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Importance of the choice of
heat flux parameterization in
regional air—sea coupled
simulations: Case studies of
marine heatwaves induced by
atmospheric heatwaves in
1994 and 2018

Taek-Bum Jeong, Hyo-Jun Bae, Baek-Min Kimand Sinil Yang*

Department of Environmental Atmospheric Sciences, Pukyong National University, Busan, South Korea

This study investigated the marine heat wave events (MHWs) that occurred near
the Korean Peninsula during the summer of 1994 and 2018, using a regional
air—sea coupled model. We analyzed the fifth-generation reanalysis data, ERA5,
published by the European Centre for Medium-Range Weather Forecasts for
both events. We found that the North Pacific High and Tibetan High were
stronger than usual and were associated with warm and moist air intrusion
from the subtropical regions. Air-sea interactions play an important role in the
development of MHWSs. Warm and moist air combined with low-level inversion
and a subsequent sinking motion induced the downward latent heat flux (LHF)
toward the relatively colder sea surface, resulting in increased sea surface
temperatures (SSTs). To quantify the contribution of the downward LHF and
evaluate the importance of the relevant physical parameters of the MHWSs, we
set up two coupled model experiments, namely, CPL_down and CPL_nodown.
Results show that the CPL_down experiment captured the downward LHF well
in both events. The model also successfully captured the observed inversion
near the surface. The cold SST bias tended to be reduced as the low-level
clouds decreased in the area where the downward LHF occurred. In our
simulation, permitting downward LHF improved the MHW reproducibility.
Therefore, we suggest that the increased downward LHF is favorable for
simulating MHWs, and surface physical parameterization must be
carefully performed.
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Introduction

Marine heatwave (MHW) conditions occur when the sea
surface temperature (SST) exceeds a threshold for several days or
more. Holbrook et al (2016) suggested that the SST threshold
leading to an MHW is defined as the 90th percentile of SST
measurements based on a 30-year historical baseline period. It is
necessary to carefully monitor MHW s because they cause severe
socio-economic damage and induce complex marine disasters
(Holbrook et al, 2016).

MHWSs occur worldwide owing to the warming of the
oceans. However, the northwest Pacific region, including the
Korean Peninsula, shows increased MHW occurrences
(Holbrook et al., 2016; Han and Lee, 2020). For example,
Lindsey and Dahlman (2021) found a significant increasing
trend in ocean heat content for the 0-700 m layer around the
Korean Peninsula and the Atlantic Ocean. Lee et al. (2020) also
observed that MHW days over the East Asian marginal seas
(EAMS) increased by approximately two days in 10 years.

Many attempts have been made to predict or reproduce
MHWSs using numerical simulation (Kim et al., 2020; Cho et al.,
2022); however, such attempts are faced with several difficulties.
For example, cold SST biases are common in air-sea coupled
models. For example, Kim et al. (2020) confirmed a cold SST
bias over the entire northwest Pacific region while reproducing
MHWs. Furthermore, Cho et al. (2022) found that the cold SST
bias strengthened as the lead time increased in GloSea5. This is
caused by the lack of understanding of air-sea interactions.
Furthermore, Cho et al. (2022) observed the overestimation of
upward latent heat flux (LHF) in the models.

MHWs originate from complex interactions between the
ocean and atmosphere (Holbrook et al., 2016). Lee et al. (2020)
identified two major modes of MHW over the EAMS using the
dates of MHWSs and empirical orthogonal functions. The first is
an extensive MHW mode that occurs due to the warming of the
subtropical northwest Pacific Ocean during El Nifo southern
oscillation events from early winter. The second mode, which
shows a dipole shape in the EAMS, develops abruptly near the
Korean Peninsula and occurs primarily due to stagnant
anticyclones (Yeo et al, 2019; Lee et al, 2020; Noh et al,
2021). The previous studies have indicated that a strong
downward turbulent heat flux (THF), i.e., the sum of sensible
heat flux (SHF) and LHF, exists in the Korean Strait when
stagnant anticyclones lead to the development of MHWSs. Here,
notable features of the second mode are similar to the physical
mechanism of MHWSs caused by the atmospheric forcing listed
in Holbrook et al (2016). Specifically, these authors found that,
in a persistent high-pressure system, cloud cover and wind speed
decrease, and the number of insolation increases. In addition, the
mixed-layer depth remains shallow due to suppressed wind
speed, moisture flux from the ocean decreases, and the

Frontiers in Marine Science

02

10.3389/fmars.2022.1032930

atmosphere is warmed by shortwave radiation. Consequently,
an increase in net surface heat flux (i.e., the sum of shortwave
radiation, longwave radiation, sensible heat flux, and latent heat
flux) results in MHW .

Among net heat flux terms, LHF is most important in the
generation of MHWSs from atmospheric heatwaves (AHWs).
Generally, LHF is greater than SHF, and, therefore, plays a
dominant role along with solar radiation in fluctuations in the
net surface energy balance. In addition, the direction of LHF is
the same as that of moisture flux, which regulates humidity,
meaning that it is closely related to the formation of low-level
clouds and net surface shortwave radiation. However, unlike the
others, the downward latent heat flux is limited to zero in the
default heat flux parameterization of the Weather Research and
Forecasting (WRF) model, which is widely used in for coupled
air-sea modeling. As downward latent heat flux can occur along
with sea fog at the coast (Edson et al, 2007), it requires
modification. Therefore, in this study, we simulated MHWs
using coupled models that reproduced downward LHF.
Furthermore, events caused by stagnant anticyclones were
selected from previous studies, and the sensitivity of the
numerical models in the parametrization of heat flux was
assessed to better understand its role in modulating the
development of MHWSs from AHWs.

Data and methods

Data

We used the optimum interpolation daily SST (OISST) data
from 1982-2020 to select the MHW cases (Reynolds et al., 2002),
and monthly ERA5 reanalysis (Hersbach et al., 2020) anomaly
data from 1979 to 2020 were obtained. In climate data analysis,
the trend is one of the most important amounts. To compare two
events of MHWs in 1994 and 2018, the trend is necessary to be
removed from the data. In the present study, we simply
identified the linear trends for 1982-2020 and 1979-2020
using linear regression and eliminated them from the OISST
and ERA5 data, respectively. Moreover, atmospheric variables
(e.g.,» SHF and LHF) in the modern-era retrospective analysis for
research and application (MERRA-2; Gelaro et al,, 2017) and
OISST were utilized to validate the simulation results. We also
employed the hybrid coordinate ocean model (HYCOM;
Chassignet et al., 2003) for the model experiments.

Case description

Previous studies on the MHWs around the Korean
Peninsula show some common characteristics (Yeo et al,
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2019; Lee et al,, 2020; Noh et al., 2021). For example, high
atmospheric pressure and downward THF were observed
throughout the Yellow Sea and the East Sea. The downward
THEF implies the inversion of temperature and humidity at the
sea surface, which is an uncommon phenomenon globally
(Cho et al,, 2000; Brunke et al., 2015). Particularly, the
downward LHF denotes that the humidity at the sea surface
is assumed to be saturated due to the air-sea interaction.
However, during early summer, due to AHWSs, insufficient
heating over the ocean around the Korean Peninsula
produces favorable conditions for inversion. AHWs during
early summer are related to the North Pacific High (Wang
et al., 2000). Here, we focus the air-sea interactions occurring
in association with the AHW events in 1994 and 2018 (Lee
etal., 2020), which are the two highest-ranked AHW events in
the Korean Peninsula region that were accompanied
by MHWs.

The MHWs in 1994 and 2018 were strengthened by the
effects of AHWs rather than warm currents from the
subtropical Pacific Ocean. Due to the oceanic forcing, the
MHWs developed steadily over several months (Holbrook
et al., 2016; Lee et al., 2020). However, comparing the two
MHW cases with the climatological SSTs (Figure 1), abrupt
increases in the SST anomalies around the Korean Peninsula
occurred. Figure 2 shows the geopotential height anomalies at
500 hPa, and moist static energy (MSE) at 850 hPa, in East Asia
for July 1994 and 2018. The developing strong anticyclones
over the East Asian region are favorable for transporting warm
and humid air from the subtropical region to the Korean
Peninsula (Figures 2A, B). Here, AHWSs can be classified into
two types: extreme (hot and dry) and oppressive (hot and
humid) (Ford and Schoof, 2017). Anomalously high MSE
implies the occurrence of oppressive AHWSs and the influx of
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warmer and more humid air (Figures 2C, D). Figure 3 presents
the detrended temperature and specific humidity differences
between air (2 m above the ocean) and sea surface. Oppressive
AHWs increased the air-sea temperature difference by 0.8 K,
reaching the maximum in 1994 and 2018 around the Korean
Peninsula. Furthermore, the air-side specific humidity was 1.5
g/kg higher than the saturated sea surface humidity, which
provided favorable conditions for downward LHF and caused
MHWs around the Korean Peninsula by suppressing heat
release from the oceans.

Model configuration

We selected the coupled-ocean-atmosphere-wave-
sediment transport (COAWST; Warner et al., 2010)
framework as the air-sea coupled model to reproduce the
two events of MHWs. We coupled the Regional Ocean
Modeling System (ROMS; Shchepetkin and McWilliams,
2005) and the WRF (Skamarock et al., 2019). The COAWST
exchanges the variables between ROMS and the WRF using
the model coupling toolkit (Larson et al., 2005). The model
domain is illustrated in Figure 4. The Revised MM5 Monin-
Obukhov scheme (Jimeénez et al., 2012), which is designed to
limit the downward LHF that may occur during the model
integration, was used for the surface layer scheme for the WRF
(Table 1). We conducted two experiments (i.e., CPL_down
and CPL_nodown) to investigate the effect of the downward
LHF on the simulation results. Here, the downward LHF was
allowed in the CPL_down but was forced and fixed at zero in
the CPL_nodown. The overall experimental design is
presented in Figure 5. The initial and open boundary
conditions for the ROMS were provided by HYCOM GOEFES
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28.0 28.0
26.0 26.0
O, 240 24.0 3
5 22.0 22.0
3 .
20.0 20.0
== = = 1982-2020 mean! = = = 1982-2020 mean
18.0 18.0
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Days since 01-Jun

FIGURE 1

Days since 01-Jun

Time-series plots of daily mean sea surface temperature (solid), climatological mean (dashed), and interannual variability with one standard
deviation (gray shading) around the Korean Peninsula (33.5-37.5° N, 124.0-131.0° E) for 1994 (A) and 2018 (B), respectively. The daily
climatological mean and standard deviation is calculated for 1982-2020. Colored areas represent the selected model periods for each case.
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FIGURE 2
Horizontal distribution of geopotential height anomalies at 500 hPa (A, B); m and moist static-energy anomalies at 850 hPa (C, D); KJ kg™t in
July 1994 (left) and 2018 (right), respectively, in East Asia (10-60° N, 80-170° E).

3.0: HYCOM + NCODA Global 1/12° Reanalysis (GLBu0.08/ the WRF was provided by the ERA5 reanalysis dataset. Based
reanalysis for 1994) and HYCOM GOFS 3.0: HYCOM + on the OISST data (Figure 1), the initial times for our two
NCODA Global 1/12° Analysis (GLBu0.08/expt_91.2 for experiments were set at June 28 for the 1994 event and July 10
2018). In addition, the initial and boundary condition for for the 2018 event.
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FIGURE 3
Horizontal distribution of detrended air-sea temperature difference anomalies (A, B); K and specific humidity difference anomalies (C, D); g kg™ in
July 1994 (left) and 2018 (right), respectively, in East Asia (10-60° N, 80-170° E). Shum: specific humidity. All variables are used from ERA5 data.
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Model domain for the Weather Research and Forecasting (WRF) and Regional Ocean Modeling System (ROMS) models. The East Asia marginal
seas (EAMS) and the analysis region are shown with a solid black line and a red dotted line, respectively.

Results
Comparisons with reanalysis data

Each MHW was simulated for 30 days from the onset of the
drastic increase in the area-averaged SST anomaly (red box in
Figure 4) around the Korean Peninsula. Compared to the
reanalysis data, the overall increasing trend in SST was
modeled well for the 1994 case (Figure 6A). Compared to the
CPL_nodown experiment, the cold SST bias in the CPL_down
experiment was reduced from 0.5 K to 1 K.

TABLE 1 Overview of weather research and forecasting (WRF)
configurations used in this study.

WRF Domain
Resolution 18 km
Horizontal grid 136 x 161

Vertical grid 34 sigma levels of up to 50 hPa

Initialization ECMWEF Reanalysis v5 (ERA5)
Planetary boundary layer Yonsei University (Hong et al., 2006)
Revised MM5 Monin-Obukhov (Jiménez et al., 2012)

Kain-Fritsch (new ERA; Kain, 2004)

Surface layer scheme

Cumulus physics

Frontiers in Marine Science 05

MERRA2 showed a downward LHF over the ocean for a few
days after the initialization period (Figure 6B). The positive
values imply an upward direction of movement. In comparison,
downward LHF did not occur in the CPL_nodown model, for
which no downward LHF was permitted. On the other hand, in
the CPL_down model, a minimum LHF of —40 Wm ™2 was
simulated. Although this is an overestimate compared to the
MERRA?2 data, the overall trend in the CPL_down model was
close to that of the MERRA2 model. From the 20th day, the
upward LHF began to strengthen via sea surface warming. We
observed that the overall trend in LHF was overestimated
compared to the MERRA2 model. Similarly, SHF was higher
in the CPL_down experiment than in CPL_nodown
experiment (Figure 6C).

Heat budget analysis

A heat budget analysis for the mixed layer was conducted to
investigate the contribution of the four components of the net
surface heat flux in the vertical integral of the governing equation
for the upper ocean temperature. We used a simple form of the
tendency equation for the mixed layer (Eq. 1), for which the
decomposition of the budget terms followed Pak et al. (2022):
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FIGURE 5
Schematic representation of the experimental design.

MLT tendency = Q + HADV + OVMIX (1)

where MLT tendency s the temporal change in the mixed layer
temperature, Q s the net surface heat flux term, the HADV s the
horizontal advection term, and OVMIX s the ocean vertical
mixing term. We mainly focused on the first budget term of net
surface heat flux, which refers to the role of atmospheric forcing
in developing MHWs. The Q term is defined as:

— Qnet

2
Pocyh

where Q,,; s the net surface heat flux at the air-sea interface, py s
water density (1,027 kg m™), ¢, s the specific heat capacity of
seawater at constant pressure (4,300 J/kg C), and h s the mixed
layer depth. Qe is composed of net shortwave radiation, net
longwave radiation, SHF, and LHF. A positive value of this term
indicates that the ocean gains heat from the atmosphere.
Figure 7 depicts the daily time series of the area-averaged mixed
layer temperature (MLT) tendency and Q term from the simulation
results. During the entire period, the warming of the MLT tendency
was almost entirely explained by changes in the Q term. The
differences between the two simulation results indicate that the
contribution of downward LHF was sensitive to SST warming by
shortwave radiation. In the case of the heat fluxes, the differences in

SST [C
©1 ., B

Provide Wdumain
to make ocean grid

CPL_nodown

the mean contribution of shortwave radiation, longwave radiation,
SHEF, and LHF during the entire period were +0.05°C/day, +0.01°C/
day, +0.004°C/day, and +0.005°C/day, respectively. Thus, the
increase in shortwave radiation likely caused SST warming.

Impacts of downward LHF

The SST heating rates (i.e., the increase in SST per hour)
were derived from each simulation to analyze the effect of LHF
in resolving the cold SST bias. Figure 8 illustrates the differences
in the SST heating rates between the two simulations for the
1994 case during daytime and nighttime. Every 24 hours, a
positive and negative phase appears during the daytime and
nighttime, respectively. This indicates that solar radiation is a
major factor in the increase in SST due to the downward LHF. A
high heating rate was observed during the daytime in both the
East Sea and Yellow Sea, where warm and humid air is
transported from low latitudes along the geopotential height at
925 hPa. In contrast, during the night, when there is no
shortwave (SW) radiation, cooling by Planck radiation was
strengthened. Notably, the time-averaged heating and cooling
effects were comparable; however, heating was dominant during
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FIGURE 6
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Time series plots of daily area-averaged mean values of sea surface temperature (SST) (A), surface net latent heat flux (LHF) (B), and surface net
sensible heat flux (SHF) (C) time series for the reanalysis data (black), CPL_down (red) and CPL_nodown (blue) simulations, and the OISST data
(grey in A only) over the analysis region (33.5-37.5° N, 124.0-131.0° E) for the 1994 case.
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FIGURE 7

Time-series plots of depth-averaged water temperature (T,,) for the mixed layer (tendency; in black) and the net surface heat flux Qe (red) for the
CPL_nodown (solid) and CPL_down (dashed) simulations over the analysis region (33.5-37.5° N, 124.0-131.0° E). Qpe is the sum of net shortwave
radiation, net longwave radiation, sensible heat flux, and latent heat flux. T,, is depth-averaged water temperature up to the mixed layer.

summer because the sunshine duration accounted for 64.8% of
the day. Furthermore, stronger heating occurred in the Yellow
Sea compared to the East Sea because the anticyclonic wind was
dominant over the Korean Strait due to the North Pacific High.

The relationship between downward LHF and solar radiation
at the sea surface can be demonstrated in terms of the low-level
cloud fractions (LCFs) for 1,000-700 hPa. Specifically, low-level
clouds are thicker and are more efficient at blocking solar
radiation than high-level clouds (Watanabe et al., 2018).
Koshiro and Shiotani (2014) classified low-level clouds into
three categories based on pressure, namely stratocumulus (700-
850 hPa), stratus (850-925 hPa), and fog (925 hPa to the surface).
Of these three types, sea fog is closely related to downward THF
over the ocean. By analyzing the estimated inversion strength,
Koshiro and Shiotani (2014) showed that sea fog can dramatically

increase when temperature inversion occurs. Furthermore, Edson
etal. (2007) observed sea fog and downward LHF at the coast, and
confirmed that the removal of inversion due to downward LHF
can decrease sea fog occurrence. Thus, downward LHF implies a
decrease in evaporation; indeed, in both experiments, sea fog was
simulated in areas where downward LHF occurred. However, as
presented in Figure 9, showing the time series of the vertical
structures of the cloud fractions during the 1994 event, sea fog was
partially removed in the CPL_down model relative to the
CPL_nodown simulation. Therefore, we compared the LCF and
SW reproducibility for each experiment using MERRA-2
reanalysis data. Figure 10 shows the LCF and SW time series at
the sea surface for the initial 15 days of the 1994 case. Excluding
the early part of the simulation, we observed an overall
overestimation of the LCFs, which resulted in less SW reaching

DAYTIME (64.8%) g

[CONTOUR FROM 705 TO 755 BY 10]

FIGURE 8

NIGHTTIME (35.2%)
°C/day

0.15
0.12
0.09
0.06
0.03

-0.03
-0.06
-0.09
-0.12

[CONTOUR FROM 705 TO 755 BY 10]

Horizontal distribution of the differences in sea surface temperature (SST) warming rates between the CPL_down and CPL_nodown models for
the 1994 case during the daytime (A) and nighttime (B). Positive shading means the heating rate in the CPL_down model was higher than that in
the CPL_nodown simulation. Green lines denote the time-averaged geopotential height at 925 hPa.
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FIGURE 10

Area mean values of low-level cloud fractions (LCFs) (A) and the surface net short wave time series (B) for the MERRA-2 data (black) and the
CPL_down (red) and CPL_nodown (blue) simulations every 3 h for the 1994 case.

the surface, as shown in Figure 10B. Nevertheless, the CPL_down
model resolved this overestimation and partially adjusted the
underestimation of SW compared to the CPL_nodown model.

Compared to 1994, the sensitivity of downward LHF was not
significant around the Korean Peninsula in the experiment for
the 2018 case (Figures S1, S2). Because the higher initial SST
distributions for the 2018 case than for the 1994 case (about 5°C
at maximum) made it hard to generate humidity inversion. In
addition, it is notable that the areas where the sensitivity of
downward LHF was significant were determined by the
transport of air from the subtropical ocean to the Korean
Peninsula coastal seas due to the location and size of the
North Pacific High during both events (Figures 8, S3).

Summary and discussion

We reproduced and analyzed MHWSs using the WRF and
ROMS in the COAWST framework to resolve the cold SST bias
during summer around the Korean Peninsula. We verified that the
cold SST bias can be resolved by allowing downward LHF using
the revised MM5 Monin-Obukhov scheme, which is a common
heat flux parameterization method in the WRF model. The AHW
events that occurred in 1994 and 2018 are representative cases of
oppressive AHWSs, where the North Pacific High and the Tibetan
High were strongly formed over the East Sea. In July 1994 and
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2018, warm and humid air was transported from the subtropical
region to the Korean seas and caused a strong temperature and
humidity inversion. Downward LHF was occurred in both the
reanalysis and CPL_down simulations. In particular, MHWSs were
better simulated by the CPL_down model, in which downward
LHF was permitted. The differences in heating between the two
simulation results changed phase every 24 hours and were
dominated by SW. Crucially, LCF caused the observed difference
in SW between the two experiments, having a marked influence on
sea fog. Thus, our CPL_down simulation showed improvements in
SW and LCF representation as well as SST because they
successfully reproduced reductions in sea fog.

Finally, our study suggests that downward LHF should be
considered in the development of air-sea coupled model systems
over the ocean. Notably, we only reproduced MHW:3 associated
with AHWs, and some caution is required because there is a
possibility of downward LHF occurring in early summer. Thus,
the downward LHF around the Korean Peninsula indicates that
further flux observations and modeling-based research are
needed to quantify the accuracy of heat-flux parameterization.
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