Marine Heatwaves at High Resolution in
Fjord Ecosystem
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What are marine heatwaves (MHWs)? M

MHWs
Triggered by
Anomalously warm water events H : :
Y 5 Atmospheric Oceanic
2 processes processes
Discrete ] l
}—
Y Increasing frequency and intensity of
Variable persistence: days to months MHW;s©)

because of global warming

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

surface temperature (SST) lasting for at least 5 days 2
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How are they calculated ?

Hobday et al. (2016) (V):

- Daily SST

Observed s

- Long-term climatology temperature

- Threshold (generally 90th percentile of the dataset
for MHWs and |10th percentile for MCSs)

Temperature

- Calculated for each pixel or averaged over a region

|
Time

W' Pyjol et al., in preparation

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

Hobday et al. (2016) ().

- Daily SST

Observed s

- Long-term climatology temperature

- Threshold (generally 90th percentile of the dataset
for MHWs and |10th percentile for MCSs)

Temperature

- Calculated for each pixel or averaged over a region

|
Time
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Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

Hobday et al. (2016) ().

- Daily SST

Observed s
+temperature

- Long-term climatology

- Threshold (generally 90th percentile of the dataset
for MHWs and |10th percentile for MCSs)

Temperature
T

- Calculated for each pixel or averaged over a region

|
Time

Ul Pyjol et al., in preparation

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

MHW

i\ : I

Hobday et al. (2016) (V).

- Daily SST

Heat peak

| S , ........ Observed _

- Long-term climatology o "y temperature
g -
- Threshold (generally 90th percentile of the dataset “éi ————————————————————
for MHWs and |0th percentile for MCSs) I

- Calculated for each pixel or averaged over a region I \\ //_.__0107 MCs ™ §
\ fj, 8—
\ f_/’ o
\ e
: V4 19
5
MCS 2
o
Time 6

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

Hobday et al. (2016) ().
- 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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Temperature

MHW

(<

CATEGORY [
MODERATE

Heat peak

, ........ Observed
“Syytemperature

MODERATE

CATEGORY | -

Time

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

MHW
A | |
Hobday et al. (2016) ().
- cagoenn ‘
- Daily SST CATEGORYI/ Heat peak

MODERATE

o Observed _ |

- Long-term climatology o S ytemperature
5 RN . Z)g_ph_re_shold
. 5 esh
- Threshold (generally 90th percentile of the dataset “éi ———————————————————— glgnﬁiw
for MHWs and |0th percentile for MCSs) = CATEGORY 1 \_

... MODERATE

. . CATEGORYN -
- Calculated for each pixel or averaged over a region STRONG

| |
Time

OO Pyjol et al., in preparation

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

Hobday et al. (2016) ().
- 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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MHW

i\ : I

_ CATEGORY Il

e
... STRONG

CATEGORYI/
MODERATE

g

B -HKH_“"-_
o

(]

o S

GE) ‘Hq_‘_hq_h_“"‘ -

I CATEGORY [ \_

.. MODERATE

" Observed
“ytemperature

..... e CATEGORY Il ™ .
cAesoRy et
3Xthreshold
MCS
| | >
Time

Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

Hobday et al. (2016) ().
- 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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MHW
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“ . EXTREME
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o INTENSE
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Fig. 1. Example of temporal detection of MHW and MCS.
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How are they calculated ?

MHW
N T |
‘... CATEGORY IV
L _WREME _
Hobday et al. (2016) (V). ARy
- CATEGORYI (-SSR 1
- Daily SST caresoms /TR et peak e axthreshold
IMODERATE <sdays )
- , ........ Observed . e 3xthl"eshold _|
- Long-term climatology o “sLtemperature o
-] Tl e 2Xthf‘esh
2/ : o o .
. o Sho 7
- Threshold (generally 90th percentile of the dataset “éi _____ N J?'MH‘W
for MHWs and 10th percentile for MCSs) o CATEGORY 1\
- . MODERATE i
, , CATEGORVN 5
- Calculated for each pixel or averaged over a regon .. STRONG old Mg -1 &
CATEGORY Il Athreshog | &
CATEGORYIV " 3xthreshold | €
- : EXTREME e | 1=
Duration 4X§thre§h”o'id' . =
5
| MCS g
Time
11

Fig. 1. Example of temporal detection of MHW and MCS.
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Consequences of MHWs N
~

Ocean’s properties Ecosystems Human activities
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Detection of MHWSs

B M

Daily SST
SATELLITE
DATA
Long-term P l - Global products
- Daily temporal

SATELLITE <« resolution
DATA - Spatial resolution of

. Global product(®
several kilometres

Temporal resolution: daily

Temporal coverage:1982 - 2026
Spatial resolution: 1/4° (~25km)

< 'aw
Threshold w

B
|

|

|

|

|

|

|-

i Climatology
|

|

|

|

|

|

| =

|

|

l

SATELLITE
DATA
\
‘ .
Detection of Daily SST heatwaveR
MbIYYS Threshold
d
Climatology 13
S

ISMSCADIZ.ES



Detection of MHWs

o M

Global product(®)
Temporal resolution: daily

- w Temporal coverage:1982 - 2026
Spatial resolution: 1/4° (~25km
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Detection of Raily 328 g What about
MHWs coastal regions?
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Complex coastal environment such as fjords ?

Northern Patagonia

O -May-2
r —(, Chacao Channel Temelprature (|0ISST) 18 My 017
.;‘-.,j on oy Ji Reloncavi Fjord | LR s
W W, Reloncavi Sound 42°S - 16 |
-50 4208 . , ~ "_.{ .......... AnCUd Gulf
: Comau Fjord
-100 Desertores Islands _
' 43°S - ' -
43°S a2 ; .‘r " N ............... i : ;
-150 y
®
© S
S = _ S 44°S - . Global product(®)
I | LYY e Moraleda Channel N Temporal resolution: daily
E 8 - ' th £
s 3 (north) 5 Temporal coverage: 1982 - 2026
3 Jacaf Channel S : S o luti 1/4° (~25k
~ o S ot . ~
3 Puyuhuapl Ford 2 45°S | N . patial resolution: ( m)
iOJ 45°S Moraleda Channel cl,:) ] 3
= (south) 2
: / sl
e -300 Aysén Fjord S L8 . .
S o 2 46°S (Ml 1 : Fjords and
8 Quitralco Fjord s N h I
@© ] { S
N 2 channels not
£ S 46°S Costa Channel 5 lved
£ =
= Elefantes Channel £ o o o o resoive
S tarih) g 75°W  74°W  73°W  72°W
2 -400 ° o o ° south -
i 75°W 7AW 73W  72°W (south) & 1 12 13 1 15

ISMSCADIZ.ES



Complex coastal environment such as fjords ? M
L

Northern Patagonia
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Complex coastal environment such as fjords ? M
L

Northern Patagonia
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M

Threshold SST for

Climatology 90t MHW
percentile detection
Needs to be based on long- Needs daily temporal
term data >30 years resolution

! L |

Should be a robust and
representative baseline

$ ¥

What kind of What kind of
data? data?

Needs spatial homogeneity

18
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In situ observations M
In situ data ' g s January -
[ B February
Advantages: Ll
Fjords and channels highly sampled | Bl A
Temporal coverage >30 years Build the
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Interpolation of the in situ data
In situ observations DIVA reconstruction M

Surface temperature reconstruction with DIVA

5 January Mcllmth: Januarry \7
: "( SR Feb ° ° °
ot e Data-Interpolating Variational 425 16
W March Analysis
(Troupin et al., 2010®); Barth et al., 2014()) 15
s April 3
N ' 43°S <14
May i
June - / 11830
44°S Uses scattered in situ points to _—— . °
1y — generate a continuous field 44°S T, A T < 112 B
< Clgi_
August 3D Monthly 411 &
45°5 climatolo .
§ September gy 45°8 +---*-
N 110
_§ Gatdliser Horizontal correlation length: 50km
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3 4R° (et o\ut\on
© 46°S 1 ! November 46°S 15 esS
@ |
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— [ December
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Fii. 7. Siatial distribution of in situ samilinis



Validation of the climatology

DIVA reconstruction M
Surface temperature reconstruction with DIVA o o . o
5% of the in situ data kept apart for validation ~

Month: January

| 17
oo BN . L B 16 .
e S 2l Standard
N '° SR rmse crmse deviation in
DIVA and )

43°S . in situ (°C) situ data
. Jan 0,21 1,85 1,83 1,97
£ Feb 0,04 1,43 1,43 2,05
44°8 - 2 2 Mar 0,11 1,14 1,14 1,68
: Apr 0,07 1,01 1,00 0,83
1"" May -0,08 0,78 0,78 0,77
g 45° P Jun -0,08 0,71 0,70 0,46
& Jul 0,06 0,87 0,87 0,59
H K Aug 0,14 07! 0,69 0,58
3 46°S ) Sep 0,01 0,73 0,73 0,51
g Oct 0,20 0,95 0,93 0,82
2 . | | 7 Nov 0,09 1,23 1,23 1,23

o 75°W 74°W 73°W 72°W
Fig. 8. Monthly climatology of surface temperature. Dec 0,10 1,42 1,42 2,18
Table. 1. Validation of the climatology with root mean square error (rms) and centred root mean 21

square error (crmse).
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Threshold SST for M
Climatology V 90th MHW

percentile detection
Needs to be based on long- Needs daily temporal
term data >30 years resolution

! |

Should be a robust and
representative baseline

¥ ¥

Based on satellite
dataset but
contains cloud-gaps 27
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Needs spatial homogeneity

Based on in situ
data




Satellite data

L4 SST
Daily SST (2003-2023)

Gap-free
Resolving most fjords and channels

Data Interpolating Empirical
Orthogonal Functions (DINEOF)

(Alvera-Azcérate et al., 2005(10))

EOF-based method to fill-in
missing data from geophysical fields
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Threshold SST for M
Climatology V 90t MHW a
detection

percentile
Needs to be based on long- Needs daily temporal
term data >30 years resolution

! A |

Should be a robust and
representative baseline

$ v @

. . . Calculated
Based on in situ Need to combine u ) Based on
- from satellite

data both datasets satellite data
data 24
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Needs spatial homogeneity



itu

the

2!

ign

satellite
dataset on
in si
dataset

the

Al

Adapting the datasets

Difference

SST Satellite

SST Satellite

In situ-based
climatology

25

dataset

dataset
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Threshold SST for
Climatology V 90th MHW J
percentile detection

| !

Needs to be based on long- Needs daily temporal
term data >30 years resolution

4 L

Should be a robust and
representative baseline

$ v $y 3

. . . lcul
Based on in situ Need to combine Calcu atefi Based on
‘ from satellite

data i
both datasets data satellite data 26
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Needs spatial homogeneity



Zoom on Northern Patagonia

Category reached by the MHW on 2008-12-12 M

Category reagched by the MHW on 2008-12-12 > s

MHW on 2008-12-12 "]
Extreme with NOAA OISST

product
cevere (spatial resolution 1/4°) ‘

Strong |

Extreme
43°S +

Severe

44°5 4
Strong
Moderate 4
MHW on 2008-12-12 45°5 | Moderate
with our approach S |
(spatial resolution 3 ]
o
~900m) S$46°5 -
£ _
T
&
3
N 75°W 30 74°w 30 73°wW 30 72°W 27

Fig. 9. MHW with OISST

Fig. 10. MHW with our methodology
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Categpry re,achecj by the MHW on,2008-9-17 Lon: 72.875°W Lat: 41.625°5

A 17.5 - -
FPEY S e 5 M o
s )
Development of the” = g
MHW with NOAA & 13
43°5 Extreme % 2
OISST product " 125 :
(spatial resolution 1/4°)
Severe
Oct 20080ct 2008 Nov 2008Nov 2008 Dec 2008Dec 2008
a4°s 4 :
2 . Marine heaMave ‘
Strong
19& climatology
Local temperature
18t ———-Thresholds
- Threshold multiples
45°S (et Development of the
N MHW with our
. approach
26°5 - | (spatial resolution
~900m) *

Oci 01 Oct 16 Oct 31 Nov 15 Nov 30 Dec 15 Dec 30

Fig. 12. Temporal evolution of the MHW with OISST (up) 28
Fig. 11. MHW with our methodology and our methodology (bottom)
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MHW

43°s

4408 £ :

75°W 30
|

Frequency

MHWs average metrics (2003-2023)

Intensity

Maximal intensity

Duration

~H42°S

43°SH

44°S

S

o

- 46°s

45°S

B

43°SH
44°S _ . ‘ ;

4508 Eis .ol ‘ :

Vool 4608 , otk

C

L~

1

74°W 300 73°w 30

1.5 2
[events/year]

2.5

72°W  75°W 30 74°W 30
e
3 0

73°W

SN
05 1

1.5
[°C]

0 72°W  75°W
.

2

25 0

Fig. 13. MCS average metrics at the surface for the period 2003-2023 with our methodology.
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1 2 3 4
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37 73°W 300 72°W
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25 30

Pujol et al., in preparation

M

High spatial
variability

- Freshwater
inputs

—> Higher
stratification

- Enclosed basins

- Local
circulation
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Why high resolution is important in coastal regions?
OISST product (low resolution)

Finer scale methodology

Mean frequency Mean intensity "~ Mean frequency Mean intensity >
T T T T T 7 T
42°S 42°S - 4208 ........ o 4208 .................................. - 4
43°S 43°S |- 43°S t" L AN 43°S 4
44°S 44°S - 44°S i e 44°S 4
. L

45°S 45°S - 45°S 45°S v 4
46°S |- e 46°S |8 :-_ e Ll s X o . g £ |,

L;/f N o ' NP e
75°W 30 74°W 30 73°W 30 72°W 75°W 30' 74°W 30 73°W 30 72°W

B | [ [ . .l I
1 0 1 1:5 2 2.5 3 0 0.5 1 15 2 2:9

[events] [°C] [events/year] [°C]

Fig. 14. MHW average metrics with OISST and with our approach.

M

OISST product
does not take
into account

the small local
variations of

intensity

30
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Why high resolution is important in coastal regions?

* Dinoflagellate Alexandrium catenella M
* Generates mortality in aquatics organism —_
and humans

January 2016

N Loss of 40 000 tons of
*salmon (800 million $)(13-15)

Temperature anomaly [°C] Temperature anomaly [°C]
- 650000 1.01E

‘T'_J 00000 1 o 0.8
— 10000 1 8

« > w< 0.6
O 10001 5

> S 0.4

= 100 E
% 0

o 101 3 @® Observed Data 02

11 | ® ..... | = 7INB Plredlctlon 00 | | | | .
- d : ? : : : : -1 0 1 2 2 -1 0 1 2
=74 =73 =74 =73 o o
) it Temperature anomaly [°C] Temperature anomaly [°C]
Alexandrium catenella [cells L™] > ND | [
oderate Stron evere xtreme
e 100-500 Hodert o ° = Fig. 15. ZINB model of A. catenella and temperature anomaly.
® 501-5,000
© 5001-50,000 Fig. 14. A. catenella cell
concentration (left) and MHW 31

@ 50001-500,000 development (right)
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Conclusion: MHWs and MCSs at finer scale is necessary
Category reachegi by the MHW o 201 -1- 4

Alternative for MHW detection

Extreme

Severe

Strong

Detection of MHWs at high-resolution (~900m) Svesaly e '_ ' = '

—| Moderate

MHWs do not develop uniformly and each basin shows

different characteristics o

Fjords particularly sensitive to intense MHWVs

—| Moderate

Risk of harmful algal blooms

—{ Strong

Severe
“/“ Extreme

75°W 30" 74°w 30" 73°W 30" 72°W
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Important for aquaculture industry to monitor the
different fjords and channels
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Woater circulation in Northern Patagonia

Surface circulation Subsurface circulation
42°S A
3 main layers
43°s{ %
- Surface layer: Estuarine Waters (EW)
- Intermediate layer: Subsurface Antarctic Waters 44°s
- Bottom layer: Equatorial SubSurface Waters
45°S 1
46°S A
75l°W 74]°W 731°W 72°W 75'°W 74I°W 73'°W 72°W
L |

-400 -300 -200 -100 0
Depth [m]



Mean frequency

42°St

43°S

4405 ,‘ »

MHW

45°S

74°W 30" 73°W 30'

-0.2 -0.1 0 0.1
[events/year]

Fig. 49. MHWSs trends at surface.
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Subsurface MHWs and MCSs

Temperature anomaly in different basins ‘
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MHW category and SST anomaly at

the surface
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Fig. 30. MHW with our methodology in December 2008
and SST anomaly (lines).

Subsurface development: 2008

* Surface MHW that stayed confined to the

upper layers
* November-December 2008

* Higher solar radiation + atmospheric heatwave
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Fig,32. Reminder of the study area.
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Fig. 31. Subsurface temperature in December 2008. Dotted line: mixed layer depth. Climatology: 1993-2024.
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Subsurface development: 1998
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Fig. 38. Subsurface temperature in June 1998 from GLORYS model. Dotted line: mixed layer depth. Climatology: 1993-2024.

* MHW over the entire water column
* Lasted for 8 months at 100 m depth
* Deepening of the mixed layer depth

* Very strong El Nino
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Fig, 32. Reminder of the study area.




Subsurface development: 2017 and 2024
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Fig. 39. Subsurface temperature in January 2017 from GLORYS model. Dotted line: mixed layer depth.

Climatology: 1993-2024.
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Fig. 40. Subsurface temperature in January 2024 from GLORYS model. Dotted line: mixed
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Validation of the climatology

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