
1.  Introduction
Boundary layer jets (BLJs) occur below a height of 1 km (900 hPa) and usually trigger heavy rainfall by supply-
ing both moisture and dynamic lifting (Du & Chen, 2019). The BLJs over coastal areas are not only caused by 
a large-scale land–sea thermal contrast, inertial oscillation and the terrain, but also by large-scale atmospheric 
systems (Kong et al., 2020)—for example, the subtropical high. The heavy rain that usually accompanies BLJs in 
coastal areas (Du & Chen, 2019) can result in significant economic losses because our ability to forecast heavy 

Abstract  Most standalone atmospheric models do not perform well in simulations of coastal boundary 
layer jets (BLJs), important weather processes that can trigger heavy rain in coastal areas by supplying both 
moisture and dynamic lifting. We compared 33-year simulations with a coupled atmosphere–ocean model and 
its standalone atmospheric component, the REgional atmosphere MOdel (REMO), forced by the prescribed 
sea surface temperature (SST). We validated our results using the Tropical Rainfall Measuring Mission SST 
and the ERA5 hourly reanalysis data set. We found that the coupled model gave a more realistic SST standard 
deviation than the REMO on BLJ days and corrected the overestimated air temperature over land during the 
day. The coupled atmosphere–ocean model showed a lower land–sea thermal contrast in the boundary layer. 
This increased the effects of inertial oscillation, which caused the ageostrophic flows to veer southwest, 
which is the direction of the maximum wind speed on BLJ days. This reproduced a more reasonable land–sea 
thermal contrast in the boundary layer as a result of strong air–sea mixing in coastal weather processes, which 
led to a more robust inertial oscillation and a larger SST standard deviation over the central South China 
Sea. These findings deepen our understanding of the influence of a fully mixed air–sea boundary on coastal 
weather processes. These results show that operational numerical weather prediction models can be improved 
by applying atmosphere–ocean coupling to advance their ability to forecast the weather (e.g., BLJ events) in 
coastal areas.

Plain Language Summary  Coastal boundary layer jets (BLJs) are important coastal weather 
processes and, because they are precursor signals of heavy rain, they can be used to improve operational 
numerical weather forecasts. Coupled atmosphere–ocean models improve the predictability of BLJs in South 
China, but we still need a deeper understanding of the mechanism leading to their occurrence. We compared 
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rain is low in these regions (Du et al., 2022; Zhang & Meng, 2019) and because stronger economies are largely 
located in coastal cities. An example is the warm sector heavy rainfall that occurs in southern China during the 
early summer rainy season (Du et al., 2022).

Rainfall in South China shows a diurnal variation (Wu et al., 2020). In many regions—for example, over the 
coastal area of Guangdong—rainfall initially occurs in the morning and then propagates inland in the after-
noon (Chen et al., 2018). The onset of this rainfall occurs over coastal areas, but the precursor signals occur 
over the sea. The precise prediction of these precursors would greatly improve operational weather forecasts 
(Dong et al., 2021). However, standalone atmospheric models have a limited ability to forecast BLJs as a result 
of the complexity of air–sea interactions in coastal weather processes. We therefore need to apply a coupled 
atmosphere–ocean model to gain a deeper understanding of the mechanism linking air–sea interactions and the 
occurrence of BLJs before we can improve operational numerical weather forecasts.

The traditional view is that air–sea interactions should only be taken into consideration in extended-range ensem-
ble weather forecasting (Chen et al., 2003). In most previous operational numerical weather prediction models, 
medium-range forecasts only use standalone atmospheric models and the prescribed sea surface temperature 
(SST) (e.g., the Global Forecast System from the National Centers for Environmental Prediction and the Global/
Regional Assimilation Prediction System from the China Meteorological Administration). Since June 2018, all 
operational configurations of the European Centre for Medium-range Weather Forecasts (ECMWF) Integrated 
Forecasting System have been coupled to an ocean model (Browne et al., 2019), which has dramatically improved 
the forecasting of typhoons. However, the reason why the use of a coupled atmosphere–ocean model improves 
our ability to forecast coastal weather events is still unclear. We therefore validated a coupled atmosphere–ocean 
model and analyzed the main mechanism behind the triggering of BLJs using a fully coupled model. We conclude 
that the impact of the influence of a fully mixed air–sea boundary on coastal weather processes is larger than 
previously recognized.

The structure of this paper is as follows. Section 2 describes the data, model, experimental setup and method 
for identifying BLJs. Section  3 presents the validation of the simulated SST with Tropical Rainfall Measur-
ing Mission (TRMM) data and the simulated BLJ processes are compared with the ERA5 reanalysis data set 
(Hersbach et al., 2020). We then investigate why many BLJs cannot be simulated by a standalone atmospheric 
model is discussed, with particular emphasis on the relation between the large-scale land–sea thermal contrast 
and inertial oscillation. Our main conclusions and discussion are presented in Section 4.

2.  Data and Methodology
2.1.  Model Components and Experimental Setup

We used a regionally coupled ocean–atmosphere model (Sein et al., 2015) consisting of the REgional Atmos-
phere MOdel (REMO) (e.g., Jacob, 2001; Jacob et al., 2001), the Max Planck Institute Ocean Model (MPIOM) 
and the Hydrological Discharge (HD) model (Hagemann & Dümenil, 1997; Hagemann & Gates, 2001), which 
are coupled via the Ocean Atmosphere Sea Ice Soil Version 3 (OASIS3) model (Valcke et al., 2010, 2015). We 
use the acronym ROM (REMO-OASIS-MPIOM) for the REMO/MPIOM/HD coupled model. All the compo-
nents of the ROM are run in a global configuration, except for REMO. We applied the ROM to reproduce the 
climatology of the East Asian summer monsoon system. In parallel, we also used the standalone atmospheric 
model REMO to investigate the impacts of regional atmosphere–ocean coupling.

The SST and other sea surface conditions in the ROM are passed from the MPIOM to the REMO at intervals of 
3 hr. In the standalone REMO, the SST is prescribed from the reanalysis SST every 6 hr and linearly interpolated 
for every REMO time step. Figure 1a shows the REMO domain and the MPIOM computational grid. The main 
difference between the REMO and ROM experiments is that the REMO is forced by the reanalysis SST, whereas 
the ROM is forced by the full air–sea mixed boundary. Previous studies have shown that the ROM can present a 
stronger mixed air–sea boundary than the REMO (Sein et al., 2017; Xu et al., 2019; Zhu et al., 2020).

The ocean model MPIOM was developed at the Max Planck Institute for Meteorology (Jungclaus et al., 2013; 
Marsland et al., 2003). The MPIOM is a free surface, primitive equations ocean model formulated on an orthogo-
nal curvilinear Arakawa C-grid (Arakawa & Lamb, 1977). The MPIOM curvilinear grid has shifted poles located 
over the land surface to avoid the numerical singularity associated with the convergence of meridians. This means 
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that the model can reach a high resolution regionally and maintain a global domain. To ensure model stability, 
40 vertical layers were set from 10 to 500 m in the deep ocean. It is spun-up twice for 45 years (1958–2002) with 
forcing by the ERA-40 reanalysis data set. After ocean spin-up in the standalone mode, the model is coupled 
with the REMO regional climate model using the ERA-40 reanalysis data set as the lateral boundary conditions 
for 45 years (1958–2002). The restart files obtained from the simulation for 31 December 2002 were used as 
the initial conditions for the ROM spin-up with forcing by the ERA Interim data set (an additional 21 years 
for 1980–2000). The model state obtained for 31 December 2000 (after 156 years of spin-up for the ocean and 
66 years for the REMO) was used as the initial conditions in our simulations.

The REMO atmospheric model has a horizontal resolution of 25 km and 27 hybrid vertical layers. The domain 
mainly covers the western North Pacific and the main CORDEX East Asia domain (Figure 1a). A rotated grid 
is applied in the REMO configuration to avoid the very different extensions of grid cells close to the poles. 
The dynamic core of the model and the discretization in space and time are based on the Europa Model of the 
German Weather Service (Majewski, 1991). The physical parameterizations are taken from the GCM ECHAM 
versions 4 and 5 (Roeckner et al., 1996, 2003). The prognostic variables of the REMO are the surface pressure, 
the horizontal wind components, the temperature, the water vapor content, the liquid water content and cloud 
ice. The horizontal discretization is performed on the Arakawa C-grid and the hybrid vertical coordinates are 
defined according to Simmons and Burridge (1981). The time discretization is based on the leap frog scheme 
with semi-implicit correction and Asselin filter smoothing (Asselin, 1972). The SST and sea ice distribution 
are prescribed as the lower boundary values for the ocean grid points. In the uncoupled simulations, they are 
taken from the ERA Interim reanalysis data set, whereas they are taken from the MPIOM model in the coupled 
model. The initial conditions for the REMO model are the state obtained from the 66-year ROM spin-up. The 
lateral boundary forcing is obtained from the ERA Interim reanalysis data set for both the standalone and coupled 
models.

The terrestrial HD model (Hagemann & Dumenil, 1998; Hagemann & Gates, 2001) is run over the whole globe 
topography with constant a 0.5° resolution to simulate the lateral fluxes of freshwater at the land surface with a 
daily time step. The sum of the three flow processes consists of the total outflow of a grid box (i.e., the lateral 
water flow), which includes overland flow, base flow and river flow. More information can be found in the model 
description (Hagemann & Gates, 2001).

The OASIS3 coupler was developed by the European Centre for Research and Advanced Training in Scientific 
Computation (CERFACS). In the areas coupled via OASIS3, the ocean model receives heat, freshwater and 
momentum fluxes from the REMO with an interval of 3 hr and passes the sea surface conditions to the REMO 
(Figure 1b). In the uncoupled area, the ocean model MPIOM calculates heat, freshwater and momentum fluxes 
from the reanalysis data set, which simultaneously drives the REMO. Detailed model coupling descriptions have 
been documented by Sein et al. (2015).

Figure 1.  (a) Model grid configuration as described by Sein et al. (2015). The red rectangle denotes the coupled area (the REMO domain and orography; units: m) and 
the black lines represent the Max Planck Institute Ocean Model (MPIOM) grid (every 12th grid line is shown). (b) Model coupling scheme in the coupled area. The 
data flow from the REMO to the MPIOM is marked by green arrows and the data flow from the MPIOM to the REMO is marked by the blue arrow.
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2.2.  Identification of BLJ

As suggested by Du and Rotunno (2014) and Tu et al. (2019), we identified the BLJs on the basis of the following 
criteria: (a) a maximum wind speed >10 m s −1 below 900 hPa; (b) meridional winds >0 (v > 0 m s −1); and (c) 
below 600 hPa, the wind speed must decrease by at least 3 m s −1 from the height of the maximum wind speed in 
the boundary layer to the minimum wind speed above the boundary layer.

2.3.  Elimination of the Influence of Tropical Cyclones

The climate of South China is also influenced by tropical cyclones. Unlike previous studies, we eliminated the 
influence of tropical cyclones on the BLJ grid points in our study area by excluding the BLJ grid points on 
which a tropical cyclone was active in the region. We followed the method of Sinclair (2004) to identify tropical 
cyclones in the ROM and REMO simulation results and defined the area of influence of a tropical cyclone as the 
region within 500 km from its center (Luo et al., 2016; Ren et al., 2006, 2007).

A low-pressure center must meet the following four criteria: (a) have a maximum of 850 hPa relative vorticity 
greater than +2.5 × 10 −5 s −1 within a radius of 150 km; (b) have a maximum 250–850 hPa thickness >935 dam 
within a radius of 150 km (indicating a deep warm core structure); (c) generate a surface (10 m) wind speed 
>11.3 m s −1 within a radius of 225 km; and (d) evolve in a barotropic or weakly baroclinic environment, defined 
here by B < 25 m. We used Equation 1 to calculate B:

𝐵𝐵 = (𝑍𝑍600 −𝑍𝑍925)warm − (𝑍𝑍600 −𝑍𝑍925)cold� (1)

where Z600 and Z925 are the 600 and 925 hPa heights and the overbars indicate the areal means over the semi-circles 
on the warm and cold sides of the average thermal wind vector. The BLJ grid points were eliminated over the 
area of influence of the tropical cyclone, defined as the region within a circle of 500 km radius from the center of 
the tropical cyclone (Luo et al., 2016; Ren et al., 2006, 2007). We used the historical best-track tropical cyclone 
data from the China Meteorological Administration (Lu et al., 2021) to remove the influence of tropical cyclones 
from the ERA5 BLJ events.

2.4.  ERA5 Hourly Reanalysis Data Set

We used the latest atmospheric reanalysis data set (ERA5) from the ECMWF to test the BLJ results and related 
atmospheric process simulated by the REMO and ROM. This data set has a (0.25° × 0.25°) grid resolution at 1-hr 
intervals and 50 hPa intervals in the vertical direction. This data set has been widely used to identify BLJs (Dong 
et al., 2021; Du & Chen, 2019; Kalverla et al., 2019).

2.5.  SSTs From the TRMM Microwave Imager

To validate the SST simulated by the ROM and REMO, we applied the SST retrievals from the TRMM micro-
wave imager (TMI) swath SST with a resolution of (0.25° × 0.25°). The TMI SSTs were calculated using a 
retrieval algorithm based on radiative transfer, which precisely accounts for the effects of the SST and winds on 
surface emissivity as well as the effects of the atmosphere on the brightness temperature (Wentz et al., 2000). The 
microwave SSTs had a mean bias of −0.07°C and a standard deviation of 0.57°C compared with the observations 
from the TAO/TRITON and PIRATA SSTs (Gentemann et al., 2004). The equatorial orbit of the TRMM over 
the South China Sea (SCS) allows the diurnal variability to be determined (Wu, 2010). We used matched years 
from the available TRMM SSTs and the ROM and REMO simulations from 1998 to 2012 to validate the SSTs.

3.  Results
3.1.  Main Characteristics of the BLJ From the REMO, ROM, and ERA5 Simulations

The BLJ primarily occurs over the northern SCS during the early summer rainy season in May and June (Dong 
et al., 2021) and only a few tropical cyclones reach the study area during this time period. We therefore focused on 
the BLJ in these months and eliminated the days influenced by tropical cyclones (see Section 2.3). There were two 
regions with a high frequency of BLJs over the northern SCS (with Hainan Island as a boundary; Figures 2a–2c). 
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We defined the BLJ over the Beibu Gulf (Figure 2, western box) as the BLJ-West area and the BLJ off the coast 
of Guangdong (Figure 2, eastern box) as the BLJ-East area. In terms of the daily mean BLJ occurrence frequency, 
the ROM results were close to the ERA5 data set in the BLJ-West area, but slightly overestimated the occurrence 
of the BLJ in the BLJ-East area. The REMO clearly underestimated the occurrence frequency of the BLJ in both 
in the BLJ-West and the BLJ-East areas. The standalone atmospheric model (REMO) therefore seems to have a 
limited ability to reproduce the BLJ.

BLJ events were studied to determine the triggers for the BLJ. The hours in which >60% of the grid points in 
the western red box (eastern red box) reached the BLJ threshold were defined as BLJ-West (BLJ-East) events. 
To study the influence of diurnal variations, a BLJ-West (BLJ-East) day was defined as a day on which at least 
three BLJ-West (BLJ-East) events occurred (Dong et al., 2021; Du et al., 2022). If BLJ-West and BLJ-East events 
occurred on the same day, then this was defined as a double BLJ day and the other days were defined as pure 
BLJ-West (pure BLJ-East) days.

There were more BLJ days in June than in May—for example, there were 438 BLJ days in June and 259 BLJ 
days in May in the 33 years of the ERA5 data set. Double BLJ days constituted the major part of the BLJ-West 
and BLJ-East days in the ERA5 data set (52% of BLJ days), the ROM (67% of BLJ days) and the REMO (61% of 
BLJ days). There were more BLJ-West days than BLJ-East days in both May and June—for example, there were 
218 BLJ-West days and 173 BLJ-East days in May and 404 BLJ-West days and 262 BLJ-East days in June in the 
ERA5 data set. The ROM simulated more BLJ days (945 days) than the REMO (750 days) and the ERA5 data 
set (687 days). The REMO underestimated the number of BLJ-West days in June, giving only 84% of the number 
in the ERA data set.

3.2.  Validation of the SST Simulated by the ROM and REMO

The main difference between the REMO and ROM experiments is that the REMO is forced by the prescribed 
reanalysis SST, whereas the ROM is forced by a strong mixed air–sea boundary. Validation of the SST results can 
uncover the ability of the REMO and ROM to reproduce the SST. The diurnal variation of the SST has a key role 
in the land–sea thermal contrast (Dong et al., 2021; Du et al., 2015) and the land–sea thermal contrast and the 
inertial oscillation are also linked with the SST.

We used the TRMM TMI SSTs to validate the diurnal variability of the simulated SSTs in terms of the spatial 
distribution, standard deviation and variance of the monthly mean SST on BLJ days. We present the validation 
results in terms of the double BLJ days over the SCS (Figure 3) because double BLJ days are the main component 
of BLJ days. Similar validation results were obtained for BLJ-West and BLJ-East days (not shown). The double 
BLJ dates for TRMM are the double BLJ dates from ERA5 data set.

Figure  3 shows the distribution of the average SSTs on double BLJ days in the time period 1998–2012 and 
illustrates a clear SST gradient in the SCS. The SSTs were lower in the waters offshore the coast of Guangdong 
and were higher offshore the western Philippines. The SST bias in the ROM and REMO underestimated the 
SST in the waters offshore South China, but overestimated the SST offshore the southern Indochina Peninsula. 
There was a bias in the REMO SST despite the fact that the REMO uses the SST prescribed every 6 hr from the 

Figure 2.  Daily mean occurrence of the boundary layer jet at 925 hPa in May and June during the time period 1980–2012 from the (a) REMO, (b) ROM, and (c) ERA5 
data set, where the western box indicates the BLJ-West area and the eastern box indicates the BLJ-EAST area.
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Figure 3.
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reanalysis data set and linearly interpolates every time step (Figure 3d). The SST gradient in the ROM was greater 
than that in the REMO (Figure 3e). By contrast, the ERA5 SST showed a consistent slightly cold bias over the 
SCS (Figure 3f).

We validated the standard deviation of the hourly SSTs on double BLJ days to determine the magnitude of the 
diurnal variation of the SSTs. The standard deviations of the SSTs over the Beibu Gulf and the waters offshore 
Guangdong were higher than the standard deviation of the SST over the central SCS (Figures 3h–3k). Only the 
standard deviation from the ROM was as high as the standard deviation from the TRMM over the BLJ-West and 
BLJ-East areas (the western and eastern boxes in Figure 2). The magnitude of the SST variance from the ROM 
was more consistent with the actual SST variance over the area about 400 km off the Beibu Gulf coastline than 
all the other SSTs, including the prescribed reanalysis SST used by the REMO.

The variance of the detrended monthly mean SSTs on double BLJ days during the time period 1998–2012 showed 
that the SSTs from the REMO, ROM and the ERA5 data set were closely related to the TRMM data over the 
BLJ-West and BLJ-East areas (Figures 4a and 4b). The correlation coefficient from the BLJ-West area was much 
higher than that from the BLJ-East area. The time correlation coefficient of the REMO and ROM showed a simi-
lar correlation relationship, which means that the SSTs from both the REMO and ROM have a similar ability to 
represent the real monthly SST variance.

The REMO and ROM can therefore represent the spatial distribution and variance of the SST over the SCS on 
double BLJ days. The magnitude of the SST variance from the ROM was closer to the real conditions than the 
SST variance from the REMO. In addition, the SST from the ROM showed a stronger SST gradient over the SCS 
than the SST from the REMO. The higher standard deviation of the SST over the central SCS in the ROM indi-
cated a greater SST response to the fully mixed air–sea boundary in the coupled model than that from the REMO.

3.3.  Main Differences in the Field-Mean Wind Speed Between the ROM and REMO

If we consider the probability distribution of wind speeds >5.5 m s −1, then the ROM simulated more high wind 
speeds than the REMO, especially wind speeds >10 m s −1 on both BLJ-West and BLJ-East days, whereas the 

Figure 3.  Average sea surface temperature (SST) on double boundary layer jet (BLJ) days in May and June during the time period 1998–2012 from the (a) REMO, (b) 
ROM and (c) ERA5 data set. The bias (d) between the REMO results and the Tropical Rainfall Measuring Mission (TRMM) data, (e) between the ROM results and the 
TRMM data, (f) between the ERA5 data set and the TRMM data. (g) The average SST on double BLJ days from the TRMM data. Standard deviation of the SSTs on 
double BLJ days in May and June during the time period 1998–2012 from the (h) REMO, (i) ROM, (j) ERA5 data set and (k) TRMM data. The white color over the 
South China Sea in indicates values that are missing from the TRMM (g, k). The western and eastern boxes were selected to analyze the variance of the SSTs against 
time.

Figure 4.  Detrended monthly field-mean sea surface temperature (SST) variance against time from the (a) western and (b) 
eastern box. In the western box, the time correlation coefficient for the Tropical Rainfall Measuring Mission (TRMM) SST 
and the SSTs from the REMO, ROM and ERA5 data set were 0.76, 0.76, and 0.91, respectively. In the eastern box, the time 
correlation coefficient for the TRMM SST and the SSTs from the REMO, ROM and ERA5 data set were 0.51, 0.51, and 0.80, 
respectively.
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REMO showed a greater frequency of wind speeds <9 m s −1 than the ROM (Figures 5a and 5b). The probability 
distribution of winds in the ROM was consistent with the ERA5 results for all wind speeds in the BLJ-West area 
and wind speeds of about 10 m s −1 in the BLJ-East area; however, the frequency of wind speeds >12 m s −1 was 
overestimated in the BLJ-East area.

We compared the diurnal variation in wind speeds and the meridional wind component on BLJ days and found that the 
REMO and ROM had a similar mean diurnal cycle (Figures 5c and 5d, light and dark blue lines). On BLJ-West days, 
the meridional wind speed was lowest at about 1400 Local Standard Time (LST), whereas the total wind speed was 
lowest at about 1600 LST on that day. Similar behavior was seen on BLJ-East days, with the lowest meridional and 
total wind speeds occurring at about 2000 LST. The diurnal variance of the wind speed in the ERA5 data set showed 
similar behavior (Figures 5c and 5d, red lines). The mechanism of the diurnal variance in the BLJ-West area was 
different from that in the BLJ-East area. The ageostrophic flow in the BLJ-West area is caused by large-scale land–
sea breezes in the afternoon. By contrast, the ageostrophic flow in the BLJ-East area is triggered by planetary-scale 
land–sea breezes between the coastline of East Asia and about 145°E at night (Dong et al., 2021; Huang et al., 2010).

Figure 5.  Frequency of occurrence of the field-mean wind speed in the range 5.5–21.5 m s −1 in (a) the BLJ-West area and (b) the BLJ-East area. Diurnal variations in 
the wind speed and the meridional winds on (c) BLJ-West days and (d) BLJ-East days.

 21698996, 2023, 16, D
ow

nloaded from
 https://agupubs.onlinelibrary.w

iley.com
/doi/10.1029/2023JD

039184 by A
lfred W

egener Institut F. Polar- U
. M

eeresforschung A
w

i, W
iley O

nline L
ibrary on [30/10/2024]. 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

https://agupubs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1029%2F2023JD039184&mode=


Journal of Geophysical Research: Atmospheres

XU ET AL.

10.1029/2023JD039184

9 of 18

3.4.  Differences in the Daily Mean Wind Field on BLJ Days

Figures 6a–6e shows the daily mean wind vectors at 925 hPa and the surface temperature and bias on BLJ days 
from the REMO and ROM compared with the ERA5 data set. All three sets of results show a similar daily mean 
wind distribution, with prevailing southwesterly winds on BLJ-West days (Figures  6a–6c). A comparison of 
the daily mean wind field from the ERA5 data set, the REMO and the ROM shows the main character of the 
daily mean airflow on BLJ-West days (Figures 6d and 6e). The ROM showed a stronger southwesterly wind 
speed than that in the REMO on BLJ-West days (Figure 6f). Similar biases and differences, but with greater 
magnitudes, were seen on BLJ-East days (Figures 6g–6l). The BLJ-East events are influenced by planetary-scale 
land–sea breezes between the coastline of East Asia and about 145°E (Dai & Deser, 1999; Dong et al., 2021; 
Huang et al., 2010) and there are more factors, such as tides (Dai & Wang, 1999) and thermal forcing (Huang 
et al., 2010), that can lead to differences in the winds on BLJ-East days.

The ROM perceptibly corrects the overestimated land surface temperature on both BLJ-West and BLJ-East days 
in this region, which means that the atmosphere transmits more energy to the ocean through a fully mixed air–sea 
boundary in this model than in the atmosphere-only REMO.

3.5.  Mechanism to Improve the Predictability of the BLJ in the ROM

The large-scale land–sea breeze in the BLJ-West area and the planetary-scale land–sea breeze in the BLJ-East 
area are triggers of the ageostrophic flow (Dong et al., 2021). The wind deviations, defined as differences between 
the hourly wind field and the daily mean wind field, are derived from the large-scale land–sea thermal contrast 
and inertial oscillation and control when and where BLJ events occur. The inertial oscillation can cause the wind 
deviations to veer with a clear diurnal clockwise rotation. However, the significant inertial oscillation mostly 
occurs with the suppression of turbulence in the mixed layer, especially after sunset when the air–sea thermal 
contrast is lower (Blackadar, 1957). This means that the large-scale land–sea thermal contrast and the inertial 
oscillation have a see-saw relationship.

We present the results for double BLJ days because these constitute the majority of BLJ days. The wind devia-
tions changes with air temperature were clearer on double BLJ days than on BLJ-West and BLJ-East days. The 
diurnal variance of the wind deviations from the ERA5 data set showed a clear link with the large-scale land–sea 
thermal contrast (Figures 7a, 7d, 7f, and 7g), especially at about 1700 LST (Figure 7f). After sunset, the north-
easterly ageostrophic flow over the Beibu Gulf veered clockwise (Figure 7i, black line) as a result of the inertial 
oscillation. The wind speed was at a maximum when the direction of the wind deviations at about 0500 LST 
matched the daily mean value on that day. The results were similar for the BLJ-East area. However, only the 
planetary-scale land–sea breeze triggered the easterly ageostrophic flow off the Guangdong coastline between 
2000 and 2300 LST. This planetary-scale land–sea breeze occurred later than the local-scale land–sea breeze 
(e.g., Du & Chen, 2019).

On double BLJ days, both the ROM and REMO showed a northeasterly ageostrophic flow over the Beibu Gulf in 
the afternoon, an easterly ageostrophic flow off the coastline of Guangdong at night and the inertial oscillation. 
These are all key features in the diurnal variance of the wind deviations. The air temperature over the northern 
Indochina Peninsula was much higher in the ROM and REMO than in the ERA5 data set, which weakened the 
inertial oscillation effect and led to a smaller variance of the wind speed during the night. The easterly ageo-
strophic flow off the coastline at night (Figures 8a–8c) and the ageostrophic flow over the Beibu Gulf in the 
afternoon (Figures 8f and 8g) were both lower in the ROM than in the ERA5 data set and the REMO. This means 
that the large-scale land–sea thermal contrast in the afternoon and at night were both lower in the ROM than in 
the ERA5 data set and the REMO.

The large-scale land–sea thermal contrast and the inertial oscillation showed a see-saw relationship. The smaller 
large-scale land–sea thermal contrast in the ROM indicated that the inertial oscillation effect was more robust 
than in the REMO. This was shown by a clear clockwise rotation in the difference in the diurnal variance of the 
wind deviations between the ROM and the REMO (Figure 8i). The large-scale land–sea thermal contrast caused 
by warming during the day and cooling at night was lower in the ROM than in the REMO, especially in the after-
noon and at night (Figures 8b–8d, 8f, and 8g).

We plotted two composite vertical cross-sections including the BLJ-West and BLJ-East areas to investigate why 
the large-scale land–sea thermal contrast was lower in the ROM than in the REMO. The daily mean vertical 
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Figure 6.  Daily mean wind field at 925 hPa and the surface temperature on BLJ-West days in the (a) REMO, (b) ROM, (c) ERA5 data set, (d) bias REMO-ERA5, (e) 
bias ROM-ERA5, (f) the differences between the ROM and REMO. Daily mean wind field at 925 hPa and the surface temperature on BLJ-East days in the (g) REMO, 
(h) ROM, (i) ERA5 data set, (j) bias REMO-ERA5 and (k) bias ROM-ERA5. (l) The differences between the ROM and REMO. The colors represent the surface 
temperature and the vectors indicate the wind; the red box outlines the BLJ-East area.
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temperature and meridional winds in both the REMO and ROM showed a similar vertical structure to that in the 
ERA5 (Figures 9a–9c). In detail, the ROM clearly corrected the overestimated air temperature in the 950–800 hPa 
layer (Figures 9d–9f). The largest temperature differences between the ROM and REMO were in the boundary 
layer (Figure 9f). Similar results were also seen in the vertical cross-section of the Guangdong coast, where the 
ROM also reduces the air temperature bias over the sea and in the lower troposphere (Figures 9g–9l).

We examined the diurnal variation of the air temperature deviations, defined as the difference between the hourly 
and the daily mean air temperature, and the meridional wind deviations, in the two vertical cross-sections to 
explore why the large-scale land–sea thermal contrast was lower in the ROM. Once again, we used the meridional 
wind deviations in the ERA5 data set as the reference condition. This wind deviations clearly showed two strong 
ageostrophic flows at about 1700 and 0600 LST and a clear inertial oscillation at night between 2000 and 0500 

Figure 7.  Diurnal variation of the 925 hPa wind deviations (vectors; units: m s −1) and air temperature (shading; units: K) on double boundary layer jet (BLJ) days from 
the ERA5 data set at (a) 2300, (b) 0200, (c) 0500, (d) 2000, (e) 0800, (f) 1700, (g) 1400, and (h) 1100 LST. (i) Hodograph of the wind deviations at 925 hPa over the 
Beibu Gulf (black line, averaged over BLJ-West box in Figure 6) and the coastal area of Guangdong (blue line, averaged over the BLJ-East box in Figure 6) on double 
BLJ days.
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LST (Figure 10i). The ROM and REMO showed a similar diurnal variance of the air temperature deviations and 
the meridional wind deviations. At night, the temperature decreased over land more slowly in the ROM than 
in the REMO (Figures 11a–11c). In addition, during the day the temperature increased over land more slowly 
during  the day in the ROM than in the REMO (Figures 11f–11h), which indicates that the land–sea thermal 
contrast was smaller in the ROM than in the REMO, both during the afternoon and at night. A similar process 
was seen in the BLJ-East vertical cross-section, where there was also a slower changing boundary temperature 
over land in the ROM.

The stronger SST standard deviation appears in the ROM in the central SCS (Figure 3j), which means the atmos-
phere transmits energy to the ocean, which cools the boundary layer over land and heats the ocean during the day, 
leading to a warmer air temperature over the central SCS (Figure 8e–8h). However, the ocean transmits energy to 
the atmosphere and heats the boundary layer over land at night and therefore the SST and the air temperature over 

Figure 8.  Diurnal variation of the wind deviations (vectors; units: m s −1) and air temperature (shading; units: K) at 925 hPa on double boundary layer jet (BLJ) days 
from the ROM-REMO at (a) 2300, (b) 0200, (c) 0500, (d) 2000, (e) 0800, (f) 1700, (g) 1400, and (h) 1100 LST. (i) Hodograph of the wind deviations at 925 hPa over 
the Beibu Gulf (black line, averaged over BLJ-West box in Figure 6) and the coastal area of Guangdong (blue line, averaged over the BLJ-East box in Figure 6) on 
double BLJ days.
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Figure 9.  Composite vertical cross-sections of the air temperature (shading; units: K) and meridional winds (vectors; units: m s−1) averaged in the red box in Figure 8h 
from the (a) REMO, (b) ROM, (c) ERA5 data set, (d) bias REMO-ERA5, (e) bias ROM-ERA5, (f) the difference (ROM − REMO), averaged in the blue box in 
Figure 8e from the (g) REMO, (h) ROM, (i) ERA5 data set, (j) bias REMO-ERA5, (k) bias ROM-ERA5, and (l) the difference (ROM − REMO). The solid black line 
indicates the topography.
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the central SCS decreases (Figures 8a–8c). These processes increase the standard deviation of the SST over the 
central SCS and weaken the large-scale land–sea thermal contrast in the ROM (e.g., in the 925 hPa layer). This 
leads to a more obvious inertial oscillation, which causes the ageostrophic flows to veer (Figure 8i). The inertial 
oscillation is important in BLJ events and can cause the northeasterly ageostrophic flow over the Beibu Gulf in 
the afternoon and the easterly ageostrophic flow off the coastline of Guangdong at night to veer to the southwest, 
the direction of the maximum wind speed on BLJ days, leading to a stronger southwesterly wind on BLJ days 
in  the ROM than in the REMO.

4.  Summary and Discussion
Operational numerical weather prediction is currently carried out using standalone atmospheric models and 
prescribed SSTs. The prescribed SST can improve the ability of models to simulate the BLJ (Gao et al., 2022), 
but not in coastal areas. The BLJ is a key factor in the diurnal cycle of heavy rain (Du et al., 2022), especially over 

Figure 10.  Composite vertical cross-sections of the diurnal variation of the air temperature deviations (shading; units: K) and the meridional wind deviations (vectors; 
units: m s −1) in the red box in Figure 8h on double boundary layer jet days for the ERA5 reanalysis data set at (a) 2300, (b) 0200, (c) 0500, (d) 2000, (e) 0800, (f) 1700, 
(g) 1400, and (h) 1100 hr LST. (i) Hodograph of the meridional winds at 950 hPa averaged in the red box in Figure 8h. The black solid line indicates the topography.
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coastal areas, because it supplies both moisture and dynamic lifting. We analyzed 33-year simulations with an 
atmosphere–ocean coupled model, the ROM, and its uncoupled component, the REMO, forced by the prescribed 
SST. We validated these models with the TRMM TMI SST and the ERA5 hourly reanalysis data set and found 
that the coupled model ROM gave a more realistic SST than the REMO on BLJ days. The ROM corrected the 
overestimated daytime air temperature over land in the REMO on BLJ days. The ROM showed a lower land–sea 
thermal contrast in the boundary layer. This increased the inertial oscillation effects, which can cause the north-
easterly ageostrophic flow over the Beibu Gulf in the afternoon and the easterly ageostrophic flow off the coast 
of Guangdong at night to veer to the southwest, which is the direction of the maximum wind speed on BLJ days. 
The ROM reproduced a more reasonable land–sea thermal contrast in the boundary layer as a result of strong 
air–sea mixing over the coast, which gave rise to a larger inertial oscillation and a standard deviation of the SST 
over the central SCS. These findings deepen our understanding of the influence of a fully mixed air–sea boundary 
on coastal weather processes. Our results can be summarized as follows.

Figure 11.  Composite vertical cross-sections of the diurnal variation of the air temperature deviations (shading; units: K) and the meridional wind deviations (vectors; 
units: m s −1) in the red box in Figure 8h on double boundary layer jet days for the ROM-REMO at (a) 2300, (b) 0200, (c) 0500, (d) 2000, (e) 0800, (f) 1700, (g) 1400, 
and (h) 1100 hr LST. (i) Hodograph of the meridional winds at 950 hPa averaged in the red box in Figure 8h. The black solid line indicates the topography.
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1.	 �There are two high-frequency regions for BLJs: one located over the Beibu Gulf (BLJ-West) and the other 
over the coastal area of Guangdong (BLJ-East). Double BLJ days constitute the majority of BLJ-West and 
BLJ-East days. The REMO and ROM can both represent the actual distribution and variance of the monthly 
mean SST on BLJ days. The magnitude of the standard deviation of the SST in the ROM is significantly 
greater than that in the REMO and is more realistic, indicating the importance of the ocean response to air–sea 
mixing processes in the ROM.

2.	 �The ROM simulates a much higher probability of wind speeds >9 m s −1 than the REMO. The probability 
distribution of all the wind speeds in the BLJ-West area and the wind speeds of about 10 m s −1 in the BLJ-East 
area in the ROM agree well with those from the ERA5 data set. Based on the daily mean wind field and the 
distribution of the surface air temperature, the ROM corrects the overestimated air temperature over the land 
on both BLJ-West and BLJ-East days and gives a more realistic land–sea thermal contrast than the REMO.

3.	 �The effects of the large-scale land–sea thermal contrast and inertial oscillation on the wind deviations have 
a see-saw relationship. The inertial oscillation is more robust in the ROM than in the REMO, as shown by a 
clear clockwise rotation in the differences in the diurnal variance of the wind deviations between the ROM 
and the REMO. The inertial oscillation is the one of the triggers of BLJ events and can cause the northeasterly 
ageostrophic flow over the Beibu Gulf in the afternoon and the easterly ageostrophic flow off the coastline 
of Guangdong to veer southwest at night, which is the direction of the maximum wind speed on BLJ days.

4.	 �In the coupled model, the ocean receives energy from the atmosphere during the day and release energy back 
to the atmosphere at night as a result of the fully mixed air–sea boundary in coastal weather processes. This 
decreases the variability of the air temperature in the boundary layer and the large-scale land–sea thermal 
contrast, which gives rise to a more obvious inertial oscillation and a greater standard deviation of the SST 
over the central SCS in the ROM than in the REMO.

To sustain a clear focus in this study, we limited our discussion to the main mechanism of the atmosphere–ocean 
coupled model that enhances the predictability of BLJ events through influencing the large-scale land–sea ther-
mal contrast and inertial oscillation in the boundary layer. However, other factors such as hydraulic jumps and 
orography can also impact coastal BLJs. Future work will investigate the relationship between coastal BLJs and 
precipitation.
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