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What are marine heatwaves (MHWs)?

Anomalously warm water events

Increasing frequency and intensity of 

MHWs(2)

because of global warming(4)

Discrete

Variable persistence: days to months

MHWs

Triggered by

Atmospheric

processes

Oceanic

processes

First definition in 2016 by from Hobday et al.(1): Prolonged discrete periods of anomalously warm sea 

surface temperature (SST) lasting for at least 5 days

MHW
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How are they calculated ?

Fig. 1. Example of temporal detection of MHW and MCS.

Hobday et al. (2016) (1):

- Daily SST 

- Long-term climatology 

- Threshold (generally 90th percentile of the dataset 

for MHWs and 10th percentile for MCSs)

- Calculated for each pixel or averaged over a region
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Hobday et al. (2016) (1):

- Daily SST 

- Long-term climatology 

- Threshold (generally 90th percentile of the dataset 
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Ocean’s properties Ecosystems Human activities
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Detection of MHWs

OISST

Global product(6)

Temporal resolution: daily

Temporal coverage:1982 - 2026

Spatial resolution: 1/4° (~25km)
Threshold

Daily SST

Threshold

Climatology

SATELLITE 

DATA

- Global products

- Daily temporal 

resolution

- Spatial resolution of

several kilometres

SATELLITE 

DATA

Detection of 

MHWs

Long-term 

Climatology

SATELLITE 

DATA

Daily SST
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Detection of MHWs

OISST

Global product(6)

Temporal resolution: daily

Temporal coverage:1982 - 2026

Spatial resolution: 1/4° (~25km)
Threshold

Daily SST

Threshold

Climatology

SATELLITE 

DATA

- Global products

- Daily temporal 

resolution

- Spatial resolution of

several kilometres

SATELLITE 

DATA

Detection of 

MHWs

Long-term 

Climatology

SATELLITE 

DATA

Daily SST

What about 

coastal regions?
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OISST

Global product(6)

Temporal resolution: daily

Temporal coverage: 1982 - 2026

Spatial resolution: 1/4° (~25km)

Fjords and 

channels not 

resolved
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Complex coastal environment such as fjords ?

Need of good coastal,

channels and fjords

representation for

aquaculture industry
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Complex coastal environment such as fjords ?

Need of good coastal,

channels and fjords

representation for

aquaculture industry
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Need sufficiently high 

resolution to resolve the 

fjords and channels
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Climatology

Needs to be based on long-

term data >30 years

Threshold

90th

percentile

Needs daily temporal 

resolution

SST for 

MHW 

detection

Should be a robust and 

representative baseline
Needs spatial homogeneity

What kind of 

data?

What kind of 

data?
18



In situ data

Advantages: 

Fjords and channels highly sampled

Temporal coverage >30 years

Disadvantages: 

Spatial and temporal heterogeneity

In situ data 

Total: 3 million 

observations

Mooring observations

…  Non-mooring observations

In situ observations

Build the 

climatology from 

in situ data
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Horizontal correlation length: 50km

Lower weight attributed to data clusters

3D Monthly 

climatology

Uses scattered in situ points to 

generate a continuous field

Data-Interpolating Variational 

Analysis
(Troupin et al., 2010(8); Barth et al., 2014(9)) 

In situ observations

Mooring observations

…  Non-mooring observations

Fig. 7. Spatial distribution of in situ samplings

Interpolation of the in situ data
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Fig. 8. Monthly climatology of surface temperature.

DIVA reconstruction
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Fig. 8. Monthly climatology of surface temperature.

DIVA reconstruction

Bias 

between 

DIVA and 

in situ (°C)

rmse crmse

Standard 

deviation in 

situ data

Jan 0,21 1,85 1,83 1,97

Feb 0,04 1,43 1,43 2,05

Mar 0,11 1,14 1,14 1,68

Apr -0,07 1,01 1,00 0,83

May -0,08 0,78 0,78 0,77

Jun -0,08 0,71 0,70 0,46

Jul 0,06 0,87 0,87 0,59

Aug -0,14 0,71 0,69 0,58

Sep 0,01 0,73 0,73 0,51

Oct 0,20 0,95 0,93 0,82

Nov 0,09 1,23 1,23 1,23

Dec 0,10 1,42 1,42 2,18

5% of the in situ data kept apart for validation

Validation of the climatology

Table. 1. Validation of the climatology with root mean square error (rms) and centred root mean

square error (crmse).
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Climatology

Needs to be based on long-

term data >30 years

Threshold

90th

percentile

Needs daily temporal 

resolution

SST for 

MHW 

detection

Should be a robust and 

representative baseline
Needs spatial homogeneity

Based on satellite 

dataset but 

contains cloud-gaps

Based on in situ 

data
22



EOF-based method to fill-in 

missing data from geophysical fields

Data Interpolating Empirical 

Orthogonal Functions (DINEOF)
(Alvera-Azcárate et al., 2005(10))

L4 SST

Daily SST (2003-2023)

Gap-free

Resolving most fjords and channels

MODIS AQUA

L3 SST

Daily (2003-2023)

4km spatial resolution

Gaps 23

Satellite data



Climatology

Needs to be based on long-

term data >30 years

Threshold

90th

percentile

Needs daily temporal 

resolution

SST for 

MHW 

detection

Should be a robust and 

representative baseline
Needs spatial homogeneity

Based on in situ 

data

Calculated 

from satellite 

data

Based on 

satellite data

Need to combine 

both datasets
24



SST Satellite 

dataset

In situ-based 

climatology
M

a
y

SST Satellite 

dataset

Align the 

satellite 

dataset on 

the in situ 

datasetM
a
y

Difference

Adapting the datasets
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Climatology

Needs to be based on long-

term data >30 years

Threshold

90th

percentile

Needs daily temporal 

resolution

SST for 

MHW 

detection

Should be a robust and 

representative baseline
Needs spatial homogeneity

Based on in situ 

data

Calculated 

from satellite 

data

Based on 

satellite data

Need to combine 

both datasets
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MHW on 2008-12-12  

with NOAA OISST 

product

(spatial resolution 1/4°)

Zoom on Northern Patagonia

Fig. 9. MHW with OISST

MHW on 2008-12-12 

with our approach

(spatial resolution 

~900m)

Fig. 10. MHW with our methodology

P
u
jo
l
e
t
a
l.
,
in
p
re
p
a
ra
ti
o
n

27



Development of the 

MHW with NOAA 

OISST product

(spatial resolution 1/4°)

Development of the 

MHW with our 

approach

(spatial resolution 

~900m)
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Fig. 11. MHW with our methodology

Fig. 12. Temporal evolution of the MHW with OISST (up)

and our methodology (bottom)
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High spatial 

variability

→ Freshwater 

inputs

→ Higher 

stratification

→ Enclosed basins

→ Local 

circulation

MHWs average metrics (2003-2023)

Fig. 13. MCS average metrics at the surface for the period 2003-2023 with our methodology. Pujol et al., in preparation

Frequency Intensity Maximal intensity Duration
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Why high resolution is important in coastal regions?

Finer scale methodologyOISST product (low resolution)

OISST product 

does not take 

into account 

the small local 

variations of 

intensity

Fig. 14. MHW average metrics with OISST and with our approach.
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Why high resolution is important in coastal regions?

31

Loss of 40 000 tons of 

salmon (800 million $)(13-15)

• Dinoflagellate Alexandrium catenella

• Generates mortality in aquatics organism 

and humans

Fig. 15. ZINB model of A. catenella and temperature anomaly.

Fig. 14. A. catenella cell

concentration (left) and MHW

development (right)



Conclusion: MHWs and MCSs at finer scale is necessary

Detection of MHWs at high-resolution (~900m)

MHWs do not develop uniformly and each basin shows

different characteristics

Fjords particularly sensitive to intense MHWs

Risk of harmful algal blooms

Alternative for MHW detection

Important for aquaculture industry to monitor the

different fjords and channels 
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Thank you !
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3 main layers

- Surface layer: Estuarine Waters (EW)

- Intermediate layer: Subsurface Antarctic Waters

- Bottom layer: Equatorial SubSurface Waters

Water circulation in Northern Patagonia



MHW and MCS trends

36

Fig. 49. MHWs trends at surface. Pujol et al., in preparation



Subsurface MHWs and MCSs



• Surface MHW that stayed confined to the 

upper layers 

• November-December 2008

• Higher solar radiation + atmospheric heatwave

Subsurface development: 2008

Fig. 30. MHW with our methodology in December 2008

and SST anomaly (lines).

Fig. 31. Subsurface temperature in December 2008. Dotted line: mixed layer depth. Climatology: 1993-2024.

Fig,32. Reminder of the study area.

MHW category and SST anomaly at 

the surface 

Temperature anomaly over water column
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Subsurface development: 1998

• MHW over the entire water column

• Lasted for 8 months at 100 m depth

• Deepening of the mixed layer depth

• Very strong El Niño

Fig, 32. Reminder of the study area.

Fig. 38. Subsurface temperature in June 1998 from GLORYS model. Dotted line: mixed layer depth. Climatology: 1993-2024.



Subsurface development: 2017 and 2024

• MHW from surface to 50m 

• Positive heat fluxes & 

atmospheric heatwave

• Coastal El Niño

• Stronger temperature below 

the mixed layer

Fig. 32. Reminder of the study area.

Fig. 40. Subsurface temperature in January 2024 from GLORYS model. Dotted line: mixed layer depth.

Climatology: 1993-2024.

• MCS from surface to 50m 

• Cold period context

• Low salinity period

• Lower anomalies below the 

mixed layer

Fig. 39. Subsurface temperature in January 2017 from GLORYS model. Dotted line: mixed layer depth.

Climatology: 1993-2024.



Validation of the climatology
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Summary and potential impacts of MCSs and MHWs

Fig. 52. Summary figure: drivers of MHWs and MCSs and potential impacts on ecosystems and human activities.
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