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Abstract Wind forcing plays a central role in oceanic circulation, including circulation in small bays where
complex coastal orography modulates local winds both in time and space. However, their role in the circulation
of such bays remains unclear because local winds are difficult to observe directly over the sea. Here, we used
oceanic and atmospheric simulations with 100 m horizontal grid spacing, together with observations, to
investigate wind‐driven circulation under time‐ and spatially varying wind forcing in Otsuchi Bay. The
simulation forced by time‐ and spatially varying winds reproduced the observed SSS distribution more closely
than the simulation forced by time‐varying but spatially uniform wind, which is a common simplification in
coastal oceanic simulations. This improvement was explained by bay interior upwelling away from the
coastline, which was not evident under spatially uniform wind forcing. This upwelling was driven by wind stress
divergence rather than by wind stress curl. Spectral analysis showed that the relative importance of two
mechanisms varied across timescales. Divergence‐driven vertical motion was strongest at periods shorter than
the local inertial period, but it became relatively weaker than curl‐driven motion at longer periods. This study
demonstrates that short‐timescale wind stress divergence can drive bay interior upwelling and modify the SSS
distribution in small bays. This finding further suggests that upwelling in small bays is not limited to coastline‐
confined upwelling or curl‐driven Ekman upwelling. Accounting for divergence‐driven upwelling is therefore
important for understanding and modeling coastal circulation in small bays, with potential implications for the
vertical transport of biogeochemical materials.

Plain Language Summary Wind drives oceanic currents. Local winds can vary from place to place
and from hour to hour in small bays surrounded by complex coastal landforms, such as headlands and valleys.
These local winds are difficult to observe over the sea, so their effects on oceanic circulation remain unclear. In
this study, we used oceanic and atmospheric simulations together with observations to examine how winds that
vary in time and space affect circulation in Otsuchi Bay. The oceanic simulation reproduced the observed
surface salinity pattern better when local winds varied in both time and space than when only time‐varying,
spatially uniform winds were used, which is a common simplification in coastal oceanic simulations. This
improvement was mainly caused by upwelling in the middle of the bay. The upwelling was driven by short‐
timescale wind stress divergence, rather than by wind stress curl. The results show that upwelling in small bays
does not occur only along the coastline or through wind stress curl. It can also occur in the middle of the bay
through wind stress divergence when local winds vary strongly in space and time. This process may also
influence the vertical transport of nutrients and other materials in coastal waters.

1. Introduction
Oceanic circulation in narrow estuaries and small bays has been studied extensively worldwide. In such systems,
where riverine water flows into the inner bay and eventually drains into the open ocean, surface currents are
strongly influenced by local winds over the sea. Outside equatorial regions, these wind‐driven surface currents are
also subject to Earth's rotation, to some extent. These characteristics are common to many narrow estuaries and
small bays across a wide range of geographical settings.

Classical studies have examined estuarine circulation in narrow estuaries and small bays using an idealized
framework that assumes steady, horizontally uniform flow without rotation (e.g., Hansen & Rattray, 1965; Of-
ficer, 1976). Within this framework, these studies demonstrated that the surface component of density‐driven
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circulation associated with riverine inflow can be strengthened or weakened depending on whether the local wind
direction is aligned with or opposed to the surface current. Subsequent observational studies in such systems,
including those in Chesapeake Bay (Wang, 1979), the Potomac River (Elliott, 1978), the Child River
(Geyer, 1997), the York River (Scully et al., 2005), and Mobile Bay (Coogan & Dzwonkowski, 2018), provide
strong support for this conceptual framework.

The idealized framework has been extended to examine how surface currents respond to time‐varying local
winds. Studies in Alberni Inlet (Farmer & Osborn, 1976), the Chilean fjords (Cáceres et al., 2002), Alfacs Bay
(Llebot et al., 2014), and the Ría de Vigo (Gilcoto et al., 2017) have shown that surface currents respond to rapidly
varying local wind forcing by aligning their direction with the wind direction within a few hours (e.g., about 1 hr
in the Ría de Vigo). These observations indicate that, when wind direction and speed vary on timescales much
shorter than the local inertial period, surface currents are directly pulled by the local wind, while the influence of
Earth's rotation is secondary. Accordingly, under these conditions, surface currents do not approach a steady state
but instead evolve continuously in time, responding to the local time‐varying wind forcing. This highlights the
importance of short‐timescale wind variability in driving transient flow dynamics, referred to as the oceanic
adjustment process, in fully understanding wind‐driven circulation in coastal systems.

The role of spatially varying winds has also been investigated in studies of estuaries and fjords, including
Jøsenfjord (Svendsen & Thompson, 1978), Porsangerfjorden (Myksvoll et al., 2012), the Patagonian Channels
(Soto‐Riquelme et al., 2023), and the Pearl River Estuary (Lai & Gan, 2023). These studies demonstrated that
small‐scale coastal orographic features surrounding narrow estuaries and small bays, such as coastal promon-
tories, ridges, valleys, and nearby mountains, can generate pronounced spatial variability in the wind field, which
in turn influences coastal circulation and associated material transport. These findings suggest that representing
orographically induced wind variability in surface wind fields is important for understanding coastal circulation.

Moreover, the effect of Earth's rotation becomes important when the timescale of wind forcing exceeds the local
inertial period. Although the Coriolis effect may be limited in narrow estuaries and small bays, it can still in-
fluence circulation under certain conditions. For instance, wind forcing that persists for a period longer than the
inertial period, particularly when aligned with the bay axis, can drive a transverse flow across the bay through
Ekman dynamics, thereby substantially modifying circulation patterns, as reported for Chesapeake Bay (Li &
Li, 2012; Xie et al., 2017). Similarly, persistent wind stress curl generated by spatially varying winds can drive
Ekman upwelling, as found in Suruga Bay (Tanaka et al., 2008) and Funka Bay (Takahashi et al., 2010).

Wind forcing is closely related to vertical circulation, which plays a crucial role not only in the dynamics of the
circulation, but also in the vertical transport of nutrients and other biogeochemical tracers (e.g., Largier, 2020;
Simpson & Sharples, 2012). Following Gill (1982), the vertical velocity directly induced by local winds at the sea
surface can be expressed as:
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), (1)

where w represents the vertical component of water velocity, x and y are horizontal Cartesian coordinates, and t
denotes time. The surface wind stress is represented by τx and τy for the horizontal components in respective
directions, and the Coriolis parameter and seawater density are denoted by f and ρ, respectively. The effects of
horizontal advection, pressure gradient and viscosity are neglected. It should be noted that this equation explicitly
includes the effects of time‐varying local winds, spatially varying local winds, and Earth's rotation. When the
wind forcing varies slowly on timescales much longer than the inertial period, the resulting oceanic motion is
steady or quasi‐steady, such that the second terms on the left‐ and right‐hand sides balance each other, leading to
the familiar Ekman upwelling/downwelling driven by wind stress curl. In contrast, when the wind forcing varies
rapidly on timescales much shorter than the inertial period, the oceanic response is transient, reflecting an oceanic
adjustment process, with the first terms on both sides balancing each other, indicating that the time‐varying and
divergence/convergence components of local wind stress cannot be neglected.

In the present study, we retain all terms in Equation 1 to examine wind‐driven vertical motion induced by local
winds that vary both in time and space under the influence of Earth's rotation in a small bay. This choice allows us
to evaluate the relative roles of wind stress divergence and wind stress curl across timescales, rather than focusing
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on either process alone. Previous studies conducted in idealized settings have provided important motivation and
physical insight into how wind stress divergence and wind stress curl influence oceanic responses. For example,
using a two‐layer model, Endoh (1971) examined the oceanic response to a traveling atmospheric disturbance that
produces both wind stress divergence and wind stress curl over the open ocean. Similarly, Orlić and Pasa-
rić (2011) derived an analytical solution for pycnocline oscillations at a coastal boundary, where the wind stress
exhibits a discontinuity, using a reduced‐gravity model. However, their relative roles in wind‐driven vertical
motion across timescales remain less clear in small bays where local winds are strongly shaped by coastal
orography and vary in both time and space.

Building on these previous insights, the present study addresses the following questions for wind‐driven circu-
lation in a small bay surrounded by coastal orographic features. First, how do wind stress divergence and wind
stress curl contribute to wind‐driven vertical motion? Second, how does their relative importance vary across
timescales from hourly to several days, spanning periods shorter and longer than the local inertial period? Third,
what are the resulting impacts on bay interior upwelling and the sea surface salinity distribution associated with
the river plume? As noted by Gill (1982), solving Equation 1 analytically is difficult, and we therefore address
these questions using high‐spatiotemporal resolution numerical simulations.

We focus on Otsuchi Bay on the east coast of Japan, a small bay surrounded by complex coastal orography
(Figure 1). This study combines numerical simulations with observations in Otsuchi Bay. Multi‐nested atmo-
spheric simulations are conducted with progressively finer horizontal resolution down to 100 m, and the resulting
winds are then used to force oceanic simulations with the same horizontal resolution. This approach is motivated
by the hypothesis that time‐ and spatially varying wind fields affect bay interior upwelling and the sea surface
salinity distribution in narrow estuaries and small bays, yet such wind data are rarely available from observations
or reanalysis products. These simulations and observations provide a first step toward understanding wind‐driven
vertical circulation within an integrated land–air–sea system characterized by complex coastal orography.

2. Materials and Methods
2.1. Study Area

Otsuchi Bay is a semi‐enclosed bay that extends several kilometers and opens eastward to the western North
Pacific, while being bounded to the south, west, and north by coastal promontories, ridges, valleys, and nearby
mountains (Figure 1c). This setting provides a useful case for examining wind‐driven circulation in a small bay
surrounded by coastal orography, because surface winds exhibit pronounced spatial and temporal variability. The
internal Rossby radius of deformation of the river plume is also comparable to or smaller than the bay width of
about 2 km, suggesting that rotational effects may be relevant to some degree in the bay. Otsuchi Bay is
particularly well suited for this study because surface winds were observed at sea and land stations, allowing the
simulated wind variability around the bay to be evaluated. Moreover, repeated high‐spatial‐resolution hydro-
graphic observations were also available, providing an opportunity to evaluate simulated surface salinity dis-
tribution at scales of several hundred meters.

2.2. Observations

Shipboard surveys were conducted 15 times from June 2014 to November 2015, approximately once per month,
using a Conductivity–Temperature–Depth (CTD) profiler (RINKO Profiler ASTD102, JFE Advantech). The
spatial distribution of the 42 observation stations is shown in Figure 1c (black dots). The average distance between
neighboring stations was approximately 400 m, and the surveys were generally completed in about 2 hr, with
stations in the inner part of the bay completed within 1 hr.

Figure 2 shows a temperature‐salinity diagram of sea surface water from all surveys. Due to inflows from rivers
and the open ocean, sea surface salinity (SSS) exhibited greater variability among surveys than temperature. All
surveys were used to estimate the spatial correlation structure required for the optimal interpolation described
below. Among the 15 surveys, the survey conducted on 7 July 2015 (red squares in Figure 2) was selected for the
detailed model‐observation comparison because it captured a broad SSS range (29.2–33.2 psu) associated with
riverine water, while the influence of high‐salinity outer Pacific water was relatively limited. This condition made
the July 7 survey suitable for evaluating how the simulated SSS structure responds to time‐ and spatially varying
local winds.
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Wind over the sea was observed every 10 min using an anemometer (University of Tokyo) located in the middle
of Otsuchi Bay (hereafter, the sea station; red triangle in Figure 1c). Wind velocity measured at a height of 7 m
was converted to the value at 10 m using the conversion relation proposed by Johnson (1999).

Wind over the land was also observed every 10 min at a weather station (Japan Meteorological Agency; hereafter,
the land station; blue star in Figure 1c). Similarly, wind velocity measured at a height of 5.5 m was converted to
the value at 10 m. Precipitation data were also obtained at the same station to estimate river water flux.

2.3. Simulation of Sea Surface Wind

The Advanced Research version of the Weather Research and Forecasting (WRF) model (Skamarock et al., 2021)
was used to simulate sea surface winds through multi‐nesting, one‐way dynamic downscaling. The one‐way
nested system consisted of four domains, with horizontal resolutions progressively increasing from 5,000 m in

Figure 1. (a) Regional setting around Otsuchi Bay. Red, blue, and orange pathways indicate the Kuroshio, Oyashio, and Tsugaru Warm currents, respectively. Purple
squares indicate domains of atmospheric simulations, D1 (outer) and D2 (inner). (b) Enlarged view showing the location of Otsuchi Bay. Purple squares indicate
domains of atmospheric simulations, D3 (outer) and D4 (inner). (c) Detailed map of Otsuchi Bay. Black dots, the red triangle, and the blue star indicate CTD stations,
wind measurements at sea station, and wind/precipitation measurements at land station, respectively. Contours represent coastal orography and bathymetry surrounding
Otsuchi Bay. OR, KR, and UR denote the Otsuchi, Kozuchi, and Unosumai Rivers, respectively. The thick black arrow indicates the along‐bay axis.

Journal of Geophysical Research: Oceans 10.1029/2026JC024033

KIM ET AL. 4 of 20

 21699291, 2026, 8, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2026JC

024033 by C
esar Sauvage - M

bl W
hoi L

ibrary , W
iley O

nline L
ibrary on [13/08/2026]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



the outermost domain (called D1) to 2,500 m in D2, 500 m in D3, and finally 100 m in the innermost domain (D4).
Correspondingly, the model timestep decreased from 10 s to 2 s, 1 s, and 0.2 s, respectively. Each domain is
shown by purple boxes in Figures 1a and 1b. All domains were configured with identical 40 vertical levels, and
the thickness of the first layer above the surface was set to approximately 15 m.

Three‐dimensional initial conditions for all domains and lateral boundary conditions for D1 were generated using
ERA5 atmospheric global reanalysis data (Hersbach et al., 2020). The Mellor–Yamada–Nakanishi–Niino Level 3
(Nakanishi & Niino, 2006) planetary boundary layer scheme was applied to D1 and D2, while a three‐dimensional
LES scheme (Zhang et al., 2018) was applied to D3 and D4. Orographic features, such as coastal promontories,
ridges, valleys, and nearby mountains in D4 (100 m resolution domain) were generated using 1 arc‐second
(∼30 m) satellite altimetry data from the ALOS Global Digital Surface Model (AW3D30) provided by the
Japan Aerospace Exploration Agency. Based on this orographic data, the land–sea mask (coastline) in D4 was
also modified so that the bay was treated as oceanic grid points. The simulation period spanned more than 14 days,
from June 23 to the morning of 7 July 2015, when the shipboard survey was conducted.

2.4. Simulation of Oceanic Circulation

KINACO, a non‐hydrostatic, free‐surface, z‐level vertical coordinate ocean model (Matsumura & Hasumi, 2008)
was used to simulate regional oceanic circulation. The simulation domain is shown in Figure 3a, with a horizontal

Figure 2. Temperature–Salinity diagram of observed surface seawater (averaged over 0–2 m depth).
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resolution of 100 m. The horizontal grid points were matched with those of the 100 m atmospheric simulation
(D4) to prevent grid‐mismatch‐induced errors. In the vertical direction, 80 levels were configured, with a reso-
lution of 1 m in the uppermost layer (0–20 m), gradually increasing to 4 m in the lowermost layer, reaching a
maximum depth of 200 m, while the timestep was 2 s. The simulation period was identical to that of the at-
mospheric simulations.

The bathymetry was generated using the data set used by Sakamoto et al. (2017). The initial conditions of
temperature and salinity were provided by the profiles shown in Figure 3b. The upper part of the profiles was
derived from our shipboard survey on July 7, while the lower part was derived from the Offshore Fixed Line
Oceanographic Observation Results in July 2015, provided by the Iwate Fisheries Technology Center. The initial
conditions were set to be horizontally uniform, a common approach in local bay simulations when realistic near‐
coastal hydrographic fields are unavailable from coarse‐resolution reanalysis or larger‐scale model products

Figure 3. (a) Ocean model domain. (b) Initial conditions of temperature (T, black solid line) and salinity (S, orange dashed line). (c) River discharge rates. Freshwater
fluxes were applied to the river area in (a).
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(e.g., Sakamoto et al., 2017; Tanaka et al., 2008). The Smagorinsky‐type lateral mixing (Smagorinsky, 1963) was
applied with a constant of 0.1, and the generic length scale vertical mixing parameterization (Umlauf &
Burchard, 2003) was applied with a background value of 1 × 10− 6 m2 s− 1. At the surface boundary, wind stress
was imposed without heat fluxes, evaporation, or precipitation to focus on momentum transfer induced by time‐
and spatially varying winds. Additional sensitivity experiments with heat fluxes or alternative wind forcing are
summarized in the Supporting Information S1.

River inflow was prescribed as freshwater fluxes applied at the surface of innermost grid cells at the mouths of the
Otsuchi/Kozuchi and Unosumai Rivers (Figure 3a). Freshwater fluxes during the simulation period were esti-
mated using empirical discharge models derived from daily river discharge observations and precipitation records
from 2011 to 2013. In these models, river discharge was represented as a linear combination of precipitation data
over the preceding days. Specifically, the coefficients of the empirical models were obtained by fitting the
observed daily river discharge to the preceding 30 days of precipitation records during 2011–2013. The resulting
coefficients were then applied to the corresponding precipitation data during the simulation period to estimate
freshwater fluxes. Separate models were constructed for each river. Estimated freshwater fluxes for the simulation
period are shown in Figure 3c.

At the lateral boundaries, hourly barotropic tidal velocities were imposed using the Flather condition
(Flather, 1976), which adjusts the normal velocities with respect to the prescribed sea surface height. The bar-
otropic tidal velocities and sea surface heights were adopted from the TPXO tide model (Egbert & Ero-
feeva, 2002). Temperature and salinity, together with other baroclinic properties were subject to radiation
conditions using zero‐gradient conditions (Carter & Merrifield, 2007) with a sponge layer to damp reflections. In
addition, temperature and salinity were weakly restored to the reference profiles shown in Figure 3b with a daily
timescale to relax isopycnal displacement (e.g., Carter & Merrifield, 2007).

3. Results
3.1. Observed Sea Surface Salinity Distribution on July 7, 2015

The distribution of sea surface salinity (SSS) on 7 July 2015 was mapped using an optimal interpolation method.
In this method, interpolation weights are determined by a prescribed correlation function that relates an estimate at
a given location to surrounding observations. Classical implementations (e.g., Brasseur et al., 1996) construct the
correlation function by fitting correlations between observation stations to their separation distance, assuming that
correlations decrease uniformly with distance and are independent of direction (isotropic).

This assumption is sometimes difficult to apply in coastal regions, where correlations can be influenced by
geographic constraints such as bay geometry. This was also the case in Otsuchi Bay. Correlations between
observation stations, estimated from our 15 surveyed SSS data sets, were higher in the along‐bay direction than in
the cross‐bay direction (figure not shown). This directional dependence likely reflects circulation constrained by
the elongated shape of the bay and suggests that an isotropic correlation function may not be appropriate for
mapping SSS in this region.

In addition, SSS in Otsuchi Bay is influenced not only by riverine freshwater but also by outer Pacific waters,
including seasonal variations associated with Oyashio water and Tsugaru Warm Current water, which have
salinity ranges of 33–33.7 psu and 33.7–34.2 psu, respectively (Hanawa & Mitsudera, 1986). To better char-
acterize the inner‐bay SSS structure associated with low‐salinity riverine water, we reduced the influence of
offshore Pacific water when estimating correlations between stations. This preprocessing was applied because
offshore water intrusion can introduce a bay‐wide coherent salinity signal, which may obscure the spatial cor-
relation structure associated with low‐salinity riverine water. Previous studies have shown that Pacific water
intrudes into Otsuchi Bay primarily along the northern coast (Otobe et al., 2009; see also Ishizu et al., 2017;
Tanaka et al., 2017). Accordingly, for each survey, the SSS value observed at the northern outermost station was
assumed to represent the Pacific water component and was subtracted from observed SSS values at all other
stations. Correlations between observation stations were then estimated using these residual SSS values.

Based on the directional dependence identified in the correlations between observation stations, a direction‐
dependent (i.e., anisotropic) correlation function (μ) was adopted for the optimal interpolation method. The
formulation follows Kuragano and Kamachi (2000) with minor modifications and is expressed as:
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μ(Δx, Δy) = exp (a1 Δx2 + a2 Δy2 + a3 ΔxΔy + a4), (2)

where, Δx and Δy denote zonal and meridional distance, respectively. The coefficients a1, a2, a3, and a4 were
obtained through curve‐fitting (− 0.0413, − 0.2398, 0.1154, and − 0.2324, respectively). The coefficients a1, a2,
and a3 control the anisotropic shape of the correlation function, which forms elliptical contours in the horizontal
plane and defines the major and minor axes as well as the tilt angle of the ellipse. The coefficient a4 represents a
constant related to the signal‐to‐noise ratio. The substantial difference between a1 (–0.0413) and a2 (–0.2398)
indicates pronounced anisotropy in the along‐ and cross‐bay directions, supporting the use of an anisotropic
correlation function for optimal interpolation in this bay.

Figures 4a and 4b show the SSS distribution mapped at high spatial resolution (less than 1 km) using the direction‐
dependent and direction‐independent optimal interpolation methods, respectively. Notably, in Figure 4a, the
lowest‐salinity water did not appear near the river mouths but was instead distributed along the southern coast of
the bay, forming a pronounced north–south salinity gradient away from the river mouths. In contrast, a small area
of relatively high‐salinity water appeared in the innermost part of the bay, near the Unosumai River (UR) mouth.
It should be noted that these features were more strongly smoothed in the direction‐independent optimal inter-
polation result (Figure 4b). The correlation with the observed SSS values at the stations was also lower for the
direction‐independent result (0.72) than for the direction‐dependent result (0.84). Together, these differences
indicate the importance of using a correlation function that accounts for directional dependence. Repeated ob-
servations allowed this directional dependence of spatial correlations to be estimated more reliably than from a
single survey.

3.2. Simulated Sea Surface Wind

Figure 5 shows representative examples of the simulated surface wind vectors and wind stress divergence in D4,
the innermost domain with 100 m resolution, during the sea breeze period at 12:00 local time on 6 July in
Figure 5a, the land breeze period at 05:00 local time on 7 July in Figure 5b, and the mean field over the simulation
period in Figure 5c. Wind stress, τ(τx,τy) was estimated using a bulk formula, τ = ρACdU|U|, where ρA is air
density (1.225 kg m− 3), Cd is the drag coefficient (0.0015), and U(U10, V10) represents the wind velocity at 10 m
height. During the daytime (Figure 5a), easterly (landward) winds were dominant, whereas at night (Figure 5b),
westerly (offshore) winds were dominant. Compared with the weaker mean wind field shown in Figure 5c, this
contrast between the daytime and nighttime wind fields indicates pronounced temporal variability over the bay on
timescales of a day or less.

During both the sea and land breeze periods, wind speed and direction were strongly modulated by coastal
orographic features, including coastal promontories, ridges, valleys, and nearby mountains, resulting in numerous

Figure 4. Observed SSS distribution on 7 July 2015, (a) mapped using the direction‐dependent (anisotropic) and (b) mapped using direction‐independent optimal
interpolation methods.
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small‐scale wind structures over the bay. These small‐scale wind structures, in turn, generated localized diver-
gence/convergence of wind stress over the sea (color field in Figure 5). For example, during the land breeze
period, a broad region of wind stress divergence developed in the southern inner part of the bay (reddish zone in
Figure 5b), particularly in front of a coastal promontory, while surrounding areas were characterized by wind
stress convergence (blueish zone).

The localized wind stress divergence/convergence structures differed between the wind fields shown in
Figures 5a and 5b, despite the two fields being only 17 hr apart. This difference suggests that these small‐scale
structures can vary substantially within the local inertial period of 18.9 hr. These structures were much less

Figure 5. Representative examples of the simulated surface wind vectors and wind stress divergence. (a) at 12:00 on July 6,
(b) at 05:00 on July 7, local time, and (c) mean field over the simulation period. The color field shows wind stress divergence
over the sea, with red indicating divergence and blue indicating convergence. Black and gray vectors indicate winds over the
sea and land, respectively. The purple dashed line indicates the actual coastline.
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evident in the mean D4 wind field (Figure 5c) and were also less distinct in the coarser wind fields (Figure 6),
indicating that they reflect both short‐timescale variability and the small‐scale spatial structure of local winds.
Because these localized divergence/convergence structures are directly relevant to the bay interior response
examined in the following sections, the D4 wind field was used in the subsequent oceanic simulations and
analyses.

To assess whether simulated wind fields (D4) also reflect the observed wind variability at the two stations,
Figures 7a and 7b compare the simulated and observed surface wind velocities at the sea and land stations,
respectively. The simulated winds reproduced the observed temporal variability at both stations, although some
differences in timing and amplitude were present. The correlations at the sea station were 0.69 and 0.70 for the
zonal and meridional wind, respectively, and the corresponding root‐mean‐squared error (RMSE) values were
2.43 and 2.45 m s− 1. At the land station, the correlations were 0.76 and 0.71 for the zonal and meridional wind,
respectively, and the corresponding RMSE values were 1.22 and 1.51 m s− 1. These RMSE values were com-
parable to the observed wind standard deviations of 2.61 and 3.02 m s− 1 at the sea station and 1.61 and 1.92 m s− 1

at the land station. Therefore, despite remaining discrepancies, especially at the sea station where sub‐grid‐scale
orographic effects, including those associated with a nearby small island southwest of the station (Figure 1c), may
locally influence the point wind observations, the simulated wind field is considered to reasonably represent the
local wind conditions.

3.3. Simulated Sea Surface Salinity Distribution

Regional oceanic simulations with a 100 m horizontal grid spacing were conducted to examine how time‐ and
spatially varying wind affected the simulated SSS distribution on 7 July 2015. Two cases of hourly wind forcing
were imposed on the sea surface: Case_H, forced by the time‐ and spatially varying wind field from the atmo-
spheric simulation (Section 3.2), and Case_U, forced by a time‐varying but spatially uniform wind field. In
Case_U, wind data at a single point, the sea station, in the same atmospheric simulation were uniformly applied
across the entire domain. The use of spatially uniform wind forcing while retaining temporal variability from a

Figure 6. Same as Figure 5b but for (a) D3, (b) D2, (c) D1, and (d) ERA5 wind fields at 05:00 on July 7, local time. The color field shows wind stress divergence over the
sea and gray shading indicates land mask in D4.
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single‐station wind record is a common practice in small‐scale bay circulation modeling (e.g., Sakamoto
et al., 2017).

Figures 8a and 8b show the simulated SSS distributions in Case_H and Case_U, respectively, at the start of the
CTD survey (08:30 on 7 July local time), after more than 2 weeks of model integration. The distinctive features of
the observed SSS distribution (Figure 4) are more closely reproduced in Case_H, including the presence of the
lowest‐salinity water along the southern coast away from the river mouths, the sharp north–south salinity

Figure 7. Wind at a height of 10 m, (a) at the sea station, and (b) at the land station. Black and red solid lines represent observed and simulated wind, respectively. Red
solid lines were constructed with values spatially averaged over 3 × 3 grids surrounding the model grid point closest to each observation station to reduce high‐frequency
noise.
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gradient, and the small region of relatively high‐salinity water in the innermost part of the bay. In contrast,
Case_U underestimates SSS over much of the bay, with salinity values lower than the observations by at least
0.5 psu, although the lowest‐salinity water still appears along the southern coast.

The corresponding scatter plots against the observations are shown in Figure 9. These plots provide a compact
summary of the differences seen in Figures 8a and 8b. Case_H shows a smaller RMSE and a near‐zero bias
(0.23 psu and − 0.04 psu, respectively). In contrast, Case_U shows a substantially larger RMSE (0.85 psu)
together with a larger negative bias (− 0.79 psu), indicating a broad underestimation of SSS. This improved
agreement in Case_H suggests that the influence of the remaining wind discrepancies, particularly those at the sea
station, on the simulated SSS distribution was limited during the survey period. Compared with Case_H, the
additional experimental cases using different wind forcings (D3, D2, D1, ERA5, and no‐wind forcing) generally
showed SSS patterns that were less consistent with the observations, whereas the heat‐flux case showed almost no
difference from Case_H (Figure S1 in Supporting Information S1).

At an earlier time (02:30 on 7 July local time), the two simulations showed similar distributions (Figures 8c and
8d), providing a useful baseline for examining the subsequent development of their differences. In both cases,
riverine water with salinity below 30 psu covered most of the bay surface. The differences between the two
distributions at 08:30 local time (Figures 8a and 8b) therefore developed over the subsequent 6 hr, as the two
simulations responded to wind forcing with contrasting spatial structures. To identify the physical processes
responsible for the development of these differences, a simplified surface‐layer salt budget was examined.
Following Feng et al. (1998), the surface‐layer salt budget under conditions with no precipitation or evaporation is
given by:

∂〈S〉
∂t

= −
1
d
Sʹw|− d + residual, (3)

Figure 8. Simulated SSS distributions. (a) at 08:30 in Case_H, (b) at 08:30 in Case_U, (c) at 02:30 in Case_H, and (d) at 02:30 in Case_U on July 7, local time.
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where, 〈S〉 = 1
d∫

surface
− d S dz denotes the vertically averaged salinity in the surface‐layer, Sʹ represents the salinity

difference between 〈S〉 and the subsurface salinity at a depth d (=2 m), and w∣− d denotes the vertical velocity at
depth d. In the present simulations, surface heat fluxes, evaporation, or precipitation are not applied, and thus
surface freshwater fluxes do not contribute to the budget. Horizontal advection, and mixing are included in the
residual term, whose contribution is evaluated in the subsequent budget‐difference analysis. Using Equation 3, the
salinity tendency difference between two simulations can be expressed as:

∂
∂t
(〈SH〉 − 〈SU〉) = −

1
d
[SH́wH|− d − SÚwU|− d] + residual, (4)

where, subscripts H and U denote quantities from Case_H and Case_U, respectively. The right‐hand side of
Equation 4 can be further decomposed as:

∂
∂t
(〈SH〉 − 〈SU〉) = −

1
d
[SÚ (wH |− d − wU|− d) + (SH́ − SÚ)wU|− d

+ (SH́ − SÚ) (wH |− d − wU|− d)] + residual,
(5)

where the first term represents the contribution from differences in vertical velocity, the second term represents
the contribution from differences in vertical salinity structure, and the third term represents their interaction.

Figure 10 shows the time‐integrated contributions of these terms from 02:30 to 08:30 local time. A pronounced
positive salinity tendency appears in the central part of the bay (boxed region in Figure 10a), identifying the
location and magnitude of the salinity increase in Case_H relative to Case_U during the 6‐hr period, with an
average increase of 0.67 psu. The decomposition results are shown in Figures 10b and 10c. The contribution
associated with differences in vertical velocity dominates the salinity tendency difference (Figure 10b),

Figure 9. Scatter plots comparing observed and simulated SSS at the CTD stations at 08:30 on July 7, local time. Red and
light blue denote Case_H and Case_U, respectively. The solid black line indicates the one‐to‐one line. Thin dashed lines
indicate differences from the one‐to‐one line at 0.5 psu intervals.
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accounting for an increase of 0.73 psu within the boxed region. In contrast, differences in vertical salinity
structure contribute only 0.11 psu (Figure 10c). The contribution from the interaction term is an order of
magnitude smaller, at approximately 0.01 psu (figure not shown). Figure 10d shows that the residual term, which
includes differences in horizontal advection and mixing, is negative in the boxed region and therefore does not
contribute to the positive salinity tendency. These results indicate that stronger upwelling in the middle of the bay
under spatially varying wind forcing was the primary mechanism responsible for the improved SSS representation
in Case_H compared with Case_U. This finding highlights the importance of oceanic responses to small‐scale
wind structures over a short period for reproducing the observed salinity distribution.

The simulated vertical circulation provides a dynamically consistent interpretation of this salt‐budget result.
Figures 11a and 11b show the vertical circulation along the bay axis in Case_H and in Case_U. Vertical

Figure 10. Time‐integrated contributions of each term in surface‐layer salt budget from 02:30 to 08:30 on July 7, local time (a) difference in salinity tendency,
(b) contribution of different upwelling, (c) contribution of different stratification, and (d) contribution of the residual effect.

Figure 11. Vertical sections along the white dashed line in Figure 10a. (a) Case_H, (b) Case_U, and (c) difference between Case_H and Case_U. Vectors indicate flow
velocity and direction, and color field represents vertical velocity.
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circulation in Case_U exhibits a classical estuarine circulation pattern characterized by surface outflow and
subsurface inflow, and upwelling confined to the coastline (e.g., Hansen & Rattray, 1965). Figure 11c shows the
difference between Case_H and Case_U, revealing enhanced upwelling in the middle of the bay under spatially
varying wind forcing. As a consequence of stronger upwelling in Case_H (Figure 10b), the vertical circulation
becomes stronger between the dashed lines in Figure 11c, and this enhancement extends to a depth of approx-
imately 20 m. These results suggest that spatially varying wind forcing can enable substantial vertical transport in
the interior of the bay, away from the coastline, with potential implications for the vertical transport of tracers
such as nutrients.

3.4. Role of Time‐ and Spatially Varying Wind Under the Influence of Earth's Rotation

Under time‐ and spatially varying wind forcing, Case_H showed enhanced upwelling in the interior of the bay,
away from the coastline, together with improved consistency with the observed SSS distribution. In contrast, this
bay interior upwelling was absent in Case_U, where spatially uniform wind forcing produced negligible wind
stress curl and divergence. The dynamical mechanism responsible for the enhanced upwelling in the interior of the
bay in Case_H is further examined using Equation 1, with a focus on how time‐ and spatially varying wind forcing
drives the vertical motion under the influence of Earth's rotation.

Equation 1 indicates that vertical motion can be generated under spatially varying wind forcing through two
distinct mechanisms: wind stress curl and wind stress divergence. These two mechanisms are associated with
different characteristic timescales, governed by the Coriolis parameter ( f ) and the temporal derivative (∂/∂t),
respectively, as discussed below.

When wind variability is much slower than the local inertial period, (∂/∂t ≪ f ), the balance in Equation 1 re-
duces to the curl‐driven Ekman response. The curl‐based estimate of vertical velocity (wcurl) is then given by

wcurl =
1
ρf
(

∂τy
∂x

−
∂τx
∂y

), (6)

where ρ (=1,025 kg m− 3) is the reference seawater density and f (=9.23 × 10− 5 s− 1) is the Coriolis parameter at
the latitude of Otsuchi Bay. Figure 12a shows the time‐averaged curl‐based vertical velocity from 02:30 to 08:30
local time. Despite the enhanced bay interior upwelling simulated in Case_H (Figure 10b within the boxed region
and Figure 11c between the dashed lines), the curl‐based estimate indicates downwelling and exhibits a spatial
pattern inconsistent with the simulated response. This discrepancy arises because the spatially varying wind field
during this period produces predominantly negative wind stress curl.

In contrast, when wind variability is much faster than the inertial period, (∂/∂t ≫ f ), vertical motion is governed
by divergence‐driven oceanic adjustment. The divergence‐based estimate of vertical velocity (wdiv) is given by:

∂wdiv

∂t
=

1
ρ
(

∂τx
∂x

+
∂τy
∂y

). (7)

This estimate was obtained by integrating Equation 7 from 02:30 to 08:30 local time and then averaging over the
same time‐interval. As shown in Figure 12b, the divergence‐based estimate closely matches both the magnitude
and spatial structure of the enhanced bay interior upwelling simulated in Case_H (Figure 11c), reflecting the
positive wind stress divergence generated by the spatially varying wind field (Figure 5b). Within the boxed re-
gion, this divergence‐based estimate of vertical velocity implies an upward isopycnal displacement of approxi-
mately 1.86 m over the 6‐hr period. Consistent with this estimate, the depth of the 1,025 kg m− 3 isopycnal in
Case_H shoaled from approximately 4 m to 2 m during this period. In contrast, the curl‐based estimate predicts a
much smaller vertical displacement of approximately 0.10 m, directed downward, which is an order of magnitude
weaker than the divergence‐induced displacement. These results indicate that the enhanced upwelling in the
middle of the bay in Case_H is explained mainly by divergence‐driven adjustment rather than by curl‐driven
Ekman dynamics.

These results can be interpreted through the associated timescale implied by Equation 1. Curl‐driven Ekman
response scales with the Coriolis parameter f , which represents the inertial period (i.e., dominant when
∂/∂t ≪ f ), whereas divergence‐driven adjustment response scales with temporal variability of the wind (i.e.,
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dominant when ∂/∂t ≫ f ). The close agreement between the divergence‐based estimate and the simulated
upwelling in Case_H indicates that, during the focused period (02:30–08:30 local time), the wind field varied
rapidly relative to the inertial period of 18.9 hr.

To identify the timescale range in which the divergence‐driven adjustment response is most pronounced and to
assess its relative importance against the curl‐driven Ekman response, a spectral analysis was conducted over the
full simulation period from 23 June to 7 July 2015. The analysis used the time‐ and spatially varying wind forcing
and the corresponding simulated vertical velocity within the boxed region in Case_H. The adjustment and Ekman
response terms on the left‐hand side of Equation 1 were estimated from the simulated vertical velocity in Case_H
(wH) at 5‐min intervals. The velocity was averaged over the upper 10 m, which corresponds to the mean depth of
the ρ = 1,025 kg m− 3 isopycnal in Case_H, and is expressed as:

Figure 12. Estimated mean vertical velocity from 02:30 to 08:30 on July 7, local time. (a) curl‐based estimation and (b) divergence‐based estimation.
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〈wH〉 =
1

10 m
∫

surface

− 10 m
wH dz. (8)

Wind forcing terms on the right‐hand side were derived from the simulated wind (Section 3.2) interpolated to the
same temporal resolution.

Figure 13 shows that the relative importance of divergence and curl changes gradually across timescales relative
to the inertial period. The wind stress curl (red) and divergence (blue) forcings intersect near the inertial period. A
similar intersection appears in the oceanic responses, where the curl‐driven Ekman component (magenta) and the
divergence‐driven adjustment component (black) also cross near the inertial period. These intersections indicate
that, for periods shorter than approximately half the inertial period, divergence‐driven adjustment is much
stronger and exceeds curl‐driven Ekman dynamics by 1–2 orders of magnitude. As the period increases, the
relative importance of divergence‐driven adjustment decreases. Beyond the inertial period, the divergence‐driven
oceanic adjustment becomes relatively weaker than the curl‐driven Ekman dynamics.

Notably, the maximum spectral power of the divergence forcing (1.6 × 10− 14 m2 s− 5) is comparable to, or even
greater than, that of the curl forcing (4.3 × 10− 15 m2 s− 5). Together with the improved salinity distribution in
Case_H (Figures 4a and 8a), the enhanced SSS associated with divergence‐driven upwelling in the bay interior
(Figures 10b and 12b), the associated changes in vertical circulation (Figure 11c), and the spectral dominance of
divergence‐driven adjustment at shorter periods (Figure 13), these results demonstrate that short‐timescale wind
stress divergence can be a primary driver of bay interior upwelling in small bays and narrow estuaries where local
winds vary strongly in space and time.

4. Summary and Discussion
This study investigates wind‐driven circulation in a small bay surrounded by complex coastal orography using
high‐resolution numerical simulations and observations. By accounting for local time‐varying winds, spatially

Figure 13. Spectral power of each term in Equation 1 averaged over the boxed region shown in Figure 10. Blue and red lines
represent the power spectra of wind forcing terms associated with wind stress divergence and curl, respectively. Black and
magenta lines represent the power spectra of the oceanic response terms corresponding to the adjustment process and Ekman
dynamics. Shaded areas indicate the 99% confidence intervals.
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varying winds, and Earth's rotation, this study shows that short‐timescale wind stress divergence can generate
upwelling in the bay interior and modify the SSS distribution in small bays. The key findings are summarized and
discussed below.

First, the observed SSS field showed distinct structures, including low‐salinity water along the southern coast
away from the river mouths and a pronounced north‐south salinity gradient. These features were resolved more
clearly using the direction‐dependent optimal interpolation method than using the direction‐independent method,
indicating the importance of accounting for direction‐dependent spatial correlations in Otsuchi Bay. Repeated
observations allowed this directional dependence to be reliably estimated.

Second, time‐ and spatially varying wind fields generated localized wind stress divergence over the bay interior.
These divergence structures varied substantially within the local inertial period of 18.9 hr and were much less
evident in the mean D4 wind field. Such structures were also less distinct in the coarser wind fields. These results
indicate that the wind stress divergence structures relevant to the bay interior response reflect both short‐timescale
variability and the small‐scale spatial structure of local winds.

Third, time‐ and spatially varying wind forcing caused upwelling in the interior of the bay. Surface‐layer salt
budget analysis showed that the improved SSS representation in Case_H compared with Case_U was primarily
explained by stronger upwelling in the middle of the bay under spatially varying wind forcing. This upwelling
also substantially modified the spatial pattern of estuarine circulation, which is closely linked to vertical transport.
While uniform wind forcing confined upwelling and vertical transport to the nearshore region, spatially varying
wind forcing enabled substantial vertical transport and modified cross‐shore circulation in the interior of the bay,
away from the coastline.

Lastly, the bay interior upwelling was driven by wind stress divergence rather than by wind stress curl. Spectral
analysis showed that the relative importance of these mechanisms varied continuously across timescales relative
to the local inertial period. At timescales shorter than approximately half of the inertial period, vertical motion was
primarily induced by divergence‐driven oceanic adjustment. As the timescale increased, the contribution from
divergence weakened while curl‐driven Ekman processes became increasingly important, with the two mecha-
nisms intersecting near the inertial period. At timescales longer than the inertial period, the divergence‐driven
oceanic adjustment became relatively weaker than the curl‐driven Ekman dynamics. Notably, the maximum
spectral power of the divergence forcing was comparable to, or even greater than, that of the curl forcing,
indicating that short‐timescale wind stress divergence can be a primary driver of bay interior upwelling in small
bays and narrow estuaries where local winds vary strongly in space and time.

The present results demonstrate that bay interior upwelling in a small bay can be driven by short‐timescale wind
stress divergence associated with time‐ and spatially varying wind forcing. This finding indicates that upwelling
in small bays is not limited to coastline‐confined upwelling or curl‐driven Ekman upwelling. Although direct
current observations were not available during the simulation period, this conclusion is supported by the com-
parison between simulated and observed SSS distributions, the surface‐layer salt‐budget analysis, and the
divergence‐based vertical‐velocity estimate. Further examination of divergence‐driven bay interior upwelling
based on direct current observations and simulations under a broader range of hydrographic and external forcing
conditions, together with further quantification of the relative contributions of wind, tides, and river discharge to
the SSS distribution, remains an important topic for future research. As a supplementary check, additional
simulations were conducted for two other survey periods representing weaker and stronger stratification con-
ditions. In these additional cases, divergence‐driven bay interior upwelling also occurred, and the resulting
salinity fields remained broadly consistent with observations, providing additional support for the process
examined in the present study (Figure S2 in Supporting Information S1).

Beyond its dynamical importance, divergence‐driven bay interior upwelling may also have important implica-
tions for material transport in narrow estuaries and small bays. Vertical transport of nutrients and other
biogeochemical materials in these systems is often explained by coastline‐confined upwelling or curl‐driven
Ekman upwelling. However, the present results suggest that bay interior vertical transport may also be driven
by wind stress divergence, as indicated by the upward transport of high‐salinity subsurface water and the resulting
surface salinization in Otsuchi Bay. Such processes warrant further investigation, not only from a physical
oceanographic perspective but also in the context of biogeochemical dynamics in a broader range of coastal
systems surrounded by complex orographic features beyond Otsuchi Bay.
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