
Citation: Mohamed, B.; Ibrahim, O.;

Nagy, H. Sea Surface Temperature

Variability and Marine Heatwaves in

the Black Sea. Remote Sens. 2022, 14,

2383. https://doi.org/10.3390/

rs14102383

Academic Editors: Jorge Vazquez and

Eileen Maturi

Received: 9 April 2022

Accepted: 14 May 2022

Published: 16 May 2022

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

remote sensing  

Article

Sea Surface Temperature Variability and Marine Heatwaves in
the Black Sea
Bayoumy Mohamed 1,2 , Omneya Ibrahim 1 and Hazem Nagy 1,3,*

1 Oceanography Department, Faculty of Science, Alexandria University, Alexandria 21500, Egypt;
mohamedb@unis.no (B.M.); omneya.ibrahim@alexu.edu.eg (O.I.)

2 Department of Arctic Geophysics, The University Centre in Svalbard, 9171 Longyearbyen, Norway
3 Marine Institute, H91 R673 Oranmore, Co Galway, Ireland
* Correspondence: hazem.nagy@marine.ie; Tel.: +353-(89)-985-494

Abstract: Marine heatwaves (MHWs) have recently been at the forefront of climate research due
to their devastating impacts on the marine environment. In this study, we have evaluated the
spatiotemporal variability and trends of sea surface temperature (SST) and MHWs in the Black Sea.
Furthermore, we investigated the relationship between the El Niño–Southern Oscillation (ENSO)
and MHW frequency. This is the first attempt to investigate MHWs and their characteristics in
the Black Sea using high-resolution remote-sensing daily satellite SST data (0.05◦ × 0.05◦) from
1982 to 2020. The results showed that the spatial average of the SST warming rate over the entire
basin was about 0.65 ± 0.07 ◦C/decade. Empirical orthogonal function (EOF) analysis revealed
that SST in the Black Sea exhibited inter-annual spatiotemporal coherent variability. The maximum
spatial SST variability was discovered in the central Black Sea, whereas the lowest variability was in
the Batumi and Caucasus anti-cyclonic eddies in the eastern Black Sea. The highest SST temporal
variability was found in 1994. More than two-thirds of all MHW events were recorded in the last
decade (2010–2020). The highest annual MHW durations were reported in 1994 and 2020. The
highest MHW frequency was detected in 2018 (7 waves). Over the whole study period (1982–2020), a
statistically significant increase in annual MHW frequency and duration was detected, with trends of
1.4 ± 0.3 waves/decade and 2.8 ± 1.3 days/decade, respectively. A high number of MHW events
coincided with El Niño (e.g., 1996, 1999, 2007, 2010, 2018, and 2020). A strong correlation (R = 0.90)
was observed between the annual mean SST and the annual MHW frequency, indicating that more
MHWs can be expected in the Black Sea, with serious consequences for the marine ecosystem.

Keywords: Black Sea; marine heatwave; SST variability; ENSO; duration; frequency

1. Introduction

The Black Sea is warming rapidly and is considered a marine “hotspot” of climate
change [1,2]. Marine heatwaves (MHWs) have recently been recognized as a major conse-
quence of climate change [3,4]. According to [5,6], MHWs are defined as “discrete periods
of abnormally warm water event that persist five days or longer with temperatures above
the 90th of SST climatology threshold”. Over the last decade, MHWs are becoming more
regular and severe in the world’s oceans and seas [3–11]. This leads to loss of coastal and
marine habitats, stressed ecosystems, and decreased productivity, all of which have an
influence on fisheries [7,12]. This will have an impact on people in a region who rely on
coastal and marine ecosystems for food security [12]. Similarly, biodiversity loss due to
climate change is creating a threat to the Black Sea tourist business. These extreme MHW
events caused widespread mortality of benthic invertebrates in the Mediterranean Sea in
2003 [8] and the disappearance of seagrass meadows in Cabrera National Park (Balearic
Islands, Spain) [9]. Policymakers and stakeholders now need to address the impacts and
consequences of MHWs on the marine life of the Black Sea. To date, there have been no
studies on MHWs in the Black Sea. However, extensive work has been done to examine
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SST observations (i.e., satellite and in situ) in the Black Sea [2,13–17]. The authors of [18]
revealed dramatic and sudden changes in the Black Sea environment mostly due to in-
tense surface cooling in the 1980s followed by strong warming in the 1990s [19,20]. The
authors of [21] demonstrated that the interannual variability in hydrological fields and river
discharges in the northwestern Black Sea is primarily caused by the ENSO (air pressure
difference between Darwin and Tahiti, Pacific Ocean). They also noted that the relationship
between SST climatology and ENSO is unclear.

One of the most important features in the Black Sea is the seasonal thermocline,
which forms a double pycnocline structure that permits a cold intermediate layer (CIL)
to occur (i.e., a layer with minimum temperature situated between the halocline and the
thermocline) [22]. The warming trend of the CIL from March 2005 to December 2018 was
~0.05 ◦C/year, as recently documented [23].

The seasonal and interannual variations in the Black Sea SST were studied in [2] using
a satellite Advanced Very High-Resolution Radiometer (AVHRR) from November 1981 to
December 2000. The authors detected a positive trend in the mean SST in the Black Sea
of about 0.9 ◦C/decade. They mentioned that the western deep-sea region warms more
slowly (approximately 0.8 ◦C/decade) than the eastern one (around 1.1 ◦C/decade). The
SST variability in the Black Sea was investigated in [14] over the 20th century using a 0.25◦

climatology grid of SST data from the World Ocean Database 2001 (WOD01) for the period
1900–2000. The study found a nonsignificant cooling trend (−0.02 ± 0.03 ◦C/decade) across
the Black Sea. The “cold years” of the 1980s (i.e., 1982, 1985, and 1987) were detected in
both air and sea surface temperatures in localized areas near the center of the Black Sea.
The authors noted that a warming trend began over the Black Sea in the 1990s. The authors
of [15] reported an SST trend of 0.75 ◦C/decade in the Black Sea from 1985 to 2005. The
SST trend in the Black Sea from 1982 to 2015 was about 0.64 ◦C/decade [13]. Recently, [1]
analyzed the daily fluctuations in Black Sea SST in 2015. The data collected by the Spinning
Enhanced Visible and Infrared Imager (SEVIRI) scanner in 2015 with an hourly time step
were used to investigate the seasonal and spatial variability of the Black Sea’s diurnal SST
cycle. They discovered that the amplitude of the SST diurnal cycle can exceed 5 ◦C and
possibly reach extreme values of up to 7 ◦C.

The main objective of this study is to analyze the spatial and temporal variability
and trends of SST and MHW characteristics in the Black Sea from 1982 to 2020 using high
resolution (0.05◦ × 0.05◦) SST satellite data. In addition, we investigate the interannual
SST variability using empirical orthogonal function (EOF) analysis. We also investigate the
possible link between MHW frequency and ENSO. Finally, we identify the most intense
MHW events observed in the Black Sea throughout the study period.

2. Methods
2.1. Description of the Study Area

The Black Sea is a semi-enclosed basin that receives salty Mediterranean water through
the Marmara Sea via the Bosphorus channel (Figure 1). The surface layer of the Black
Sea is particularly vulnerable to changing environmental and climatic conditions [24–26].
The Black Sea is the largest inland basin in the world, with an area of approximately
4.2 × 105 km2, a volume of 5.3 × 105 km3, and a maximum depth of 2200 m [22,26].
The northwestern region of the Black Sea is classified as an estuary, with a positive net
freshwater balance (i.e., precipitation >> evaporation) [27,28]. It has a nearly 200-km-wide
shelf that accounts for around 13% of the total area of the Black Sea and receives fresh water
from the Danube, Dniester, and Dnieper rivers [29,30]. The Danube River is by far the most
important river, contributing over 75% of the total river inflow into the Black Sea [31]. The
surface circulation of the Black Sea (Figure 1), based on the mean dynamic topography
(MDT) from 1993–2012 (https://doi.org/10.48670/moi-00138, accessed on 31 March 2022),
consists of a persistent cyclonic coastal current known as the Rim Current (Figure 1) and
multiple seasonal mesoscale anticyclonic eddies located between the Rim Current and the
coast [24,25,32]. The circulation structure is primarily determined by wind stress curl and
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influenced by the seasonal evolution of surface thermohaline fluxes [16]. The anticyclonic
eddies of Batumi and Sevastopol are the most permanent mesoscale structures in the Black
Sea [25,33–35].
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Figure 1. The mean dynamic topography (MDT) from 1993–2012 (shading, in meters)
and general geostrophic circulation (arrows, in m/sec) of the Black Sea obtained from
SEALEVEL_BLK_PHY_MDT_L4_STATIC_008_067 (Data | Copernicus Marine, accessed on 31 March
2022), with the main geographic features (e.g., countries and rivers). Isobaths of 50, 100, 500, 1000,
and 2000 m are shown as white contours obtained from General Bathymetric Chart of the Oceans
(GEBCO) (www.gebco.net) (last access on 15 November 2021). Where the names of structures and
currents are listed: WG Western Gyre, EG eastern Gyre, RC Rim Current, BE Batumi Eddy, CE
Caucasus Eddy, SE Sevastopol Eddy.

2.2. Datasets

The daily SST data used in this study were freely downloaded from the Copernicus Marine
Environment Monitoring Service website (CMEMS, https://resources.marine.copernicus.
eu/product-detail/SST_BS_SST_L4_REP_OBSERVATIONS_010_022/DATA-ACCESS; ac-
cessed 3 November 2021) and cover the period from 1 January 1982 to 31 December 2020.
The CMEMS SST reprocessed (REP) dataset for the Black Sea provides a reliable and con-
sistent long-term SST time series for the Black Sea created for climatic applications [36,37].
This product consists of daily optimally interpolated (L4) satellite-based estimates of the
foundation SST with a horizontal resolution of 1/20-degree for a domain covering the
Black Sea. It is a multisensor Level 4 analysis which aims to provide an estimate of the
night-time SST based on original SST observations. Drifters, Argo floats, mooring buoys,
and CTD data were used to evaluate this product (https://catalogue.marine.copernicus.eu/
documents/QUID/CMEMS-SST-QUID-010-021-022.pdf, accessed 3 November 2021). The
Black Sea CMEMS_REP_BS_SST dataset contains a 19254-point regularly gridded dataset
encompassing 14,245 days from 1 January 1982, to 31 December 2020.

The normalized El Niño–Southern Oscillation (ENSO) dataset was obtained from
https://www.ncdc.noaa.gov/teleconnections/enso/soi (accessed on 3 April 2022). The
Southern Oscillation Index (SOI) is a standardized index that is based on observed changes
in sea level pressure (SLP) between Tahiti and Darwin, Australia. The Southern Oscillation
Index (SOI) is one measure of large-scale air pressure oscillations that occur between the
western and eastern tropical Pacific (i.e., the state of the Southern Oscillation) between El
Niño and La Niña events.

www.gebco.net
https://resources.marine.copernicus.eu/product-detail/SST_BS_SST_L4_REP_OBSERVATIONS_010_022/DATA-ACCESS
https://resources.marine.copernicus.eu/product-detail/SST_BS_SST_L4_REP_OBSERVATIONS_010_022/DATA-ACCESS
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-SST-QUID-010-021-022.pdf
https://catalogue.marine.copernicus.eu/documents/QUID/CMEMS-SST-QUID-010-021-022.pdf
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2.3. SST Trend and Interannual Variability

The empirical orthogonal function (EOF) approach [38] was used to assess the domi-
nant spatiotemporal patterns in SST variability (1982–2020). EOF analysis is one of the most
extensively used and recognized approaches to understanding the variability in climate
data [39–41]. EOFs have been extensively examined in the literature, largely oriented
toward atmospheric scientific applications [42–44]. This method fundamentally captures
the nonlinearity and high-dimensional characteristics of a given dataset while preserv-
ing the key patterns and their variability, allowing users to derive useful information for
data interpretation and analysis [39,40]. Here, we focused on the nonseasonal modes of
SST: Before decomposing the EOF, we subtracted the seasonal cycles and trends from the
monthly SST means at each grid location; furthermore, the SST was normalized by dividing
each grid-point time series by its standard deviation [45]. The substantial seasonal signal
was eliminated from the data at each grid-point to produce de-seasoned maps and time
series, according to [46,47]. This is done by removing the climatological SST mean for each
calendar month from the corresponding months over all years.

To proceed with the EOF analysis, the data matrix F was constructed from the set of
SST maps as F (m, n), where m is the number of spatial grid-points (Lon. × Lat. = 321 ×
200) and n is the number of months (468). The covariance matrix D was calculated from F
to find its eigenvectors and eigenvalues according to [42–44,48–50], as follows:

D = FtF (1)

Using the classical EOF approach [38,40,41,51,52], we solve the eigenvalue problem:

D E = E λi (2)

where E is a diagonal matrix containing the eigenvalues (λi) of D (i = 1, . . . , n). The
eigenvectors (the EOF spatial patterns) of D corresponding to the eigenvalues λi are the ei
column vectors of E. The dimension of E is n × n. Each eigenvalue λi corresponds to an
eigenvector ei (the EOF spatial pattern), while the temporal patterns (principal components,
PCs) obtained when an EOF is plotted as a map represent standing oscillations. In an EOF
analysis, a significance test based on the Monte Carlo technique [53], known as Rule N [43],
is used to choose eigenvalues that are significant at a 95% confidence interval.

To estimate linear trends in de-seasoned monthly SSTA, the least-squares method [49]
is utilized. The modified Mann–Kendall (MMK) test [50,54] was used to examine the
statistical significance of the estimated trends. In this study, the level of significance was
established at α = 0.05 (p ≤ 0.05) to ensure that all presented trends were statistically
significant at least at the 95% confidence level. The uncertainty of the SST linear trend was
estimated by a standard statistical method [38].

2.4. Marine Heatwave (MHW) Calculations

We followed the definitions in [5] to detect MHWs in the Black Sea using daily SST
data for the period 1982–2020. The MATLAB toolbox algorithm [55] was used to identify all
MHW characteristics (frequency, total days, duration, mean intensity, cumulative intensity,
and maximum intensity) based on 39 years of baseline climatology (1982–2020). We used a
seasonally varying 90th percentile threshold, which allowed us to detect MHWs throughout
the year, not only during the summer months. The equations for the main characteristics
of MHWs are described in more detail in [5,56,57]. As described in [58], each MHW event
has a start and end date indicated by the mean and maximum intensity in ◦C (i.e., mean
and maximum SSTs relative to the 90th threshold during the event duration (in days). The
MHW cumulative intensity in ◦C days is the sum of daily SSTs relative to the 90th threshold
over the event duration according to [58]. Following the methodology, the annual statistics
were calculated, including the annual MHW event frequency. The total number of MHW
days in each year can be used to find out how the MHW frequency of events has changed
over time by using the metrics for each grid-point [5].
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3. Results
3.1. SST Climatology, Trends, and Interannual Variability

Figure 2a demonstrates the superposition of 39 annual cycles of SST averaged over the
entire Black Sea, giving us an indication of the SST variability range for each month/season.
This time series shows a strong annual cycle, with lower values (~7 ◦C) from February
to March and the highest values in summer (~25 ◦C), mainly in July and August. The
annual cycle range (i.e., summer maxima–winter minima) is about 17 ◦C, in agreement
with [1,15]. It is worth noting that most of the years with temperatures above the climatic
mean (the solid blue line in Figure 2a) occurred after 2010 (the solid yellow lines). Figure 2b
shows the monthly SSTA time series and trends over the study period (1982–2020). The
highest SSTA values were observed in the last two decades of the study period (i.e., 2001–
2020). The lowest anomalies were noticed in 1985 and 1987, which is consistent with [14].
Over the last two decades (2001–2020), a statistically significant (p < 0.05) increase in SST
temporal trend of about 0.71 ± 0.19 ◦C/decade was detected over the entire Black Sea (the
solid red line in Figure 2b), whereas this trend value was about 0.40 ± 0.21 ◦C/decade
during the first period (1982–2000, the continuous blue line in Figure 2b). During the
entire study period (1982–2020), the average warming rate of the Black Sea SST was about
0.65 ± 0.07 ◦C/decade (the solid black line in Figure 2b).
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Figure 2. (a) Annual cycle for the mean Black Sea SST from 1982 to 2020. Each line represents a year
in the study period, and the solid black line indicates the climatic mean. (b) The de-seasoned monthly
SST time series (blue line) from 1982 to 2020, with the SST trend (black line). The green and red lines
show the SST trends for 1982–2000 and 2001–2020, respectively.

Figure 3a–c depicts the spatial distribution of mean SST in the Black Sea, the SSTA
trend, and its uncertainty from 1982 to 2020. The Black Sea is characterized by a min-
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imum mean SST of 12.5 ◦C (Figure 3a) in the northern shelf area, close to the Dnieper
and Dniester rivers estuary (Figure 1), with a warmer area (>16.4 ◦C) in the eastern part
of the basin, possibly due to the warm anomaly caused by the permanent Batumi an-
ticyclone eddy (see [15,34,59]). A statistically significant (p < 0.05) trend was detected
across the whole basin (Figure 3b). The average SST warming rate in the basin was about
0.67 ± 0.08 ◦C/decade. The Caucasus anticyclone eddy off the Russian coast has the high-
est SST trend (up to 0.75 ◦C/decade), whereas the lowest value (~0.55 ◦C/decade) was
found off the southeastern Ukrainian coast. In general, the linear SST trend gradually
increases from the western to eastern basins of the Black Sea in agreement with [2]. In
comparison with the trend values, the spatial pattern of the SST uncertainty trend is small
(<0.08) across most of the Black Sea (Figure 3c).
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Figure 3. Spatial map of the Black Sea SST. (a) The climatological mean, (b) trend, and (c) uncertainty
from 1982 to 2020. The modified Mann–Kendall test indicates that the trend patterns are statistically
significant (p < 0.05) at each grid point.

The first two SST EOF modes (Figure 4a,b) account for about 85% of the total non-
seasonal variance. The other EOF modes fail a statistical significance test based using a
Monte Carlo technique [53]. The spatial pattern of the first EOF1 mode (Figure 4a) explains
the greatest percentage (77.1%) of the nonseasonal SST variance. This pattern exhibits
coherent behavior (i.e., an in-phase oscillation) across the entire Black Sea (Figure 4a). The
maximum variability was observed over the central and western Black Sea, while the
lowest variability was found over the Batumi anticyclone eddy zone, over the Caucasus
anticyclone eddy, and south of the Azov Sea entrance. This lower variability could be
attributed to the warm anomaly produced by the periodically recurring (quasi-permanent)
Batumi and Caucasus anti-cyclonic eddies [15,34,59]. The corresponding amplitude of
the first mode (PC1) has significant interannual fluctuations (Figure 4c), peaking in the
summers of 1994, 2010, 2013, 2018, and 2019. The winters of 1985, 1987, 1997, 2001, 2011,
and 2013 had the highest negative maxima (i.e., cold periods) (Figure 4c). In addition,
this mode exhibited a strong decadal signal with an interval of around 4–6 years, which
is consistent with [15]. The second EOF2 mode (which accounts for around 8% of the
nonseasonal variance) showed a dipole opposite variation between the western and eastern
basin of the Black Sea (i.e., positive anomalies in the western basin and negative anomalies
in the eastern basin) (Figure 4b). The temporal coefficient of the second mode (PC2) varies
between positive and negative patterns during the 1982–2020 study period (Figure 4d),
with the highest value in 1994.
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3.2. Marine Heatwaves (MHWs) Main Characteristics and Trends

The means and spatial trends of the main characteristics of MHWs, i.e., frequency, days,
duration, and cumulative intensity over the entire study period (1982–2020), are shown in
Figure 5a–f. The annual average MHW frequency ranged from 1.2 to 2.4 waves (Figure 5a),
with maximal values (>2 waves) recorded in the northernmost part of the Black Sea (i.e.,
the Caucasus and Sevastopol anticyclonic eddy regions). The trends in the MHW frequency
are statistically significant (p < 0.05) over the entire Black Sea. The MHW frequency trend
(Figure 5b) varies from 0.8 to 2 waves/decade. The highest significant MHW frequency
trend (>1.8/decade; p < 0.05) was detected mostly in the center and northeast of the Black
Sea basin (i.e., the Caucasus anticyclone eddy region), whereas southeast of the Black Sea
(i.e., the Batumi anticyclonic eddy) has the lowest MHW frequency trend (<0.8/decade)
(Figure 5b).

The annual mean total MHW days (Figure 5c) in the study period (1982–2020) vary
between 22 and 30 days, with maximum values (>26 days) observed in the eastern basin
of the Black Sea. In general, the eastern basin of the Black Sea has more total MHW days
than the western part. We discovered that the total MHW day trend (Figure 5d) values are
statistically significant (p < 0.05) for the whole Black Sea domain. The southeastern Black
Sea basin (i.e., the eastern cyclonic gyre region) has the greatest significant total MHW day
trend values (>28 days/decade). The lowest total MHW day trend (<17 days; Figure 5d) is
found off the southeastern Ukrainian coast (i.e., the Dnieper River discharge area).

The annual mean duration of an MHW (Figure 5e) ranged between 10 and 22 days,
with the highest values (>20 days) found in the southeastern Black Sea basin (i.e., the eastern
cyclonic gyre region). A significant (p < 0.05) MHW duration trend (>8 days/decade) is
recorded only in two locations: off the southeastern Bulgarian coast and in the southeastern
Black Sea basin (i.e., the eastern cyclonic gyre). There is an interesting similarity between
the MHW duration and the cumulative intensity spatial patterns in terms of significant
and nonsignificant regions (Figure 5e,g). Annual mean MHW cumulative intensity values
varied from 30 to 60 ◦C days, with the greatest value of >50 ◦C days occurring at the same
location as the highest MHW duration values. The highest MHW cumulative significant
intensity trend values (p < 0.05; >10 ◦C days/decade) are found in the same locations as the
MHW duration trends (Figure 5f,h).

3.3. Marine Heatwaves (MHWs) Temporal Variation

In this part, we demonstrate the temporal variability of the basin’s average annual
MHW main characteristics (frequency, duration, and cumulative intensity) and their rela-
tionships with SST (Figure 6a,d) from 1982 to 2020. Figure 6a clearly reveals that the highest
MHW frequency was recorded in 2018 with a value of 7 waves. The annual mean MHW
frequency was <4 from 1982 to 2009 (Figure 6a), but from 2010 to 2020, the frequency rose
dramatically, reaching a peak in 2018 (~7). We found that the average MHW frequency
increased by 66% over the last decade (2010–2020). These findings are consistent with the
maximum SST time records (Figure 2b) for the same period (2010–2020). We found that
there were no MHWs in 1985, 1987, and 1993, which were the coldest years during the
study period (1982–2020). We observed a strong correlation (R = 0.90) between annual
MHW frequency and annual mean SST (Figure 6b), indicating that MHW frequency in the
Black Sea is likely to increase as global warming continues.
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Figure 5. The annual means and trends of the main MHW characteristics in the Black Sea during (1982–
2020). (a) Mean frequency (Count), (b) frequency trend (Count/Decade), (c) mean total days (Days),
(d) days trend (Days/Decade), (e) duration (Days), (f) duration trend (Days/Decade), (g) cumulative
intensity (◦C Days), and (h) cumulative intensity trend (◦C Days/Decade). The black dots indicate
that the change is not significantly different (p > 0.05).
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The longest MHW duration (Figure 6c) was detected in 1994 and lasted 26 days;
however, this only represents one MHW in that year, as can be seen in the annual MHW
frequency (Figure 5a). This could be related to the highest SST variability in 1994, as shown
in the EOF analysis (Figure 4c,d). In addition, [2,26] found a warm peak in 1994 occurring
in the second half of the year, confirming our results. Except for 1994, the temporal basin’s
average MHW duration (Figure 6c) shows a general increase from roughly 6 days to
>10 days in the last decade (2010–2020), with a maximum of ~24 days in 2020. The annual
MHW duration shows a correlation (R) of 0.60 with the annual mean SST (Figure 6d). The
annual average basin MHW cumulative intensity (Figure 6e) ranged from 8 ◦C days to
80 ◦C days. The greatest annual MHW cumulative intensity (78 ◦C days) was recorded in
the same year (i.e., 1994) as the MHW duration. The annual average MHW cumulative
intensity was approximately 44 ◦C days over the last decade (2010–2020) (Figure 6e), with
the highest value in 2019.

The correlation coefficient between MHW cumulative intensity and annual mean SST
(Figure 6f) was 0.60. The years with the maximum total annual MHW days (>100 days)
were observed in the last decade: 2012, 2018, and 2020. (Figure 6g), whereas the correlation
coefficient between total MHW days and SST was 0.84 (Figure 6h). Overall, we found a
statistically significant increase in annual MHW frequency and duration over the study
period (1982–2020), with trends of 1.4 ± 0.3 waves/decade and 2.8 ± 1.3 days/decade,
respectively.

3.4. Relations between MHW and ENSO

In this section, we investigate the relationship between ENSO and annual MHW
frequency throughout the study period (1982–2020), as shown in the dual-scale graph
(Figure 7). ENSO has two opposite extreme phases referred to as El Niño (the warm phase,
in red) and La Niña (the cold phase, in blue) as represented in Figure 7. The results revealed
a high number of MHW events that coincided with El Niño (i.e., 1996, 1999, 2007, 2010, 2018,
and 2020), with a correlation coefficient (R) between them of 0.22. For example, more than
five MHW events were observed during the strongest El Niño event in 2010. In contrast,
the fewest MHW events were associated with La Niña (i.e., 1987, 1993, 1997, 2004, 2015,
and 2019). Over the last two decades (2000–2020), we found that 45% of the total annual
MHW frequency coincided with the strong positive El Niño phases.
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3.5. MHW Event Examples

In this part, we present two examples of MHW events found between 1982 and 2020.
The first is the longest MHW event, which occurred in 1994, and the second is the most
intense MHW event, which occurred in 2018.

3.5.1. The Longest MHW Event

The results of the average annual temporal basin MHW main characteristics (Figure 6a,c)
indicate that one MHW event in 1994 had the longest duration (26 days) and had the
highest cumulative intensity (78 ◦C days) in our study period (i.e., 1982–2020). The longest
MHW duration event involved a large area in the Black Sea extending from 42◦N to 45.5◦N
and from 30◦E to 38◦E, with a maximum intensity of 2.1 ◦C and a mean intensity of 1.35 ◦C
from 18 September to 13 October 1994. (Figure 8a,b). This event may be linked to the high
variability observed in the EOF analysis (Figure 4c,d). This showed that the second half
of 1994 had the highest variability over the entire study period, confirming prior research
findings [2,26].Remote Sens. 2022, 14, x FOR PEER REVIEW 14 of 20 
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Figure 8. The longest MHW event observed in the region, inside the black rectangle, which lasted
26 days (from 18 September to 13 October 1994). (a) SST climatology (blue), 90th percentile SST
threshold (green), and SST time series (black) for that MHW event. The pink filled area represents the
period associated with the identified MHW. (b) The spatial mean SST anomaly distribution during
this event.
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3.5.2. The Most Intense MHW Event

We found that the highest-intensity (~6 ◦C) MHW event occurred from 26 April 2018
to 12 May 2018 at longitude 29◦E and latitude 46◦N over sea areas near the Danube River
runoff zone (Figure 9a,b). The mean intensity for this MHW event was 3.1 ◦C, with a
cumulative intensity of about 51 ◦C days. This MHW event was associated with a positive
SSTA pattern >2 ◦C across the entire Black Sea basin (Figure 9a).
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Figure 9. The most intense MHW event (maximum intensity of 6.02 ◦C) observed in 2018, in the
region inside the black rectangle (from 26 April to 12 May 2018). (a) SST climatology (blue), 90th
percentile SST threshold (green), and SST time series (black) for that MHW event. The pink filled
area represents the period associated with the identified MHW. (b) The spatial mean SST anomaly
distribution during this event.
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4. Discussion

The Black Sea has a strong annual SST cycle with a range of around 17 ◦C and with
the coldest temperature (i.e., 7 ◦C) in winter and the warmest temperature (i.e., 25 ◦C) in
summer (Figure 2a). The seasonal SST cycle range results are in agreement with [1,2,15].
The highest SSTA values in the Black Sea were reported in the last decade of the study
period (i.e., 2010–2020), while the lowest anomalies were observed in 1985 and 1987, which
is consistent with [2,15].

We detected an increase in the SST temporal trend (0.71 ± 0.19 ◦C/decade) for the
entire Black Sea over the last two decades (2001–2020; Figure 2b), whereas this trend value
was around 0.40 ± 0.21 ◦C/decade in the first period (1982–2000; Figure 2b). This result was
quite close to findings in [13] that the Black Sea SST trend was roughly 0.64 ◦C/decade from
1982 to 2015. However, it was lower than in [2]; those researchers found a positive trend
of roughly 0.9 ◦C/decade for the SST study period (1981–2000). A statistically significant
spatial SST trend was found across the whole Black Sea (Figure 3b): The basin’s spatial
average SST warming rate was around 0.67 ± 0.08 ◦C/decade. The Caucasus anticyclone
eddy off the Russian coast had the highest SST trend (up to 0.75 ◦C/decade), while the
lowest values (~0.55 ◦C/decade) were discovered off the southeastern Ukrainian coast. A
gradual increase in the linear SST trend from the western to the eastern basins of the Black
Sea was observed in agreement with [2]. This could be related to the Black Sea bathymetry
features (deep in the east and shallow in the west) as well as the Rim cyclonic circulation
system [16,35,59]. The cyclonic Rim Current and nearshore anticyclonic eddies exhibit
higher velocities than those in the central gyres or the northwestern shelf area [60].

The first two SST EOF modes (Figure 4a,b) accounted for ~85% of the total nonseasonal
variance. The pattern of the first EOF1 mode exhibited coherent behavior (i.e., an in-
phase oscillation) throughout the entire Black Sea (Figure 4a). The central and western
Black Sea had the most variability (Figure 4a), while the Batumi anticyclone eddy zone
(Figure 1), the Caucasus anticyclone eddy zone, and south of the Azov Sea entrance
had the least variability. This lower variability could be related to the warm anomaly
produced by the periodically recurring (quasi-permanent) Batumi and Caucasus anti-
cyclonic eddies [15,34,59]. Equivalent PC1 peaks were observed in the summers of 1994,
2010, 2013, 2018, and 2019. The most negative maxima variability occurred in the winters
of 1985, 1987, 1997, 2001, 2011, and 2013 (Figure 4c).

In terms of MHWs, we discovered a statistically significant increase in annual MHW
frequency and duration over the whole study period (1982–2020), with temporal trend
values of approximately 1.4 ± 0.3 waves/decade and 2.8 ± 1.3 days/decade, respec-
tively. The frequency trend result was slightly higher than that estimated in the eastern
Mediterranean [56] (1.2/decade) over the same study period. Furthermore, the trend
in MHW frequency for Black Sea MHWs was greater than the global frequency trend
(0.45 waves/decade) and the duration trend (1.3 days/decade) for the global SST study
(from 1982 to 2016) conducted in [6]. In the last decade (2010–2020), we found that the
average MHW frequency increased by 66% compared with 1982–2009. The spatial distribu-
tion of the MHW frequency and the total-day trend maps (Figure 5b,d) were statistically
significant (p < 0.05) over the whole Black Sea (1982–2020). The highest significant MHW
frequency trend (>1.8 waves/decade; p < 0.05) was detected in the central basin and the
Caucasus anticyclone eddy region. The Batumi anticyclonic eddy region exhibited the
lowest MHW frequency trend (<0.8/decade). The study revealed that the eastern basin
of the Black Sea has more total MHW days than the western part (Figure 5c), which co-
incides with the spatial SST trend pattern (Figure 3b). The eastern cyclonic gyre region
has the highest significant (p < 0.05) total MHW day trend values (>28 days/decade). The
Dnieper River discharge area had the shortest total MHW days (<17 days, Figure 5d). The
highest MHW cumulative intensity trend values that were significant (p < 0.05; >10 ◦C
days/decade) were observed in the same regions as the MHW duration trend (Figure 5f,h).
The increased number of MHW events corresponded to a strong positive El Niño phase
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(Figure 7). In contrast, there are no or few MHWs associated with La Niña events (the cold
phase of ENSO).

The longest MHW event was observed in the region from 42◦N to 45.5◦N and 30◦E to
38◦E and lasted for 26 days (from September 18 to October 13, 1994), with a cumulative
intensity of 78 ◦C days, a maximum MHW intensity of 2.1 ◦C, and mean MHW intensity
of 1.35 ◦C (Figure 8a,b). This event could be linked to the high SST variability reported in
the EOF analysis (Figure 4c,d), which agrees with [2,26], whose authors discovered that
the summer of 1994 was the longest, with quite high SST values (>20 ◦C) that were still
observed during most of October.

The most intense MHW event (~6 ◦C) was recorded over the northwestern Black Sea
(near the Danube outflow zone) from April 26 to October 13 in 2018 (Figure 9a,b). This
most intense MHW event in 2018 may be related to our results in Figure 7, which coincided
with the positive phase of ENSO (El Niño) during this year. This result is in the same line
with [21], whose authors generally found that the interannual variability of hydrological
fields and river discharges in the northwestern Black Sea is primarily caused by ENSO.

5. Conclusions

This work provides a rigorous analysis of SST trends, variability, and spatiotemporal
patterns of marine heatwaves in the Black Sea from 1982 to 2020 using high-resolution
SST satellite data. To the best of our knowledge, this is the first study to analyze MHWs
in the Black Sea and their relationships to ENSO. During the study period, an increasing
SST warming rate was observed in the Black Sea, which was coupled with a high MHW
frequency trend, especially in the last two decades (2001–2020). A steadily increasing linear
SST trend was observed from the western to the eastern basins of the Black Sea. A strong
correlation (R = 0.90) was observed in the Black Sea between the annual MHW frequency
and the annual mean SST. A high number of MHW events coincided with El Niño (i.e.,
1996, 1999, 2007, 2010, 2018, and 2020).

The frequency of marine heatwaves is likely to increase in the future as global warming
continues. Therefore, additional research is needed to investigate the severity of marine
heatwaves and their main drivers in the Black Sea, such as oceanic and atmospheric
factors. Future MHW studies should incorporate multiple GHG emission climate scenario
ensembles over longer time periods up to the year 2099.
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