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Abstract This paper describes high-resolution in situ observations of temperature and, for the first time, of
salinity in the uppermost skin layer of the ocean, including the influence of large surface blooms of
cyanobacteria on those skin properties. In the presence of the blooms, large anomalies of skin temperature
and salinity of 0.95°C and �0.49 practical salinity unit were found, but a substantially cooler (�0.22°C)
and saltier skin layer (0.19 practical salinity unit) was found in the absence of surface blooms. The results
suggest that biologically controlled warming and inhibition of salinization of the ocean’s surface occur. Less
saline skin layers form during precipitation, but our observations also show that surface blooms of
Trichodesmium sp. inhibit evaporation decreasing the salinity at the ocean’s surface. This study has important
implications in the assessment of precipitation over the ocean using remotely sensed salinity, but also for a
better understanding of heat exchange and the hydrologic cycle on a regional scale.

Plain Language Summary We provide high-resolution in situ observations of large cyanobacterial
blooms floating in a biofilm-like microlayer on the ocean’s surface. Our observations show biologically
controlled warming and freshening of the surface by the surface blooms that are essential in understanding
global heat exchange and the hydrologic cycle. Our study describes a new phenomenon to force “apparent”
freshening of the sea surface—in the literature assumed to occur only by precipitation. It further challenges
the development of algorithms and validation of remotely sensed temperature and salinity from space. Our
finding of active microbial communities in the sea surface microlayer highlights the sea surface as another
environment for extreme habitats and microbial adaptation. Our discovery of their influence on satellite
observations of sea surface temperature and salinity is fundamental for future research in remote sensing,
marine microbiology, air-sea interaction, and climate regulation.

1. Introduction

Satellite observations of climate variables in the ocean are crucial to understand the magnitude of the global
water cycle, ocean circulation, primary productivity, and climate change (Martin, 2014). Cyanobacteria are
photosynthetic microorganisms that can significantly increase in abundance (bloom) at the ocean’s surface
and become visible from space (Capone et al., 1997), and also change the physical features of the sea surface
(Frka et al., 2012). Floating cyanobacteria colonies are embedded in a gelatinous matrix sharing properties
with biofilms, and subsequently form visibly smooth patches, also known as slicks, caused by capillary wave
damping (Wurl et al., 2016). Cyanobacteria slicks exhibit significant effects on the sea surface temperature
(SST) and heat exchange between the ocean and atmosphere (Kahru et al., 1993).

The effects of slicks on SST include different emissivity of slicks and nonslick surfaces based on investigations
of artificial oil films (Zhou et al., 2017), decrease of evaporation rates (La Mer & Healy, 1965), and additional
layer thickness due to reduced turbulence in the absence of capillary waves (Saunders, 1967). An increase
of SST by 1.5°C has been observed in the presence of large cyanobacterial surface blooms in the Baltic Sea
(Kahru et al., 1993) due to enhanced solar absorption by cyanobacteria. The prediction of SST in the presence
of slicks, however, remains uncertain as slicks not induced by cyanobacteria have a cooling signature com-
pared to the SST of ambient water surfaces (Marmorino & Smith, 2006). Such knowledge is essential for
the evaluation of satellite observations because of the frequent appearance (Romano, 1996) and large size
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(up to 1,300 km2) of slicks (Capone et al., 1998; Kahru et al., 1993). Slicks induced by the large filamentous cya-
nobacterium Trichodesmium sp. have been reported during calm sea states in tropical regions (Capone et al.,
1998; Sieburth & Conover, 1965; Wurl et al., 2011). So far, no observations have been published for the mag-
nitude and direction of associated salinity anomalies. Salinity of the skin layer is forced by evaporation and
precipitation (Soloviev & Lukas, 2006), and model approaches have shown salinity anomalies of 0.15 to
0.25 practical salinity unit (PSU; Song et al., 2015; Yu, 2010; Zhang & Zhang, 2012).

Here we show, using high-resolution in situ measurements, that slicks formed by cyanobacteria both warm
the upper <1 mm of the ocean’s surface compared to the near-surface mixed layer and inhibit salinization
of the ocean’s surface. Considering that the ocean absorbs 90% of the “anthropogenic” heat trapped by
greenhouse gases (Levitus et al., 2012), these observations of biologically controlled warming and inhibition
of salinization of the surface are essential in understanding heat exchange, the development of algorithms to
reliably interpret SST and sea surface salinity (SSS) from satellites, and ultimately in the prediction of
regional warming.

2. Methods

Observations were made in the Indo-West Pacific during cruise FK161010 (11 October to 10 November 2016;
R/V Falkor). Similar to earlier observations from the Sargasso Sea (Sieburth & Conover, 1965), we observed
patchy and banded slicks of cyanobacterial surface blooms (Figure S1) in the Joseph Bonaparte Gulf (Timor
Sea; centered at 12.45°S, 126.62°E) over several hours on the 14 and 15 October 2016 (UTC).

The thermal boundary layer has been reported to vary between 500 and 1,000 μm in thickness (Donlon et al.,
2002). The thickness of the salinity boundary layer is 200 μm thick due to different diffusivity scaling relation-
ships (Katsaros, 1980). SST, SSS (derived from conductivity), and fluorescent dissolved organic matter (FDOM)
were measured in a layer of ~80 μm thickness with a rotating glass disk sampler mounted on the remote-
controlled catamaran Sea Surface Scanner (S3; Ribas-Ribas et al., 2017). The 80-μm layer adheres to the disks
through surface tension, is removed from the ascending side of the disk assembly by wipers, and pumped
through onboard sensors. We estimate a time delay of approximately 7 s for water adhering to the discs to
enter the pump tubing, protected from direct exposure of solar radiation, considering the following: (i) rota-
tional speed of the disks of approximately 8 s per rotation, (ii) the fact that the disks are immersed to a depth
equivalent to about one third of their diameter (8 s * 0.66 = 5.3 s), and (iii) run-off time from the wipers of 2 s
resulting in the time delay of 7 s. The disks are shaded by a low-transmitting dark-colored shield, and their
positions between the hulls minimize the warming of the disks and adhering water as well evaporative cool-
ing. In addition, continuous immersion prevents warming of the disks.

Simultaneously, temperature, salinity, and FDOM were measured at 1 m depth, from which ΔS = SS3 � S1m
and ΔT = TS3 - T1m were determined. SS3 and TS3 are the average salinity and temperature measured in the
top 80 μm of the sea surface skin layer, respectively. The accuracy of the temperature and conductivity sen-
sors was ±0.1°C and ±0.2%, respectively (Ribas-Ribas et al., 2017). The enrichment factor (EF) of FDOM was
calculated as the ratio between the concentrations in the skin to that of the corresponding water sample
from 1 m depth. Data were logged with a frequency of 0.1 Hz, and averaged over each minute of operation.
The meteorological and radiation sensors, including wind speed, air temperature, and humidity, were
mounted on the catamaran mast at a height of 3 m above the sea surface.

The temperature difference across the skin layer, ΔTskin, is the skin SST minus the subskin SST (Jessup et al.,
2009). The skin SST is defined as the radiometric temperature measured across a very small depth of approxi-
mately 20 μm. The subskin SST represents the temperature at the base of the thermal skin layer. Skin SST was
determined by an infrared (IR) camera installed on the upper deck of the research vessel Falkor along with
downward and upward looking IR radiometers. The Stirling-cycle cooled IR camera imagery measured ther-
mal radiation from 7.7 to 9.3 μm emitted by the ocean surface (and reflected by the sky), and brightness tem-
perature was obtained with a resolution of 0.02°C (noise-equivalent temperature difference). Calibration with
a blackbody was better than ±0.05°C (Zappa et al., 2012). Brightness temperature was measured by IR ima-
gery at a sampling rate of 100 Hz in 20-min bursts and was measured by IR radiometry at a sampling rate
of 1 Hz continuously. The radiometer is calibrated with the same blackbody to ±0.1°C. Both the IR camera
and radiometer were corrected for sky reflection (Donlon et al., 2014; Katsaros, 1980) by an upward
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looking radiometer to estimate the skin SST using known emissivity values for the ocean surface (Downing
and Williams, 1975). The difference between the skin and subskin SST, ΔTskin, was calculated directly using
the distribution of temperature measured by the IR imager (Jessup et al., 2009), under the assumption that
turbulent renewal of the skin layer leads to sampling a range of skin and subskin thermal values. This
technique precludes the need for knowledge of the sky reflection. Polarimetric imaging (Zappa et al.,
2008; Zappa et al., 2012) from the upper deck of the R/V Falkor provided a visible reference of the
ocean surface.

In summary, temperature and salinity in the upper 80 μmwere measured from the catamaran S3 (TS3 and SS3,
respectively), and temperature and salinity anomalies calculated from the reference bulk temperature and
salinity at 1 m depth, i.e., ΔT = TS3 � T1m and ΔS = SS3 � S1m, respectively. Temperature in the upper
20 μmwas measured by an IR camera (skin SST), and its anomaly across the thermal skin layer (approximately
the upper 1000 μm) refers to ΔTskin.

Trichodesmium sp. abundance was determined by bacterial 16S rRNA gene high-throughput sequencing. In
brief, 0.5 L seawater was sampled from the skin layer using a glass plate (Harvey & Burzell, 1972) and from 1m
below the surface. Samples were filtered onto 0.2 μmmembrane filters and stored in RNAlater® (Sigma, UK) at
�80°C. DNA was later extracted using a commercially available DNeasy kit (Qiagen, UK). 16S rRNA gene
library preparation and sequencing were performed at the Integrated Microbiome Resource at the Centre
for Comparative Genomics and Evolutionary Bioinformatics, Dalhousie University (Comeau et al., 2017).
Sequences were analyzed in QIIME as previously described (Taylor et al., 2014). Slicks were dominated by a
single operational taxonomic unit (OTU3), which was identified as Trichodesmium sp. using the National
Center for Biotechnology Information BLAST database.

The statistical analysis was performed with GraphPad PRISM version 5.0. Correlation tests were based on
Spearman’s correlation coefficient and 95% confidence intervals (CIs). All other values were reported as aver-
age ± standard deviation based on repeated measurements.

3. Results and Discussion

We identified the cyanobacterium Trichodesmium sp. in extremely high abundance in skin samples from slick
areas compared to nonslick and underlying water samples (Figure 1).

The EF of FDOM is used as proxy for the presence of slicks (Frew et al., 2004), and Figure 2 shows that slicks
appeared after 01:16 UTC (local time is nine and a half hours ahead).

Positive ΔT (i.e., warmer sea surface) and negative ΔS (i.e., fresher sea surface) were coincident with slicks
(Figure 2). This measured positive ΔT is due to the presence of the surface slick. To demonstrate the role of

Figure 1. (a) Trichodesmium sp. abundance as the number of normalized bacterial 16S rRNA genes (Normalized Reads) in
manual samples taken at 04:15 UTC (15 October 2016) from 1 m below the surface, the surface skin, and surface slick.
Note that the skin sample was collected between the surrounding banded slicks and cannot be considered as a “clean” skin
layer. (b) Micrograph of sampled colonies of Trichodesmium sp. Scale bar represents 50 μm.
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the slick, we ran a one-dimensional diurnal mixed-layer model (Price
et al., 1986; Price Weller Pinkel model or in short PWP) that accounts
for solar absorption without the impact of surface slicks. In contrast
to the observations (Figure 2b), only modest warming occurred in the
model, and this was delayed relative to the observations by more
than 2 hr. The largest anomalies of ΔT (in situ: 0.95°C at 05:52 UTC;
model: 0.30°C at 05:50 UTC; Figure 2b) and ΔS (�0.50 PSU at 03:47
UTC, and �0.49 PSU at 05:51 UTC; Figure 2c) occurred with the
largest FDOM enrichments at the surface (EF = 4.90 at 03:47 UTC and
EF = 20.44 at 05:52 UTC; Figure 2a). Furthermore, Figure 3
demonstrates that while both the in situ temperatures (TS3 and 1 m
bulk) and the modeled temperatures (surface and 1 m) both increase,
the in situ temperatures in the upper 80-μm layer (TS3) and 1 m bulk
water warm more quickly.

While FDOM enrichment in slicks collected by S3 generally yielded a
less saline skin layer, high FDOM enrichments between 04:00 UTC

Figure 2. Time series from 23:45 UTC (14 October 2016) to 05:59 UTC (15 October 2016). (a) Enrichment factor (EF) of
fluorescent dissolved organic matter (FDOM; the dark green areas indicate the presence of slicks), (b) temperature
anomaly (ΔT; the dark red areas indicate the in situ warm surface layer; the orange areas indicate the model surface layer
warming according to Price et al., 1986, and noted as Price Weller Pinkel [PWP] for short throughout), and (c) salinity
anomaly (ΔS; the dark blue areas indicate the fresher surface layer). Standard deviations are from 1-min averaged data, and
the averaged data are represented by black circles.

Figure 3. Time series of the in situ temperature measurements from the
catamaran (skin TS3 and 1 m bulk) and the PWP modeled temperatures
(surface and 1 m).
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and 04:30 UTC corresponded to a more saline skin layer. Other pro-
cesses such as dynamic evaporation and associated cooling, thinning
of the skin layer by wind-driven dispersion, and photo degradation
of FDOM in the skin layer are likely to have contributed to this obser-
vation. Both the skin temperature and, to a lesser extent, the subsur-
face temperature increased and led to the positive ΔT (Figure 3),
which deviated less from the FDOM trend than ΔS. Our observation
on the greatest degree of warming of the sea surface by 0.95°C
is consistent with observations by satellite-based radiometers of
regions (>1,000 km2) warmer by 1.5°C, supposedly caused by cyano-
bacterial surface blooms and supported by opportunistic ship mea-
surements (Kahru et al., 1993). Without the presence of slicks, we
observed a cooler surface (averaged �0.22 ± 0.09°C; Figure 2b) con-
sistent with numerous reports on the “cool skin layer” (Soloviev &
Lukas, 2006).

Interestingly, natural slicks that are not associated with cyanobacterial
blooms often have a cooler skin, typically 0.1 to 0.4°C compared to
ambient nonslick surfaces as observed using aircraft-based IR radio-
meters (Marmorino & Smith, 2006). Laboratory measurements have
shown cool skin layers for varying surfactants, depending on their abil-
ity to modulate evaporation, lower surface tension, or change viscosity
and therefore alter convective mixing with underlying bulk water
(Jarvis, 1962). The IR and polarimetric imagery shows cooling of the skin
layer in the presence of slicks without cyanobacteria (Figure 4a). The
measurements of skin SST by both IR radiometry and IR imagery is com-
pared in Figure 5 with the in situ skin layer temperature from the cata-
maran. The two distributions of skin SST are comparable, but the in situ
skin layer temperature shows a tendency to warmer temperatures. The
skin SST is measured in the top 20 μmof the surface in contrast to the in
situ skin layer temperature that is measured in the top 80 μm.
Furthermore, our measurements from nonslick areas demonstrate the
skin SST to be always lower than the subskin SST (see Figure 2b;
23:45 UTC to 01:15 UTC). The cooling effect is in line with the increased
thickness of the thermal conduction layer induced by the wave-
damping phenomena reducing near-surface turbulence (McLeish &
Putland, 1975). In contrast, slicks may also inhibit evaporation due to
a close packed monomolecular film (La Mer & Healy, 1965) and/or, a
gel-like matrix (Wurl et al., 2016), which could also include monomole-
cular surface films. The inhibition of evaporation reduces the heat loss
from the sea surface and therefore partly offsets the cooling effect. The
combination of multiple effects of slicks on evaporation and near-
surface turbulence, for example, thickening thermal boundary layer,
existence of closely packed monolayers, and type of surfactants, is a
poorly understood process. However, due to the existence of cool slicks
of noncyanobacterial origin (Marmorino & Smith, 2006), inhibition of
evaporation will only influence the cool skin effect.

For the IR imagery in Figure 4 of the noncyanobacterial slick, the bright-
ness temperature signature of a cooler slick is comparable with pre-
vious observations of cooler surface slicks. For the slicks associated
with cyanobacterial blooms, the observations of warming are real

rather than apparent since any changes in emissivity should have minimal impact, or cooling effect, on the
brightness temperature. Hühnerfuss et al. (1986) state that monomolecular surface films do not change
the emissivity of the sea surface significantly in contrast to crude-oil films (Grossman et al., 1969; Jarvis &

Figure 4. Infrared images (3.50 m × 2.75 m) showing sea surface brightness
temperature with bright areas warmer and dark areas cooler, and polarized
visible images (1.0 m × 0.8 m). (a) Slick without cyanobacterial bloom showing
cooler skin layer, for example, negative in situ ΔT from S3 (02:56 UTC, 15 October
2016; see Figure 2). For the noncyanobacterial slick, the brightness temperature
in the slick is 29.68°C ± 0.02°C (blue circle) and outside is 30.10°C ± 0.02°C
(green circle). (b) Slicks associated with cyanobacterial blooms show a warmer
skin layer, for example, positive in situ ΔT (02:24 UTC, 15 October 2016). For the
cyanobacteria slick, the brightness temperature in the slick is 29.84°C ± 0.02°C
(blue circle) and outside is 29.77°C ± 0.02°C (green circle).
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Kagarise, 1962). We conclude that the observed warming is directly
linked to the cyanobacterial-dominated slicks as shown by the IR and
polarimetric imagery (Figure 4b).

Mycosporine-like amino acids are common cyanobacteria pigments
(Sinha et al., 1998) that are present in higher concentrations at the
ocean’s surface (Tilstone et al., 2010), and are known to dissipate 97%
of the adsorbed energy to the surroundings as heat (Conde et al.,
2004). Cyanobacteria are also known to excrete the extracellular pig-
ments Scytonemin and Gloeocapsin (Sinha et al., 1998) into the ambi-
ent gel-matrix. Our slick samples showed more pronounced rose
coloration (Figure S2), which indicates synthesis and excretion of the
pigment Gloeocapsin (Sinha et al., 1998) by the slick communities.
High solar radiation causes strong stratification and traps cyanobac-
teria close to the surface by losing their buoyancy regulation, a phe-

nomenon called inverted sedimentation (Kahru et al., 1994). As a positive feedback loop, warming of the
microlayer is intensified by the synthesis and excretion of pigments on the ocean’s surface resulting from
the massive surface accumulation of cyanobacteria (Kahru et al., 1994).

Previous studies have assumed that freshening of the ocean’s surface occurs only by precipitation (Soloviev &
Lukas, 2006); however, we report that slicks also inhibit salinization and produce an apparent freshening. As
mentioned above, closely packed monomolecular films retard evaporation from water surfaces, and more
disorganized films with complex mixtures of substances retain the capability to reduce evaporation rates
(La Mer & Healy, 1965) causing a fresh salinity anomaly (ΔS < 0). We obtained a significant and strong corre-
lation between ΔT and EF FDOM (r = 0.708, 95% CI [0.663, 0.748], n = 374), but EF FDOM correlated only
weakly with ΔS (r = �0.270, 95% CI [�0.347, �0.189], n = 374; Figure S3). Considering only data in the pre-
sence of cyanobacterial slicks, the correlation even weakened in both cases for ΔT (r = 0.420, 95% CI
[0.336, 0.498], n = 284) and ΔS (r = 0.177, 95% CI [0.080, 0.270], n = 284), probably due to heterogeneity within
the slicks or perhaps due to other complex processes in the slick areas. The weaker correlation toΔS is evident
from Figure 2c as a more saline surface was detected between 02:00 UTC and 03:00 UTC as well between
04:10 UTC and 04:55 UTC despite EF FDOM above 4 and 10, respectively. Evaporation rates computed from
meteorological bulk formulas increased after 02:00 UTC (Figure S4). The salty lens detected between 04:10
UTC and 04:55 UTC cannot be explained by our observations, for example, no increase in evaporation rates.
Evaporation from water surfaces is a complex process, however, and evaporation rates from slicks may be
controlled not only by the concentrations and types of film material but also because wave damping reduces
the effective area (Garrett, 1971) or the wind profiles (Wu, 1971) over which evaporation can occur.

4. Conclusion

This study shows that concurrent high-resolution in situ measurements of SST and SSS are essential for better
understanding SST and SSS dynamics. Our observations demonstrate that large cyanobacteria slicks compli-
cate the evaluation of satellite-based SST and SSS, and therefore the prediction of regional warming and
freshwater fluxes over the ocean. As remote sensing of salinity has become an international mission (i.e.,
SPURS, Salinity Processes in the Upper-ocean Regional Study; Lindstrom et al., 2015) to assess precipitation
over the ocean, the wide coverage of the sea surface with biological slicks (Capone et al., 1998; Sieburth &
Conover, 1965; Wurl et al., 2016) can bias satellite data with misinterpretation as having had recent precipita-
tion. Aquarius and SMOS satellites retrieve microwave brightness temperature to obtain SSS from the upper
1 cm, equivalent to the penetration depth of the radiation, but its exponential decay at the sea surface leaves
satellite measurements sensitive to changes in the skin layer (Yu, 2010). Synthetic aperture radar from satel-
lites has the capability to detect slicks remotely (Espedal et al., 1998) and potentially useful to reduce the
biases on SST and SSS reported here. The observed tendency of warmer SST across the upper 80 μm com-
pared to the upper 20 μm indicates the need of real ground-truth in situ data, that is, from depth equivalent
to penetration depth of satellite’s IR or microwave radiation, to further advance retrieval algorithm for
satellite-derived SST and SSS. Such improved assessment of climate variables from satellites is crucial to
improve modeled forecasts on future ocean and climate change.

Figure 5. Distribution of skin SST (upper 20 μm) by both IR radiometry and IR
imagery in comparison with the in situ 80-μm-layer temperature TS3 from the
catamaran S3.
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