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Abstract This study investigates the seasonal variation in temperature induced by diurnal forcing in the
eastern shelf seas of China (ESSC) using a high-resolution Regional Ocean Modeling System model forced
by the National Center for Environmental Prediction and the National Center for Atmospheric Research
re-analysis data for surface fluxes with both 6 h and daily frequencies, respectively. The comparison
between two experiments revealed a =0.4°C modification of the variation in seasonal temperature by
diurnal forcing, which also increases the mixed-layer depth (MLD) in August by 26% and reduces the
volume of the Yellow Sea Cold Water Mass (YSCWM) by 25%. Sensitivity experiments using different forcing
variables indicated that diurnal wind can explain over 80% of the variability in seasonal temperature
induced by diurnal forcing. Diurnal wind led to an increase in the net heat flux into the ocean by about

13 W/m? in summer and a decrease by about 15 W/m? in winter. Diurnal wind also generated an additional
downward heat transport of 21 W/m? over the ESSC that contributed to variability in the mean MLD and
YSCWM in August. Experiments changing the temporal interval of wind forcing suggested that the increase
in the forcing temporal interval gradually enhanced the reproduction of the variability in seasonal
temperature generated by diurnal wind; a 6 h wind forcing can capture 70% of this type of variability given
by 1 h wind forcing, while a 3 h or shorter wind forcing can capture 90%.

1. Introduction

Diurnal variations in sea temperature depend primarily on variations of atmospheric forcing within a day
(hereafter referred as to diurnal forcing) (Gentemann et al., 2009; Ward, 2006). Heating caused by strong
insolation during the daytime generates a very thin “diurnal stratified layer” (Fairall et al., 1996b). Diurnal
warming increases the daily mean sea surface temperature (SST) (Guemas et al.,, 2011; Katsaros et al., 2005)
and modifies the air-sea fluxes of heat (Schiller & Godfrey, 2005; Ward, 2006), vapor (Cornillon & Stramma,
1985), and CO, (Kettle et al., 2009; Ward et al., 2004). The cooling process caused by air-sea heat exchange
at nighttime deepens the mixed layer depth (MLD) (Price et al., 1986) and generates mixing across the ther-
mocline (Bernie et al., 2005). It has also been reported that nocturnal cooling enhances nutrient transport
between the mixed and subsurface layers, resulting in additional primary productivity in the upper ocean
(McCreary et al., 2001).

Based on a view of scale dissimilarity, it was long believed that the impacts of diurnal forcing were limited
to a diurnal time scale. One reason is because the diurnal temperature variability is only ©(0.1°C). However,
satellite and mooring observations after 1980s suggest a different view. In some extreme cases, the variabil-
ity in diurnal temperature can reach a few degrees (Flament et al., 1994; Kawai & Wada, 2007; Merchant
et al.,, 2008; Price et al,, 1987; Stramma et al,, 1986; Yokoyama et al.,, 1995). In addition, diurnal forcing was
found to be able to affect phenomena ranging from the variability in intra-seasonal SST associated with the
Madden-Julian oscillation (MJO) (Bernie et al., 2007; Li et al., 2013) to seasonal and inter-annual variabilities
associated with monsoons (Webster et al., 1998), the Pacific Ocean warm pool (Clayson & Weitlich, 2005;
Fasullo & Webster, 2000) and El Nino and the Southern Oscillation (ENSO) (Lau & Sui, 2010; Solomon & Jin,
2005).
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Figure 1. Monthly mean day-night difference of the Operational Sea Surface Temperature and Ice Analysis diurnal Sea Surface Temperatures (dSST) produced by
an analysis of remotely sensed data acquired from March 2015-February 2016. The grid size of the SST data is 0.25°.

Variability in diurnal temperatures decreases with increasing latitude (Gille, 2012) and depth (Vialard et al.,
2009) (Figure 1). For this reason, many works related to the diurnal variation in sea temperature have
focused on the tropics (Kawai & Wada, 2007), where significant diurnal air-sea interaction, represented by
diurnal atmospheric forcing, is essential for long-term simulations of water temperature in the tropical
ocean (Zeng & Dickinson, 1998). Although variability in diurnal temperature decreases in the mid-latitudes,
large variability in diurnal temperatures generated by diurnal forcing has been reported to appear season-
ally in the southern Baltic Sea (Flament et al.,, 1994; Kahru et al., 1993) and the marginal seas around Japan
and in the Sea of Okhotsk (Kawai & Kawamura, 2005; Sakaida et al., 2000). In a simulation for the global
ocean, Lee and Liu (2005) demonstrated that the mid-latitude shelf sea behaves similar to the tropical seas
in response to diurnal winds.

In the eastern shelf seas of China (ESSC), satellite-based diurnal temperatures derived from the global ocean
Operational Sea Surface Temperature and Ice Analysis (OSTIA) system (Donlon et al., 2012) appear to vary
seasonally and can approach as much as 1°C (Figure 1). A preliminary simulation study for the ESSC demon-
strated that high-frequency diurnal forcing is able to induce significant variations in summertime tempera-
tures inside the ocean (Yu et al., 2017). As a result, the mixed layer depth (MLD) increased by about 10% in
summer, and the mean volume of the Yellow Sea Cold Water Mass (YSCWM) decreased by about 30%. How-
ever, Yu et al. (2017) did not provide a physical interpretation of the change in summertime temperature
with diurnal forcing. Unlike the tropics, where the diurnal insolation is suggested to be the most important
factor (Zeng & Dickinson, 1998), the mechanism involved in the mid-latitude shelf region is expected to be
more complex (Hyder et al,, 2011; Webster et al.,, 1996). Therefore, as an extension of the work of Yu et al.
(2017), we carried out many sensitivity experiments in this study with these goals: 1) confirming the findings
of Yu et al. (2017) by extending the model integration time and 2) clarifying the mechanism responsible for
the seasonal variation in temperature induced by diurnal atmospheric forcing.

In this paper, sections 2-4 describe the methodology, present the results of the model experiments, and
explain the mechanism for the diurnal atmospheric forcing induced seasonal variation in temperature,
respectively. Sections 5 and 6 examine the sensitivity of the variation in seasonal temperature induced by
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diurnal forcing to the frequency of atmospheric forcing, and provide a summary and recommendations for
future research studies, respectively.

2. Methodology

In order to investigate the variation in seasonal temperature induced by diurnal forcing in the ESSC, a three-
dimensional Regional Ocean Modeling System (ROMS) model (Shchepetkin & Mcwilliams, 2005) was applied
in the present study. To capture additional details related to the variation in temperature, the model hori-
zontal resolution was set to 1/18° (about 6 km) with the meridional range from 24°N to 41.3°N, and the
zonal range from 117°E to 132°E (Figure 2). The model had 26 terrain-following “S”-layers in the vertical
direction, and the water depth at each grid point was from a 1/60° resolution bathymetry database pro-
vided by the Laboratory for Coastal and Ocean Dynamics Studies, Sung Kyun Kwan University, Korea. The
enhanced vertical resolution near the sea surface achieved by using Shchepetkin’s double stretching func-
tion (Shchepetkin & Mcwilliams, 2009) ensures that the thickness of the uppermost model layer, even at the
deepest water point, was less than 1 m (Bernie et al., 2005). The Mellor-Yamada level 2.5 turbulence closure

24N e kit —
117°E  120"E 123°E 126°E 129°E 132°E

Figure 2. Model domain and bottom topography (m). The contour interval is 10 m, from 0 to 200 m. The eastern shelf
seas of China in this study were defined as the area with a water depth of less than 200 m in this figure.
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scheme (MY2.5) (Mellor & Yamada, 1982) was performed to represent the vertical mixing. The quadratic bot-
tom drag coefficient for bottom stresses was set to 1.5X 1073,

2.1. Initial Conditions

We used climatological data for the mean monthly temperature and salinity in January from the World
Ocean Atlas 2013 data set (http://www.nodc.noaa.gov/OC5/woa13/) (Boyer et al., 2005; Locarnini et al,
2013; Zweng et al., 2013) as an initial field of the model. The initial current velocity as well as the sea surface
height (SSH) in the model are from monthly mean climatological data derived from the CARTON-GIESE
Simple Ocean Data version 2.2.4 data set (http://iridl.Ideo.columbia.edu/SOURCES/.CARTON-GIESE/.SODA/.
v2p2p4/) (Carton & Giese, 2008; Carton et al., 2000) averaged from 1991 to 2008 for January.

2.2, Open Boundary Conditions

Ten principal tidal constituents of M,, S,, Ny, K5, K;, Oy, P, Q;, M and M,,, were specified at lateral bound-
aries as the high-frequency boundary conditions. Their harmonic constants of elevation and currents were
derived from the Oregon State University global inverse tidal model of TPXO7.0 (http://volkov.oce.orst.edu/
tides/) (Egbert & Erofeeva, 2002; Egbert et al., 1995). Mean monthly Simple Ocean Data version 2.2.4 clima-
tological data were applied for the low-frequency boundary conditions of SSH and ocean currents, while
the monthly World Ocean Atlas 2013 was used to obtain the climatological data for temperature and salin-
ity. The Chapman type condition (Chapman, 1985) for SSH, the Flather type condition (Flather, 1976) for the
barotropic velocity, and the Orlanski type radiation condition (Orlanski, 1976) for the temperature and salin-
ity were used in the model.

2.3. River Discharge

There are ten rivers inside the model domain: the Yangtze, Yellow, Huaihe, Liaohe, Haihe, Luanhe, Minjiang,
Qiantang, Yalu, and Han rivers. Data related to the mean monthly climatological discharge for these rivers
were collected from the Global River Discharge Project (http://daac.ornl.gov/RIVDIS/rivdis.shtml) (Voros-
marty et al., 1998).

2.4. Atmospheric Forcing and Hindcast Simulation

Solar radiation was directly employed in the model using a double exponential absorption function (Paul-
son & Simpson, 1977) with Jerlov water type Il parameters. The long wave radiation was calculated by the
Berliand algorithm (Berliand, 1952). The wind stress, latent heat flux, and sensible heat flux were calculated
by bulk formulas (Fairall et al., 1996a) with the COARE3.0 parameterization scheme (Fairall et al., 2003). The
necessary SST for the calculation of latent, sensible, and long wave heat fluxes was from our ocean model.
The “cool skin” effect, which significantly affects the air-sea heat exchange and generates a very thin (0.1-
1 mm) thermodynamic “cool-skin layer” at the top of the ocean, was also considered in the study using the
“cool skin” correction scheme given by Fairall et al. (1996b). The air pressure was also given as forcing to the
ocean model.

The impacts of diurnal forcing were examined by a comparison of two experiments: the diurnal forcing case
(Diurnal Case) and the daily forcing case (Daily Case) (Table 1). High-frequency (collected four times a day)
data, specifically the National Center for Environmental Prediction/National Center for Atmospheric
Research (NCEP/NCAR) re-analysis data (Kalnay et al, 1996), were obtained. Seven variables were used
including wind speed (at 10 m above the surface), short wave radiation, air temperature (2 m), air pressure

Table 1
Temporal Interval of Atmospheric Forcing Used in Numerical Experiments
Wind speed Solar radiation Air temperature Air pressure Precipitation rate
Daily case Daily Daily Daily Daily Daily
Case 1 4 times a day Daily Daily Daily Daily
Case 2 Daily 4 times a day Daily Daily Daily
Case 3 Daily Daily 4 times a day Daily Daily
Case 4 Daily Daily Daily 4 times a day Daily
Case 5 Daily Daily Daily Daily 4 times a day
Diurnal case 4 times a day 4 times a day 4 times a day 4 times a day 4 times a day
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(2 m), precipitation rate, cloud fraction, and relative humidity. These data were obtained from the NCEP/
NCAR website (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html). Because the cloud
fraction and relative humidity have been known as the major error terms related to air-sea flux estimation
(Gill, 1982) and are known to be important to the seasonal variation in temperature in the mid-latitudes
(Webster et al., 1998), we kept their frequency at four times a day in two cases. The other five variables
were given four times a day in the Diurnal Case, while their daily means were given once a day in the Daily
Case (Table 1).

For a spin-up, the model was integrated for 20-years forced by the diurnal (four times a day) NCEP/NCAR
forcing from 1 January 1991 to 31 December 2010. Then, the model was integrated for 5 years from 1 Janu-
ary 2011 to 31 December 2015 using the corresponding forcing given in Table 1. The model results in the 5
years (2011-2015) were saved with an interval of 1 h for further analysis.

3. Model Results

3.1. Modeling Diurnal and Seasonal Variations in Temperature in the ESSC

To examine whether 6 h atmospheric forcing used in the Diurnal Case is able to capture variability in
the diurnal temperature in the ESSC, an hourly satellite SST data (http://marine.copernicus.eu/services-
portfolio/access-to-products/?option=com_csw&view=details&product_id=SST_GLO_SST_L4_NRT_
OBSERVATIONS_010_014) derived from the OSTIA system was used to check the model results. Spatially
averaged hourly SSTs over the ESSC given by our model and OSTIA from March 2015 to December 2015
are shown in Figure 3. The correlation coefficient of the diurnal SST anomaly, which is defined as the dif-
ference of hourly SST from its daily mean between the Diurnal Case and the OSTIA data, was 0.74. In addi-
tion, the diurnal range of variation, defined as a positive anomaly maximum minus a negative anomaly
maximum during a day, had a correlation coefficient of 0.68 for the Diurnal Case and the OSTIA data.
Although a noticeable displacement existed between the Diurnal Case and the OSTIA data (Figure 3),
which may be caused by the bias of the daily mean SST in the model, the model simulates the diurnal var-
iation of SST in the ESSC very well.

The model performance for reproducing seasonal variation of water temperature was validated by a compari-
son with field observational data from four cruises operated by the Ocean University of China in March, July,
October, and December 2011. These field observational data have been used to examine the seasonal varia-
tion of water masses in the southern Yellow Sea and the East China Sea by Quan et al. (2013). Our model sim-
ulates well the seasonal variation in temperature in the ESSC; model temperatures in both the Diurnal and
Daily Cases have similar spatial distributions with the observational data at depths of 10 m (Figures 4a-4c, 4e-
4g, 4i-4k, and 4m-40) and 50 m (Figures 5a-5¢, 5e-5g, 5i-5k, and 5m-50). Model temperature bias (column
mean) is less than 1°C in more than 50% the hydrological stations, especially in the Diurnal Case, where this
proportion approaches 65%. On average, the model temperature (10 m) is 0.7°C higher than the observational
data in the four cruises in the Diurnal Case and 1.2°C higher in the Daily Case. The Diurnal Case has a smaller
Centered Root Mean Square Difference in both the upper (10 m; Figures 4d, 4h, 4l and 4p) and deeper (50 m;
Figures 5d, 5h, 51 and 5p) layers than in the Daily Case. Therefore, it is likely that diurnal atmospheric forcing
gives the ocean model better performance in reproducing variability in seasonal temperatures in the ESSC.

3.2. Variations in Seasonal Temperature Induced by Diurnal Forcing

The good performance of model simulation for the diurnal and seasonal variations of water temperature in
the ESSC shows that the model is reasonable for investigating the variation in seasonal temperature
induced by diurnal forcing. Furthermore, the better performance of reproducing variability in the seasonal
temperature in the Diurnal Case than in the Daily Case (Figures 3-5) suggests that diurnal atmospheric forc-
ing likely affects the variation in seasonal temperature in the ESSC. In order to understand the variation in
seasonal temperature induced by diurnal forcing in detail, we present the difference of seasonal mean
water temperature at several model layers between the Diurnal and Daily Cases (Figure 6). The seasonal
mean was calculated from 5 years of model outputs with an interval of 1 h in the same season.

In the warm season (MAM and JJA), diurnal forcing produces a vertically uneven temperature bias
(Figures 6e-6g and 6i-6k). The difference in the horizontally averaged temperature over the ESSC between
the Diurnal and Daily Cases increased with water depth, varying from —0.4°C at the surface to 0.4°C at the
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bottom (Figures 6h and 6l). This vertical inconsistency in horizontally-averaged temperature bias developed
from spring (Figure 6h) to summer (Figure 6l), implying that diurnal forcing induces a more downward
transportation of heat, which will be examined more in section 4. The negative surface temperature bias
generated by diurnal forcing appears in most regions of the ESSC in the warm season (Figures 6e and 6i),
but the positive bottom temperature bias occurs mainly in the Yellow and Bohai Seas (Figures 6g and 6k).
In the Yellow and Bohai Seas, the bottom temperature bias induced by diurnal forcing has an order of 1°C,
which is larger than the horizontally-averaged value of 0.4°C over the entire ESSC (Figure 6l), except for the
coastal areas where strong tidal currents induce a well-mixed structure of temperature.

The temperature bias between the Diurnal and Daily Cases in the warm season appears in both the vertical
and horizontal directions. The horizontal variation in the temperature bias is likely to be associated with
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Figure 6. Seasonal mean differences of sea surface temperatures (SST). (a, €, i, m) Middle layer temperatures (MLT). (b, f, j, n) Bottom temperature (BT). (c, g, k, 0)
Between diurnal and daily cases. (d, h, f, p) Spatially averaged values at three layers over the eastern shelf seas of China. Because the model uses a terrain-
following “S”- coordinate system, the depths of these layers change with water depth and have not a fixed depth at all grid points. As an average over the entire
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in Figure 6k are the areas of Yellow Sea Cold Water Mass in the Diurnal Case (red line) and in the Daily Case (black line). The blue dashed lines in Figure 6k are posi-
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some specific processes in the ESSC, such as in the diluted Yangtze River water and its front (Figures 6i-6k).
However, the focus of this study is on the general effects of atmospheric forcing for the entire ESSC. There-
fore, we will not discuss the role of a specific ocean process in the changes of water temperature with diur-

nal forcing in more detail.

In the cold season (SON and DJF), diurnal forcing gradually offsets the vertically inconsistent temperature
bias from the surface to the bottom (Figures 6a-6¢ and 6m-o) and finally produces a vertically consistent
negative temperature bias of —0.4 to —0.1°C (Figure 6d). Therefore, the diurnal forcing likely generates an
additional cooling effect in the cold season.

Although the temperature bias induced by diurnal forcing in winter is negative for horizontally averaged
temperature bias over the entire ESSC (Figure 6d), it presents a positive value (0.2-0.4°C) in the central Yel-
low Sea from the surface to bottom (Figures 6a-6c). This positive temperature bias in the central Yellow Sea
(Figure 6¢) is probably associated with the bottom-warming induced by diurnal forcing in the warm season
(Figures 6g and 6k). Since the surface cooling induced by diurnal forcing in the cold season is not enough
to remove the stored heat in the bottom of the central Yellow Sea in the warm season (Figures 6g, 6k, and
6p), a positive temperature bias appears there in winter (Figures 6¢ and 60).

Interestingly, the vertically consistent negative temperature bias has a negative trend of —0.08°C yr~

1

(r*=0.92, P <0.01, Figure 6d) over the 5 years of model integration. We will present the reason for this trend
in section 4. Here we only note the possibility that an ocean model without diurnal forcing may overesti-
mate the water temperature in the cold season, which could be a potential problem during climate model-

ing with long integration times.

3.3. Changes of Summer MLD and YSCWM

Vertically inconsistent temperature differences between the Diurnal and Daily Cases in the warm season (Fig-
ures 6h and 6l) suggest a unique influence of diurnal forcing on the variation of summertime temperatures in
the ocean. Strong summer stratification usually weakens the upper ocean mixing in the mid-latitude shelf sea
(Simpson & Bowers, 1981), and low-frequency forcing and ocean processes themselves are not able to capture
the variability in summertime MLD (Qiao et al., 2004; Xia et al., 2006). Here we examine the influence of diurnal
forcing on the variation of summertime MLD that is defined as the minimum depth of the vertical tempera-
ture gradient above 0.2°C/m (Thomson & Fine, 2003; Yu et al,, 2017), which is usually at the upper bound of
the seasonal thermocline in the ESSC (Wei et al.,, 2001). The monthly mean of spatially averaged MLD over the
ESSC in August in the Diurnal and Daily Cases are listed in Table 2. The monthly mean MLD was 13.3 m in the
Diurnal Case but only 10.6 m in the Daily Case. The MLD increases from Daily Case to Diurnal Case by 26% in
August, which is larger than the averaged 12% increasing over the period from May to August. Therefore, the
increasing range of changes in MLD is induced by diurnal forcing within a month, and the changes in August
are probably effective indicators that can be used to assess the effects of diurnal forcing.

Table 2

Seasonal Amplitude of Diurnal Forcing Induced Perturbation in the Air-Sea Heat
Flux (ADSH) and Mixed Layer Depth (MLD) in August, and Mean Water
Temperature and Volume of Yellow Sea Cold Water Mass (YSCWM) From May
to November in Different Experiments

YSCWM

ADSH MLD Mean Mean volume

(W/m?) (m) temperature (° C) (X 10" m3)
Daily case 10.6 85 4.22
Case 1 12.5 13.2 89 3.11
Case 2 1.5 10.7 85 417
Case 3 5.6 10.6 8.5 4.14
Case 4 0.2 10.6 85 4.21
Case 5 0.4 10.6 8.5 4.22
Diurnal case 15.2 13.3 8.9 3.12

A comparison of the Diurnal and Daily Cases shows that a large devia-
tion occurs in the summertime bottom temperature (Figure 6k) in the
central Yellow Sea that overlaps with the area of the YSCWM. The
YSCWM is a bottom water mass with relatively low temperature below
the strong thermocline in the central Yellow Sea from May to Novem-
ber and is usually bordered by a 10°C isotherm (Fei et al,, 2005; Li
et al, 2016; Zhang et al., 2008). The mean temperature of the YSCWM
from May to November was 8.9°C in the Diurnal Case but was 8.5°C in
the Daily Case (Table 2). The mean volume of the YSCWM was 3.1X
10'?m? in the Diurnal Case and 4.2X10'?>m?3 in the Daily Case. There-
fore, the diurnal atmospheric forcing increases the temperature of the
YSCWM by about 0.4°C and reduces the volume of the YSCWM by
about 1.1x10"m?, which is one quarter of the volume in the Daily
Case. Since the occupied horizontal area of the YSCWM is similar in
the Diurnal and Daily Cases (Figure 6k), the change in volume of the
YSCWM is likely to be induced by a vertical process rather than by a
horizontal one. The relationship between the changes of MLD and
YSCWM will be examined in section 4.

YU ET AL.

DIURNAL WINDS EFFECTS ON TEMPERATURE

9879



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013473

4. Discussions

Diurnal atmospheric forcing generates a diurnal variation in water temperature (Bernie et al., 2005; Price
et al,, 1987) that conversely has feedback to affect the heat exchange between air and sea (Ward, 2006;
Webster et al.,, 1996). To investigate the causes for the variation in seasonal temperature induced by diurnal
forcing presented in section 3, we evaluated the air-sea heat flux generated by diurnal forcing. The diurnal
forcing generates a warm bias of net heat flux into the ocean by 13 W/m? in summer (August) and a cold
bias by —15 W/m? in winter (December) (Figure 7a). Consequently, the diurnal forcing activates the air-sea
heat exchange and induces more heat transfer from the air into the ocean in summer and more heat out of
ocean into the air in winter (Figure 7a). This seasonal heat flux generated by diurnal forcing is of the same
order as that in the tropics (Webster et al., 1996).

The altered net heat flux due to diurnal forcing is caused mainly by latent heat because it varies the most
among the three components of heat flux associated with diurnal forcing (Figure 7a). Sensible heat also
contributes to this alteration but is a secondary factor. Long wave radiation causes a small contribution of
only 2 W/m? to the net heat flux change. The change of long wave radiation was consistent with the 0.4°C
reduction of the SST in the Diurnal Case as compared with the Daily Case. Over a time scale of one year,
diurnal forcing causes the ocean to release more heat to the atmosphere, with a flux of 0.9 W/m?. If we inte-
grate this heat flux for a period of one year and divide it by the product of seawater heat capacity of 4.0X
106 J m™3 °C™" and the averaged water depth over the ESSC (63 m), we obtain an order of 0.1°C yr~' for
the temperature difference between the Diurnal and Daily Cases. Because the lateral boundary condition is
almost the same for the two cases, a gradual cooling occurs in the Diurnal Case and induces a negative
trend of 0.08°C yr~ for temperature bias (Figure 6d).

4.1. Key Factor Contributing to Diurnal Forcing in the ESSC
The negative bias of the net heat flux from September to the next April (Figure 7a) can explain the lower
temperature in the Diurnal Case than in the Daily Case for the cold season (Figures 6d and 6p). However,

Net heat flux Latent heat flux
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Figure 7. (a) Averages of air-sea net heat flux (dashed line), latent heat flux (orange curve), long wave radiation (red curve) and sensible heat flux (green curve)
over the eastern shelf seas of China induced by diurnal forcing. The diurnal-wind-generated direct (green line), indirect (red line) and net (gray dash line) effects
on air-sea heat flux in the form of (b) net, (c) latent, and (d) sensible heat fluxes and (e) long wave radiation. Values for this figure are monthly ones averaged from
the same month and are the results of 5 years of simulations. The shadow in colors is the standard deviation corresponding to the monthly mean denoted by lines
of the same color. Positive values indicate heat entering the ocean from the atmosphere.
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the positive bias of the net heat flux from May to August (Figure 7a) does not match the lower SST in the
Diurnal Case and the Daily Case for the warm season (Figures 6h and 6l). This result is different from our pre-
vious understanding from the tropics where diurnal forcing traps solar radiation energy into the “diurnal
stratified layer,” raising the daily mean SST, causing the ocean to release more heat to the atmosphere
(Webster et al., 1996).

To clarify the mechanism for the variation in seasonal temperature induced by diurnal forcing in the ESSC, we
carried out several sensitivity experiments to address the key factor in diurnal forcing. In these experiments, we
changed the frequency of one atmospheric forcing variable from daily to four times a day (Table 1) and kept all
the other configurations for the model run the same as were used in the Daily Case. We use three indices to
evaluate the effects of changing the frequency of each atmospheric forcing parameter on the temperature
change on a seasonal scale. One is the amplitude of the seasonal air-sea heat flux (ADSH) generated by diurnal
forcing, defined as the range of the monthly mean difference of net heat flux between one case and the
Daily Case over one year. The other two are the monthly MLD averaged over the ESSC in August and
the YSCWM-related variables (temperature and volume) averaged from May to November. The ADSH was
12.5 W/m? in Case 1, while the MLD increased from the Daily Case to Case 1 by 2.6 m, the mean temperature
of the YSCWM increased from the Daily Case to Case 1 by 0.4°C and the mean volume of the YSCWM
decreased from the Daily Case to Case 1 by 1.1X10'?> m? (Table 2). Compared with the values given in Table 2
for the change in the three indices from the Daily to Diurnal Case, the frequency of wind forcing, i.e,, the diurnal
wind, explains 82% of the increase in ADSH, 96% of the increase in MLD and almost 100% of the change in
two variables related to the YSCWM. Unlike in the tropics, where diurnal insolation is the most important factor
(Zeng & Dickinson, 1998), diurnal wind is the most effective factor responsible for the variation in seasonal tem-
perature induced by diurnal forcing in the ESSC. Though the day-night differences in SST and vertical tempera-
ture profile are affected by diurnal insolation (Bernie et al.,, 2005), our results suggest that the diurnal variations
in heat fluxes have little effects on seasonal temperature. It is the diurnal variations in wind forcing that affect
the seasonal temperature in the ESSC through the modification of the daily mean surface state variables.

4.2, Direct and Indirect Effects of Diurnal Wind on Air-Sea Heat Flux

Wind speed is involved the bulk calculation of latent and sensible heat fluxes. To determine the difference
in wind speed between the Daily and Diurnal Cases, Figure 8 presents the wind speed averaged over the
ESSC in 2015. The measurement of wind speed at a frequency of four times a day (red line) shows apparent
diurnal changes with positive and negative anomalies from the daily wind speed (green line). The daily
mean wind speed (blue line), which is defined as a scalar mean of four wind speeds during a day, is different
from the daily wind speed that was calculated as the magnitude of daily wind velocity, i.e., vector mean of
four wind velocities during a day. The difference between the blue and green lines changes with time and
probably depends on the difference between the red and green lines, which represent the magnitude of
diurnal wind. Over a year, the daily mean wind speed (blue line, represented by the Diurnal Case) is under-
estimated by the daily wind speed (green line, represented by the Daily Case) by 0.5 m/s; this is 8% of the
annual mean wind speed over the ESSC.

To understand how the diurnal wind affects the heat flux, we separated its effect into two parts. One part
was caused by the underestimation of daily mean wind speed and is called the direct effect in this study.
The other was caused by the change of SST and SST related to specific humidity and is called the indirect
effect. In this study, the heat fluxes were calculated by following bulk equations (1)-(3):

Qe:PgLeCeS(qwf‘%) (1)
QthGCpChS(OW*OG) 2
Qv =cassl;,(0.39-0.05€"/2) (1-kC?) +4ecssl, (0 —0a), 3)

where Q., Qp, and Q, are latent heat flux, sensible heat flux, and long wave radiation, respectively; p, is the
air density; L. is the latent heat of vaporization; ¢, is the specific heat of air at constant pressure; € is
the emittance of the sea surface; g is Stefan-Boltzmann constant; k is the cloud cover coefficient; C is the
cloud fraction; S is the wind speed at a 10-m height over the sea relative to the surface current; g is specific
humidity; 0 is the potential temperature; the subscripts w and a are the values at the surface and at a 2-m
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height over the sea, respectively; and C, and Cj, are the turbulent exchange coefficients for moisture and
heat, respectively.

The changes of the net heat flux and its four components from the Daily Case to Case 1 can be written
using equations (4)-(8):

dQ,=dQ;+dQ.+dQ,+dQy 4
dQ,;=0 (5)
_ 00, ¢, 00.0a,
dQ.= 25 ds+ 90 90 fo [ (6)
~ 0Qp 0Qp
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_ o
dOb—(9

» do,, (8)

where Q, and Q; are the net heat flux and short wave radiation, respectively.

Equations (4)-(8) divide the diurnal-wind-generated heat flux (dQy) into the direct (terms including change
of wind speed, dS) and indirect effects (terms including change of SST, df),,). Latent and sensible heat fluxes
(Figures 7c and 7d) include direct and indirect effects, while long wave radiation (Figure 7e) includes only
indirect effects. Regrouping equations (4)-(8), the direct and indirect effects of diurnal wind on the net heat
flux can be evaluated by equations (9) and (10):

+

s  0s ©)

Direct effect = (809 8Qh) ds

+ 422
94, 90, ' 90, 90,

Indirect effect= ( (10)

9Q: Iqw _ Qy aob) a0,
The similarity between Figures 7a and 7b (broken grey lines) indicates that the separation of the direct
and indirect effects of diurnal wind can explain the seasonal air-sea heat flux induced by diurnal forcing
over the ESSC. The direct effects cause the ocean to release additional heat into the atmosphere with a
value of 19-45 W/m?, and the indirect effects enhance the absorption of heat by the ocean at 15-35
W/m?2 (Figure 7b). The two effects are in a competitive relationship. In winter (December), the direct
effects are larger than the indirect effects and cause the ESSC to release additional heat into atmo-
sphere with a flux of 15 W/m?2. In summer (August), the indirect effects are larger than the direct
effects and cause the ESSC to absorb more heat from the atmosphere with a flux of 13 W/m?2. As an
annual mean, these two effects cause the ESSC to release more heat to the atmosphere with a flux of
0.9 W/m2.

4.3. High- and Low-Frequency Influences on Air-Sea Heat Flux

Besides the separation of direct and indirect effects, the role of diurnal wind can also be understood from
its frequency. Here we define the high-frequency effect as the change in heat flux caused by diurnal varia-
tion in the wind speed and the associated diurnal variation in SST, and the low-frequency effect as that
caused by the difference of daily mean SST and wind speed between the Daily Case and Case 1. To quantify
high- and low-frequency effects of diurnal wind, we decompose the wind speed, SST, and surface specific
humidity (q,,) using equations (11)-(13):

S=(S)+S* an
00 =(0,)+07, (12)
aw=1(aw)*qy,, (13)

where (-) denotes the daily mean value, and the asterisk denotes the diurnal signal.

Substituting equations (11)~(13) into equations (1)~(3), respectively, we get:
Qe(S: Gw)=Qe((S), (aw)) + Qe ((S). ay, ) +Qe(S", (Guw)) +Qe (5", q,) —Qe((S), 0) —Qe(S", 0) (14)
Qn(S, 0w)=Qn((S), (Ow)) +Qn ((S), 0,) +Qn(S, (0w)) +Qn (", 0;,) =Qn((S),0)=Qn(S", 0) (15)
Qb (0w ) = Qb ((0w)) +Qb (0;,) +(Qb (0w) = Qb ({0w)) — Qs (61,) ) (16)

In the above decomposition, the parameters such as L., C. and Cj, are calculated using the original value 0,,.

Equations (14)-(16) divide the air-sea heat fluxes into three parts: the terms involving daily mean values
including Q.((S), (qw)), —Qe({S),0), Qn((S), (Ow)), —Qn((S),0) and Qy((0y)); the terms involving diurnal
signals including Q.(S*,q;,), —Qe(5%,0), Qx(S*,0;,), —Qn(S*,0), and Qy(6},); and the others involving both
daily mean values and diurnal signals. We calculated all the terms in equations (14)—(16) using the results of
Daily Case and Case 1, and this creates a spatial average for the difference in these terms between two
cases in summer (August) and winter (December) (Table 3).

YU ET AL.

DIURNAL WINDS EFFECTS ON TEMPERATURE 9883



@AGU Journal of Geophysical Research: Oceans 10.1002/2017JC013473

Table 3
High-Frequency (Diurnal) and Low-Frequency (Daily Mean) Influences of Diurnal Wind on the Seasonal Air-Sea Heat Flux in
the Eastern Shelf Seas of China®°

Winter (December)

Qe(<s>7 <qw>) Qe(<s>7q:¢) Qe(S*v <qw>) Qe(5*7 q;) _Qe(<s>7 0) _Oe(S*v O)
—10.0 8.9 0.1 -0.1 -8.9 0.1

Qh(<s>7 <0w>) Qh(<5>7 0;) Qh (S*v <0w>) Qh (S*v 0;/) _Qh(<5>’ 0) _Qh(S*’ O)
—57 5.2 0.1 -0.1 -5.2 0.1

Qv ((0w)) Qv (0;,) Qb (0w) = Qb ((0w)) = Qo (6;,)

1.0 -0.2 0.2

Summer (August)

Qe((5), {qw)) Qe((S),an) Q (5", (aw)) Q(s", a,) —Qe((S), 0) —Qe(S", 0)
5.2 18.3 0 0.1 -18.3 -0.1

Qn({S): (Ow)) Qn((5),06,) Qn(S", (Ow)) Qn(s*, 0,,) —Qn({$), 0) —Qn(s", 0)
3.2 11.7 0 0.1 -11.7 -0.1

Qb ((Ow)) Q(0;,) Qb (0w)—Qb({0w)) — Qs (63,)

4.0 0 0

“Monthly mean difference between daily case and case 1.
PUnit is W/mZ.

The terms involving daily mean values (Qe((S), (qw)), —Qe({S),0), Qn((S), (Ow)), —Qn({S),0), Qu({0w))) and
the terms Q.((S),0;,) and Q4((S),0;,) present relatively large differences between the Daily Case and
Case 1. Among these terms, Q.((S), 0;,), and Q4((S),0;,) can be balanced by —Q.((S),0) and —Q,((S),0),
respectively (Table 3). Consequently, only the terms of Q.((S), (quw)), Qn((S), (6w)) and Qp({fx)) really affect
the seasonal air-sea heat flux over the ESSC.

The important three terms in Table 3 involve the difference of daily mean wind speed, SST, and specific
humidity between the Daily Case and Case 1. Such a difference is caused directly by the diurnal wind used
in Case 1. The results given in Table 3 indicate that the linkage between diurnal wind and heat flux is acted
on by the daily mean values of some state variables. Therefore, the correction for heat flux using observa-
tional SST (Barnier et al., 1995) is really helpful to increase the accuracy of air-sea heat flux in the calculations
without diurnal forcing.

4.4. Intensified Downward Heat Transport by Diurnal Wind in Summer

Diurnal wind not only modulates seasonal heat exchange at the sea surface but also generates a downward
heat transport in the ocean in summer (Figures 6h and 6l). To understand its spatial structure, we presented
the monthly mean temperature in August along sections 124°E and 35°N in the Daily Case and Case 1 (Fig-
ure 9). The model results present a strong summer thermocline in the ESSC, and this thermocline is deeper
in Case 1 than in the Daily Case (Figures 9a-9d). Water temperature above the thermocline is lower in Case
1 than in the Daily Case (Figures 9e and 9f), but the temperatures at and below the thermocline were higher
in Case 1 than in the Daily Case (Figures 9e and 9f). This finding suggests that an apparent summertime
downward heat transport was generated by diurnal wind.

To quantify the downward heat transport caused by diurnal wind, we calculated the difference in heat con-
tent and horizontal transport (horizontal advection and diffusion) at each grid point for the Daily Case and
Case 1, respectively. This difference corresponds to the amount of vertical heat transport. Integrating the
calculated vertical heat transport for the grid points where the mean water temperature in August was
lower in Case 1 than in the Daily Case (see the area above the red line in Figures 9e and 9f as an example),
we obtained the difference in vertical heat transport (5.97x10'° J) for the ESSC between two cases. This
indicates that an additional downward heat transport of 21 W/m? existed over the ESSC in August and was
caused by the diurnal wind. This vertical heat transport resulted in a decrease of the mean temperature in
the upper mixed layer of 0.4°C (Figures 9e and 9f), explaining the lower SST that was observed in the Diur-
nal Case than in the Daily Case (Figure 6l). Eighty-four percent of this vertical heat transport (about 5.03X
10'° J) was trapped by the seasonal thermocline, whose mean temperature in August increased by 3°C (Fig-
ures 9e and 9f). Consequently, the depth of the thermocline increased by 2.1 m (Figures 9a-9d), and the
mean MLD increased by 2.6 m from the Daily Case to Case 1 (Table 2). The increase of the depth of the sea-
sonal thermocline in Case 1 also explains the reduction of YSCWM volume by 1.1X10'> m* in summer
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Figure 9. Monthly mean temperature along 35°N and 124°E sections (whose positions are shown in Figure 6k) in August. (a), (b) Case 1; (), (d) Daily Case; and (e),
(f) the differences between Case 1 and the Daily Case. Red lines in Figure 9e and f show the interface for calculation of vertical heat transport.

(Table 2). The remaining 9.36X10'® J of vertical heat transport, which refused the restraint of the thermo-
cline, found its way into the layer deeper than the thermocline. Half of it, about 4.41x10'® J, contributed to
a 1°Cincrease in water temperature in the Yellow and Bohai Seas (Figures 6k and 9e). The other, about 4.95
X108 J, contributed to a 0.4°C increase in the mean temperature in the YSCWM in Case 1 (Figure 9f and
Table 2).

5. Sensitivity to the Wind Forcing Frequency

In the tropics, where the diurnal insolation dominates the longer time-scale variability in temperature that
is induced by diurnal forcing, a 3 h or better temporal resolution of heat fluxes is required to capture 90%
of the variability in diurnal SST and 95% of the intra-seasonal variability in SST (Bernie et al,, 2005). In the
ESSC, diurnal wind is the most effective factor affecting the variation in seasonal temperature induced by
diurnal forcing. To examine the sensitivity of the variation in seasonal temperature with the frequency of
wind, additional experiments were carried out with wind forcing from the NCEP Climate Forecast System
(CFS-R/CFSv2; http://apdrc.soest.hawaii.edu/data/data.php) (Saha et al,, 2010) at a variety of temporal reso-
lutions (1 h, 3 h, 6 h, 12 h, and 24 h; Figure 10). The variability in seasonal temperature generated by diurnal
wind are assumed to be fully resolved by 1 h wind forcing (100%) and fully unresolved by 24 h wind forcing
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Figure 10. Reproduced percentage of the variation in seasonal temperature generated by diurnal wind in the eastern
shelf seas of China by the wind forcing with different time intervals. The dotted line represents the diurnal-wind-
generated vertical heat transport in August; the solid line represents the diurnal-wind-increased mean mid layer depth
(MLD) in August; the dashed line represents air-sea heat flux (ADSH).

(0%). Except for wind forcing, these experiments used the same configurations as the Diurnal Case and
were integrated for a period of 5 years from 1 January 2011 to 31 December 2015.

The 6 h wind forcing caused the model to reproduce 66% of the ADSH, 69% of the mean MLD increased
by diurnal wind in August, and 71% of the vertical heat transport generated by diurnal wind in August
(Figure 10). Being similar to the conclusion of Bernie et al. (2005) for the tropics, a 3 h or better temporal res-
olution of wind forcing is necessary for reproducing 90% of the variation in seasonal temperature generated
by diurnal wind in the ESSC.

6. Conclusions

Diurnal atmospheric forcing affects the seasonal variation in temperature in the ESSC. Diurnal forcing gener-
ates a seasonal temperature variability of =0.4°C and enhances the heat by the ocean in summer with a
surface heat flux of 13 W/m? and the release of ocean heat in winter with a surface heat flux of 15 W/m?2.
Diurnal forcing intensifies the downward transportation of heat in summer and increases the mean MLD by
26% in August. The enhanced summertime ocean heat absorption and downward heat transport affects
the YSCWM, raising its temperature by 0.4°C and reducing its volume by 25%.

Wind is the most effective variable among the specified variables with a diurnal frequency. Diurnal wind
explains over 80% of the variation in seasonal temperature induced by diurnal forcing in the ESSC. These
winds account for about 8% of the magnitude of the increase in the daily mean wind speed (about 0.5 m/s)
in the ESSC and hence modify the daily mean SST. The daily mean wind speed and SST, as modified by diur-
nal wind, generate direct and indirect effects on the seasonal air-sea heat flux. Diurnal wind also generates
an additional downward heat transport of 5.97x10'° J inside the ocean in August that is equivalent to 21
W/m?, explaining the variation in summertime temperature induced by diurnal forcing in the ESSC.

High-frequency wind is probably important for the simulation of seasonal temperatures in the ESSC because
a 3 h or better temporal resolution of wind forcing is necessary to reproduce 90% of the seasonal variation
in temperature generated by diurnal wind. This may be taken as an important reference for simulations of
seasonal temperature in the mid-latitude oceanic shelf region. The results of the present study imply that
the air-sea coupling simulation needs a time-step of at least less than 3 h for the exchange of momentum
and heat flux between the air and sea.
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