosphere has been estimated to be up to 150 Tg (Millan

et al., 2022; Zhu et al., 2022) and so the Hunga stratospheric aerosol is likely to have a high water content.95

2.4 Detection geometry

The movement of the volcanic aerosol layer combined with its vertical extent suggest that it may not always be detected

using limb viewing, and because visible reflectance data are used, the time of measurement is also important. At the start of

the eruption the aerosol was observed to travel westwards in a plume-like manner. The rate of travel was approximately ⇠18

degrees longitude per day (⇠25 ms�1) (Legras et al., 2022), thus after 6–7 days the aerosol layer should be detected looking100

towards the western limb, while no aerosol layer should be seen looking eastwards. Fig. 3(c) shows the aerosol layer on 22

January at 01:00 UTC looking towards the western limb and Fig. 4 shows no aerosol layer on 21 January day at 21:00 UTC

(4 hours earlier), looking eastwards. After two weeks the aerosol layer will have circulated the globe at 20 ºS and hence be

Figure 4. Limb image (Latitude-Height) for 21 January 2022 at 21:00 UTC looking towards the eastern limb. As expected, no aerosol is

detected in this image.

detectable in views towards the east and west.

3 Results105

Data were processed for each day looking toward the eastern limb at 21:00 UTC (to ensure enough sunlight was available) from

15 January to 31 March 2022 and then on the 15th day of each month from April until September. These data were su�ciently

sampled in both temporal resolution and duration to determine the main characteristics of the spread of the aerosol.
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3.1 Vertical information

Vertical cross-sections through the aerosol layer were calculated as a function of latitude each day (at 21:00 UTC) using the110

reflectance ratio metric (R). Four consecutive days in February 2022 are shown in Fig. 5. The Himawari-8 limb images can

be compared with satellite lidar measurements of stratospheric aerosols by the Caliop instrument in polar orbit (Winker et al.,

2009). Caliop makes vertical soundings of backscattered light at two wavelengths and two polarisations which can be used

to distinguish aerosol types, including volcanic aerosols (Prata et al., 2017). Detailed comparisons between the limb data and

Caliop measurements are complicated by the di↵erent geometries which make spatial and temporal coincidence problematic.115

Qualitative comparisons suggest a good degree of agreement as shown in Fig. 6 where a Caliop ‘curtain’ on 7 February is

plotted above a Himawari-8 limb vertical cross section. The highest layer is found at around 25–28 km between ⇠15–25 ºS,

and a lower, thinner layer at around 22 km between ⇠2—15 ºS. The limb image, while coarser in vertical resolution and noisier,

also detects these upper and lower layers at similar latitudes.

3.2 Time-Latitudinal spread120

The spread of the aerosol was studied by averaging the R height profiles into four layers: 14.3–18.5, 19.0–22.1, 22.7–26.8,

30.3–33.9 km for each day at 21:00 UTC from 15 January to 15 September, 2023. The latitudinal range considered was from

the equator to 30 °S. The layers were selected to represent the region above most clouds to the tropical tropopause, the lower

and mid-regions of the lower stratosphere and the upper stratosphere. The results are summarised in Fig. 7 as time-latitude

plots of R, each shown with the same range of values of R from 0 to 1. The results indicate the strongest signals in the regions125

above the tropopause and in the lower stratosphere, with almost no signal in the upper stratosphere (heights > 30 km) ⇠3 weeks

after the eruption. The general spatial patterns agree well with those reported by Legras et al. (2022) using OMPS, Caliop and

MLS observations, which show the aerosol confined between ⇠22–28 km and -30°S to 0°. The meridional spread of the aerosol

is very slow compared to the zonal spread. The peaks in R are interpreted as the locations of highest aerosol and appear at

each latitude every ⇠ 16 days or so, as they circumnavigate the earth. Because of the viewing geometry the data sampling is130

such that the aerosol is observed appearing over the eastern limb of the earth and then continuing to move westwards; a peak

in the detection occurs each time the main layers appear in the eastern limb. Presumably, some aerosol is still present but the

signal strength is not su�cient to identify it. Under these assumptions it is possible to estimate the zonal (u) and meridional

(v) velocities of the maximum aerosol concentration in the lower-mid stratosphere. The zonal velocity is estimated as u ⇡ 23–

28 ms�1 which is reasonably consistent with zonal wind speeds as these latitudes and heights during January-April. There is135

coherence between the spatial patterns of the aerosol in the first three height layers, perhaps suggesting that the aerosol is quite

vertically thick. There is also an indication of some vertical separation with parts of the layer moving more rapidly zonally,

than other parts. The meridional velocity v ⇡ 0.2 m s�1, which is in good agreement with monthly mean values determined

from ERA-5 re-analysis data (Hersbach et al., 2023) as shown in Fig. 8. The upper stratospheric easterly jet slowly descends

from 5 hPa in January to about 30 hPa by April and also migrates northwards. This has the e↵ect of retarding the westward140

movement of the aerosol at ⇠20 km and more southern latitudes. The meridional spread is strongest northwards between
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Figure 5. Vertical height cross-sections through the aerosol layer as a function of latitude for 15–18 February 2022.
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Figure 6. Top panel: Caliop ‘curtain’ showing 532 nm backscattered light on 7 February 2022 between 16:16–16:30 UTC. Lower panel:

Himawari-8 limb image on 7 February at 21:20 UTC, looking towards the east. Note that the latitude scale on the Himawari-8 limb image

has been reversed (decreasing to the right) and the range increased to match the Caliop curtain.

9

https://doi.org/10.5194/egusphere-2023-2551
Preprint. Discussion started: 14 December 2023
c© Author(s) 2023. CC BY 4.0 License.



Figure 7. Time-Latitude plots of R for four di↵erent height ranges: upper-left below the tropopause, upper-right in the lower stratosphere,

lower-left in the mid-stratosphere, and lower-right in the upper stratosphere.

10

https://doi.org/10.5194/egusphere-2023-2551
Preprint. Discussion started: 14 December 2023
c© Author(s) 2023. CC BY 4.0 License.



January–February but the spread of the aerosol’s progress equatorwards is slowed thereafter as the winds are close to zero or

turning negative (southwards). These general observations qualitatively agree with the spread observed in the Himawari-8 limb

imagery (see Fig. 7); however, both u and v are poorly constrained by the measurements and the quantitative values should

only be regarded as approximations.

Figure 8. ERA-5 re-analysis monthly mean wind (u, zonal: upper panels (a)–(d); v, meridional: lower panels (e)–(h)) wind fields as a function

of pressure (15 levels) and latitude (2.5 ° resolution) for January, February, March and April, 2022.

145

4 Conclusions

The eruption of Hunga Tonga-Hunga Ha’apai on 15 January 2022 is likely to have been the largest volcanic eruption since

Krakatau in 1883 and certainly the largest since the start of the satellite era in the ⇠1960s. The eruption sent up to ⇠150 Tg of

water vapour into the stratosphere where it formed layers ⇠2–6 km thick over a height range of ⇠22–28 km. The aerosol was

first observed in Himawari-8 limb measurements at the end of January 2022 and could still be detected in September 2023,150

21 months later. The measurements presented here suggest that during the first three months, the aerosol travelled zonally at

speeds of ⇠-25 ms�1 (westwards) and meridionally at <0.5 ms�1 (northwards) in broad agreement with ERA-5 re-analysis
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winds for the same time period, latitudes and heights. Very little transport into the northern hemisphere was detected with the

aerosol mainly confined between latitudes 0–30 °S. The limb measurements have quite limited vertical resolution but there are

some indications of multiple layers, which can be clearly seen in Caliop data.155

The ratio of reflectance at 1.61 µm and 2.25 µm, used to identify the aerosol, suggests that the aerosol contains liquid

water rather than ice but no further investigation of the aerosol composition has been made. Exploitation of other Himawari-

8 channels might provide greater insight into the aerosol properties and this will require some rigorous radiative transfer

modelling which is beyond the scope of this paper.
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