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1 Marine heatwaves and why they matter for coastal 
environments 

A marine heatwave (MHW) is a prolonged period during which sea temperature at a given location 
is anomalously high relative to the local seasonal norm. Following the now-standard definition of 
Hobday et al. (2016), an MHW is detected when temperature exceeds a seasonally varying threshold 
(90th percentile of a reference climatology) for at least five consecutive days. Two above-threshold 
periods separated by a gap of no more than two days are treated as a single event. This definition 
makes MHWs directly comparable across regions, depths and datasets, and it is the framework on 
which both applications described in this manual are built. Because the threshold is defined relative 
to the expected conditions for each day of the year, an MHW is not simply “warm water”: it is an 
unusual, transient departure from what is normal for that season and place. Each event is 
characterised by its duration, its mean and maximum intensity (the departure from the seasonal 
climatology) and its cumulative intensity (intensity integrated over the event, in °C x day). Events are 
further ranked into four severity categories (Hobday et al., 2018), from I  (Moderate) to IV (Extreme), 
according to how many times the local difference between threshold and climatology is exceeded. 

1.1 Why coastal ecosystems are particularly exposed 
Coastal and shallow-water ecosystems are among the most sensitive to thermal extremes. Sessile, 
low-mobility organisms cannot escape warming waters, so prolonged heat exposure translates 
directly into physiological stress, disease and, in severe events, mass mortality. In the 
Mediterranean Sea, recurrent MHWs have driven repeated mass-mortality episodes affecting 
gorgonians, sponges, corals, molluscs and other benthic groups, and have been associated with 
stress responses in the seagrass Posidonia oceanica, a habitat-forming species of high ecological 
and conservation value (Garrabou et al., 2022; Martínez et al., 2023). The impact of an event depends 
not only on how hot the water gets but on how long the heat persists and how deep it reaches into 
the water column. 

1.2 A warming basin 
The Mediterranean is a recognised climate-change hotspot. Its sea surface temperature has been 
rising at roughly 0.4 °C per decade since 1982, with the eastern and Adriatic sub-basins warming 
fastest (Martínez et al., 2023). Against this rising baseline, extreme events have become more 
frequent, longer and more intense: the summer 2003 event and the exceptionally long-lasting 2022 
event are among the strongest on record for the basin. This long-term warming is precisely why 
appropriate detection tools matter. A suitable reference climatology is needed to distinguish a 
genuine, transient heatwave from the slow, background rise in temperature. 

 

 

In short. MHWs are discrete, quantifiable thermal extremes with well-documented ecological 
consequences for coastal seas. Detecting them consistently, and mapping where and when they 
occur, is a prerequisite for anticipating, planning for and adapting to climate-change pressures 
on marine ecosystems. 
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2 Context and objective of Activity 4.1.1 
Within the MEDPROACT project (Work Package 4, Activity 4.1.1), the objective is to define the 
temporal trends of seawater physic-chemical features affected by climate change across the 
project pilot areas, and to make this information usable by decision-makers. To this end, a mapping 
tool has been developed from open-source repositories. The production of customised maps is 
directed, in particular, towards the needs of national, regional and local decision-makers, providing 
information aimed at anticipating, planning, mitigating and adapting to climate change. This activity 
is led by PP1 (University of Siena). 

The broader activity encompasses several physic-chemical variables such as: temperature, salinity, 
pH, dissolved oxygen and nutrients. This first implementation focuses on sea temperature and, 
specifically, on the detection and characterisation of marine heatwaves, the most immediately 
actionable indicator of climate-driven thermal stress in coastal waters. The same open-source 
framework is designed to be extended to the remaining parameters in later development stages. 

Data sources 
Two complementary sources of daily sea temperature can feed the applications: 

• In-situ temperature probes. Fixed temperature sensors/loggers deployed at the study sites 
provide measured sea temperature, optionally at several depths. Exported as a daily CSV or 
Excel table, these records are a direct, site-specific input to both applications. 

• Copernicus satellite SST. Where no in-situ record exists, gap-filled satellite sea surface 
temperature can be obtained from the Copernicus Marine Service. 

Who this manual is for 
• Technical users / analysts who prepare the temperature series and run the analyses. 

• Scientists and environmental managers who interpret the detected events, categories and 
spatial patterns. 

• Decision-makers who use the resulting maps and summary tables to support planning and 
adaptation. 
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3 The tools: overview and which to choose 
Two web applications have been developed based on heatwaveR which is a central algorithm for 
the detection of heatwaves (Schlegel and Smit 2018). Both are hosted online and run entirely in a 
standard web browser, there is nothing to install. They share the same detection framework but 
answer different spatial questions: 

• the Marine Heatwave Explorer gives a general picture of an area, treating it as a single 
temperature series; 

• the Marine Heatwave Map Explorer highlights differences between locations within the 
same area, comparing many points side by side. 

Table 1 - Comparison of the main features, input requirements, and outputs of the Marine Heatwave Explorer and Marine 
Heatwave Map Explorer applications. 

Aspect Marine Heatwave Explorer Marine Heatwave Map Explorer 

What it tells you 
A general picture of a single 
location, or of a whole area 

treated as one series. 

How marine-heatwave exposure 
differs between locations within 

the same area. 

Best for 
One probe / station, or an area 
summarised as a single (area-

averaged) series. 

Many coordinates or grid cells 
compared and ranked spatially. 

Required columns t, temp t, temp, lat, lon 

Distinctive outputs 
Event timeline, lollipop plot, 

climate stripes, year-vs-reference 
comparison, summary CSV. 

Interactive map of a chosen 
metric, per-location summary 
CSV, and per-point diagnostic 

plots. 

Access the applications: 
Marine Heatwave Explorer: 
https://plasticbusters.shinyapps.io/MARINE_HEATWAVE_EXPLORER/ 

Marine Heatwave Map Explorer: 
https://plasticbusters.shinyapps.io/Marine_Heatwave_Map_Explorer/ 

Opening an app. Click the link (a recent version of Chrome, Firefox or Edge is recommended) and 
wait a few seconds for the interface to load. No account or login is required. 

Session time is limited. Hosted apps go to sleep after a period of inactivity and have a bounded 
monthly running time. Prepare the input file in advance, download the results you need during 
the session, and simply reload the page if an app appears to be asleep. 

  

https://plasticbusters.shinyapps.io/MARINE_HEATWAVE_EXPLORER/
https://plasticbusters.shinyapps.io/Marine_Heatwave_Map_Explorer/
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4 Preparing the input data 
4.1 Temporal resolution and units 

• Temporal resolution. One value per day per coordinate. A long, continuous series is strongly 
recommended a reference period of about 20-30 years, before the analysis window, gives a 
stable climatology. 

• Units. Temperature must be in degrees Celsius. For CSV and Excel files the values must already 
be in °C, the Copernicus variable analysed_sst is provided in Kelvin, so subtract 273.15 first (°C 
= K −273.15). For NetCDF files the app detects the unit automatically and converts Kelvin to °C 
for you. 

• Dates. YYYY-MM-DD or DD/MM/YYYY are accepted; YYYY-MM-DD is recommended. 

4.2 Accepted file formats 
The format is detected automatically from the file extension when you upload. The maximum 
upload size is 1 GB. 

Table 2 - Supported input file formats, their requirements, and how they are processed by the Marine Heatwave Explorer and 
Marine Heatwave Map Explorer. 

 

4.3 Required columns 

Marine Heatwave Explorer 
Table 3 – Required columns for Marine Heatwave explorer 

Column Definition Example 

t Daily date 2025-07-01 

temp Daily temperature [°C] 25.34 

 

 

 

 

 

Format Notes 

CSV 
Semicolon-separated files are tried first, then comma-separated. Provide the 
columns required by the chosen app; temperature already in °C. 

Excel .xlsx and .xls are accepted, with the same column requirements as CSV. 

NetCDF 

(.nc / .nc4) The app automatically selects the analysed_sst variable (or another 
SST / temperature variable), reads the dates from the time dimension, detects 
the unit and converts Kelvin to °C. In the Explorer, all grid cells in the file are 
averaged into a single daily area series; in the Map Explorer, every grid cell 
becomes a separate location. The grid must use longitude/latitude 
coordinates. 
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Marine Heatwave Map Explorer 
Table 4 – Required columns for Marine Heatwave Map Explorer 

Column Definition Example 

t Daily date 2025-07-01 

temp Daily temperature [°C] 25.34 

lat Latitude (decimal degrees) 43.54820 

lon Longitude (decimal degrees) 10.18450 
 
4.4 Retrieving temperature data from Copernicus Marine 
When no in-situ record is available, sea surface temperature can be obtained from the Copernicus 
Marine Service. For the Mediterranean Sea the following reprocessed L4 product is recommended 
(Figure 1). 

Table 5 - Recommended Copernicus Marine product and dataset specifications for generating input data compatible with the 
Marine Heatwave applications. 

Item Recommended choice 

Product 
Mediterranean Sea High Resolution L4 Sea Surface Temperature 

Reprocessed 

Product ID SST_MED_SST_L4_REP_OBSERVATIONS_010_021 

Dataset ID cmems_SST_MED_SST_L4_REP_OBSERVATIONS_010_021 

Variable analysed_sst 

Units 
Kelvin (converted automatically for NetCDF; subtract 273.15 for 

CSV/Excel) 

Resolution 0.05° × 0.05°, daily night-time foundation SST 

Temporal coverage 
From 1 January 1982 to about one month before real time; always 

verify the current catalogue. 
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Figure 1 - Copernicus Marine Data Store interface displaying the available Mediterranean Sea temperature products. Users should 
select the appropriate dataset for their analysis. 

The “Mediterranean Sea High Resolution L4 Sea Surface Temperature Reprocessed” product 
provides a continuous, gap-filled spatial field suitable for Mediterranean climate applications.  
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Procedure (graphical interface) 
1. Create a Copernicus Marine account or sign in. 

2. Open the recommended product page and select Data access: 

https://data.marine.copernicus.eu/product/SST_MED_SST_L4_REP_OBSERVATIONS_010_021/des
cription 

 

 
3. After “explore in MyOcean Pro” button, in the Subset section, choose the download form for the 

indicated dataset. 

 

 
 

 

 

 

 

https://data.marine.copernicus.eu/product/SST_MED_SST_L4_REP_OBSERVATIONS_010_021/description
https://data.marine.copernicus.eu/product/SST_MED_SST_L4_REP_OBSERVATIONS_010_021/description
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4. Select the time period and either the point coordinates or the bounding box of the study area 
(For greater spatial accuracy, you may drag and drop a GeoJSON, Shapefile or netCDF file 
defining the boundaries of your area of interest). 

 
5. Click the “Define on map” button to select the uploaded are and then click "Download" button 

to save the NetCDF (.nc) file to your computer. You now have the file ready to upload to the online 
tool. 
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5 Marine Heatwave Explorer  
 

https://plasticbusters.shinyapps.io/MARINE_HEATWAVE_EXPLORER/ 
 

The Marine Heatwave Explorer analyses one daily temperature series and gives a general picture of 
an area. Use it for a single probe or station, or for a whole area summarised as one series (for 
example a NetCDF file, whose grid cells are averaged into a single daily value). The interface is 
organised as a control sidebar on the left and a stack of plots on the right (Figure 2). 

• Step 1: Upload the file 

• Step2: Run analysis 

 

Figure 2 - The Marine Heatwave Explorer interface: input and analysis controls on the left, event timeline on the right. 

5.1 Sidebar controls 

Inputs 
• Study area name. Used as the title in the on-screen plots and in the downloaded figures. 

• File format and file upload. Choose CSV, Excel or NetCDF and upload the file. 

Analysis settings 
• Climatology period (start / end). The interval used to compute the seasonal climatology and 

the 90th-percentile threshold. The app automatically clips it to the dates actually available in 
the file. 

https://plasticbusters.shinyapps.io/MARINE_HEATWAVE_EXPLORER/
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• Show Hobday categories. When enabled (default), event are ranked from I (Moderate) to IV 
(Extreme) according to Hobday et al., 2018 and shown on the timeline and added to the 
exported table. 

Run analysis. Click after changing the input file or the climatology period to (re)compute the 
results. The analysis may take a few minutes to complete. 

Plot settings 
• Plot start / end date. Define the window shown in the timeline, the lollipop plot and the 

general statistics. Events that overlap the window are included. 

• Timeline spread. A slider (100–800 days, default 400) controlling how many days are shown 
around the main event in the timeline. 

Live panels 
• General statistics. Updates automatically for the selected window: total number of events, 

mean duration and mean intensity. 

• Yearly comparison. A drop-down to choose the year shown in the selected-year comparison 
plot. 

Important distinction. The Events table (CSV) download contains all events detected in the 
complete series, not only those inside the plot window. The general statistics and the lollipop 
plot, instead, are filtered to the selected window. 

 

5.2 Outputs 
 
Table 6 - Overview of the Marine Heatwave Explorer outputs and guidance for their interpretation. 

Output Content Interpretation 

Event timeline 
(Figure 3) 

Observed temperature, seasonal 
climatology, threshold and detected 
events within the selected window (shaded 
by category when categories are on). 

Examine event timing, internal 
development and thermal context. 

Lollipop plot 
(Figure 4) 

Each event shown by its date and 
maximum intensity. 

Height corresponds to intensity_max, 
the maximum departure from the 
seasonal climatology. 

Climate stripes 
(Figure 5) 

Annual mean-temperature anomaly 
relative to the mean of the selected 
reference period, over the full available 
series. 

Blue years are cooler, red years 
warmer than the reference. Years with 
< 80% daily coverage are grey. 

Selected year 
comparison 

(Figure 6) 

Monthly means of the chosen year against 
the monthly means of the reference period, 
with a summary card reporting the mean 
monthly anomaly and the month of 
maximum anomaly. 

Only months with ≥ 80% of daily 
values are shown; the chosen year is 
excluded from the reference where 
possible. 

General statistics 
(Figure 7) 

Number of events, mean duration and 
mean intensity. 

Computed live from events 
overlapping the plot window. 
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Figure 3 - Example Explorer output: the event timeline, with observed temperature, seasonal climatology, threshold and detected 
events. 

 

Figure 4 - Example Explorer output: the lollipop plot, showing the maximum intensity of each detected marine heatwave event 
over the selected analysis period. 

 
Figure 5 - Example Explorer output: climate stripes summarising annual temperature anomalies relative to the reference period. 
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Figure 6 Selected year comparison showing the monthly means of the chosen year against the monthly means of the reference 
period. 

 

 

Figure 7 General statistics 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  



Page 15 

5.3 Downloadable files 
 

Table 7 - Overview of the downloadable files produced by the Marine Heatwave Explorer. 

Button Indicative filename Content 

Events table (CSV) EventsYYYY-MM-DD.csv 
Metrics for all events in the series; 

category columns added when 
categories are enabled. 

Timeline plot (PNG) event_timeline_YYYY-MM-DD.png 
Timeline for the selected window 

and spread. 

Lollipop plot (PNG) lollipop_YYYY-MM-DD.png 
Events overlapping the selected 

window. 

Climate stripes (PNG) climate_stripes_YYYY-MM-DD.png 
Annual anomalies for the full 

available period. 

Yearly comparison (PNG) monthly_comparison_YEAR.png 
Monthly comparison for the selected 

year. 

 
The following section provides a detailed description of each column included in the exported CSV file. 
 
Table 8 - Definitions of the variables reported in the exported marine heatwave events table. 

 
 
 
 

Metric Description 

event_no A sequential number indicating the ID and order of the events. This allows 
one to match/join results between the climatology and event outputs. 

index_start Row number from the given time series where the event starts. 

index_peak Row number from the given time series where the event peaks. 

index_end Row number from the given time series where the event ends. 

duration Duration of event (days). 

date_start Start date of event (date). 

date_peak Date of event peak (date). 

date_end End date of event (date). 

intensity_mean Mean intensity (°C). 

intensity_max Maximum (peak) intensity (°C ). 

intensity_var Intensity variability (standard deviation) (°C ). 

intensity_cumulative Cumulative intensity (°C  x days). 

rate_onset Onset rate of event (°C  / day). 

rate_decline Decline rate of event (°C / day). 
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6 Marine Heatwave Map Explorer 
 

https://plasticbusters.shinyapps.io/Marine_Heatwave_Map_Explorer/ 

 
The Marine Heatwave Map Explorer runs the same detection independently at each coordinate and 
shows the results on an interactive map (Figure 8). Its purpose is to reveal differences between 
locations within the same area which points experience more, longer or more intense events. It 
accepts a table of many coordinates or a NetCDF grid (each cell becomes a location). 

• Step 1: Upload the file 

• Step2: Run analysis 

 

Figure 8 - The Marine Heatwave Map Explorer interface: the control sidebar, the interactive map with one marker per 
coordinate, and the per-point plots below. 

6.1 Sidebar controls 

Inputs 
• Study area name. Shown as a heading above the map. 

• File format and file upload. CSV, Excel or NetCDF containing t, temp, lat and lon. 

Analysis settings 
• Climatology period (start / end). The reference baseline used at every point. 

• Analysis window (start / end). Determines which events contribute to the map statistics and 
to the selected-point downloads. 

• Run analysis. Computes the per-point metrics and draws the map. 

 

 

 

 

https://plasticbusters.shinyapps.io/Marine_Heatwave_Map_Explorer/
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Map settings: 
• Map parameter. The metric displayed and colour-coded: total MHW events, mean duration 

(days) or mean intensity. 

• Categorisation method. “Pretty breaks” gives easily readable numerical intervals; “Quantiles” 
places a similar number of points in each class, making the spatial ranking more visible even 
when absolute differences are small. 

• Number of classes. A slider (3–9, default 5) setting how many colour classes the legend uses. 

• Enable point clustering. Groups nearby markers at low zoom levels; useful for dense grids. 

 

6.2 The map 
Each coordinate is drawn as a circular marker whose colour, and size, encode the selected metric, so 
hotspots stand out at a glance (Figure 9). Satellite and cartographic base layers can be switched from the 
layer control, and a scale bar is shown. Clicking a marker opens a popup with its coordinates and its 
number of events, mean duration and mean intensity, and activates the per-point plots and the selected-
point downloads. The point-level plots stay inactive until a marker is selected. 

 
Figure 9 - The map with classified markers: colour and size encode the selected metric, allowing thermal-stress hotspots to be 
compared across the study area. 
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6.3 Outputs for the selected point 
Click on any circular marker, then click the "Run Analysis" button to display the outputs described below 
(Figure 10). 

• Hobday categories plot. When enabled (default), event are ranked from I (Moderate) to IV 
(Extreme) according to Hobday et al., 2018 and shown on the timeline and added to the exported 
table, restricted to the analysis window. 

• Lollipop plot. Maximum intensity of the events for the selected point and window. 

• Map popup. Coordinates, number of events, mean duration and mean intensity. 

 
Figure 10 - Outputs for a selected point: the Hobday category plot (left) and the lollipop plot of event maximum intensities 
(right). 
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6.4 Downloadable files 
Table 9 - Overview of the downloadable files produced by the Marine Heatwave Map Explorer 

Button Content 

Points summary (CSV) 
One row per coordinate, id, lat, lon, number of events, mean duration 
and mean intensity. This single file summarises the whole area and is the 
most directly useful output for decision-makers. 

Events table (CSV) Metrics for all events in the series; category columns added when 
categories are enabled. 

Hobday plot (PNG) Category-threshold plot for the selected point. 

Lollipop plot (PNG) Maximum intensities of events at the selected point. 

 
 

7 Event detection method and interpretation 
The two applications were developed within the framework of the MEDPROACT project, specifically 
Work Package 4, Activity 4.1.1, led by PP1 (University of Siena). The resulting tools are intended to 
support the anticipation, planning, mitigation and adaptation of responses to climate-related 
changes in coastal and marine environments. Both applications were developed using the open-
source heatwaveR package created by Schlegel and Smit (2018), which provides a standardised 
framework for detecting, characterising and visualising heatwaves and cold spells. They implement 
the marine heatwave definition proposed by Hobday et al. (2016) using the settings summarised in 
Tables 11 and 12. The daily temperature series is first completed to form a continuous calendar, with 
missing days retained as data gaps rather than interpolated. A seasonally varying climatology and 90th-
percentile threshold are then calculated over the selected reference period, and marine heatwave events 
are detected relative to this threshold. 
 

Table 10 - Summary of the default marine heatwave detection parameters implemented in the Marine Heatwave Explorer. 

 

Setting Value Meaning 

Threshold 90th percentile 
Temperature must exceed a seasonally varying high 

threshold. 

Climatology window 11 days 
Data are pooled within ±5 calendar days around 

each day of the year. 

Smoothing 31 days 
The daily climatology and threshold are smoothed 

with a moving average. 

Minimum duration 5 days 
An above-threshold period must persist for at least 

five days. 

Joining gaps up to 2 days 
Qualifying periods separated by short gaps are 

merged into a single event. 

Rounding 4 decimals 
Metrics are rounded to four decimal places by 

default. 
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Table 11 - Classification of marine heatwave intensity categories according to Hobday et al. (2018). 

 
Marine heatwaves were selected as an immediately interpretable and actionable indicator of climate-
driven thermal stress in coastal waters. By integrating temporal analysis, event characterisation and 
spatial visualisation, the applications convert open-source sea-temperature datasets into customised 
outputs that can support decision-making across the MEDPROACT pilot areas. The underlying open-source 
framework also provides a basis for extending the tools to the other physicochemical parameters during 
subsequent development stages. 
 

8 Checklist and missing data 
8.1 Pre-analysis checklist 

□ The application has been chosen according to the spatial question (general area view vs. differences 
between locations). 

□ The required columns are present and correctly named (no needed for NetCDF file). 

□ Temperature is expressed in °C and falls within a realistic range (automatic for NetCDF; manual for 
CSV/Excel). 

□ There is one value per day and coordinate. 

□ Dates are sorted and fall within the expected period. 

□ The climatology period overlaps the data and is scientifically justified. 

□ The study area name has been entered before downloading figures. 

□ The results needed have been downloaded before the session ends. 

8.2 Missing data 
The applications complete the daily date sequence by inserting NA values but do not interpolate 
temperature. Missing values never exceed the threshold and can interrupt or split adjacent events, so 
extended gaps may change the number and duration of detected events. The climate stripes and the 
monthly comparison additionally apply a minimum data-coverage rule of 80%. 

 

 

 

 

 

 

Category Criterion (based on maximum intensity) 

I – Moderate Does not reach twice the difference between climatology and threshold. 

II – Strong Reaches at least 2× but less than 3× that difference. 

III – Severe Reaches at least 3× but less than 4× that difference. 

IV – Extreme Reaches at least 4× that difference. 
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