
The progression and global dispersion 
of the Hunga aerosol cloud, & influence from co-emitted
water vapour, aligned to the APARC Hunga impacts report
Graham Mann1,2, Sandip Dhomse1,2,3,                                                 Bill Randel7

(1: School of Earth and Environment, University of Leeds, U.K.                       (NCAR, Boulder, Co, USA)
  2: National Centre for Atmospheric Science (NCAS-Climate) U.K.
  3: National Centre for Earth Observation (NCEO), Univ. Leeds, U.K.)

Yunqian Zhu4,5   Margot Clyne5,6                      Ghassan Taha8,9 
(4: National Ocean for Atmos. Admin, NOAA)          (8: NASA Goddard Space Flight Center, USA 
  5: Univ. Colorado, 6: Colorado State Univ.)               9: Morgan State Univ., Baltimore, USA) 

Mathieu Colombier10                 Paul Newman11

 (10: Ludwig Maximilians-Univ, Munich,  Germany    (11: NASA Goddard Space Flight Center, USA) 



GA4 UM-UKCA model

Interactive strat-trop 
chemistry (CheST)
(Archibald et al., 2020)

Interactive 
aerosol microphysics 
GLOMAP-mode 
(Mann et al., 2010; 2012;
Dhomse et al., 2014; 2020)

Internally generated QBO 
within 85-level HadGEM3-A
(Osprey et al., 2013)

GA4 = precursor to UKESM

Same capability applied
(no-MSP & evap'n-OFF)  for
 -- UKESM interactive strat-
      aerosol  CMIP6 historical 
     (T. Aubry, Univ. Exeter)

  -- UKESM interactive strat-
      aerosol PMIP4 
                      Last Millenium 
       (L. Marshall, Univ. Durham)



Carslaw & Karcher (2006)
(ch1 of SPARC “ASAP report”, 2006; 
        diagram adapted from version in
             Hamill et al., 1997 BAMS paper)

Stratospheric aerosol processes → vertical & meridional variations in particle size

A key aspect is that the 
aerosol particles that form in
the tropics (initially a few nm,
but growing to a few 100 nm) 
remain suspended in the 
stratospheric air for ~1-3 yrs
(so-called “Tropical 
      Stratospheric Reservoir” )

Stratospheric processes
(microphysics & dynamics) 
→ vertical & meridional
      variations in particle size
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A key aspect is that the 
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Stratospheric processes
(microphysics & dynamics) 
→ vertical & meridional
      variations in particle size

After major volcanic eruptions
  large explosive volcanic 
    emission of sulphur dioxide to the stratosphere 
      → oxidation, coagulation & condensation grow the particles to larger sizes 



Mann et al. (2015, PAGES)

self-lofting effect
   (aerosol absorption 
      of solar near-IR 
         & outgoing LW )

size change
   (550nm/1020nm 
      ratio reduces
   → larger aerosol )



Comparison UM-UKCA to satellite observations & microphysical 

aerosol properties (size, SAD) – re-analyse “the first 6 months after” 
ERA5-nudged SO2-only runs, 
         aligned to Tonga-MIP protocols



Legras et al. (ACP, 2022)

Separation of volc-aerosol layer from HTHH sWV 
→ descent rate provides a potentially important
      case with observational constraint for particle size
      simulated within the aerosol microphysics models  
          (combined upwelling & sedimentation)

 15S-5S

 25S-15S



Wang et al. (JGR, 2023)

OMPS-LP observations 
indicate the Hunga-Tonga 
aerosol may have penetrated 
into vortex during August ‘22 
(within the lowermost  
                        stratosphere)

But water vapour remained 
outside the vortex 
  (transported to high latitudes 
     only after vortex breakup).

Observations Mar 2022 Observations Aug 2022 

Model Mar 2022 Model Aug 2022
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OMPS-LP observations 
indicate the Hunga-Tonga 
aerosol may have penetrated 
into vortex during August ‘22 
(within the lowermost  
                        stratosphere)

But water vapour remained 
outside the vortex 
  (transported to high latitudes 
     only after vortex breakup).

Observations Mar 2022
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Observations Jan 2023 

Model Jan 2023



Pitts & Thomason (GRL, 1993)

Progression of the Pinatubo aerosol 
cloud Aug to Sep 1991
(main layer at 20-25km).

Sep ‘91 Hudson eruption (Chile) 
formed lower-altitude aerosol layer 
(10-12km)

Pinatubo aerosol cloud
remains northward of 60S
(vortex barrier)

Antarctic vortex permeable at 
lowermost stratosphere, with the
SAGE-II measurements showing the 
lower-altitude layer from Hudson in 
Antarctic vortex in late-Sep/early-Oct.

Note balloon measurements from 
McMurdo  (Deshler et al., GRL 1992) 
and from lidar (Adriani et al. 1992) 
also profiled the Hudson aerosol 
layer from McMurdo in spring 1991.



Bourassa and Khaykin (2025, in prep)
Chapter 3 of 2025 Hunga report

At Dumont D’Urville (DDU) at 66.7oS

CALIOP & DDU data includes only
     data-pts with depol < 5% (spherical

CALIOP lidar indicates
     volcanic aerosol *was* transported
           into polar vortex in Aug-Sep 2022

→ Then potentially consistent with
             interactive model predictions
                from Wang et al. (2023)

82S-65S
(CALIOP)

68S-64S
(CALIOP)

66.7S
(Ground-
based
lidar)



vortex-avg 
at 480K

vortex-avg 
at 550K

Excess-H2O at 550K 
~ 0.9 ppmv in mid-Dec24
(on vortex-avg, 6.2 c.f. 5.3)  
(anomaly compared
       to mean [black])

(increased from 
    ~0.5 ppmv in Nov24)

6.2 ppmv

5.3 ppmv

5.4 ppmv

4.7 ppmv

Excess-H2O at 480K 
~ 0.7 ppmv in mid-Dec24
(on vortex-avg, 5.4 c.f. 4.7)  
(anomaly compared
       to mean [black])

(about the same as
    ~0.7 ppmv in Nov24)from Michelle Santee

             (NASA JPL)

Last 2 Arctic winters  
Hunga-elevated H2O 



vortex-avg 
at 660K

vortex-avg 
at 750K

Excess-H2O at 750K 
~ 1.1 ppmv in mid-Dec24
(on vortex-avg, 7.6 c.f. 6.5)  
(anomaly compared
       to mean [black])

(similar enhancement
    ~1.1 ppmv in Nov24)

7.6 ppmv

6.5 ppmv

7.1 ppmv

6.0 ppmv

Excess-H2O at 660K 
~ 1.1 ppmv in mid-Dec24
(on vortex-avg, 7.1 c.f. 6.0)  
(anomaly compared
       to mean [black])

(and similar enhancement 
    ~1.1 ppmv in Nov24)from Michelle Santee

             (NASA JPL)

Last 2 Arctic winters  
Hunga-elevated H2O 



Joshi and Jones (2009, ACP) presented the
      possibility that explosive eruptions can also 
         cause a positive radiative forcing from
              increased stratospheric water vapour
 
  → to have potentially offset a proportion of the 
           dominant volcanic aerosol surface cooling 
                                                           after 1883 Krakatau 



Sparks et al. (1997) text book “Volcanic Plumes”



Self (1992, Geojournal)
    → Krakatau eruption chronology
  Main 10am Aug 27th = a sea-water explosion → ignimbrite plume
                                                    → direct H2O injection to ~40km 



Wexler et al. 
(1951, BAMS)



Wexler et al. 
(1951, BAMS)



Wexler et al. 
(1951, BAMS)



…

page 456Pernter et al.
(1889, article in 
Meteorologische
   Zeitschrift )



…

Direct cite from English translation of Pernter (1889, Meteorologische Zeitschrift: pages 456 and 457)
       (word count is  115 words for 4 sentences at top-of-page, and 119 words for 2 paras below the Table.)

page 456

page 457



Taha et al. (2022, GRL)

Legras et al. (2022, GRL, Figure 3)

Summary re: Hunga and Krakatau
 → Krakatau thought to have also emitted a very large

co-emission of H2O to stratosphere → ~500Tg
                   (offset part of surface cooling ~40Tg of SO2 ? )
 → H2O injection into stratosphere from Krakatau 
         via pyroclastic flow entering the ocean
            (different to Hunga’s shallow underwater setting) 
 → Initial descent of Krakatau aerosol from purple twilight
             consistent with strong water vapour cooling

→ steep Krakatau aerosol descent (32km → 24km 1st weeks)
               very similar to that observed after Hunga
               (consistent with water vapour cooling forced descent)
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