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Abstract Diurnal warming (DW) at the ocean surface occurs when there is a combination of solar heating in
the absence of vertical mixing typically derived from wind stress. DW has been well described, mostly from
satellite data, but also with some in situ observations. Evidence of DW has mostly been restricted to the
subtropics, and there are very few reports of DW at northerly latitudes. We present here observations of a DW
event of 1.5°C confined to the upper 2 m in the Labrador Sea at >55°N. These measurements were conducted
with the Air‐Sea Interaction Profiler (ASIP), an upwardly rising, ocean microstructure instrument. Cloud cover
obscured the ocean surface to passive remote‐sensing instruments and as a result no evidence of this particular
DW event was available from the nine independent satellite products that were analyzed. Therefore, the event
would have gone undetected without the deployment of ASIP at precisely this time and location. The ASIP
observations were used to derive a heuristic set of criteria for potential occurrences of DW in the Labrador Sea
region: (a) shortwave radiation above 600 W m− 2 and (b) 10‐m wind speed below 4 m s− 1. These criteria were
subsequently applied to ∼40 years of the ERA5 reanalysis product indicating that DW events in the Labrador
Sea have the potential to occur more frequently than satellites observe. Attaching microstructure temperature
sensors on Argo floats would provide a more accurate assessment of the occurrence of DW events globally as
well as their effect on surface mixing rates.

Plain Language Summary This study presents observations of a strong increase in the temperature
of the upper 2 m of the ocean in the Labrador Sea. This is known as diurnal warming, as it occurs during the day
when adequate solar heating is available. Diurnal warming also requires sufficiently low wind speeds to prevent
mixing of the deeper colder waters, which eradicates the temperature gradients observed here. Diurnal warming
can be important for the exchange of heat and carbon between the ocean and the atmosphere, which is a major
contributor to climate regulation. At lower latitudes, diurnal warming has been observed extensively mostly
from satellite observations, but there are very few reports closer to the Arctic. Because the measurement region
was largely obscured by clouds, satellites were unable to detect the diurnal warming event observed here, which
was performed with an autonomous ascending profiler. Combining these observations with a climatological
reanalysis data set, we derived conditions for the potential for diurnal warming to occur and conclude that
diurnal warming could occur more frequently than satellites can observe in the Labrador Sea region. We also
suggest that microstructure temperature sensors be attached to Argo floats, so that these diurnal warming events
can be more readily detected.

1. Introduction
Shortwave radiation (SWR) influences the ocean's energy budget and is therefore a major determinant of the
Earth's climate. Under conditions of high SWR combined with low wind speed, several reports have shown a
significant increase in the sea surface temperature (SST). This upper ocean thermal stratification is known as
diurnal warming (DW), and the corresponding depth over which the DW penetrates is the diurnal warm
layer (DWL).

The amount of SWR reaching the ocean surface is influenced by cloud cover (Webster et al., 1996). Clouds affect
the surface energy budget through their interactions with long‐ and shortwave radiation, which have competing
effects on the sea surface temperature (SST). On the one hand, clouds re‐emit longwave radiation from the Earth
causing a warming of the sea surface. On the other hand, clouds absorb and scatter shortwave radiation, thereby
preventing surface warming (Wielicki et al., 1995). On a global scale, the cooling effect from scattering the
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shortwave radiation exceeds the warming effect from re‐emitting the longwave radiation with the result that
clouds have a net cooling effect (Loeb et al., 2009). Ward (2006) showed that the appearance of clouds can cause
an immediate cooling of the ocean surface under very low winds.

The temperature difference ΔT across the DWL is defined as ΔT = TSST − TFND where TSST is the sea surface
temperature and TFND is the foundation temperature, defined as the minimum SST during a 24 hr period, which
typically occurs just before local sunrise (Donlon et al., 2002). Values of ΔT range from O(0.1 °C) (Kawai &
Wada, 2007; Kennedy et al., 2007; Merchant et al., 2008; Stuart‐Menteth et al., 2003) to several degrees celsius
(Eastwood et al., 2011; Fairall et al., 1996; Merchant et al., 2008; Soloviev & Lukas, 1997; Ward, 2006; Wick &
Castro, 2020) with extreme values reaching >6°C (Gentemann et al., 2008; Jia et al., 2023). The depth of the
DWL has been observed to reach several meters (Fairall et al., 1996; Soloviev & Lukas, 1997) and a shallower
DWL results in a larger ΔT. As the depth of the DWL depends on the level of turbulent mixing, increased
turbulence can erode the well‐stratified DWL and cause it to deepen (Gentemann et al., 2003; Jia et al., 2023).
Turbulence can be increased by wind stress and ocean surface waves particularly through wave breaking (Belcher
et al., 2012; Hogan et al., 2025).

DW has been shown to affect air‐sea heat fluxes, causing potential biases in their determination of up to 60Wm− 2

(Fairall et al., 1996;Ward, 2006). DWmodifies the concentration of aqueous CO2 through the solubility of the gas
in seawater, and knowledge of the diurnal variability of SST is essential for correct estimates of air‐sea gas
exchange (Bellenger & Duvel, 2009; Kettle et al., 2009; McNeil & Merlivat, 1996; Ward et al., 2004; Woolf
et al., 2016). DW also drives the air‐sea buoyancy flux, which is an important factor for turbulence in the ocean
surface boundary layer (Belcher et al., 2012; Esters et al., 2018; Lombardo & Gregg, 1989). The stabilizing
buoyancy flux due to near‐surface stratification arising from DW suppresses mixing within the ocean mixed layer
(Brainerd & Gregg, 1993; Flament et al., 1994; Kukulka et al., 2013; Merchant et al., 2008; Noh et al., 2009; Price
et al., 1986; Sutherland et al., 2016; Sverdrup et al., 1942). Large‐eddy simulations have shown that Langmuir
circulation is weakened under surface warming conditions and can fully break down in cases of sufficiently strong
DW (Min & Noh, 2004). DW also inhibits near‐surface turbulence, which is the principal process for controlling
air‐sea exchange of heat and carbon (Asher & Pankow, 1986; Esters et al., 2017; Lamont & Scott, 1970; Tokoro
et al., 2008; Zappa et al., 2007). DW is therefore an important process for upper ocean dynamics and air‐sea
exchange.

The largest differences in diurnal temperature are found in the western Pacific warm pool (Soloviev &
Lukas, 1997) and the Indian Ocean (Kennedy et al., 2007). Further areas of DW interest are the marginal seas
around Japan where large diurnal SST variations have been observed (Kawai & Kawamura, 2000, 2002), the
South China Sea (Hsu et al., 2024), or the midlatitudes such as the North Sea (Gentemann et al., 2008; Merchant
et al., 2008). There have also been studies, albeit fewer that have focused on higher latitudes. Through a com-
bination of different satellite products, Eastwood et al. (2011) observed DW cycles, which reached SST am-
plitudes of several degrees °C at latitudes up to 80°N. Jia et al. (2023) used saildrones to study DW in the Bering
and Chukchi Seas and observed several large DW events with amplitudes of up to 5°C. They also reported two
DW events where the DWL persisted throughout the night in conditions of low wind, midnight sun, and warm air
at the surface, which suppressed heat loss (Jia et al., 2023).

Although there are several reports of in situ DW observations (e.g., Anderson & Riser, 2014; Castro et al., 2014;
Kawai et al., 2006; Soloviev & Lukas, 1997; Webster et al., 1996; Zeiden et al., 2024), many studies utilize
satellite data (Castro et al., 2014; Clayson &Weitlich, 2005, 2007; Kawai et al., 2006; Stuart‐Menteth et al., 2003;
Wick & Castro, 2020). Satellite observations retrieve SST through radiometer instruments that measure either in
the microwave or infrared wavelengths (Gentemann et al., 2008; Stuart‐Menteth et al., 2003). Polar orbiting
satellites provide a day‐ and nighttime observation, which allows for estimates of the global distribution of DW
(Kawai & Wada, 2007; Kennedy et al., 2007; Stuart‐Menteth et al., 2003). However, estimates of DW based on
satellites equipped with infrared sensors are unavailable in regions that are obscured by clouds, which is a major
limitation in ascertaining the frequency of occurrence of DW events globally.

Higher latitudes are prominent for cloud formation and the Arctic is covered by clouds for 80% of the year
(Beesley &Moritz, 1999). The Labrador Sea is a region that has significant cloud cover (Warren et al., 1988), and
there have been no reports of DW events here. In order to look for evidence of DW, we deployed the autonomous
upwardly rising Air‐Sea Interaction Profiler (ASIP) during the AR7W repeat line cruise on the Canadian Coast
Guard Ship (CCGS) Hudson in May 2010 (Wain et al., 2015). We discovered a highly localized yet significant
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DW event with a ΔT of >1°C at a latitude of 55°N, which was not detected by any of the satellites dedicated to
monitoring SST. Here, Section 2 details the observations and data that we utilize. Section 3 presents the results
and discussion with our conclusions in Section 4.

2. Observations
2.1. In Situ

The AR7W cruise is a repeat line conducted annually by the Bedford Institute of Oceanography across the
Labrador Sea of the (Wain et al., 2015; Yashayaev & Loder, 2016). In May 2010, the AR7W cruise was carried
out on the CCGS Hudson, which departed the port of St. John's on May 12 and returned to Halifax on May 30
(Figure 1).

One of the motivations for the AR7W cruise was to investigate the existence of DW in the Labrador Sea, and the
ASIP was deployed for this purpose. ASIP provides microstructure measurements of the upper 100 m of the
ocean; it is an autonomous upwardly rising profiler designed to investigate small‐scale ocean surface boundary
layer processes (for further details see Ward et al., 2014). The profiler is equipped with a set of sensors including
microstructure temperature, conductivity, shear, and photosynthetically active radiation (PAR). The dissipation
rate of turbulent kinetic energy ϵ can be estimated from the microstructure shear measurements. One of the main
advantages of using ASIP for this DW study is that it can resolve the small scale temperature to the depth of the
sub‐skin (Tsubskin) , which is coincident of the base of the molecular boundary layer (Donlon et al., 2002; Ward &
Donelan, 2006).

Figure 1. (a) Cruise track of the CCGSHudson (red) from the departure port of St. John's, returning to Halifax via the Strait of
Belle Isle. The ASIP deployments in the open ocean across the Labrador Sea are shown in white. Deployment 4 is used for
this paper. None of the other ASIP deployments showed any evidence of DW. (b) The ASIP track (white) for deployment 4
showing the start (green) and end (red) positions. ASIP moved due east and was in ocean depths >2000 m throughout the
deployment.
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ASIP was deployed six times (Figure 1a) during the AR7W cruise (Figure 1a does not show one of the de-
ployments, which was located south of Newfoundland), but only a single deployment showed evidence of DW
albeit a significant event. Wain et al. (2015) presented data from the third deployment (Figure 1) of an internal
breaking wave detected with the ASIP shear probes, which drove the turbulence levels 2–3 orders of magnitude
above the background. Deployment 4 (Figure 1b) occurred on 23 May 2010 at 55.26°N, 53.9°W.

ERA5 reanalysis data (Hersbach et al., 2023) provided by the European Center for Medium‐Range Weather
Forecasts (ECMWF) was used to achieve a record of the relevant atmospheric forcing parameters. Shortwave
radiation (SWR), longwave radiation (LWR), sensible heat flux (H), latent heat flux (LE), total cloud cover
(TCC), and 10‐m wind speed (u10) were extracted to match the position of the ship (Figure 2). As ERA5 only has
daily SST values publicly available, which are interpolated to each hour of the day, a tailored data set for the
AR7W cruise track provided by the ECMWF was used.

The ASIP data set consists of 50 profiles sampled every 7 min with a pause of 10–15 min after every fifth profile
to conduct an iridium message transfer to relay the position of the instrument with some basic instrument
diagnostic data (for further details see Ward et al., 2014). Although these profiles reached a maximum depth of
100 m, in this DW study, we limit the focus to the upper 5 m for the temperature measurements, as the DW event
affected the temperature distribution in the upper 5 m (Figures 3a and 3b). For the dissipation rate, only the upper
14 m are shown based on the maximum estimated mixed layer depth (Figure 3c).

2.2. Satellite

To compare the in situ measurements of SST with satellite data, SST products from polar orbiting and geosta-
tionary satellites were used. In May 2010, fourteen polar‐orbiting satellite instruments were operational and
provided data to derive SST, eight of which had high‐quality SST products available for the Labrador Sea. There
was also one geostationary satellite (GOES‐13) whose data were utilized here.

All satellite instruments operated in the infrared range except for the Advanced Microwave Scanning Radiometer
for Earth Observing System (AMSR‐E) aboard NASA's Aqua satellite. An estimate of the amplitude of DW

Figure 2. Time series of the meteorological conditions during the ASIP deployment on 23May 2010 (indicated by the shaded
red area): (a) ERA5 shortwave radiation (SWR), longwave radiation (LWR), sensible heat flux (H), latent heat flux (LE), and
ASIP photosynthetically active radiation (PAR) at the ocean surface. (b) ERA5 wind speed (u10) and total cloud coverage
(TCC). (c) ERA SST, ASIP subskin temperature (Tsubskin), and SST derived from COARE 3.6 using a 5 m baseline temperature
of 2°C and ERA5 forcing parameters. Local mean time (LMT) is such that local noon is when the sun is at its highest point.
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events can be obtained from the data of polar orbiting satellites by comparing
the SSTs of two consecutive overpasses: one at nighttime conditions and one
at daytime conditions. Geostationary satellites can provide hourly estimates
of SST and therefore capture DW events. Table 1 provides an overview of
SST data available for 22–24 May 2010 in the Labrador Sea taken as the
bounding box with lower‐left and upper‐right coordinates as [65°W, 52.5°N]
and [42.5°W, 65°N], respectively (the same bounding box as in Figure 1a).

All SST data are Level‐3 Collated (L3C) products with the exception of
AMSR‐E where Level‐3 Uncollated (L3U) data were used. L3 data are
gridded data sets based on a single overpass (L3U) or created by combining
multiple overpasses in space and time (L3C). For NASA's Aqua satellite,
AMSR‐E data (Remote Sensing Systems, 2014), AIRS data (AIRS proj-
ect, 2019), and data from theModerate‐resolution Imaging Spectroradiometer
(MODIS) was used (NOAA CoastWatch, 2024). For the Terra satellite, only
MODIS data were utilized (NOAA CoastWatch, 2024). For the satellites
instrumented with AVHRR/3, data from NOAA‐18, NOAA‐19, and MetOp‐
A were considered (Embury, 2024). Furthermore, AATSR data from
ENVISAT are included in Table 1 (Embury et al., 2019). See Table A1 in the
appendix for definitions of all abbreviations used.

Data from the NOAA‐15, NOAA‐16 and NOAA‐17 satellites and the Euro-
pean Remote Sensing Satellite 2 (ERS‐2) are excluded from Table 1, as
technical problems occurred before May 2010 influencing the quality of SST
products (Embury et al., 2024; Merchant et al., 2019). Data provided by the
Advanced Spaceborne Thermal Emission and Reflection Radiometer (AS-
TER) onboard NASA's Terra satellite were used to derive SST products (Chen
et al., 2013), but therewas no SSTproduct available for the Labrador Sea based
onASTER data only. SSTwas also derived based onChinese OceanColor and
Temperature Scanner (COCTS) data from the Hai Yang 1B (HY‐1B) satellite,
but there was no data available for the Labrador Sea in 2010 (Liu et al., 2022).
Therefore, the ASTER and COCTS data were not included in Table 1.

The large difference between AIRS SST and AMSR‐E SST close to the ASIP
location can be explained by the different bin centers (55.375°N, 53.875°Wfor
AMSR‐E and 55°N, 54°W for AIRS) and the different grid sizes of the
products in combination with the high spatial SST gradient observed (see
Figure 4). For example, SST = 0.90°C was derived for daytime conditions on
23 May at 54.875°N, 53.875°W based on AMSR‐E data, which are close to

SST= 1.10°C obtained for daytime conditions on 23May at 55°N, 54°Wbased onAIRS data. The observed lateral
SST gradients could in principle also be observed as a change in background water temperature with ASIP, as the
instrument could drift into water masses with different characteristics during the measurement period. But this is
not the case, as the observed background water temperature at up to 5 m depth is uniformly distributed (Figure 3a).

Of the geostationary satellites, seven were initially considered, five of which were part of the Geostationary
Operational Environmental Satellite (GOES) program. Of these, only GOES‐13 was fully operational and
covered the Labrador Sea at a zenith angle smaller than 75° in May 2010 (Ocean and Sea Ice Satellite Application
Facility (OSI SAF), 2015). GOES‐13 is therefore included in Table 1. For the remaining two, Meteosat‐9
(Longitude 3.5°E) and Himawari‐7 (Longitude 145°E), the Labrador Sea was not in the field of view (Maturi
et al., 2008).

3. Results and Discussion
3.1. ASIP Observations of Diurnal Warming Event

The motivational data set for this study was acquired with the ASIP autonomous profiling instrument (see
Section 2) over a period of about 6.5 hr on 23 May 2010 in the Labrador Sea. Figure 2 presents the atmospheric

Figure 3. (a) Temporal distribution of temperature over the upper 5 m
showing the depth of the DWL (zWL; black). (b) Temperature amplitudes
ΔTz at increasing depth levels with respect to TFND. (c) Temporal evolution of
the dissipation rate of turbulent kinetic energy (ϵ) over the upper 14 m of the
ocean. Also shown is an estimate of the mixed layer depth based on the
dissipation profile (MLD; green).
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forcing parameters: shortwave radiation (SWR), longwave radiation (LWR), sensible heat flux (H), latent heat
flux (LE), total cloud cover (TCC), and 10‐m wind speed (u10) . All ERA5 data are shown for the full 24‐hr period
of the day of deployment. Figure 2 also shows a time series of surface PAR as an in situ measure of the availability
of light at the surface and SST (Tsubskin) from ASIP, which is taken as the ASIP temperature closest to the surface
(Ward, 2006).

The net heat flux was primarily driven by SWRwith only minor contributions from outgoing LWR and latent and
sensible heat fluxes. The surface SWR reached a maximum of 777 W m− 2, which occurred midway during the
ASIP deployment. The PAR surface data from ASIP and the SWR data indicate that the measurement period from
09:12 to 15:38 local mean time (LMT) is almost symmetrical around local noon. The PAR is lower than the SWR
because the wavelength range considered is smaller. The ERA5 wind speed was initially up to 7 m s− 1 but

Table 1
Overview of Satellite‐Based SST Data Available for 22–24 May 2010 in the Labrador Sea (65°W, 52.5°N, 42.5°W, 65°N)

Satellite Instrument Grid size Coverage on 23 May [%] SST at ASIP location Local time of equator crossing

Aqua MODIS 0.02° 28.26 22.05. 3.90° Night 13:30

23.05. No Data

24.05. 4.17°C Day

Terra MODIS 0.02° 28.54 22.05. No Data 10:30

23.05. 3.24°C Night

24.05. No Data

Aqua AIRS 1° 79.82 22.05. 0.73°C asc 13:30

0.16°C dsc

23.05. 1.10°C asc

24.05. No Data

Aqua AMSR‐E 0.25° 60.22 22.05. No Data 13:30

23.05. 4.35°C

24.05. 3.45°C

NOAA‐18 AVHRR/3 0.05° 16.86 22.05. 3.60°C Night 14:00

23.05. No Data

24.05. 3.70°C Day

NOAA‐19 AVHRR/3 0.05° 17.50 22.05. 2.75°C Day 13:30

3.52°C Night

23.05. No Data

24.05. No Data

ENVISAT AATSR 0.05° 5.31 22.05. No Data 10:00

23.05. No Data

24.05. No Data

MetOp‐A AVHRR/3 0.05° 51.55 22.05. 2.12°C Day 09:30

23.05. 2.14°C Night

24.05. No Data

GOES‐13 IMAGER 0.05° 3.62 22.05. 3.19°C 05:00 Geostationary

3.43°C 06:00

23.05. No Data

24.05. No Data

Note. The coverage is determined as the number of available data pixels divided by the total number of nonland pixels in the
observation region. For the Moderate‐resolution Imaging Spectroradiometer (MODIS) instruments, the coverage was
calculated based on Level‐2 Pre‐processed (L2P) flags, with sea ice considered as land pixels. For GOES‐13, the coverage is
given as the average coverage of all hours on 23 May 2010. The differences in coverage and SST data points are caused by
differences between the grid sizes, instruments, and local times of overpasses. All abbreviations are defined in the appendix in
Table A1.
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decreased to <3 m s− 1 toward the end of the ASIPmeasurement period. TCCwas 40 % or less during the period of
interest.

At the beginning of the ASIP measurement period (09:12 LMT), there is a well‐mixed isothermal layer reflecting
pre‐warming conditions (Figure 3a), and the ASIP Tsubskin differs from the ERA5 SST by less than 0.1°C
(Figure 2c). However, after the SWR reaches 600 W m− 2 at around 09:30 LMT (Figure 2a), ΔTsubskin quickly
begins to increase and is already significantly larger than the temperature in 1 m depth after an hour. ΔTsubskin then
increases further steadily until it reaches a maximum value of 1.5°C at around 13:50 LMT (Figure 3b). The
ΔTsubskin varies between 1.2 and 1.5°C until 14:55, whereupon a mixing event erodes the stratification and
removes the temperature gradients in the upper 3 m. The depth of the DWL (zWL) shown in Figure 3a is
determined with a threshold temperature and follows a fixed isotherm, that is, based on TFND (A. J. Matthews
et al., 2014). TFND is the well‐mixed SST before the onset of warming. Here, TFND =2.1°C was used, which
corresponds to the minimum Tsubskin measured with ASIP. For this study, zWL was estimated from the isotherm
T = TFND + 0.2(Tmax − TFND) = 2.42°C (A. J. Matthews et al., 2014) where Tmax denotes the maximum
Tsubskin measured with ASIP.

Thermal stratification of the surface waters commences very soon after the deployment. Here, the subskin
temperature heats up faster than the temperatures at depths below (Figure 3b). Up to the time at which Tsubskin
reaches a maximum value, the temperature at 1 m depth (T1m) increases gradually in accordance with the increase
of Tsubskin. However, T1m remains 0.3–1.1°C cooler than Tsubskin highlighting the prevailing stratification. At
14:30, the temperature at 1 m and below increases with a steep gradient indicating that warm surface waters were
mixed downward. The temperature gradients disappear quickly, showing that this mixing event resulted in the
sudden removal of stratification. The timescale of this mixing makes it plausible that it was caused by a wind gust
that led to the collapse of the well‐stratified warm layer at the end of the ASIP time series. DWLs are highly
sensitive to wind fluctuations. Depending on the degree of stratification, an increase in u10 of only 1 m s− 1 is
sufficient to erode the DWL (Jia et al., 2023; Stuart‐Menteth et al., 2005). Sudden wind bursts at the time of
maximal diurnal SST can mix the water within the top meter deeper into the ocean. This mixing causes a reduction
in temperature close to the surface, but an increase in temperature in deeper layers, as observed here with ASIP
(Figure 3b). Wind gusts also determine the timescales on which surface water is mixed to greater depths (Giglio
et al., 2017).

Figure 4. (a) Aqua MODIS Level‐2 (L2) cloud mask, (b) Aqua MODIS Level‐3 (L3) SST data, and (c) AMSR‐E (L3) SST
data for 23 May 2010 in the Labrador Sea (Ackerman, 2017; NOAA CoastWatch, 2024; Remote Sensing Systems, 2017).
The red cross indicates the ASIP position at (55.26°N, 53.9°W) where SST = 4.35°C was measured by AMSR‐E at around
12:30 p.m. local time during the ASIP deployment. The cloud classification assigns the following categories: 0—Cloudy, 1—
Uncertain, 2—Probably Clear, and 3—Confident Clear.
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The dissipation rate of turbulent kinetic energy (ϵ; Figure 3c) indicates the availability of mixing, which is
relatively low due to the diminished wind speeds. The mixed layer depth (MLD), defined as the depth of active
turbulent mixing, is determined using a threshold of 10− 9 m2 s− 3 (Giunta &Ward, 2022; Sutherland et al., 2014).
The dissipation data reflect wind and buoyancy‐driven mixing into the upper ocean. The MLD starts out at about
10 m indicating a remnant of nighttime convection. After 11:00 LMT, it decreases rapidly to about 3 m when the
solar insolation overcomes heat loss at the surface. A similar daily cycle of turbulence was observed in the
subtropics with a day‐night cycle of re‐stratification and convection (Sutherland et al., 2016). At 12:00, there is a
short increase in turbulence and the MLD deepens for less than 20 min, which could be caused by a local increase
in wind speed that is not reflected in the ERA5 data (Figure 2).

Subsequently, theMLD shoals to about 1.5–3 m and the DW event continues to develop. TheMLD remains at this
depth until about 15:15, when a sudden increase in turbulence erodes the stratification until the end of available
data. This indicates that the wind suddenly increased, thereby eroding the DWL, given that wind is the main
source of turbulence into the upper ocean. The significant height of combined wind and swell waves from ERA5
(see Figure S4 in Supporting Information S1) indicates wave heights lower than 2 m for the whole measurement
period, further evidence for wind as the main driver of turbulence. Toward the end of the measurement period
(15:38 LMT), an increase in wind speed from about 3 to 6 m s− 1 can also be seen in the ERA5 data (Figure 2). The
steady decrease in PAR toward the end of the measurement period did not cause the observed increase in tur-
bulence, as it occurs sharply (Figure 3c) and PAR is only slightly lower than at the beginning of the observation
period where the DW event starts to develop. Around 21:00, after the end of the ASIP measurement, the wind
speed increases further to 11.5 m s− 1 and the cloud cover also abruptly increases from 25 to about 85 %.

The strength of this DW event can be explained by the combination of weak winds and large SWR leading to a
shallow MLD. In general, about half of the solar irradiance is absorbed in the uppermost 1 m of the ocean (Kara
et al., 2005). Although the ERA5 SST and the ASIP Tsubskin agree at the beginning of the ASIP measurement
period, the development of this DW event is not captured by ERA5 SST data (Figure 2). The COARE 3.6
estimation of the DW amplitude (Figure 2c) was derived using a 5 m baseline temperature of 2°C and ERA5
forcing parameters, excluding the skin effect (Fairall et al., 2003). Although COARE reproduces the development
of a DW event, the maximum amplitude of 0.45°C is about a degree less than observed and is reached 1.5 hr later.
These differences could be due to the ERA5 input being provided at an hourly resolution only or the ERA5 forcing
parameters not accurately reflecting all conditions at the measurement site.

3.2. Coincident Satellite Observations

The satellite observations had only partial availability of SST data due to cloud cover. This is not atypical, as the
average TCC in the Labrador Sea in May is around 80% (Warren et al., 1988). Among the data from infrared
radiometers, SST for 23 May for daytime conditions at the ASIP position is only available from the AIRS,
SST = 1.10°C (see Table 1). However, there is no AIRS data available for nighttime conditions (neither on 23
May nor on 24 May) so the DW amplitude cannot be estimated from AIRS data. The grid size for this data is
1° × 1° (111 km×64 km at 55°N), which is the largest in Table 1. For the other SST products with a smaller grid
size (0.02°‐0.05°) based on infrared measurements, there is no data available for daytime conditions on 23 May at
the ASIP position due to cloud cover. However, there is AMSR‐E data available at a grid size of 0.25° as the
instrument operates in the microwave range and can measure SST in cloudy conditions when there is no pre-
cipitation (Gentemann, 2014). But the AMSR‐E SST product is only available in daily resolution,; therefore, no
DW amplitude could be derived. In conclusion, it is not possible to estimate the DW amplitude at the ASIP
position on 23 May 2010 based on SST products provided by polar orbiting satellites.

Geostationary satellites could in principle provide hourly SST data at the ASIP position. For the IMAGER in-
strument on board of GOES‐13, which was the only platform covering the Labrador Sea on 23 May 2010, no data
is available at the ASIP position due to cloud cover (see Table 1). Therefore, SST from geostationary satellites
could not be utilized to estimate the DW amplitude.

The SST coverage of AMSR‐E and the MODIS on board of the Aqua satellite as well as the MODIS cloud mask
are shown in Figure 4. AMSR‐E is chosen out of the instruments in Table 1, as it is the only one with SST
available for daytime conditions at the ASIP position with a grid size <1° and has a relatively high spatial
coverage, although SST is not available near the coast (Gentemann, 2014). The Aqua MODIS data were selected
because it provides the highest spatial resolution available and is directly comparable to the AMSR‐E data, as both
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instruments were operating on NASA's Aqua satellite (see Figure 5 for the SST coverage of other instruments
considered in Table 1). As can be seen from the MODIS cloud mask data (Figure 4a), the Southern Labrador Sea
was largely obscured by clouds on 23 May 2010, but there was a gap in the cloud cover south‐west of the ASIP
position. In a total area of about 2,500 km2, 30 pixels (5 km×5 km per pixel) were marked as probably clear and
31 were marked as uncertain. In May, the solar elevation at local noon in the Labrador Sea (e.g., 55°N) is only
about 55–56°; therefore, it appears that the SWR reached the measurement location through this highly localized
pinhole gap in the cloud cover, which enabled the formation of the observed DW event.

3.3. Potential for Diurnal Warming Occurrences

The satellite and in situ observations show that DW events with a considerable amplitude of ΔT = 1.5°C can form
in regions with localized gaps in the cloud cover in the Labrador Sea. Therefore, it follows that there is a higher
potential for DW events to form at the ocean surface than detected by satellite products. We define this diurnal
warming potential (DWP) as the percentage of days in a month at which a certain requirement to the meteoro-
logical conditions is fulfilled in an angular bin (0.25 ° × 0.25°) in the Labrador Sea.

Based on the ERA5 reanalysis data (see Figure 2), we suggest that the interplay of the following conditions
enabled the development of the observed DW event: (a) shortwave radiation higher than 600Wm− 2 and (b) 10‐m
wind speed lower than 4 m s− 1. These conditions should not be interpreted as necessary or sufficient for
the occurrence of DW in the Labrador Sea in general but can be considered as a rule of thumb. A threshold for u10
of <6 m s− 1 was applied in the production of several daily blended L4 SST analyzes to exclude DW observations
(Wick et al., 2024).

We also considered TCC as a criterion for DWP. The MODIS cloud mask data (see Figure 4a) suggest a higher
TCC than the ERA5 reanalysis data. Assuming the percentage of cloudy pixels in a radius of 50 km around the
ASIP position is approximated as TCC, the value at 12:30 local time is 83 %, whereas the ERA5 TCC has a value
of approximately 20 % (see Figure 2). Because of this discrepancy, no TCC threshold for the formation of the
observed DW event based on ERA5 data is used.

Figure 5. Level‐3 (L3) SST data products for 23 May 2010 in the Labrador Sea: (a) Terra MODIS, (b) Aqua AIRS,
(c) NOAA‐18 AVHRR/3, (d) NOAA‐19 AVHRR/3, (e) ENVISAT AATSR, and (f) MetOp‐A AVHRR/3. The red cross
indicates the ASIP position at (55.26°N, 53.9°W). Note the different local times of equator crossings and spatial resolutions
for the various instruments (see Table 1). SST based on data from the AVHRR/3 instrument on MetOp‐A has a high spatial
coverage, but the local time of equator crossing is at 09:30; therefore, the data do not reflect the conditions during the observed
DW event.
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Criteria (i) and (ii) were applied to 40 years (January 1979 to November 2019) of hourly ERA5 reanalysis data
(Hersbach et al., 2023) or a total of 14,943 days. As the highest DWP occurs in June and July, we focus on the
spatial characteristics of DWP during these months (Figure 6). For a discussion of DWP during the other months,
see the supporting information (Figures S1–S3 in Supporting Information S1). Areas that were covered with ice
for more than 50 % of the time are omitted (indicated by regions in black in Figure 6). If these two criteria were
achieved for at least 1 hr in a day for a given location, then a DWP= 1 was returned, otherwise the DWPwould be
zero. A value of 1 hr was chosen because our in situ observations have shown that DW events can evolve
significantly within 1 hr in the Labrador Sea (see Figure 3b and the discussion in Section 3.1). This is consistent
with the typical timescale for stratification to form due to solar insolation at low to moderate winds in tropical
oceans being 1–2 hr (Moulin et al., 2018). A given day at each location is only considered for DWP, if the sea ice
coverage is less than 15% for all hours (J. L. Matthews et al., 2020).

Another criterion that could be considered for the DWP is wave height represented by the ERA5 variable
describing the significant height of combined wind waves and swell (SWH). Breaking surface waves can induce
upper ocean turbulence (Belcher et al., 2012; Hogan et al., 2025), which could erode an existing DWL or inhibit
the formation of a DWL. Based on the ERA5 SWH during the ASIP measurement period (see Figure S4 in
Supporting Information S1), we applied a criterion of SWH lower than 2 m to 40 years of ERA5 data additionally
to criteria (i) and (ii). Averaging over all angular bins, the DWP including the SHW criterion is 92% of the DWP
excluding the SWH criterion in June and 96% in July (see Figures S5 and S6 in Supporting Information S1 for
details). Therefore, the SWH does not significantly influence the DWP and is not introduced as a third criterion.
Provided there is no substantial swell, the influence of the SWH on the DWP is expected to be minor, since u10
and wind wave height are closely coupled.

Figure 6. Maps showing 40 years (1979–2019) of ERA5 reanalysis data for June in panels (a–c) and July in panels (d–f). Percentage of days when (a) the shortwave
radiation (SWR) was higher than 600Wm− 2, (b) the 10‐m wind speed was lower than 4 m s− 1, and (c) both conditions were fulfilled for at least 1 hr. Panels (d–f) show
the same but for July. Land is shown in gray, and areas that are covered with ice more than half of the time are shown in black. Note that panels (a, b, d, e) use different
colorbar scales than panels (b, f).
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For the derivation of the DWP, we assumed that the MLD is typically deeper
than the depth of the DWL in the Labrador Sea, such that the effect of initial
ocean stratification on the development of DW events can be neglected. Initial
ocean stratification could be caused by freshwater input by precipitation or
melting sea ice or upwelling and downwelling, for example. The DWL depth
is up to a few meters in general, whereas the MLD in the Labrador Sea ranges
between 10 and 50 m in summer (Naustvoll et al., 2020) and more than 1 km
in winter (Yashayaev & Loder, 2017; Yashayaev et al., 2003). For our ob-
servations, Figure 3c shows that the MLD was about 10 m before the onset of
warming for the DW event.

SWR at the ocean surface surpasses the threshold of 600Wm− 2 for about 35–
50 % of the days in June for most of the Labrador Sea with larger values in the
south (Figure 6a). The wind speed fulfills the condition for about 50 % of the
days in the central Labrador Sea, 35–50 % in the southeastern Labrador Sea,
and more than 75 % close to the coast of Greenland (Figure 6b). In a narrow
band along the coast, barrier winds lead to frequent low wind periods (Gorter
et al., 2014). The combined conditions are met for around 20 % of the days
near the coasts and for about 10 % in the central Labrador Sea (Figure 6c). In
the proximity of regions where sea ice is present more than half of the time
(black area in Figure 6), the DWP is lower because the corresponding loca-
tions are also covered with sea ice for some days in June.

For July, the SWR criterion is fulfilled for fewer days in the northern Labrador Sea compared to June, and the
availability of SWR is also lower in the central and southeastern Labrador Sea (Figure 6d). The condition on wind
speed is fulfilled for more than 75 % of the days close to the coast of Greenland, for a larger area than in June, and
for 65 % to more than 75 % along the coast of Labrador, which is sea‐ice free in July (Figure 6e). The combined
conditions are met for more than 25 % of the days near the coast of Labrador, for about 10 % in the central
Labrador Sea, and for 15–25 % in some areas along the coast near Greenland (Figure 6f). DWP is therefore
primarily constrained by the SWR criterion in July.

The DWP derivation counts a day as having a DWP in an angular bin, if the conditions are met for at least 1 hr on
that day. But the development of the DW event, particularly the DW amplitude, depends on the maximum number
of consecutive hours during which the conditions were met. Figure 7 shows the total DWP count across all angular
bins per year, averaged over 40 years, as a function of the maximum consecutive hours of fulfilled conditions on
the respective day. Although the DWP counts are highest in June and July, there is also a significant amount of
potential DW events in April, May, and August (Figure 7). DW events can potentially occur in March and
September but only rarely and only in the southern Labrador Sea (not shown here). Due to a lack of available
SWR, there is no DWP from October to February. The number of days on which the conditions are fulfilled for at
least four consecutive hours is significant compared to the total average DWP count particularly inMay, June, and
July (Figure 7), such that DW events with similar magnitudes to the observed event could develop. DW events can
be erased quickly by wind fluctuations (Jia et al., 2023; Stuart‐Menteth et al., 2005), but they can also be slowly
dissolved by surface cooling or freshwater effects. In this case, the characteristic timescale of the process is a few
hours (Shcherbina et al., 2019). Therefore, the hourly DWP analysis potentially underestimates the duration of
DW events in the case of continuously low winds and a decreasing SWR in the evening.

4. Conclusions
A strong DW event was observed in the Labrador Sea at >55°N. Under stable wind conditions, the surface ocean
heated by up to 1.5°C and a well‐defined DWL evolved in the uppermost meters of the ocean. This DW event
resulted from a combination of a shallow MLD due to low‐wind conditions and strong heat flux into the ocean
from substantial solar radiation at the specific location of the deployment. As a result, this warm layer restricted
mixing in the ocean surface boundary layer.

Based on our observations in combination with the ERA5 reanalysis data, we suggest that the following con-
ditions enabled the development of the DW event: (a) shortwave radiation higher than 600 W m− 2 and (b) 10‐m
wind speed lower than 4 m s− 1. According to these conditions and based on ERA5 reanalysis data from 1979 to

Figure 7. Time statistics of DWP: Average DWP count per year for the years
1979–2019 separately for the months April‐August and summed up across
all angular bins. The DWP count is presented as a function of the maximum
number of consecutive hours on the respective day during which the
conditions for DWP were met; the shading represents the 1σ range of the 40‐
year average.
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2019, localized DW events may have occurred in the Labrador Sea during the local summer due to the highest
SWR especially in June and July. Specifically, most parts of the Labrador Sea reached the SWR and u10 critical
values for 35 % (30 %) and 45 % (50 %) of the days in June (July), respectively, indicating that the SWR was a
higher limiting factor than wind for DWP.

Although there has been little evidence of DW in the Arctic region, Jia et al. (2023) observed 16 significant DW
events with amplitudes higher than 2°C using a saildrone in the Bering Sea and Chukchi Sea between 15th of May
and 11th of October 2023. The coincident solar radiation did not exceed our defined threshold of 600 W m− 2 for
most of these days, which suggests that the threshold might be lower for the Labrador Sea leading to a
higher DWP.

The results of this study form an additional argument for the wider application of microstructure sensors in the
ocean. Advances in low power electronics and the onboard processing capability of data logging systems make a
discussion of adding microstructure sensors to profiling floats used in the Argo program increasingly relevant (Le
Boyer et al., 2023; Thierry et al., 2025). Global deployment of microstructure floats can serve the dual purpose of
capturing DW events as well as their effect on surface mixing rates.

To explore the extent of DWP further, a comprehensive study is needed that combines satellite and in situ data
from various locations. In the Labrador Sea, DWPwill likely increase with declining sea ice coverage due to more
open water being available especially in coastal regions in April, May, and June.

Appendix A: Abbreviations

Table A1
List of Abbreviations

List of abbreviations

AATSR Advanced Along‐Track Scanning Radiometer

AIRS Atmospheric Infrared Sounder

AMSR‐E Advanced Microwave Scanning Radiometer for EOS

ASTER Advanced Spaceborne Thermal Emission and Reflection
Radiometer

AVHRR Advanced Very High Resolution Radiometer

CCGS Canadian Coast Guard Ship

COCTS China Ocean Color and Temperature Scanner

DW Diurnal Warming

GOES Geostationary Operational Environmental Satellite

ENVISAT Environmental Satellite

EOS Earth Observing System

HY‐1B Hai Yang 1B

L2P Level‐2 Preprocessed

MetOp‐A Meteorological Operational Weather Satellite A

MODIS Moderate‐resolution Imaging Spectroradiometer

MTSAT‐2 Japanese Multifunction Transport Satellite—2

NOAA National Oceanic and Atmospheric Administration

SWH Significant Height of Combined Wind Waves and Swell

SST Sea Surface Temperature

SWR Shortwave Radiation

TCC Total Cloud Cover
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