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Hunga Tonga - Hunga Ha’apai volcanic eruption fast facts:
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Plume height on Jan 15

Khaykin et al 2022 submitted

extreme plume
height to > 50 km

plume at
30-35 km



Jan. 16

CALIPSO space lidar measurements

volcanic
plume
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30 km

tropopause



Evolution of H2O plume
from MLS observations 

Milan et al 2022 GRL

westward propagation
in stratospheric easterlies

zonal dispersion
large H2O values remain to present day
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Unprecedented amount of H2O input to stratosphere

Estimated mass of H2O
> 10 % of global stratospheric burden



Large stratospheric H2O perturbations from Hunga Tonga volcano

Radiosonde observations
over Australia Jan 17

Voemel et al 2022
Science (in press)

1000 ppmv

H2O   [ppmv]stratospheric background
H2O ~ 5 ppmv
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100% saturation



refractivity: N = 77.6 (p/T) + 3.73 105 (pw/T2)

Sensitivity tests

can RO observe
H2O in the stratosphere?

impose 1000 ppmv H2O 
at 28 km

impose -8K temp 
anomaly at 28 km

observed C2
N std. dev. (σ)

σ 2σ 3σ

Result: 1000 ppmv H2O is similar
to a 3σ background N anomaly
(and -8 K temp anomaly)

Refractivity anomaly (%)
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Maps of C2 locations with N > 3% over 25-35 km

eruption
on Jan 15

Jan 16

Jan 18

Jan 17
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Calculating H2O:

1) Identify C2 profiles with N>3%

2) Use T from nearby MLS retrievals
(< 600 km, 6 hours)

3)     Calculate H2O from N, T 

C2 N anomalies derived H2O

Jan 16 Jan 16

1000
ppmv

N = 77.6 (p/T) + 3.73 105 (pw/T2)  

8



Jan 16 Jan 16

radiosondes

C2 N anomalies derived H2OCalculating H2O:

1) Identify C2 profiles with N>3%

2) Use T from nearby MLS retrievals
(< 600 km, 6 hours)

3)     Calculate H2O from N, T 

N = 77.6 (p/T) + 3.73 105 (pw/T2)  
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Jan 16 Jan 17 Jan 18

C2 retrievals

radiosondes

January 16-18 plume observations over Australia
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RO profiles with H2O > 700 ppmv 25-35 km

plume moves westward and 
descends over time, 

due to H2O radiative cooling

‘noise’
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H2O maximum

Plume height

RO profiles with H2O > 700 ppmv 25-35 km
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Observations in the plume on January 15

Note: less confidence 
in these N retrievals

because they fail
quality control

N H2O
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6000 ppmv



Longer-term evolution of the HTHH plume and stratospheric temperatures

MLS H2O observations

J F JM A M

H2O plume disperses but remains as a large perturbation 

May 2022
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GNSS temperature observations

HTHH

Temps at 10-50o S    26 km

stratospheric cooling 
in response to H2O plume
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2022

2004-2021



HTHH HTHH

Temps at 10-50o S    26 km 2022 T anomalies at 10-50o S   

stratospheric cooling 
in response to H2O plume

GNSS temperature observations
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2022

hatching = 2022 extreme values 
for all years 2004-2022

2004-2021



hatching = 2022 extreme values for all years 2004-2022
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GNSS June 2022 T anomalies

Latitude



MLS June 2022 T anomalies

hatching = 2022 extreme values for all years 2004-2022
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GNSS June 2022 T anomalies

Latitude



Key points:

• Radio occultation can detect >1000 ppmv of stratospheric H2O from HTHH

• Rule of thumb: 1000 ppmv H2O  ~ 3% N anomaly  (3*sigma C2 noise in stratosphere)

• C2 observations over first week after eruption: sinking and dilution of the H2O plume

• Large H2O anomalies persist in the stratosphere, leading to large-scale cooling
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observations
WACCM ensemble simulations

with imposed H2O, SO2

H2O plume

aerosol 
plume

note: 60o N-S
thanks to Xinyue Wang, NCAR



Temperature anomalies in H2O plume

Interpretation: positive N anomalies produce
(spurious) negative temps 
in dry retrievals
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from nearby MLS

from C2 dry retrievals

H2O   [ppmv]

slope:  
-8K/1000 ppmv
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