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The occurrence of coastal upwelling is influenced by the intensity and duration
of sea surface wind stress and geophysical components such as vertical
stratification, bottom topography, and the entrainment of water masses. In
addition, strong alongshore currents can drive upwelling. Accordingly, this
study analyzes how wind stress and ocean currents contribute to changing
coastal upwelling along the southwest coast of the East Sea (Japan Sea), which
has not yet been reported quantitatively. This study aims to estimate each
geophysical factor affecting upwelling processes using the Upwelling Age
index. The index assesses the major contributors to the upwelling process
using the relationship between physical forcing and upwelling water fraction
estimated from shipboard hydrographic data from January 1993 to October
2018. These findings reveal that wind-driven upwelling was dominant off the
northern coast. In contrast, current-driven upwelling prevailed off the southern
coast. These results suggest that persistent alongshore currents through the
Korea Strait make the southern region a prolific upwelling area. Accordingly, it
can shed light on the mechanisms of coastal upwelling in the study area, whichis
crucial for understanding the influence of physical forces on ocean ecosystems.
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1 Introduction

Coastal upwelling resulting from alongshore wind stress causes the
offshore Ekman transport of surface waters (Huyer, 1983; Lentz and
Chapman, 2004; Estrade et al., 2008; Jacox and Edwards, 2011). The
occurrence of this phenomenon is primarily related to the strength and
duration of the alongshore wind stress. Moreover, such upward
onshore flow transports nutrient-rich water from the subsurface
layer into the euphotic layer and stimulates the growth of
phytoplankton and zooplankton (Lentz and Chapman, 2004; Chen
etal,, 2013; Shin et al,, 2017). Coastal upwelling promotes the growth of
certain species in unfavorable environments because of the sudden
drop in water temperature (Alvarez et al,, 2010). In the southwestern
East Sea (Japan Sea; ES hereafter), coastal upwelling occurs with
southerly winds during the summer (Seung, 1974; Lee, 1983; Lee and
Na, 1985; Lee et al., 1998). From July to August, the East Asian Summer
Monsoon system maintains a southerly or southwesterly wind flow
that is responsible for coastal upwelling along the east coast of Korea,
whereas northerly and northwesterly winds prevail in the winter (Lee,
1983; Lee and Na, 1985; Yoo and Park, 2009). Suh et al. (2001) reported
that when southerly winds blow at speeds of approximately 3-5 m s™',
the water temperature is generally reduced by 1-3°C and 2-7°C,
respectively. Strong southerly winds of more than 6 m s cause an
extreme drop in water temperature along the east coast of Korea,
leading to upwelling in just one day (Lee et al.,, 1998).

However, numerous factors are related to coastal upwelling
intensity. Kim and Kim (2008) suggested that wind stress, adjacent
bathymetry structure, and coastline orientation are the dominant
factors contributing to the occurrence of coastal upwelling based on
numerical model experiments. Furthermore, Ji et al. (2019)
suggested the importance of cross-shore transport caused by the
alongshore current using a scale analysis of the Gampo-Ulgi (GU)
(Figure 1). Even if the upwelling-favorable wind is no longer
present, the persistent alongshore current maintains the surface
cold water for a couple of weeks along the southern coast of Korea
(Jung and Cho, 2020). Lentz and Chapman (2004) described that
the vertical velocity structure of upwelling and forces governing the
compensational flow of offshore surface currents could be altered by
the stratification intensity represented by the Burger number.

As shown in Figure 1, the east coast of Korea is influenced by a
branch of the Kuroshio Current, the East Korea Warm Current
(EKWC). The EKWC is transported through the Korea Strait and is
analogous to the Western Boundary Current (WBC). The volume
transport of the EKWC is approximately 1.5 Sv, which accounts for
approximately 60% of the entire transport through the strait and
gradually augments during the upwelling-favorable wind-blowing
season (Chang et al, 2002; Kim et al, 2004). The EKWC causes
current-driven upwelling; however, how the alongshore current
influences the development of coastal upwelling in the southwest ES
is not addressed. Therefore, this study aims to (1) estimate the impact
of each geophysical factor by investigating the effect of upwelling index
usage and (2) explain the results obtained by the analysis of the index in
terms of dynamics.

Many indices have been used to predict upwelling events, such
as the index using wind stress (Bakun, 1975). The index
incorporates wind and ocean properties, such as sea surface
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temperature (Garcia-Reyes et al,, 2014), that relate the dynamics
and structure of the cross-shelf circulation to stratification,
bathymetry, and wind stress (Lentz and Chapman, 2004; Jacox
and Edwards, 2011), or that characterize upwelling more
completely from theory (Rossi et al., 2013) and model output
(Jacox and Edwards, 2011; Jacox et al, 2018). In this study, we
used an index named “Upwelling Age (UA)” (Jiang et al,, 2012),
which was improved by Chen et al. (2013), to understand upwelling
occurrences and quantify the contribution of factors to coastal
upwelling. The index is a non-dimensional number defined as the
ratio of two different time scales: the wind event and the advection
time scale (Jiang et al., 2012). The wind event time scale (i.e., wind
duration) is a concept of how long the upwelling-favorable wind
persists. In contrast, the advection time scale represents the time at
which the water column is advected from the bottom layer to the
surface layer. Thus, this index may be the most appropriate for
analyzing different geophysical forcings for upwelling events.

To examine the upwelling processes, driven either by winds or
currents, we first examined UA at 23 stations at regular latitudinal
distances (approximately 16 km) along the east coast of the Korean
Peninsula (Figure 1). Subsequently, the most determinant
components at each station were quantitatively evaluated and
compared with long-term in situ observations. The rest of this
article is organized as follows: the data sources and analytical
methods are described in Section 2. For the specific results, a
temporal consistency comparison between UA and the water
temperature measurements and geophysical contributors to UA is
evaluated in Sections 3.1 and 3.2. In Section 3.3, the fraction of
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FIGURE 1

Study area based on topography derived from GEBCO and shown
with contours. Black dots indicate designated stations, and red
triangles represent observation stations (Ulsan [SO3], Pohang [SO7],
Hupo [S10], and Mukho [S16]). Black lines show the cross-shore
direction at each station. Orange dots are bimonthly repeated
shipboard observation stations by the National Institute of Fisheries
Science. Red and blue arrows indicate the mean flow defined as the
East Korea Warm Current (EKWC) and North Korea Cold Current
(NKCC), respectively. The SO3 and S04 are known as Gampo-Ulgi
(GU). The regions with white hash patterns off the coast of SO1
through SO5 are defined as the southern regions of the study area,
whereas other stations are defined as the northern regions.
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upwelled water masses estimated by water mass analysis is directly
compared to the intensity of upwelling-favorable wind and
alongshore currents. The dynamics of wind- and current-driven
upwelling are discussed in Section 4, and the results discussed in
Section 3 are explained in terms of physical oceanography. To
examine geostrophic current-induced upwelling processes,
barotropic and baroclinic conditions were considered in Sections
4.1 and 4.2. The wind- and current-induced upwelling processes are
further discussed based on the Burger number (S) in Section 4.2.
The overall findings are summarized in Section 5.

2 Materials and methods
2.1 Data sources

To investigate coastal upwelling processes along the east coast
of Korea, datasets (alongshore wind stress, bottom topography, and
vertical density structure) were obtained to estimate UA from
January 1993 to October 2018. Wind stress was estimated from
the ERA-Interim 10-m wind data provided by the European Center
for Medium-Range Weather Forecasts (ECMWF) with a spatial
resolution of 0.75° (https://www.ecmwf.int). The shelf slope was
estimated using the General Bathymetric Chart of the Oceans
(GEBCO) bathymetry data, which is a 15-arcsecond global terrain
model of the Earth’s surface that integrates land topography and
ocean bathymetry (https://www.gebco.net). In addition, the mixed
layer depth (MLD) was calculated according to Kara et al. (2000),
and the thermocline depth (TCD) was defined as the depth at which
the temperature gradient was the largest below the MLD, using
three-dimensional temperature structures obtained from daily
Hybrid Coordinate Ocean Model (HYCOM) data with a spatial
resolution of 1/12° (https://www.hycom.org).

In addition, we validated the temperature drop caused by coastal
upwelling using in situ datasets. Sea surface temperature measurements
were obtained at four observation stations (Mukho, Hupo, Pohang, and
Ulsan) along the coastline. The datasets obtained from the Korea
Hydrographic and Oceanographic Agency are available at http://
www.khoa.go.kr/koofs/kor/observation/obs_real.do. Long-term
bimonthly shipboard hydrographic data, observed and provided by
the National Institute of Fisheries Science (available at https://
www.nifs.go.kr/kodc/index kodc), were used to estimate the upwelled
water fraction. We performed additional quality control on the water
temperature measurements and estimated the daily water temperature
to match the time resolution of the UA. A 5-day running average was
performed to eliminate high-frequency variability (Kimpf and
Chapman, 2016). Observations from the Korea Hydrographic and
Oceanographic Agency and the National Institute of Fisheries Science
were from January 1993 to October 2018.

2.2 Estimation of UA

Jiang et al. (2012) and Chen et al. (2013) used a numerical
model to validate UA. Based on Chen et al. (2013), we calculated the
UA for regions along the east coast of Korea using satellite and
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reanalysis datasets. Figure 2 shows a conceptual schematic of the
UA. UA (I) is defined as:

= Lyind (1)
tad
where t,,,,4 is the time scale for the duration of an upwelling-
favorable wind, and f,; represents advection time. According to
Chen et al. (2013), the advection time scale t,; can be scaled as

_ pfd(Hy-H,) H;-H,
tad = +
oT w

, )

where the first term is the climbing time scale and the second
term is the upwelling time scale. The former refers to the time it
takes for cold water to ascend the slope from the thermocline to the
transient depth, and the latter refers to the time it takes for cold
water to move up from the transient depth to the surface. The
factors that make up these two time scales determine the advection
time and are the main factors that determine the occurrence of
upwelling along with the duration of the wind. In Eq. 2, the
climbing time scale is a function of water density (p), Coriolis
parameter (f), bottom layer thickness (d), alongshore wind stress (7
), bottom slope (), depth of the thermocline (Hy), and the switch-
over depth between the climbing and upwelling processes
(transition depth, H;). The upwelling time scale consists of the
transition depth, sea surface (H,), and average vertical velocity over
the upwelling region (W). d = w\/2A,/f and W = 7/(pfL), where
A, =0.017/(pf) is the vertical eddy viscosity and L = 0.757(
V2A,/f)/ e is the cross-shore length scale of upwelling, which
are empirical formula proposed by Chen et al. (2013).

Ultimately, the UA is expressed as a non-dimensional index.
Whereas I" > 1 results in an adequate accumulation of upwelled
water at the coast and thus a large offshore transport forms a surface
front, I" < 1 results in no front forms owing to a lack of overturning
(Jiang et al., 2012; Chen et al,, 2013). To calculate the alongshore
wind stress (7), the wind data at each station were decomposed into
alongshore and cross-shore components. In addition, the shelf
slope, o, was calculated as the ratio of the depth of 200 m to the

Constant southerly wind

® Twind stress

Near Surface H2

coast offshore

FIGURE 2
Schematic diagram of the wind-driven upwelling process and
advection time (1,4) in the Northern Hemisphere.
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distance between the coastline (0 m depth) and 200 m depth along
the cross-shore line (black lines in Figure 1).

2.3 Multiple linear regression

Although UA is ideally defined using analytical equations,
determining the contribution of each geophysical factor (input or
predictor of UA) is challenging because the form of the analytical
equations (Eqgs. 1 and 2) is quite complex, especially when
estimating the “independent” contribution of each input. By
contrast, in a simple linear equation, the contribution and
sensitivity of each factor do not depend on other factors. Thus,
the independent contributions can be easily determined.

A complex analysis using machine learning (Jebri et al., 2022)
requires big data to train the model, and the complexity of the
model is high. Therefore, we projected the UA calculated using the
original equations (Egs. 1 and 2) into linear equations via multiple
linear regression (MLR). To quantify the contribution of four
geophysical factors (¢4, T, MLD, and TCD) to the upwelling
occurrence, a multivariable linear regression model was applied
according to the following formula:

I =By + Bitying + BT+ BsMLD + B,TCD + ¢, (3)

where I' is the dependent variable calculated from the equations
in the previous section, MLD = H, — H,, and TCD = H; — H,. The
parameter f3, is a constant, f3, --- B, are the regression coefficients
for the independent variables, and € is the error term.

Predictors in the MLR model must be independent of each other to
yield correct results. We tested this for each predictor by calculating the
variance inflation factor (VIF), which is an indicator of strong
correlations between predictors; a VIF<10 indicates no strong
relationship between the independent variables (Robinson and
Schumacker, 2009). All input variables used in the MLR model did
not have multicollinearity (VIF<10) and thus no significant
dependency each other. The predictors used in MLR are not
independent of one another regarding physics. In particular, MLD
and TCD depend on the wind (f,,,; and 7); vertical mixing that
determines MLD is predominantly forced by wind at the surface layer,
and TCD is controlled by the wind as a consequence of upwelling.
Nevertheless, in our study area, we observed no statistical dependency
issues between the predictors used in MLR, implying that the
predictors can be considered independent parameters in terms of
statistics. We suspect that the independence between the predictors
implies a predominance of unresolved forcing by the UA (Eq. 2), such
as atmospheric forcing (heating and cooling) or a current-driven effect
that may significantly influence determining the vertical density
structure than mixing caused by wind.

The proportional reduction of error (PRE) was used to evaluate
the relative contribution of a predictor to the model using the
following equation (Judd et al., 2011; Park et al,, 2019):

PRE; = (gtaml - gi)/gtotal*looa (4)

where &, is the error in the model computed over all
independent variables, &; is the error in the calculated model after
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excluding a particular independent variable, and the subscript i
represents the index for each predictor (i can be t,,,,, T, MLD, or
TCD). The PRE allows the relative contribution of each
independent variable to the total proportional reduction of the
error to be calculated.

2.4 Water mass analysis to estimate the
fraction of upwelled water mass

The fraction of upwelled water mass was estimated using the
Expanded Optimal Multi-Parameter (EOMP) method and
compared to physical environments such as upwelling-favorable
wind stress and alongshore current intensity. The EOMP method
calculates the fractions of specified source water masses in an
observation using mixing equations. We defined four water
masses in the study area: Surface Saline warm Water (SSW),
Surface Fresh warm Water (SFW), Deep cold Eutrophic Water
(DEW), and Deep cold Oligotrophic Water (DOW). The governing
equations are as follows:

Tssw Tspw Tpew 0
wy
Sssw Ssew SpEw 0
L)
[NOsJssw  [NOslspw  [NOs]pgw 16
w3
[PO4Jssw  [POulsew  [POuslppw 1
. . . Wy
[SiO4]ssw [SiO4]spw  [SiO4lppw 16
AP
1 1 1 0
Tohs
Sobs
[NOs]
_ 3lobs (5)
[Podobs
[Siodubs
1

where T,, S,, [NOs),, [PO4),> [SiO,],, and w, are the water
temperature, salinity, nitrate, phosphate, silicate concentrations,
and the fraction of source water, respectively. The subscript n
indicates the index of observations (obs) and each source water
mass. Eq. 5 is the mixing equation that defines the tracer
concentrations of observations as a weighted summation
(mixture) of four different source water masses and the non-
conservative behavior of nutrient species (photosynthesis and
respiration). The system of governing equations is
overdetermined and thus solved by a linear least-squares problem
solver with a non-negative constraint. However, the non-negative
constraint was not applied to the biogeochemical change (A P) to
resolve photosynthesis and respiration. The governing equations for
tracer concentrations are normalized by the standard deviation of
the source water characteristics (Glover et al., 2011). However,
weighting factors were not induced, followed by all the tracers
contributing evenly. Details of the definition of source water
characteristics are described in the Supplementary Material
(Appendix 1). The temperature and salinity of the surface source
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water varied monthly in this study, eliminating the influence of
surface heat and salinity fluxes. Using the defined upwelled water
mass indicator, the relationship with force (e.g., wind stress and
geostrophic current intensity) is discussed in Section 3.3.

3 Results

3.1 Evaluation of geophysical factors that
determine UA

To evaluate upwelling occurrence in response to geophysical
factor variations, the UA was adopted as its indicator. Most indices
(e.g., upwelling index; Bakun, 1975) that evaluate upwelling
occurrence consider only wind forcing as a decisive factor. A few
indices (e.g., CUL Jacox et al., 2018) that reflect the cross-shore
current are unsuitable for the east coast of Korea because strong
alongshore currents (e.g., EKWC) are entrained along the coastline
throughout the year. However, UA makes it possible to deduce the
impact of various geophysical factors because it is calculated using
multiple variables such as MLD, TCD, bathymetry slope, wind
duration, and wind stress. Additionally, this index has been adopted
to analyze coastal upwelling in the study area (Kim et al., 2016; Shin

10.3389/fmars.2023.1165366

et al., 2017). Thus, to accomplish our purpose, the multivariate
index is a reliable proxy to evaluate upwelling occurrence.
Nevertheless, additional temporal comparisons were performed
to evaluate whether the estimated UA was adequate. Even though
the index was compared with the temperature reduction in this area
(Kim et al., 2016; Shin et al., 2017), a temporal comparison between
the observed water temperature from the observation station and
the UA was additionally performed. The comparison determines
whether UA reflects a decrease in sea surface temperature by Ekman
transport in the study area because the specific conditions for the
calculation of UA were slightly improved (Figure 3). Figure 3 shows
the time series of UA and water temperature at four stations
[Mukho (Figure 3A), Hupo (Figure 3B), Pohang (Figure 3C), and
Ulsan (Figure 3D) marked as red triangles in Figure 1 and their
corresponding observation stations S16, S10, S07, and S03,
respectively] from 2012 to 2018. Gray lines indicate the water
temperature anomaly at the observation station (seasonality is
removed by subtracting the 60-day moving averaged component),
and the black and red lines indicate I < 1 and I" > 1 (i.e., upwelling
occurrence), respectively. The water temperature reduction
corresponds to the red line of the UA. Even though the
magnitude of the reduction is not quantitatively proportional to
the increase in the index, the sea surface temperature largely falls in
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FIGURE 3

Time series of upwelling age (UA) and sea surface temperature anomaly of (A, E) Mukho [S16], (B, F) Hupo [S10], (C, G) Pohang [SO7], and (D, H)
Ulsan [SO3] (A-D) from 2012 to 2018 and (E—H) from April to October 2017 (refer to Figure 1 for the specific locations). Gray lines indicate the water
temperature anomaly derived from stations, and black and red lines indicate UA below and above 1, respectively.
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response to the variation in the index when UA is >1. In addition,
coastal upwelling mainly occurred during the boreal summer
season at all stations, showing a distinct seasonality frequently
reported in this area (Seung, 1974; Suh et al., 2001; Shin, 2019). A
summer case in 2017 (Figures 3E-H) clearly shows that the water
temperature in response to upwelling based on UA reflects the
upwelled cold water on the sea surface.

The bathymetry slope plays a critical role in the development of
upwelling in favorable environments (Jiang et al., 2012; Chen et al.,
2013). Accordingly, the bathymetry slope should influence the
upwelling under similar conditions. Eq. 2 shows that ¢,
decreased as the bottom slope o increased; as a result, I
increased (Eq. 1) as « increased. Therefore, UA predicted that
upwelling was proportional to the bottom slope. In terms of the
entire east coast of Korea, including both the southern and northern
regions, there was no significant relationship between shelf slopes
and upwelling frequency (Figure 4). However, a strong positive
correlation was observed once the stations were classified into
southern (below S14; blue circles in Figure 4) and northern
(above S15; reddish circles in Figure 4) regions. Thus, these two
regions were under two different conditions for upwelling
occurrence, except for the bathymetry slope. Furthermore, the
upwelling occurrences in the southern region were larger than
those in the northern region, implying that the different
conditions result in the southern region having a more upwelling-
favorable environment than the northern region.

3.2 MLR analysis and contribution of wind
and isopycnic parameters to UA

In addition to the effect of bathymetry slopes on upwelling
occurrence, other time-dependent geophysical changes must be
considered. As mentioned above, the geophysical elements (f,,;,4
7, MLD, and TCD) used to calculate UA were evaluated using MLR,
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FIGURE 4

Relationships between upwelling occurrences and bathymetry
slopes. Southern and northern regions are represented by a bluish
and reddish color, respectively. Data are based on observations from
KHOA (1993 to 2018).
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and the relative contribution of each element to upwelling events
was estimated using PRE (Figure 5). It is worth noting that the wind
stress ranges are in the order of 0.01 to 0.1 N/m? to develop wind-
driven upwelling when UA is larger than one for several days.
Although alongshore wind duration is a significant element for UA,
the impact of alongshore wind stress, MLD, and TCD was mainly
analyzed because our analysis focused on the contribution to
advection time f,4, which represents the time scale for the bottom
water to reach the surface layer. The contribution of wind stress in
the southern region (especially from S01 to S03, which corresponds
to GU) is significantly smaller than that in the northern region
(Figure 5). As a result, the contribution of the subsurface vertical
density structure (including both MLD and TCD) is dominant in
the southern regions. The contribution from wind stress gradually
increased as the latitude increased. The contribution of wind stress
from SO1 to SO3 of the GU was<20% and those of the vertical
density structure of the region accounted for >80%.
Correspondingly, the contribution of wind stress was negligible in
the southern region and gradually increased in the northern region.

The analysis of the UA shows that the southern region (especially
the GU) showed differences with the northern region regarding
upwelling occurrence, bathymetry slope (Figure 4), and contribution
of the other input variables (Figure 5). The southern region of the GU is
adjacent to the Korea Strait and has a gentle slope and a shallow depth
(<200 m). In addition, the EKWC, a branch of the Tsushima Warm
Current, is consistently entrained through the strait, despite slight
seasonal variations. Thus, the vertical density structure in this area can
be controlled mainly by the presence of a background current rather
than wind variations. In other words, the background alongshore
current may play a crucial role in the development of coastal
upwelling along the southwestern ES.

3.3 Upwelled water mass fraction and its
correlation with alongshore current
and wind

Analysis using UA consistently shows that the southern and
northern regions were different (Figures 4, 5), and it is hypothesized
that the difference was caused by the presence of a persistent current
(e.g, EKWC). In this section, the correlation between the fraction of
upwelled water mass estimated by the EOMP and alongshore current
intensity is discussed. In the case of the correlation between the
alongshore geostrophic current and the upwelled water fraction in
the northern region, the fraction of upwelled water decreased as the
alongshore current increased and was not significantly correlated with
the current. However, in another correlation, the stronger the current
flows, the higher the upwelled water that accounted for the surface layer
in the southernmost region, including observation lines 208 and 207
(Figures 6A, B). These results are evidence for current-driven upwelling
in the southern region and support the hypothesis about current-
driven upwelling elucidated by UA analysis. Furthermore, the moored
observation data in the Korea Strait for 1 year show that onshore flow
occurs at the bottom (Teague et al., 2002).

The Burger number S = aN/f [where h is water depth, N =
(- (g/po)dp’'/dz)"/? is the buoyancy frequency, and f is the
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FIGURE 5

Bar charts of relative contribution rates among factors. The proportional reduction of error (PRE) indicates the contributions of each factor to the
upwelling occurrence. Data are based on observations from KHOA (1993 to 2018).

Coriolis frequency] is a key non-dimensional number controlling
many geophysical coastal phenomena, including wind-driven
upwelling (Lentz and Chapman, 2004) and persistent alongshore
currents over the shelf (Chapman, 2002). Although the alongshore
wind stress showed a positive correlation with the fraction of upwelled
water mass at all stations along the coast (Figure 7A), the correlation
pattern between the upwelled water mass fraction and the alongshore
geostrophic current (Figure 7B) matched the Burger number
(Figure 7C). The northern region, with a high Burger number, had a
relatively weak negative correlation, and the southern region, with a
low Burger number, had a significant positive correlation. This implies
that the Burger number plays an important role in controlling current-
driven upwelling. In the following section, we discuss the theoretical
background of wind- and current-driven upwelling and the role of
stratification and the Burger number in current-driven upwelling.

4 Discussion

We describe the dynamics of the coastal upwelling process, and
the details of the compensational flow are analyzed based on
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FIGURE 6
Scatter plot of upwelled water fraction and monthly geostrophic current at
refer to Figure 1. Data are based on observations from NIFS (1993 to 2018).
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momentum equations and not volume compensation by surface
Ekman transport. As reviewed by Brink (2016), although the basic
concept of upwelling concerning volume conservation (vertical flow
compensating offshore surface Ekman current) was realized and
verified in the early 20th century, understanding the dynamic
mechanism that triggers the compensational flow in terms of
momentum balance is still ongoing. Various theoretical studies
discussing the dynamic aspect of upwelling have used different
assumptions based on research interests and study area
characteristics (e.g., spatiotemporal scales). For example,
Cushman-Roisin and Beckers (2011) adopted a reduced gravity
model that assumes an infinitely deep (relative to the thickness of
the surface layer) and motionless subsurface layer. Therefore, their
theory systematically excludes the role of bottom friction, and
compensational flow is attributed to adjustment flow, which is a
consequence of the balance between the Coriolis force and the
inertial term (Csanady, 1982). These are reasonable assumptions for
stratified large-scale oceans; however, they are inadequate in this
study, which focuses on small, shallow marginal oceans influenced
by the branches of the WBC. The western boundary region is
intrinsically dissipative (Pedlosky, 1987). Furthermore, the time
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alongshore geostrophic current, and (C) Burger number, S = ﬂ

scale for upwelling events in our study area (months) is frequently
longer than the frictional adjustment time scale (approximately 5
days), which indicates the importance of bottom friction
(Chapman, 2002).

The shallow water equations have been adopted to study
upwelling processes (Pringle, 2002; Roughan et al., 2003). For
simplicity, we considered a geophysical scale in which the Rossby
number was much less than one; thus, the inertial and lateral eddy
viscosity terms were not considered. In addition, an anisotropic
ocean (Pedlosky, 1987) was assumed, where the alongshore spatial
scale (y-direction) was larger than the cross-shore scale (x-
direction), L, < L,. In addition, this means that v was much
greater than u (u~L,/T,v~L,/T). Based on this assumption,
the terms associated with vertical eddy viscosity in the x-direction
momentum equation were neglected. First, the barotropic limit
assuming homogeneous density was analyzed using traditional
shallow water equations to explain the dynamics of current-
driven upwelling (Section 4.1). The modified shallow water
equations by Chapman and Lentz (1997) (Section 4.2) are
discussed to understand baroclinic dynamics and the role of
stratification. Therefore, the following theoretical analysis
provides a general overview of the dynamics of wind-driven and
current-driven coastal upwelling processes while explaining the
difference between the southern and northern regions caused by
background currents and stratification.

4.1 Barotropic current-driven
upwelling mechanism

The depth-averaged momentum and continuity equations of

the shallow water system with the assumptions mentioned above
are as follows:

~f7 =51 ©)

Frontiers in Marine Science 08

Data are based on observations from NIFS (1993 to 2018).

s b
5 5
=" (7)
/ hpy  hpy
on  d(hu)
ﬁ + ax 0, (8)

where u, v, h, 1, py, T;, and T)lf are the depth-averaged velocity
components in the x- and y-directions, water depth, sea level, the
constant density component, alongshore surface stress, and bottom
stress, respectively. Cross-shore surface and bottom stresses were
ignored by L, < L, (u <), which yields a predominantly
geostrophic balance (relatively negligible in all the other terms in
the cross-shore momentum equation). This is a common
assumption in theoretical studies of upwelling in the long
alongshore limit (Chapman, 2002; Lentz and Chapman, 2004;
Choboter et al., 2005; Choboter et al., 2011) and reasonable
assumptions in the study area where there is a predominant
alongshore geostrophic current (Kim et al.,, 2016). If the sea level
is assumed to be in a steady state (d 17/ 9 t = 0), hu, which indicates
that cross-shore transport should be constant in x because 0 (hi1)/
dx = 0, is induced from Eq. 8. Considering that the left boundary is
bordered and closed by land (u|,.o =0), u =0 for all x. This
indicates that cross-shore transport should be zero in the steady-
state condition. Thus, Eq. 7 can be rewritten as follows:

I
i=—2 -2 o, 9)
fhpo - fhpo

where 7, /(fhp,) represents the surface cross-shore Ekman
current owing to wind stress and T)f’ /(fhp,) indicates the bottom
Ekman current owing to bottom stress. As a result, Eq. 9 indicates
that the divergence of the surface Ekman current was compensated
by the convergence of the bottom Ekman current (Figure 2).
Additionally, it demonstrates the equilibrium between the surface
shear stress and the bottom shear stress in the steady state (7, = ’L'Jf’ ).
Vertically averaged equations that cannot explicitly resolve vertical

structures were used to simplify the mathematical development;
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however, solutions that explicitly resolve vertical structures are
known (Ekman, 1905; Welander, 1957; Estrade et al., 2008;
Appendix 2). They are the surface and bottom Ekman currents,
which are concentrated at the surface and bottom boundary layers,
respectively, and exponentially decay as they get further away from
the boundary layers. The bottom stress Tyb describes the bottom
friction to be specific, as it can be defined as T)f’ = yp,» based on the
linear frictional bottom boundary condition, where ¥ indicates the
bottom friction coefficient in the velocity dimension. Eq. 6 and the
bottom boundary condition show that the bottom Ekman current is
attributed to geostrophic currents rendered by the pressure gradient
formed by surface Ekman transport (Eq. 6). By substituting for the
bottom boundary condition, Eq. 6 into Eq. 9 determines the cross-
shore sea-level gradient, which is equated as

S

m_f5 (10)
d0x g0

Eq. 10 represents the cross-shore sea-level gradient perturbed
by the surface Ekman transport. The alongshore velocity
component, which is the geostrophic current based on Eq. 6,
during upwelling, a well-known upwelling jet (Kimpf and
Chapman, 2016), is defined as v = (f/g)9n/dx = 7,/(yp,). The
following descriptions describe how coastal wind-driven upwelling
was driven: the divergence of the surface Ekman current decreased
sea level at the coastal ocean based on the depth-integrated
continuity equation (Eq. 8), and the alongshore geostrophic
current was generated by the perturbed sea-level gradient and was
responsible for the bottom frictional stress and rendering of the
bottom Ekman current, which compensated for the divergence of
the surface Ekman current (Figure 2).

The momentum balance of the shallow water equations shows
that the compensating current was the bottom Ekman current,
which responds to the friction of the alongshore currents.
Therefore, this implies that coastal upwelling occurred due to the
persistent alongshore current, even if the alongshore wind did not
flow (Figure 8A). When ‘L';, is neglected, and v = v, which is a
constant representing the presence of a persistent background
current, Eq. 7 with the bottom boundary condition is induced as
follows:

A

Constant southerly current
without stratification

sure gradient

pres

Surface

Bottom
offshore

FIGURE 8
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(11)

This indicates that the bottom Ekman current was caused by the
persistent alongshore current v, (Figure 8A). Therefore, strong and
persistent alongshore currents (e.g., WBC) result in transport by
bottom friction (Oke and Middleton, 2000; Roughan et al, 2003)
and thus develop current-driven upwelling. The EKWC was entrained
along the coast of Korea and was enhanced during the prolific
upwelling season. Thus, we expect current-driven upwelling to be
dominant along a certain coast of Korea.

Eq. 11 implies that the basic concept of current-driven
upwelling is imperfect because no flow compensates for the
onshore bottom Ekman current. In terms of a steady-state and
constant-density ocean, one of the forces ignored in the alongshore
momentum equation is expected to generate a compensational flow.
Even though the alongshore pressure gradient term was ignored in
Eq. 11 for simplicity, it cannot be easily ignored because the scale of
the term is intrinsically on the order of one. Therefore, the flow
compensating the onshore Ekman current from the background
alongshore current was attributed to the barotropic cross-shore
geostrophic current, similar to Marchesiello and Estrade (2010).

4.2 Baroclinic current-driven upwelling and
the role of stratification

To discuss the baroclinic dynamics of current-driven upwelling
with stratification, a modified shallow water equation was adopted
(Chapman and Lentz, 1997; Chapman, 2002). The alongshore and
cross-shore momentum equations can be written as follows:

(0N _gp’
fr= (gax Po ax (12)
fu= _%V|z:—h> (13)

where the cross-shore momentum equation (Eq. 12) was not
vertically averaged, and the alongshore wind stress in Eq. 13 was
ignored to focus on the current-driven upwelling. Substituting Eq.
12 into Eq. 13 yields

Constant southerly current
with stratification

e gradient
pressure 9 Surface

Baroclinic compensation
[Buoyancy shutdown]

Cold water

Bottom
offshore

coast

Schematic diagrams of (A) current-driven upwelling processes without stratification (barotropic) and (B) current-driven upwelling processes with

stratification (baroclinic).
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a=-1 (17;, +£87p’> (14)
hf fpo 9x

Note that v, = (¢g/f) (d1/0x) is the background barotropic
geostrophic current, which is a given constant, and the density
gradient dp /0 x is negative in the environment of the study area
(especially during upwelling events) and assumed to be constant,
similar to Lentz and Chapman (2004). The cross-shore current
component described by Eq. 14 is in the bottom Ekman current,
based on Eq. 13. The additional terms related to the density gradient
in Eq. 14, relative to Eq. 11, which does not consider stratification,
indicate a baroclinic geostrophic current (thermal wind)
component. As the stratification intensity increased (more
negative density gradient), the alongshore current at the bottom v
|,—_» became weaker than in the barotropic case without
stratification because the barotropic velocity component ¥, was
canceled by the baroclinic component gh/(fp,)dp’ /dx in Eq. 14
(Figure 8B). This alongshore current attenuation near the bottom is
known as baroclinic compensation (Lee and Na, 1985; Jacobs et al.,
2001) or buoyancy shutdown (Chapman, 2002). As a result, the
cross-shore Ekman current caused by the alongshore current at the
bottom (Eq. 13) was weakened and represented the bottom Ekman
layer arrest process (MacCready and Rhines, 1993; Brink and Lentz,
2010). Consequently, Eq. 14 implies that the current-driven
upwelling decreases as stratification increases. Appendix 2
provides the analytical solution for resolving the vertical structure
of the stratified current-driven upwelling; however, the dynamics
described by the solution are not different from those shown by the
vertically averaged equations (Eqs. 13 and 14, respectively).

The thermal wind term is frequently scaled as the Burger
number. Specifically, Lentz and Chapman (2004) showed an
empirical relation between the lateral density gradient and
buoyancy frequency, which is given as:

(15)

where a = 0.25 is a proportional coefficient. The relative
dominance of the thermal wind component on the barotropic
geostrophic using Eq. 14 can be scaled as

h op L
o(/g__p/pb) -8 () S
Py 0x v/ (fLy) L, ] Ro
where L, /L, is the aspect ratio and R, = 1/(fT) is the Rossby
number. This can be considered a non-dimensional number

(16)

representing the dominance of the current-driven current. If
stratification is negligible and the slope is gentle (S =0), the
system becomes barotropic, and the alongshore current effectively
generates a frictional bottom Ekman current. In contrast, for highly
stratified environments over steep slopes (S = 1), the alongshore
current is attenuated at the bottom because barotropic velocity is
canceled by baroclinic velocity, and the cross-shore bottom Ekman
current is not generated by the stratified alongshore current, and
thus the non-dimensional number (Eq. 16) indicates the dominance
of the current-driven upwelling. If the number is zero, the
alongshore current generates a cross-shore bottom Ekman

Frontiers in Marine Science

10.3389/fmars.2023.1165366

current, indicating dominant current-driven upwelling. In
contrast, current-driven upwelling becomes negligible when the
number is on the order of one because the bottom alongshore
current is attenuated, and the bottom cross-shore Ekman current
caused by the alongshore current weakens. A dimensionless
number (Eq. 16) is consistent with the results of Chapman
(2002), who showed that the governing equation for the
alongshore current over a stratified shelf is controlled by two
different non-dimensional numbers: the Rossby and Burger
numbers. Consequently, the dimensionless number in Eq. 16
implies that the southern region had a dominant alongshore
current and small Burger number, and thus current-driven
upwelling may be considerable. However, the northern region,
which had a relatively weak alongshore current and a high Burger
number, may have been less affected by the current-driven
upwelling. The correlation between the alongshore current and
upwelled water mass fraction strongly agrees with the dynamics
proposed in this study; a high correlation was observed in the
southern region, where the Burger number was small, and vice versa
in the northern region (Figure 7C). As a result, current-driven
upwelling occurred in the southern region below 35° N.

5 Conclusions

We gained insights into the dominant upwelling processes
under different local conditions in the southern and northern
regions of the southwest ES by analyzing the contributions of
major geophysical factors. The coastal upwelling off the study
area was mainly evaluated using the wind-forcing impact. The
southwesterly wind blowing in the boreal summer was mainly
responsible for the compensation of bottom water to the surface,
inducing cross-shore Ekman transport. However, the frequencies of
upwelling showed regionally distinguishable relationships in
response to bathymetry slopes (S01-S14 and S15-S23).
Furthermore, according to the evaluation of the variable impact
of upwelling, although wind forcing was the dominant factor in the
northern region (>S14), upwelling in the southern region (<S14)
was considerably smaller. These results imply that there are critical
factors underlying the differences between the southern and
northern regions.

In addition, a branch of the Tsushima Current (EKWC)
gradually reinforced from the boreal summer to winter along the
southwest ES (Teague et al., 2002; Kim et al., 2006). Accompanied
by the robust boundary current, the current-driven upwelling
resulted from the onshore bottom transport caused by bottom
friction. Additionally, it should be noted whether the alongshore
surface currents can be maintained at the bottom (barotropic). The
theoretical analysis in Section 4 shows that the current-driven
upwelling decreased as the Burger number increased because the
alongshore current at the bottom diminished due to buoyancy
shutdown and bottom Ekman arrest. In conclusion, it is inferred
that the southern region had a small Burger number and was
governed by predominant current-driven upwelling, whereas the
northern region, which had a high Burger number, was rarely
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influenced by the currents and was thus governed by wind-
driven upwelling.
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