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Fundamental and sometimes spectacular exchanges 
of mass, momentum, heat, and energy occur where 

the ocean and atmosphere meet. This region, known 
as the air-sea boundary layer, is of crucial importance 
IRU� (DUWKȇV� ZHDWKHU� DQG� FOLPDWH�� 7KHUH�� ZLQG�� ZDYHV��
and currents interact in complicated and striking ways. 
%HORZ�LV�D�UHYLHZ�RI�WKHVH�LQWHUDFWLRQV�WKURXJK�WKH�OHQV�
of their geometry, kinematics, and dynamics, including 
an overview of what the community knows, admittedly 
from a wave-centric point of view, highlights of some 
LPSRUWDQW� RSHQ� TXHVWLRQV�� DQG� D� UHFRPPHQGDWLRQ� IRU�
future observational campaigns (for more comprehensive 
UHYLHZV�VHH�0HOYLOOH�������6XOOLYDQ�DQG�0F:LOOLDPV�������
D’Asaro 2014).

Present observational capabilities

Although the oceanographic and climate communities 
now recognize that processes happening at the air-sea 
boundary layer are intrinsically coupled, observational, 
WKHRUHWLFDO�� DQG� PRGHOLQJ� H΍RUWV� KDYH� WUDGLWLRQDOO\�
focused on each of these processes independently. 
There is much that remains unknown about the 
contribution of the three-way coupling between winds, 
FXUUHQWV��DQG�ZDYHV�WR�WKH�FOLPDWH�V\VWHP��9LOODV�%¶DV�HW�

al. 2019). A schematic of this coupling is shown in Figure 
1. These interactions are intrinsically multiscale, ranging 
from millimeters for spray and capillary waves to 100s 
of kilometers for mesoscale currents, which poses a 
challenge for observations. 

At global scales, spaceborne scatterometers, altimeters, 
and radiometers have for decades provided a large-scale 
view of surface winds, sea surface height, and sea surface 
temperature. More recently, satellites using synthetic 
aperture radar (SAR) technology have not only increased 
the resolution of sea surface height measurements but 
have also made it possible to image the sea surface 
roughness and capture the signature of boundary-
layer processes such as surface waves, submesoscale 
IHDWXUHV�� DQG� ZLQG� VWUHDNV� �.XGU\DYWVHY� HW� DO�� ������
:DQJ�HW�DO��������<XURYVND\D�HW�DO���������7KH�ODXQFK�RI�
the Chinese-French Oceanography Satellite (CFOSAT) in 
2018 marked the beginning of a new era for observations 
RI� DLU�VHD� LQWHUDFWLRQV� �+DXVHU� HW� DO�� ������� ZKHUH�
IRU� WKH� ȴUVW� WLPH� LW� LV� SRVVLEOH� WR� PHDVXUH� GLUHFWLRQDO�
wave information and surface winds simultaneously at 
global scales. Nonetheless, there are still fundamental 
gaps in the present observing system that limit the 
understanding of boundary-layer processes. In particular, 
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these phenomena are strongly coupled, so there is a 
need for simultaneous co-located observations of winds, 
currents, waves, temperature, and humidity over a broad 
range of scales and environmental conditions in order to 
WHVW�H[LVWLQJ�WKHRULHV�DQG�UHȴQH��RU�UHGHȴQH�DOWRJHWKHU��
present model parameterizations.

Sea-surface geometry

2QH�RI�WKH�ȴUVW�WKLQJV�SHRSOH�QRWLFH�ZKHQ�JRLQJ�RXW�WR�VHD��
particularly if they have a sensitive stomach, is that the 
RFHDQ�VXUIDFH�LV�QRW�ȵDW��7KLV�KDV�LPSRUWDQW�LPSOLFDWLRQV�
IRU�ȵX[HV�EHWZHHQ�WKH�DLU�DQG�VHD��ZKLFK�DUH�E\�GHȴQLWLRQ�
D�IXQFWLRQ�RI�WKH�VXUIDFH�DUHD�VHSDUDWLQJ�WKH�WZR�ȵXLGV��
For example, the transfer of carbon dioxide (CO2) and 
other gases between the atmosphere and ocean is greatly 
increased by the surface area of spray and bubbles 
FUHDWHG� E\� ZDYH� EUHDNLQJ� �9HURQ� ������ 'HLNH� HW� DO��
2017b). Additionally, the geometry of the waves changes 

KRZ�PRPHQWXP� LV� ȵX[HG� IURP� WKH�ZLQG� WR� WKH�ZDWHU��
7KDW� LV��ZKLOH� LW� LV� VRPHZKDW� LQWXLWLYH� WKDW�ZLQGV�D΍HFW�
VXUIDFH�ZDYHV��ZDYHV�FDQ�DOVR�D΍HFW�WKH�ZLQG�VWUHVV�E\�
PRGXODWLQJ�WKH�VHD�VXUIDFH�URXJKQHVV��(GVRQ�HW�DO��������

:DYHV� DUH� VWURQJO\� D΍HFWHG� E\� FXUUHQWV�� ZKLFK� FDQ�
PRGXODWH� WKHLU� IUHTXHQF\�� GLUHFWLRQ�� DQG� DPSOLWXGH�
(Phillips 1977). Thus, wave-current interactions play a 
fundamental role in the geometry of the sea surface. 
Although surface waves are often regarded as noise in 
most remote sensing measurements, the signature of 
currents on waves encodes important information that 
can be used to infer properties of the underlying current 
ȴHOG��7KLV�LV�DQ�LGHD�WKDW�KDV�EHHQ�DURXQG�IRU�GHFDGHV��H�J���
6WHZDUW� DQG� -R\� ������ 3KLOOLSV� ������� +RZHYHU�� GHVSLWH�
the maturity of some of these theoretical ideas, there is 
currently no systematic way of using wave measurements 
to infer information about the currents. This inverse 
SUREOHP�UHPDLQV�YHU\�PXFK�DW�WKH�IRUHIURQW�RI�WKH�ȴHOG�

Figure 1.�$�VFKHPDWLF�RI�WKH�IXOO�WZR�ZD\�FRXSOLQJ�EHWZHHQ�ZLQG��ZDYHV��DQG�FXUUHQWV�FRQVLGHUHG�LQ�WKLV�SDSHU��([DPSOHV�RI�WKHVH�LQWHUDFWLRQV�
are indicated, with the color corresponding to the direction of interaction indicated by the prism



20

U S  C L I V A R  V A R I A T I O N S

US CLIVAR VARIATIONS   •   Fall 2021   •   Vol. 19, No.1 20

As new remote sensing technologies to measure ocean 
surface emerge, there is an increasing need to better 
understand and characterize the impact of waves on 
UDGDU� DQG� OLGDU� PHDVXUHPHQWV�� -XOHV� &KDUQH\� RQFH�
remarked that the ocean surface does not really “look the 
same upside-down,” which is due to the fact that ocean 
ZDYHV�KDYH�SRLQWLHU�FUHVWV�DQG�ȵDWWHU�WURXJKV��/DXJKWRQ�
et al. 2010). This implies that for nadir altimeters 
PRUH� UDGDU� SRZHU� LV� UHȵHFWHG� EDFN� IURP� WKH� WURXJK�
of waves than the crests, giving rise to the so-called 
HOHFWURPDJQHWLF��(0��ELDV��)X�DQG�*OD]PDQ�������0HOYLOOH�
et al. 1991). Theoretical models of this bias predict a linear 
UHODWLRQVKLS� EHWZHHQ� WKH� (0� ELDV� DQG� WKH� VLJQLȴFDQW�
ZDYH� KHLJKW�� +RZHYHU�� RWKHU� FKDUDFWHULVWLFV� RI� WKH� VHD�
state, such as the degree of wave development (wave 
age), the wind speed, and the direction of the waves, also 
FRQWULEXWH�WR�WKH�(0�ELDV��0HOYLOOH�HW�DO���������7KXV��DV�
VDWHOOLWH�DOWLPHWHUV�HYROYH�WRZDUGV�UHVROYLQJ�ȴQHU�VSDWLDO�
VFDOHV�� SUHFLVH� NQRZOHGJH�RI� WKH�ZDYH� ȴHOG�ZLOO� EH� NH\�
to understanding how surface waves contribute to the 
error budget of sea surface height measurements.

In the context of the upcoming Surface Water and Ocean 
Topography mission (SWOT, Morrow et al. 2019), other 
errors related to the sea surface geometry will also be 
LPSRUWDQW�� 6:27� ZLOO� EH� HTXLSSHG� ZLWK� D� ZLGH� VZDWK�
SAR altimeter that will measure the sea surface height 
at an order of magnitude higher spatial resolution than 
SUHVHQW� DOWLPHWHUV�� %HFDXVH� WKH� IRRWSULQW� RI� 6:27�ZLOO�
be comparable to the wavelength of surface waves, 
QRQ�OLQHDU� H΍HFWV� FDQ� UHVXOW� IURP� PXOWLSOH� SRLQWV�
at the sea surface that are within the same radar 
range mapping into a single point, a phenomenon 
NQRZQ� DV� WKH� VXUIERDUG� H΍HFW� �3HUDO� HW� DO�� ������

Another aspect of surface waves that deserves particular 
DWWHQWLRQ� LV� WKDW� WKH�ZDYH�ȴHOG� LV�KLJKO\�GLUHFWLRQDO�DQG�
DQLVRWURSLF� �/RQJXHW�+LJJLQV� ������ /HQDLQ� DQG�0HOYLOOH�
������ 5RPHUR� ������� 0HDVXUHPHQWV� IURP� QDUURZ�
VZDWK� LQVWUXPHQWV� H΍HFWLYHO\� WDNH� D� �'� VOLFH� WKURXJK�
WKH� �'� ZDYH� ȴHOG� ZKLFK� FDQ� DOLDV� ZDYH� HQHUJ\� RQWR�
ORZHU� ZDYHQXPEHUV� DQG� IUHTXHQFLHV�� 5HFHQWO\�� <X� HW�
DO�� ������� LQYHVWLJDWHG� WKLV� H΍HFW� RQ� VHD� VXUIDFH�KHLJKW�

PHDVXUHPHQWV� IURP� WKH� ΖFH�� &ORXG� DQG� ODQG� (OHYDWLRQ�
6DWHOOLWH� �Ζ&(6DW���� DQG� HPSKDVL]HG� WKH� LPSRUWDQFH� RI�
directional wave information to interpret the sea surface 
height signal at scales shorter than the mesoscale. 
Many of the implications that waves have for remote 
sensing depend on details of the sea surface geometry 
that are more complex than what is captured by bulk 
ORZ� RUGHU� SDUDPHWHUV� VXFK� DV� VLJQLȴFDQW� ZDYH� KHLJKW�

What we do not know. Physically, there is still much to 
learn about the volume of air entrained due to wave 
EUHDNLQJ� �VHH�� IRU� H[DPSOH�� %UXPHU� HW� DO�� ������ DQG�
how this modulates gas transfer at the ocean surface. 
Additionally, modern research on wave generation by 
wind has moved away from drag law parameterizations 
and has instead focused on elucidating particular 
PHFKDQLVPV� RI� ZDYH� JHQHUDWLRQ� �-DQVVHQ� ������ *UDUH�
HW� DO�� ������ %XFNOH\� DQG� 9HURQ� ������� +RZHYHU�� WKHUH�
is still considerable uncertainty for momentum and 
gas transfer at the ocean surface, while the two-way 
coupling between wind and waves remains an open 
TXHVWLRQ�� 0RUH� SUDFWLFDOO\�� LW� UHPDLQV� XQFOHDU� KRZ�
the sea state (beyond the bulk parameters), and in 
SDUWLFXODU� ZDYH� EUHDNLQJ�� D΍HFWV� WKH� IUHH� VXUIDFH�
JHRPHWU\� DQG� KRZ� WKLV� PRGLȴHV� PHDVXUHPHQWV� IURP�
remote sensing instruments, such as radar and lidar.

Kinematics

:DYH� H΋HFWV� RQ� FXUUHQWV�� 7KH� SDUWLFOH� WUDMHFWRULHV� RI�
irrotational surface waves are not closed, but slightly 
open, leading to a net transport in the direction of 
wave propagation known as Stokes drift. This, together 
ZLWK� ZDYH� EUHDNLQJ� �'HLNH� HW� DO�� ����D�� 3L]]R� HW� DO��
2019), forms the wave-induced mass transport at 
the ocean surface. The current induced by waves can 
RIWHQ� H[FHHG� (NPDQ� FXUUHQWV� DQG� LV� DQ� LPSRUWDQW�
component of the total surface current velocity, which 
LV� HVVHQWLDO� IRU� WUDQVSRUWLQJ� MHWVDP�� ȵRWVDP�� SODVWLFV��
pollutants, algae, and ice (van Sebille et al. 2020). 

&XUUHQW� H΋HFWV� RQ� ZDYHV� Surface waves not only 
generate currents but also interact with existing currents. 
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For slowly-varying currents, the 
kinematics of this interaction are 
well-known and can be described 
by geometrical optics. Perhaps the 
PRVW� LQWXLWLYH� H΍HFW� WKDW� FXUUHQWV�
have on waves is through their 
Doppler shift in the wave dispersion 
relationship. In the presence of 
currents, the wave energy is no longer 
conserved due to the exchanges of 
energy between currents and waves. 
Instead, the wave action, the ratio 
between the wave energy and the 
LQWULQVLF� IUHTXHQF\� RI� WKH� ZDYHV�� LV�
conserved.  Waves propagating over 
an opposing current will experience 
DQ� LQFUHDVH� LQ� IUHTXHQF\�� ZKLFK�
leads to a corresponding increase 
in wave energy in order for action to be conserved (the 
RSSRVLWH� LV� WUXH�IRU�FR�ȵRZLQJ�FXUUHQW�DQG�ZDYHV���7KLV�
PRGXODWLRQ� RI� WKH� ZDYH� IUHTXHQF\� DQG� ZDYHQXPEHU�
by currents shows up in radar and optical imagery as a 
deviation from the linear dispersion relationship, and it 
can be used to estimate current magnitude and direction. 
7KLV� WHFKQLTXH� KDV� EHHQ� DSSOLHG� WR� ȴHOG� DQG� DLUERUQH�
measurements as well as sparse images from optical 
satellites (e.g., Sentinel-2), but the technology necessary 
to measure surface currents globally has yet to be 
implemented. A step in this direction was taken with the 
conceptualization of the ocean Surface TRansport, kinetic 
(QHUJ\�� $LU�VHD� ȵX[HV� DQG� 0L[LQJ� �675($0�� PLVVLRQ��
+RZHYHU��WKHUH�DUH�QR�FXUUHQW�SODQV�WR�ȵ\�VXFK�D�PLVVLRQ�

In the same way that gradients in the water depth 
cause waves approaching the shore to change direction 
(refract), horizontal current gradients can change the 
wavenumber and direction of waves. These changes 
in wave direction ultimately result in convergences 
and divergences of wave action that can lead to spatial 
gradients in wave height, slope, and breaking statistics 
(Figure 2). Descriptions of the relationship between 
vertical vorticity and the curvature of individual ocean 
ZDYH� UD\V� GDWH� EDFN� WR� .HQ\RQ� �������� <HW�� LW� LV� RQO\�

recently that studies based on numerical modeling 
and remote sensing observations have shown that the 
VSDWLDO�YDULDELOLW\�RI�WKH�VXUIDFH�ZDYH�ȴHOG�DW�PHVRVFDOHV�
is dominated by the spatial variability of currents. More 
VSHFLȴFDOO\��WKHRUHWLFDO��H�J���9LOODV�%¶DV�DQG�<RXQJ��������
QXPHULFDO��H�J���5RPHUR�HW�DO��������9LOODV�%¶DV�HW�DO��������
0DUHFKDO�DQG�$UGKXLQ��������DQG�REVHUYDWLRQDO��4XLOIHQ�
HW�DO��������4XLOIHQ�DQG�&KDSURQ�������VWXGLHV�IRFXVLQJ�RQ�
swell-type waves have found that surface wave properties 
are most sensitive to current vorticity and that refraction 
is the main mechanism controlling the spatial variability 
of wave heights. Meanwhile, models suggest that short 
wind-waves (O(1) m), which are the main contributor to 
WKH�PHDQ�VTXDUH�VORSH�DQG�VHD�VXUIDFH�URXJKQHVV��PD\�
EH� PRUH� LQȵXHQFHG� E\� FXUUHQW� GLYHUJHQFH� DQG� VWUDLQ�
�5DVFOH�HW�DO��������������/HQDLQ�DQG�3L]]R��������'HVSLWH�
WKLV�FRPSHOOLQJ�HYLGHQFH�IRU�WKH�VWURQJ�H΍HFWV�RI�FXUUHQWV�
on waves across various scales, operational wave 
models are still routinely run without current forcing.

&XUUHQW�H΋HFWV�RQ�ZLQGV� Surface currents modify work 
done by the winds on the ocean, as it is the relative velocity 
of the wind that enters the wind-work formulation, not 
its absolute value. The wind work is key for the kinetic 
HQHUJ\��.(��EXGJHW�RI�WKH�RFHDQ��KDYLQJ�LPSOLFDWLRQV�IRU�

Figure 2.�3KRWRJUDSK�WDNHQ�IURP�DQ�DLUSODQH�R΍�WKH�FRDVW�RI�&DOLIRUQLD�VKRZLQJ�DQ�DUHD�
of enhanced wave breaking in the upper right corner due to wave-current interaction. 
The horizontal length scale of the image is on the order of a kilometer. Photograph 
courtesy of Nick Statom, Scripps Institution of Oceanography.
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near-inertial oscillations, mesoscale eddies, and the mean 
ocean circulation. Results based on coupled numerical 
models and remote sensing observations (Renault et 
DO��������-XOLHQ�HW�DO��������KDYH�VKRZQ�WKDW�WKLV�FXUUHQW�
IHHGEDFN� UHSUHVHQWV� D� VLQN� RI� HGG\� .(� �(.(�� IURP� WKH�
ocean to the atmosphere, acting as an "eddy-killer," and 
there are suggestions that the two-way coupling between 
RFHDQ�DQG�DWPRVSKHUH�D΍HFWV�WKLV�(.(�VLQN� �5HQDXOW�HW�
DO��������)OH[DV�HW�DO���������7KHVH�UHVXOWV�XQGHUOLQH�WKH�
importance of considering the relative wind in numerical 
models, including in wave models (Rapizo et al. 2018), and 
show a need for simultaneous measurements of ocean 
vector winds and total surface current in order to better 
FRQVWUDLQ�WKH�RFHDQ�.(�EXGJHW��$OWKRXJK�ZH�KDYH�GHFDGHV�
of global ocean surface vector wind measurements, 
the currents used to compute the wind work are often 
geostrophic currents estimated from satellite altimetry, 
ZKLFK�FDQQRW�EH�HVWLPDWHG�QHDU� WKH�HTXDWRU��DUH� IDLUO\�
limited in spatial resolution (100s of kilometers), and 
only account for part of the total surface current.

What we do not know. An important practical and 
physical problem for understanding the kinematics of 
WKHVH� LQWHUDFWLRQV� LQYROYHV� WKH� FXUUHQW� VKHDU� SURȴOH��
Information about the current’s vertical structure would, 
for example, allow one to map surface measurements of 
the current to its behavior at depth. There is indication 
that wave measurements help better understand this 
inverse problem, but considerable practical barriers 
H[LVW�� LQFOXGLQJ� TXDQWLI\LQJ� WKH� XQFHUWDLQW\� LQ� WKH�
inversion process (Campana et al. 2017) and the 
LQWHUHVWLQJ�TXHVWLRQ�RI�ZKHWKHU�RU�QRW�FULWLFDO�OD\HUV��L�H���
DUHDV�RI�WKH�ȵRZ�ZLWK�VSHHGV�HTXDO�WR�WKH�SKDVH�YHORFLW\�
of a surface gravity wave) exist in the water for very 
short waves. Additionally, there are theoretical features 
of wave-current interaction that are only now being 
constrained, including their two-way coupling (Phillips 
������0F:LOOLDPV� HW� DO�� ������0F:LOOLDPV� ������ 6X]XNL�
������3L]]R�DQG�6DOPRQ��������ΖQ�RUGHU�WR�YDOLGDWH�WKHVH�
problems, concurrent measurements of the wind, waves, 
DQG�FXUUHQWV��DQG�LQ�SDUWLFXODU��WKH�FXUUHQW�GHSWK�SURȴOHV��
PXVW�EH�FRQGXFWHG�Ȃ�D��SULPDU\�DLP�RI�WKH�1$6$�6�02'(�
(DUWK�9HQWXUH�6XERUELWDO��� �)DUUDU�HW�DO���������7KHUH� LV�

H[FLWHPHQW�WKDW�D�ȵHHW�RI�XQFUHZHG�SODWIRUPV��WRJHWKHU�
with state-of-the-art in-situ and airborne measurements 
RI� VXUIDFH� ZLQG�� FXUUHQWV�� DQG� ZDYHV�� PLJKW� EH� D� ȴUVW�
step in making progress on this important problem.

Dynamics

+HDW�LV�D�IRUP�RI�HQHUJ\�DQG��WRJHWKHU�ZLWK�&22, is among 
the most relevant variables to track in our warming 
planet. The ocean acts as a massive solar panel, absorbing 
DURXQG�����RI�WKH�KHDW�LPEDODQFH�LQ�WKH�(DUWK�V\VWHP��
The ocean also takes up ~30% of the CO2 that is released 
in the atmosphere, through both the physical and the 
ELRORJLFDO�FDUERQ�SXPS��6DUPLHQWR�DQG�*UXEHU��������7KH�
dynamical budget of heat and carbon is strongly mediated 
E\�ȵX[HV�WKDW�KDSSHQ�DW�WKH�DLU�VHD�ERXQGDU\�OD\HU�DQG�
are controlled by processes that mix these properties 
from the upper ocean down to the ocean interior. Thus, 
processes that contribute to vertical transport and 
PL[LQJ� DUH� RI� FUXFLDO� LPSRUWDQFH� IRU� (DUWKȇV� FOLPDWH�

0RVW�RI�WKH�HQHUJ\�WKDW�LV�WUDQVPLWWHG�WR�WKH�ZDYH�ȴHOG�
by the wind is locally converted into turbulent mixing and 
heat and sound generation, predominantly accomplished 
by wave breaking (Melville 1996). Some of this energy 
generates the so-called “wind-driven” currents. Wave 
EUHDNLQJ� GLUHFWO\� D΍HFWV� GLVVLSDWLRQ� LQ� WKH� XSSHU� OD\HU�
of the ocean (D’Asaro 2014). This is parameterized 
by an eddy viscosity, which implies that waves could 
D΍HFW�ODUJHU�VFDOH�SURFHVVHV�OLNH�(NPDQ�ȵRZ��7KH�GLUHFW�
H΍HFWV�RI�VXUIDFH�ZDYHV�RQ�ODUJHU�VFDOH�ȵRZ�DUH�VWLOO�DQ�
RSHQ�TXHVWLRQ��EXW�WKHUH�LV�WKHRUHWLFDO� �0F:LOOLDPV�DQG�
5HVWUHSR�������6KULUD�DQG�$OPHODK�������DQG�QXPHULFDO�
�/HZLV�DQG�%HOFKHU�������6XOOLYDQ�HW�DO��������6XOOLYDQ�DQG�
0F:LOOLDPV�������HYLGHQFH�WKDW�VXUIDFH�ZDYHV�FDQ�D΍HFW�
currents at much larger scale than the waves themselves.

Wave breaking also introduces vorticity into the 
ocean. This vorticity then interacts with the Stokes 
drift, generating Langmuir circulation and Langmuir 
turbulence, which mixes the upper ocean and deepens 
the mixed layer. Note, the vertical shear of the Stokes 
drift shows up in the turbulent kinetic energy budget, 
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not the Stokes drift itself. This upper-ocean mixing sets 
WKH� WHPSHUDWXUH� GL΍HUHQFH� EHWZHHQ� WKH� DLU� DQG� VHD� Ȃ�
D� FUXFLDO� YDOXH� IRU� FRXSOHG� DLU�VHD� PRGHOV�� +RZHYHU��
numerical models represent unresolved processes 
that control vertical mixing through parametrization 
schemes that often do not explicitly take into account 
WKH� H΍HFWV� RI� VXUIDFH� ZDYHV�� 2EVHUYHG� ELDVHV� LQ� WKH�
mixed-layer depth in a number of climate models 
�9HUG\� HW� DO�� ������ /L� HW� DO�� ������ VXJJHVW� WKDW� WKHUH�
could be processes relevant for turbulent mixing 
that have been ignored in most parameterizations 
of the mixed layer. Despite the obvious importance 
of these processes, the details of these phenomena 
remain poorly understood, as discussed below.

Finally, the characteristics of winds, waves, and currents 
vary strongly geographically and seasonally. Local 
FKDQJHV� LQ�ZLQGV�PRGXODWH� WKH�ZDYH�ȴHOG��ZKLFK�PD\��
LQ� WXUQ�� D΍HFW� PL[HG� OD\HU� GHSWKV� WKURXJK� HQKDQFHG�
mixing due to the Langmuir turbulence mentioned 
above. This can, for example, lead to deeper mixed 
layers and stronger submesoscale activity, whereas in 
the absence of wave-induced turbulence, shallower 
PL[HG�OD\HUV� ZLWK� VWURQJ� VWUDWLȴFDWLRQ� DW� WKHLU� EDVH�
may encourage internal wave generation and inhibit 
the vertical motions associated with (horizontally 
GLYHUJHQW�� VXEPHVRVFDOH� FXUUHQWV�� +HQFH�� WR� EHWWHU�
understand processes such as internal waves and 
submesoscale fronts, we must better constrain the 
impact of wave-driven mixing to upper ocean dynamics.

What we do not know. The so-called Craik-Leibovich (CL) 
HTXDWLRQV� JRYHUQLQJ� /DQJPXLU� FLUFXODWLRQV�WXUEXOHQFH�
KDYH�QRW�EHHQ�YDOLGDWHG�DJDLQVW�ODERUDWRU\�ȴHOG�GDWD�LQ�
a meaningful way, leaving their applicability uncertain. 
In general, they are found to reduce the bias between 
modeled mixed-layer depths and observations, but 
the detailed comparisons between model output and 
observations from a controlled environment remain 
scarce. This is because there are only a very small number 
of observations of mixed layer deepening on the space 
and time scales necessary to resolve the genesis and 
HYROXWLRQ�RI�WKH�SURFHVV��6PLWK�������*UDUH�HW�DO���������

$GGLWLRQDOO\�� WKHVH� OLPLWHG� REVHUYDWLRQV� H[LVW� IRU� MXVW� D�
IHZ� HQYLURQPHQWDO� FRQGLWLRQV�� 7KLV� UHSUHVHQWV� D�PDMRU�
JDS� LQ�RXU� NQRZOHGJH�� SDUWLFXODUO\� DV� WKH�&/� HTXDWLRQV�
are being more commonly employed in coupled air-
sea boundary layer models of weather and climate.
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the caveats discussed above. The Earth system response 
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GHFDGH� �H�J��� 5RGULJXH]� HW� DO�� ������ *HQWHPDQQ� HW�
al. 2020). Crucially, the geometry, kinematics, and 
dynamics of wind, waves, and currents need to be 
simultaneously measured across a broad range of scales 
and environmental conditions for progress to be made. 

Interactions between wind, waves, and currents play a 
PDMRU�UROH�LQ�WKH�H[FKDQJH�RI�PRPHQWXP��KHDW��HQHUJ\��
and gases between the ocean and the atmosphere. 
To push the envelope of weather forecasting, climate 
SUHGLFWLRQV�DQG�SURMHFWLRQV��DQG�GHVLJQLQJ�RI�PLWLJDWLRQ�
and adaptation strategies in response to climate change, 
UHTXLUHV� XQGHUVWDQGLQJ� WKH� SK\VLFDO� SURFHVVHV� WKDW�
control air-sea exchanges in order to properly parametrize 
them in numerical models. Dedicated process studies 
in the fashion of the upcoming Submesocale Ocean 
'\QDPLFV� ([SHULPHQW� �6�02'(�� ZLOO� EH� SLYRWDO� WR�
fostering the development of coupled atmosphere-wave-
ocean models and to better constrain the parameter 
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