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Abstract: The cool skin effect refers to the phenomenon where the surface skin temperature of the
ocean is always slightly cooler than the temperature of the water directly underneath due to the
ubiquitous cooling processes at the ocean surface, especially in the absence of solar radiation. The cool
skin effect plays a critical role in the estimation of heat, momentum, and gas exchange between the air
and the sea. However, the scarcity of observational data greatly hinders the accurate assessment of the
cool skin effect. Here, the matchup data from the new generation geostationary satellite Himawari-8
and in situ sea surface temperature (SST) observations are used to evaluate the performance and
dependence on the cool skin effect in the low /mid-latitude oceans. Results show that the intensity
of the cool skin effect as revealed by Himawari-8 (—0.16 K) is found to be relatively weaker than
previously published cool skin models based on in situ concurrent observations. A considerable
amount of warm skin signals has been detected in the high-latitude oceans (e.g., Southern Ocean)
under the circumstances of positive air-sea temperature difference and high wind, which may be the
main cause of discrepancies with previous thoughts on the cool skin effect.

Keywords: cool skin effect; geostationary satellite; carbon dioxide flux; air-sea interaction

1. Introduction

Sea surface temperature (SST) acting as both an Essential Climate Variable (ECV)
and an Essential Ocean Variable (EOV), plays a vital role in the climate system [1,2]. SST
significantly affects the exchange of energy, momentum, and gases between the ocean and
atmosphere, and thus serves as an important input in ocean models, numerical weather
prediction (NWP), and climate simulations [3,4]. The definition of different SSTs is intro-
duced by the Group for High-Resolution Sea Surface Temperature (GHRSST), based on the
thermal characteristics and observing methods of the surface ocean [5]. Operationally, the
skin SST (Tgkin) is the temperature measured by an infrared radiometer usually mounted
on a satellite or a research vessel, which shows the thermal features within the conductive
diffusion-dominated sub-layer with a depth of approximately 10 to 20 pm. The tempera-
ture acquired beneath the thermal boundary layer is considered the subsurface SST, Tgepin
(traditionally referred to as the bulk SST, Ty,x), which is measured at depths ranging
from 102 to 10! m using various platforms and sensors, such as buoys, drifters, ships,
and profilers.

Two key physical processes determine the surface temperature vertical gradient,
i.e., the warm layer effect and the cool skin effect [6]. During the daytime, the upper
ocean within a few meters of the surface is significantly warmer (typically ~3 K) than the
underlying water because of the absorption of solar radiation, which is referred to as the
warm layer effect. The warm layer is modulated by the intensity of local solar radiation and
eliminated by turbulent mixing at night [7-9]. In contrast, the T, is always cooler than
the temperature immediately below an amplitude of several tenths of Kelvin in the absence
of solar radiation, which is referred to as the cool skin effect. The cool skin effect persists
throughout the day due to ubiquitous heat loss occurring in the upper few millimeters
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of the ocean’s surface. This heat loss is caused by a combination of upward longwave
radiation, latent heat flux (LHF), and sensible heat flux (SHF). However, the cool skin effect
is typically counteracted by the warm layer effect during the day, as the amplitude of the
cool skin effect is generally one order smaller than that of the warm layer effect.

The cool skin effect has long been recognized and parameterized into theoretical and
empirical models, indicating that it is mainly modulated by variables associated with
surface cooling [6,10-12]. Most studies have employed ship-based radiometers to obtain
Tskin, ensuring high accuracy and concurrence with in situ Tyepin Observations [13-17], and
polar-orbiting satellite remote-sensed Tgyy, products have also been utilized to get global
coverage of the cool skin effect [18]. Based on observational approaches and modeling
studies, the cool skin effect has been employed in improving the accuracy of satellite SST
retrieval algorithms, coupled model simulations, weather/climate predictions, and air-sea
fluxes of heat and gases [19-23]. Especially, due to the high sensitivity of air-sea CO, fluxes
to SST [24,25], the global ocean CO, uptake would substantially increase by ~35% to 50%
considering the cool skin effect [26,27], which could greatly influence the estimation of the
carbon cycle process of the earth system.

However, several factors could significantly hinder our comprehensive understanding
of the cool skin effect, largely due to insufficient in situ observational data. Studies based on
research cruises have shown significant seasonal and regional dependencies since remote
oceans and high-sea states are not accessible for ships. Although polar-orbiting remote
sensing provides global coverage and fills most of the observational gaps, the time interval
of several days for a repeated cycle makes it challenging to capture continuous variability
in the cool skin effect.

The development of geostationary satellites and corresponding mounted instruments
has greatly enhanced our ability to obtain high-quality global SST data with high temporal—-
spatial resolution. The geostationary satellites are positioned over a fixed point on the
equator, allowing for continuous observations of the same region with high temporal
resolution. This is particularly important for understanding the mechanisms driving
this phenomenon.

Himawari-8, Japan’s new generation geostationary satellite, was launched in 2014
and remained operational since 2015, equipping the state-of-the-art Advanced Himawari
Imager (AHI) with outstanding spatial (from 2 km at nadir to 12 km at satellite view zenith
angle ~67°), temporal (up to 10 min), spectral and radiometric resolution [28-30].

Himawari-8 is positioned over the equatorial western Pacific, which encompasses
the mid-to-low latitude oceans of the western Pacific, the eastern Indian Ocean, and a
portion of the Southern Ocean. Additionally, Himawari-8's coverage spans a vast expanse
of ocean from the equator to high latitudes, encompassing a rich variety of multiscale
ocean-atmosphere processes, including mesoscale eddies and storms. This is beneficial for
investigating the mechanisms and variability of the cool skin effect.

In this study, we utilize the high temporal-spatial resolution of Tyy;, data from geo-
stationary satellite Himawari-8, combined with the commonly used Tgepi, data from the
NOAA in situ SST Quality Monitor (iQuam), to address two main issues: (1) the effective-
ness of new generation geostationary satellite in detecting the cool skin effect, and (2) the
dependencies of the observed cool skin effect on ocean surface wind and thermal condition.
The structure of this paper is as follows. Section 2 introduces the datasets used in this study,
as well as methods of data matchup and calculation of the cool skin effect. Section 3 shows
the performance and dependence of the observed cool skin effect revealed by geostationary
satellites. Section 4 summarizes the findings of this study and addresses some discussions.

2. Materials and Methods
2.1. Datasets
The AHI SST products are generated by the NOAA’s Advanced Clear-Sky Processor

for Oceans (ACSPO) system and distributed by GHRSST following the recommended
GHRSST Data Specification (GDS) version 2 [31,32]. The ACSPO AHI SST data are derived
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using the ACSPO Clear-Sky Mask (ACSM) and Non-Linear SST (NLSST) algorithm utilizing
4 AHI bands centered at 8.6, 10.4, 11.2, and 12.4 um [33]. Here, SST data with a temporal-
spatial resolution of hourly and 0.02° are used from level 3 collected (L3C), version 2.71
Himawari-8 AHI dataset from January 2020 to December 2022, which cover widely ranged
oceans in the low/mid-latitudes (Figure 1). The SST data of AHI are obtained from retrieval
algorithms trained against the night-time analysis L4 SST, while the sensitivity to the real
skin temperature is quite high; thus, the AHI SST product could be considered a great
estimate of Ty, [30,34,35]. Only data of the highest quality (quality level, QL = 5) are used
in the study.
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Figure 1. Count of matchup data within each 5° by 5° box. The cross marks denote less than 100 data
pairs in the box.

The in situ SST data are accessed from iQuam developed by NOAA National En-
vironmental Satellite Data and Information Services/Centre for Satellite Applications
and Research (STAR). The iQuam SST data are obtained by a variety of different obser-
vation platforms (drifter, ship, buoy, Argo float, etc.) sharing uniform quality control
algorithms [36]. Considering the vast number of available data, as well as the uniform
design and configuration, SST data obtained only by drifting buoys (observed at depth
~0.2 m) are introduced as the Tgepih (While Tgepy, data from other platforms have also been
examined and no significant impact of the observational platform on the conclusions was
found, which is not shown in this paper). Similarly, only in situ SST data with the highest
quality (QL = 5) are used for further calculation.

Environmental variables of the air-sea interface from the European Centre for Medium-
Range Weather Forecasts (ECMWEF) reanalysis products are included to estimate the per-
formance and implication of the cool skin effect. Hourly 10 m wind (Ujp), SHE, LHF,
shortwave radiation (SWR), and net longwave radiation (LWR) data provided by ReAnaly-
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sis 5th Generation (ERA5) are used for evaluation of the dependence of the cool skin effect.
We also use the monthly sea surface salinity (SSS) and sea ice fraction (SIF) data of Ocean
ReAnalysis System 5 (ORASS) for the calculation of the air-sea CO; flux. Those reanalysis
data have a spatial resolution of 0.25°. Furthermore, the monthly global surface air and
ocean pCO, product at 1° x 1° are used in the calculation of ocean CO; storage [37].

2.2. Data Matchup

The remote-sensed Tgin and in situ Tqept, are matched up under the temporal and
spatial window of 30 min and 0.02°, which provides more massive and high-resolution
matchup data owing to the benefits of new-generation geostationary satellites. Only
night-time data pairs are used in order to remove the warm layer effect. Here, apparent
sunrise/sunset, rather than physical sunrise/sunset, is used to separate day and night,
where the apparent sunrise/sunset time will be slightly earlier/later than the physical sun-
rise/sunset time due to atmospheric refraction. This is achieved by a local sunrise/sunset
time algorithm with correction for the approximate effects of atmospheric refraction [38].
In this study, the night-time is more strictly defined as the period between 1 h after ap-
parent sunset and apparent sunrise. It is worth noting that setting a 1 h delay in the
sunset time could significantly reduce the average shortwave radiation from 1.633 W/m? to
0.031 W/m? as compared to no delay in sunset time. This reduction in shortwave radiation
could effectively eliminate the lag effect of the warm layer effect [7]. Additionally, the ERA5
wind data are collocated with SST matchups by a 2D fitting strategy of the nearest neighbor.

The matchup data include a total number of 656,213 collocations (Figure 1). It is
important to mention that the distribution of the matched data exhibits significant regional
nonuniformity, which can be attributed to the deployment interests and strategies of in
situ observation implementers. Specifically, some regions such as the tropical oceans, high
latitudes, and marginal seas (e.g., the South China Sea) have a sparser distribution of in situ
observations as compared to mid-latitude oceans. Therefore, the results from the matched
data will inevitably be biased towards the mid-latitude regions.

Since the solar absorption and its lag effect are removed by adopting the night-time
SST matchups, the cool skin effect could be simply derived by the difference between skin
SST and depth SST, i.e.,

AT = Tskin — Tdepth 1

Note that some studies have defined the AT as the difference between Tgepin and Tgkin
and their findings exhibit an opposite sign in comparison to this study.

3. Results
3.1. Cool Skin Effect as Seen from Himawari-8 SST

The majority of regions within the Himawari-8 domain exhibit a surface cooling
pattern (Figure 2), except for boxes at high latitudes or with few data pairs (marked with
crosses). It is worth noting that a significant number of warm skin signals have been
observed in the Sea of Okhotsk and the Southern Ocean. In the low /mid-latitude oceans,
the Himawari-8 and iQuam matchup data are sufficient to reveal the cool skin effect, which
is consistent with previous findings. The high-latitude scenario will be discussed in a
subsequent chapter.

The satellite view zenith angle (VZA) is an important factor that may influence the
performance of geostationary satellite SST observations. The VZA affects the scan spatial
resolution, geometric distortion, atmospheric path length, and signal-to-noise ratio of
satellite images, which is critical for data retrieval and quality control algorithms of geosta-
tionary satellites. It has been reported that there is a significant drift of skin temperature
with VZA for the Himawari-8 product of the Japan Aerospace Exploration Agency (JAXA),
indicating the AT values are much larger under a larger VZA [39].
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Figure 2. Mean AT of matchup data within each 5° by 5° box. The cross marks denote less than
100 data pairs in the box.

Here, the dependence of AT on VZA was examined and shown in Figure 3. The
majority of the AT matchup data fall in the range of VZA over 20 degrees, while the data
for the nadir are rather poor. Overall, the AT is relatively stable throughout the coverage of
Himawari-8 but shows a slight trend with increasing VZA. This suggests slightly colder skin
at the edge of the Himawari-8 disk, but the phenomenon is not exactly centrosymmetric.
For instance, the high-latitude oceans exhibit much warmer skin temperatures, although
they share the same larger VZA as the tropical oceans near 160°W. Therefore, although AT
shows slight dependence on VZA, the spatial variabilities within the Himawari-8 domain
still need to be further discussed.

Histograms and basic statistics of the cool skin effect are shown in Figure 4. A quasi-
Gaussian distribution of the AT is found with a mean value of —0.16 K. Note that the mean
amplitude of AT as revealed by the geostationary satellite is slightly weaker than previous
cool skin models [13,15-17], with a typical value of —0.17 K reported by [14].

An inter-model comparison reveals distinct differences among observation methods,
as shown in Table 1. In situ observational studies, which rely on ship or buoy data,
reported a much larger cool skin amplitude, albeit with a limited number of matchup
data. Nevertheless, the estimations based on remote sensing, utilizing either polar-orbiting
or geostationary satellites, exhibit a large volume of data and standard deviations (STD),
which consistently demonstrate small amplitudes of the cool skin effect [18].

The large STDs that are derived from satellite remote sensing data might be attributed
to the large matchup window. In terms of spatial distribution, the lack of concurrent
observations may introduce biases arising from small-scale variability. However, the
temporal matchup windows related to remote sensing and in situ observations (30 min
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to 1 h) are longer than in situ concurrent observations (usually a few seconds) due to the
temporal resolution limitations of the satellite Tq;, products.
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Figure 3. The dependence of AT on VZA, error bars denote the half standard deviation, column bars
denote matchup counts in every 10 deg VZA interval.
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Figure 4. Histograms and basic statistics of the matchup AT.
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Table 1. Basic information and statistics of different cool skin models.
Cool Skin . Latitude
Tskin Source Model Region Range ! Mean (K) STD (K) AT >0
Ship [14] 2607 Global 50°S5-48°N —-0.17 0.06 Not available
Ship [16] 311 Offshore New Zealand 41°5-48°S —0.20 0.13 Nearly none
Ship [13] 2123 Offshore North Carolina, USA  36°N-37°N —0.40 0.20 1.5%
Ship [17] 7239 Offshore Australia 17°S-66°S -0.23 0.05 3.7%
Buoy [23] 628 South China Sea ~17°N —0.40 0.02 <5.0%
Polar-orbiting [18] 594,777 Global 80°S-80°N  —0.13 0.46 14.0%
Satellite
Geostationary ;s study 656,213 Himawari-8 disk 60°5-60°N  —0.16 0.32 27.1%
Satellite

! The latitude ranges of previous studies are the approximate values of the latitude coverage of research field.

Another issue worth noting is the existence of a “warm skin” phenomenon, where
AT > 0 K. By the definition of the cool skin effect mentioned above, the night-time Ty,
is always colder than Tgep, due to several surface cooling mechanisms. However, the
present study reveals that 27.1% of the observed AT values are greater than zero, indicating
the presence of a warmer skin. This phenomenon has also been observed by R/V and
polar-orbiting remote sensing, but with a smaller proportion [18]. Apart from the potential
impacts of data noise on the results, the positive AT values may be attributed to two
factors, i.e., the residual solar radiation and warmer skin caused by surface ocean heating.
As mentioned in the Methods section, the residual effect of solar radiation is effectively
canceled by a 1 h delay from apparent sunset. Further analysis shows that 99.68% of the
selected night-time shortwave radiation is lower than 1 W/m? for Himawari-8. In this
sense, it can be concluded that the AT values are not due to residual solar radiation. More
details about the relationship between AT and ocean surface heating will be discussed in a
subsequent section.

3.2. Cool Skin Dependence on Wind Speed

It has been long acknowledged that the AT is highly sensitive to surface wind speed.
The wind speed modulates the cool skin effect through two mechanisms that play the
opposite effects. On the one hand, wind speed, acting as an important driver of surface
heat loss, could increase AT by enhancing upward surface sensible and latent heat flux. On
the other hand, wind speed is also an essential factor in surface turbulent mixing, which
indicates that wind blowing can efficiently dampen the cool skin effect by weakening the
surface stratification. Under the joint effect of the above two mechanisms, the wind exerts
a dampening effect on the cool skin effect. That is, as the wind speed increases, the Tqyin
and Tgept, tend to converge and result in a decrease in the amplitude of AT.

Previous studies proposed empirical exponential functions to illustrate the effect of
wind speed on the cool skin effect by least-squares fitting of the concurrent shipboard
observations of Ty, and Tgepm, data (Figure 5). All empirical models exhibit a similar
pattern, with only slight differences in certain coefficients. AT is generally larger under
calm winds (e.g., Ujp < 5m/s), and drops rapidly as wind speed increases. After reaching
a certain speed of the wind (typically Ujg ~ 6 to 8 m/s), the AT tends to stabilize at an
asymptotic value, ranging from —0.13 K to —0.30 K in previously published results.
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Figure 5. Cool skin dependence on wind speed. The blue solid line denotes the mean AT within
every 0.5 m/s wind speed interval. The blue shading denotes the 95% confidence level margin of
error (1.96 times the STD divided by the square root of the collocation number). The gray and blue
dashed lines represent the AT = 0 and the average AT in this study, respectively. The blue column
bars denote the matchup counts within every 0.5 m/s wind speed interval. The solid lines of black,
yellow, red, green, and orange represent cool skin models from [13-17], respectively.

The relationship between the cool skin effect and wind speed, as revealed by Himawari-
8 and in situ Tyepin, is presented in Figure 5. Overall, our findings show a similar pattern to
previous studies using concurrent in situ observations, but notable discrepancies remain
clear. AT decreases monotonically with increasing wind speed, and the overall AT is smaller
than previous results. However, remarkable differences are observed under high winds.
The asymptotic AT value showed by Himawari-8, which tends to reach zero, is much
smaller compared with in situ observation-based results. The transition point occurs at
higher wind (Ujg ~10 m/s) than previous results (U9 ~6-8 m/s). The relationship between
AT and wind speed shows fewer characteristics of the exponential function, so the mean
value of AT variation with wind speed is used for later quantification of the cool skin effect,
rather than the exponential function by least-squares fitting. Notably, the cool skin effect
demonstrated by geostationary satellites shares more similarities with a previous study
based on polar-orbiting satellite remote sensing, as compared to results revealed by in situ
observations. The overall AT values of both geostationary and polar-orbiting satellites (see
Figure 3 of [18]) are smaller than the in situ results.

Overall, the cool skin effect exhibited by Himawari-8 appears to be weaker compared
to previous studies, as indicated by statistical characteristics and the AT-wind pattern. Next,
we will elucidate this distinction from the perspective of warm skin signals.
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3.3. Warm Skin Signals

Firstly, we will explore the source of the observed warm skin signals. While wind acts
as an amplifier in turbulent heat fluxes, latent heat flux typically plays a role in cooling
the ocean. Hence, in order to identify the source of the warming, we will examine the
relationship between the warm skin signals and the air-sea temperature difference (AT,),
which influences the thermodynamic stability of the surface ocean and determines the
direction of the air—sea sensible heat flux.

Figure 6 shows a significant correlation between the observed warm skin signals and
AT,. The majority of AT,.s values are negative, corresponding to negative AT values. This
is consistent with the expected scenario of night-time surface ocean cooling. However,
about 10% of AT,.s values are still positive, corresponding to the cold ocean under warm
air. When AT, is greater than zero, AT also increases to positive values, indicating a
warm skin.

1.5
Al
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5 27.14%
0_
f
AT >0K:
-0.5F a-s
10.15%
1L | 1 1 1
-6 -4 -2 0 2 4

Figure 6. Cool skin dependence on the air-sea temperature difference. The black solid line denotes
the mean AT within every 0.5 K AT, interval. The gray shading denotes the 95% confidence level
margin of error. The blue and red bars denote the histograms of AT,.s and AT, respectively.

The AT,s determines the direction of air—sea sensible heat transport. The primary
source of the warm skin signal is likely the air-sea temperature difference, which is man-
ifested as the high correlation between AT and AT,.s. This is further supported by the
relationship between the air-sea heat fluxes and AT, where a significant portion of the SHF
is positive (13.5%), while a much smaller percentage of downward LHF was found (1.2%).

When we examine the whole domain of Himawari-8, the warm skin signals exhibit
strong spatial variability (Figure 7a). Apart from pixels around the western coast of
Australia, the warm skin signals are more concentrated in high-latitude oceans, with the
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Southern Ocean being the most representative. In the areas south of 50°S, warm skin
signals are predominant in almost all boxes. The spatial distribution of warm skin signals
also aligns with the distribution of positive AT, (Figure 7b) and strong winds (Figure 7c).
In the case of warm skin conditions, the wind speed is also comparatively higher than that
in the cold skin scenario (Figure 7d).
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Figure 7. (a) The percentage of positive AT values out of all matchup data within each 5° by 5° box.
(b) The percentage of positive AT,.s values out of all matchup data within each 5° by 5° box. (¢) Mean
Ujp of matchup data within each 5° by 5° box. (d) Probability density of Ujg in different AT regimes.

In a word, warm skin signals are more prevalent in high-latitude oceans characterized
by positive sea—air temperature differences and high wind speeds. These features collec-
tively highlight the Southern Ocean region, which is rarely sampled by in situ observations.
Previous studies predominantly focus on the mid-to-low latitude oceans (see Table 1).
High-latitude areas with severe sea conditions pose significant challenges for ship-based
observations. Furthermore, previous cool skin models mostly considered wind speeds
within the range of 2 to 15 m/s, and some studies even restricted the maximum wind
speed to around 10 m/s. This is due to the relatively limited number of samples from in
situ observations under high wind speeds. In this study, the advantage of a large sample
size obtained by Himawari-8 facilitates a more representative dataset for high-latitude
and high-wind-speed conditions, revealing more warm skin signals and a weaker cool
skin effect.
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Limited to the absence of concurrent observational data, a statistical analysis is used
to examine warm skin signals instead of conducting case studies on individual processes.
Overall, the observed warm skin signals are strongly related to the air-sea temperature
difference. However, there are two aspects that should be noted. Firstly, the proportion
of positive air-sea temperature differences (10.15%) and downward sensible heat fluxes
(13.49%) are lower than that of warm skin signals (27.14%), suggesting that while sensible
heat heating may be the primary cause of warm skin signals, but not the only one. Secondly,
only downward sensible heat fluxes are observed rather than the net heat fluxes. This
indicates that the real surface heating phenomenon is probably not accurately represented
in the reanalyzed data. Nevertheless, it confirms the significant potential of sensible heat
heating in the warm surface layer. To further explore the nature and mechanism of warm
skin signals, more ocean—atmosphere in situ concurrent observations are critically required,
especially in the high-latitude oceans.

4. Discussion

Benefiting from the high spatial and temporal resolution of the new generation of
geostationary satellite observations, an abundant amount of skin temperature and bulk
temperature matchup data are used to support new explorations of the cool skin effect.
Here, we show that skin temperature provided by AHI equipped on Himawari-8 effectively
reveals the cool skin effect, indicating the ability of geostationary satellite observations to
deal with issues such as the sensitivity of satellite retrieval SST to skin temperature and
spatial dependence of remote sensing performance.

This paper shows new observation-based evidence for the cool skin effect using a
vast sample of satellite remote sensing skin temperature data. A weaker cool skin effect is
observed in the full disk of the Himawari-8 domain compared with previously published
results from in situ skin temperature observations and satellite remote sensing. The main
cause of this discrepancy may be attributed to the warm skin signals observed in the
high-latitude oceans (e.g., Southern Ocean) under the circumstances of positive air-sea
temperature difference and high winds. Once the wind speed exceeds 10 m/s, the cool skin
seems to be efficiently eliminated.

The highlight of this study is the large number of warm skin signals detected in high
latitudes compared to previous in situ observation-based studies. We believe that this
phenomenon represents the real air—sea sensible heat exchange scenario, but still needs to
be confirmed by in situ observations, especially in the high-latitude oceans with strong
winds. Another issue with geostationary satellites is the need to improve data quality at the
edge of the disk, which can be achieved by optimizing atmospheric correction in satellite
data retrieval algorithms.

Although the cool skin effect has been extensively addressed in different observational
studies, its accuracy is still far from adequate in model parameterization as well as in the
calculation of gas fluxes. Particularly, the calculation of CO, fluxes is extremely sensitive
to the surface temperature, where the inter-model bias is considerable. The larger CO,
uptake induced by a cooler surface ranges from 0.35 PgC/year to 0.9 PgC/year in previously
published results [26,27], which is considered to be rather large compared to the climatology
ocean CO; sink (2.0 PgC/year in 2000, from results from [25]). In this study, the cool skin
effect associated with wind speed is carried out in global oceanic CO, uptake (Method see
Appendix A). Results show that the ocean carbon intake increases by ~0.2 pgC/year under
the cool skin correction related to Himawari-8, which is significantly weaker than previous
findings (Figure 8). Particularly, as the main carbon sink in the global climate system, the
Southern Ocean shows more uncertainty in the cool skin effect among different studies. It
can be argued that the temperature correction for CO; fluxes is still far from operational, as
a full understanding of the spatial and temporal characteristics and the mechanisms of the
cool skin effect is demanded with urgency.
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Figure 8. Enhancement of air-sea CO, flux (upward positive) due to different cool skin corrections.
The yellow line represents the cool skin corrected CO; flux reported by [26] which considering a
constant cool skin effect (AT = —0.17 K). The green and red lines denote the cool skin corrected CO,
flux reported by [27] considering cool skin model of [6,14], respectively.

More actions are critically needed for a better understanding of the cool skin effect, and
more observational data from high-latitude oceans may help us achieve them. Concurrent
integrated high-resolution in situ observations are still necessary as the baseline for the cool
skin pattern, as most of the ocean surface sub-layers have not been observed. Furthermore,
the satellite retrieval algorithms could be further improved to enhance the representative-
ness of the retrieved SST to the real skin temperature. Accurate estimates of ocean carbon
uptake require a more robust cool skin model that is suitable for the global ocean.
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SOM-FFN_v2021/ (accessed on 31 December 2022). The cool skin corrected air-sea CO, flux data are
available in [26,27].

Acknowledgments: We appreciate Yuanxu Dong for providing the cool skin-corrected CO, flux data
and insightful suggestions. We would like to express our gratitude to Honghai Zhang for the kind
guidance on the CO; flux calculation.

Conflicts of Interest: The authors declare no conflict of interest.

Abbreviations

The following abbreviations are used in this manuscript:

ACSPO  Advanced Clear-Sky Processor for Oceans
ACSM ACSPO Clear-Sky Mask

AHI Advanced Himawari Imager

ECMWEF  European Centre for Medium-Range Weather Forecasts
ECV Essential Climate Variable

EOV Essential Ocean Variable

ERA5 ReAnalysis 5th Generation

GDS GHRSST Data Specification

GHRSST  Group for High Resolution Sea Surface Temperature
iQuam in situ SST Quality Monitor
JAXA Japan Aerospace Exploration Agency

L3C Level 3 Collected

LHF Latent Heat Flux

LWR Longwave Radiation

NLSST Non-Linear SST

NWP Numerical Weather Prediction
ORAS5 Ocean ReAnalysis System 5
QL Quality Level

SHF Sensible Heat Flux

SIF Sea Ice Fraction

5SS Sea Surface Salinity

SST Sea Surface Temperature
STAR Centre for Satellite Applications and Research
STD Standard Deviation

SWR Shortwave Radiation

Tbulk Bulk SST

Tdepth Subsurface SST

Tekin Skin SST

Ujo 10 m Wind Speed

VZA View Zenith Angle

ATa Air-sea Temperature Difference
Appendix A

The CO; exchange across the air—sea interface could be described by a bulk flux
equation as follows:
F=k x Ko (pCOzW - pCOza) (Al)

here, F (here in mol m~2 month 1) is the air-sea CO, flux (upward positive as a following
convention). k (in cm h™1) is the gas transfer velocity of CO, described as the function of
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Schmidt number of CO; in the seawater (Sc) and Uy, adopting parameter configuration
reported in [43]. Ky (in mol L~! atm™1) is the aqueous-phase solubility of CO; in the
seawater related to SST and SSS [44]. pCO,,, and pCOy, (in patm) are the partial pressure
of CO, in water and air, respectively.

The calculation of air-sea CO, flux is highly sensitive to SST, and the modulation of
CO;, flux by the cool skin effect can be understood in the following aspects. Firstly, Sc
and Ky are functional of SST, which would change instantaneously by virtue of subtle
changes in SST considering the cool skin correction. Moreover, pCO,,, also significantly
correlated with changes in SST. According to Henry’s law [45], the total free CO, dissolved
in seawater is the product of the solubility and the partial pressure of carbon dioxide. The
equilibrium time of dissolved free CO, in seawater is rather long, taking close to a year
in the case of molecular diffusion equilibration alone. In contrast to other instantaneously
changing parameters (e.g., solubility, Schmidt number, and the gas transfer velocity), the
free dissolved CO, can be considered to remain constant with the change in seawater
temperature due to the cool skin correction [46,47]. Therefore, the dependence of pCO,,,
on temperature can be quantified as the quotient of free dissolved carbon dioxide versus
solubility, where free dissolved carbon dioxide is a constant and solubility changes with
cool skin correction.

Hence, the total CO, uptake in the global ocean can be derived from the global
integration of air-sea CO; flux. In order to eliminate the error caused by the coverage of
sea ice, the calculated CO, fluxes are modified by the ice-free factor (i.e., 1 — SIF).
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