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Abstract: The Kuroshio Current has its origin in the northwestern Pacific, flowing northward to the
east of Taiwan and the northern part of Luzon Island. As the Kuroshio Current flows northward,
it quasi-periodically intrudes (hereafter referred to as Kuroshio intrusion (KI)) into the northern
South China Sea (SCS) basin through the Luzon Strait. Despite the complex generation mechanisms
of KI, the purpose of this study is to improve our understanding of the effects of KI through the
Luzon Strait on the regional atmospheric and weather variations. Long-term multiple satellite
observations, including absolute dynamic topography, absolute geostrophic currents, sea surface
winds by ASCAT, multi-scale ultra-high resolution sea surface temperature (MURSST) level-four
analysis, and research-quality three-hourly TRMM multi-satellite precipitation analysis (TMPA), was
used to systematically examine the aforementioned scientific problem. Analysis indicates that the
KI is interlinked with the consequential anomalous precipitation off southwestern Taiwan. This
anomalous precipitation would lead to ~560 million tons of freshwater influx during each KI event.
Subsequently, independent moisture budget analysis suggests that moisture, mainly from vertical
advection, is the possible source of the precipitation anomaly. Additionally, a bulk formula analysis
was applied to understand how KI can trigger the precipitation anomaly through vertical advection
of moisture without causing an evident change in the low-level flows. These new research findings
might reconcile the divisiveness on why winds are not showing a synchronous response during the
KI and consequential anomalous precipitation events.

Keywords: South China Sea; Kuroshio intrusion; Luzon Strait; winds; precipitation; atmospheric re-
sponses

1. Introduction

The Kuroshio Current is a western boundary current in the northwestern Pacific that
is characterized by higher temperature and salinity than the surrounding ocean waters
at its latitude. The westward flowing North Equatorial Current (NEC) runs into the
Philippine coast and bifurcates around 12°N into northward-flowing Kuroshio Current and
southward flowing Mindanao Current [1]. The Kuroshio Current flows northward to the
east of northern Luzon Island and passes through an open channel of Luzon Strait, between
northern Luzon Island and Taiwan, and reaches the southeast coast of Taiwan (as shown
in Figure 1). As Kuroshio Current progresses through the Luzon Strait, it generally flows
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northwestward into the South China Sea (SCS) through mainly the Balintang Channel.
Most of the Kuroshio waters that intruded into the SCS forms a loop and flows back
into northwestern Pacific through the Bashi Channel. While, occasionally, some water
surrounding the northern Luzon Strait might turn further westward and intrude into the
northern SCS [2]. This looping of the Kuroshio Current and its intrusion through the Luzon
Strait affects the temperature, salinity, currents, and eddy generation and distribution in
the SCS [3-5], in particular in the northern basin. In this study, we attempt to clarify the
possible atmospheric responses triggered by the unusual warm Kuroshio intrusion (KI)
into the northeastern SCS, in addition to the impact of KI on the surrounding oceanic
environment.
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Figure 1. Long-term (2000-2020) historical Argos drifter trajectories passing through the study
area (trajectories in gray), trajectories in black denote drifter trajectories passing through the Luzon
Strait, which outline the path of Kuroshio intrusion into the northern South China Sea (SCS) and
(occasionally) back to the western North Pacific. Data were obtained from Atlantic Oceanographic
and Meteorological Laboratory (AOML), through https:/ /www.aoml.noaa.gov/phod/gdp/hourly_
data.php (last access: 10 April 2020).

The impact of the regional oceanic features on the overlying marine-atmospheric
boundary layer has been well documented in numerous previous studies. For example,
Frenger et al. [6] examined more than 600,000 individual eddies and their associated at-
mospheric responses in the Southern Ocean using satellite data. Their results showed that
cyclonic eddies would trigger a weakening of sea surface winds (SSWs), a decline of cloud
fraction and water content, and a reduction in rainfall through the mechanism in which sea
surface temperature (SST) anomalies associated with the oceanic eddies modify turbulence
in the atmospheric boundary layers. Based on high-resolution satellite measurements,
co-variability of SST and surface wind speed was observed in the eastern Pacific tropical
instability waves [7]. Nonaka and Xie [8] indicated that surface wind speed increases over
the warm meanders of Kuroshio Extension based on Tropical Rainfall Measuring Mission
(TRMM) Microwave Imager (TMI) observations. Meanwhile, previous investigations also
indicated that changes in local winds may have an important role in determining the
climate in the coastal regions, because they influence the characteristic air flow, precipita-
tion, humidity and even pollutant transports [9-12]. Modulated vertical momentum flux
within the boundary layer and pressure gradient force was usually considered as the key
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mechanisms between wind modulation and SST change [13,14]. Lindzen and Nigam [13]
proposed that the SST variation induces direct changes to the air temperature above and
thus changes the pressure in the atmosphere. Subsequently, low-level winds would con-
verge (diverge) onto warm (cold) SST patches due to hydrostatic balance. Wallace et al. [14]
indicated that the meridional component of the trade wind was correlated with the SST in
the cold tongue in the eastern tropical Pacific because the high winds aloft were decoupled
from surface winds in the presence of more stable stratification over cold SST. The increased
stratification in the boundary layer limits the transfer of vertical momentum and heat flux.
Consequentially, the lower layer becomes less aware of the variation in the layer aloft,
resulting in a “decoupling” condition.

Nevertheless, relative to classical theory, studying low-level wind anomaly forced
by abnormal SST pattern [13-16], somewhat different scenarios were also proposed in
previous studies. For example, Inatsu et al. [17] indicated that SST variations might
lead to a deeper atmosphere response through modulating the growth of extratropical
storms. Small et al. [18] suggested that sea level pressure anomalies are not collocated with
SST anomalies in the particular case of TIWs because air-temperature and water vapor
anomalies lagged downstream of the SST anomalies, due to the effect of advection by the
mean wind. Liu and Xie [19] investigated double intertropical convergence zones and
indicated that most of the investigators attempted to relate the existence and location of the
intertropical convergence zone south of the equator (SITCZ) to SST distribution through
the pressure gradient hypothesis proposed by Lindzen and Nigam [13], however, in their
study, QuickSCAT data do not support such inferences. Zheng et al. [20] analyzed the
influence of coastal upwelling off southeast Vietham (CUEV) on local wind field using
numerical simulations by the atmospheric model of Weather Research and Forecasting
(WRF). Based on numerical simulations, the CUEV feedback resulted in a local wind speed
reduction of greater than 30% with the influence of a typical cold patch (with a temperature
drop of about 3 to 5 °C). The mechanism of the wind modulation in their study was shown
to be an enhancement of sea-breeze. Those aforementioned studies consistently indicate
that there might be different mechanisms that can be responsible for linking upper ocean
features and overlying atmospheric response in addition to well-documented theories.

Based on above reasons, it seems to be more than essential to clarify the relationship
between those distinct oceanic features and consequential atmospheric responses. However,
it is somewhat surprising that, in addition to a series of studies focused on the mechanisms
leading to KI [21-25], studies on possible atmospheric response triggered by the distinct
oceanic features like KI were less explored. Thus, possible feedbacks resulted from the
dynamic KI to the regional weather system surrounding the Luzon Strait and northeast
SCS basin remain unclear and should be examined carefully. On the other hand, there
are different types of KI in the northern SCS. Nan et al. [2] identified three typical paths
of looping, leaking, and leaping, based on Kuroshio SCS Index (KSI, defined by the
integral of geostrophic vorticity from 118° to 121° E and from 19° to 23°N) derived from
weekly satellite absolute dynamic topography. Relative to leaping and leaking paths,
the occurrence of looping accompanies the most distinct high SST front intrusion. Thus,
KI in the form of looping is taken as a typical KI event and is used for the following
analyses in this study. In this work, the main goal is to clarify the effects of KI through the
Luzon Strait on the regional atmospheric and weather variations. Because Luzon Strait
is the key channel of exchange of momentum, heat, and salinity between the SCS and
the western North Pacific, the target of this study on the possible linkages between local
weather variations (e.g., wind, precipitation, etc.) and consequential water movement and
mass exchanges through adjustments of momentum, heat, density and salinity deserves
more attention.

Using observations, especially from multi-satellite missions, this work attempts to
clarify the relationship between KI and consequential atmospheric responses. The rest
of the paper is organized as follows. Section 2 introduces all the datasets used in this
study. They include multi-satellite observational data, ERA-interim reanalysis data, and
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long-term daily WHOI OAFlux product. Section 3 demonstrates the characteristics of KI.
Section 4 presents the impacts of KI to the regional atmospheric system surrounding the
Luzon Strait, and discusses the possible mechanism of KI leading to local atmospheric
responses. Finally, conclusions and remarks are given in Section 5.

2. Data and Methods

To identify the occurrences and spatial characteristics of KI through the Luzon Strait,
satellite altimeter data of absolute dynamic topography (ADT) and absolute geostrophic
currents (AGC) on a 0.25° longitude x 0.25° latitude grid and for the period from January
1993 to May 2019 were used. These products were processed by Archiving, Validation and
Interpretation of Satellite Oceanographic data (AVISO) by merging altimetry observations
from multi-satellite missions of Topex/Poseidon, ERS-1/2, Jason-1/2/3, GFO, Envisat,
CryoSat, and SARAL/AltiKa. In addition to the altimeter data (used to determine the
occurrence of KI event), satellite-based SSWs, SST, and precipitation were applied to
evaluate the atmospheric and oceanic responses to KI through the northern Luzon Strait.
SSWs (with a spatial resolution of 0.25° longitude x 0.25° latitude and for the period
March 2007 —December 2019) were retrieved from the advanced scatterometer (ASCAT)
data product, which was processed by NOAA /NESDIS and provided by REMSS (http://
www.remss.com/mission/qscat, last access: 12 July 2020). Multi-scale ultra-high resolution
(MUR) SST was processed as a global, gap-free, gridded, daily 1km SST by merging IR
data from the advanced very high-resolution radiometer (AVHRR), Moderate Resolution
Imaging Spectroradiometers (MODIS), and microwave data from AMSR-E and AMSR-2,
and in-situ SST observations from the NOAA iQuam project. The MURSST data were
processed and released by NASA JPL PO. DAAC. Table 1 summarizes the multiple satellite
products used in this study.

Table 1. Information of multiple satellite products used in this study.

Spatial Temporal

Product Source Resolution Solution Period
ggsof;:;;hi,y?:g% http:// anrC-Soestjlﬁ;V;(i)ii%?u/ (accessed on 12 0.25° weekly January 1993-May 2019
Abzzit;éi iez)z’g(ghic http:// apdrc.soestj}lﬁ:;v;ié.zeoc)lu/ (accessed on 18 0.25° weekly January 1993-May 2019
ASCAT se(z;ss‘tl\;sf)a ce winds http:/ /www.remss.com/mission/qscat 0.25° daily March 2007-December 2019
MURSST E\;[l)él analysis https:// podaac.j514‘f‘lé5]'?8%)_\;/4 c.ilataset /MUR-]JPL- 0.01° daily June 2002-May 2019
TRI}’&@&E&}; ;’Eﬁ)z"ﬂ https:// diSCgSfC'n‘;i‘Bi?l‘}']i g?tasets/ TRMM_3B4 0.25° daily January 1998-December 2019

For surface precipitation, we used the Tropical Rainfall Measuring Mission (TRMM)
daily 3B42-v7 data. This daily-accumulated precipitation product was generated from
the research-quality 3-hourly TRMM multi-satellite precipitation analysis (TMPA), which
was derived from TRMM and other satellite observations including geosynchronous in-
frared radiometers, Special Sensor Microwave Imager (SSM/I), and rain gauges. The
product provides a long-term, daily accumulated, high-quality precipitation measurement
(available from January 1998 to December 2019), which was accessible through the web-
site: https://disc.gsfc.nasa.gov/datasets/TRMM_3B42_Daily_7/ (accessed on 28 May
2020). To help the interpretation of possible mechanism triggering the local atmospheric
responses to KI, zonal and meridional wind, vertical velocity, and specific humidity on
1000-300 hPa surface were derived from ERA-Interim (European Center for Medium-
Range Weather Forecast (ECMWF)) reanalysis data, which provided daily or monthly
data from January 1979 to August 2019. In this work, daily data from ERA-Interim with
a spatial resolution 0.125° x 0.125° were used. The ERA-Interim data were downloaded
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through http://apps.ecmwf.int/datasets/data/interim-full-daily /levtype=pl/ (accessed
on 11 November 2020). Finally, daily latent heat flux and air temperature at 2 m above
the surface were adopted from the WHOI (Woods Hole Oceanographic Institute) OAFlux
(Objectively Analyzed Air-Sea Fluxes) Project and were converted into evaporation for
the moisture budget analysis. WHOI OAFlux provided daily-mean (1985-present) and
monthly-mean (1958-present) 1° x 1° latent and sensible heat fluxes and other flux-related
surface meteorology over the global oceans. Data downloaded from WHOI OAFlux were
interpolated into 0.125° x 0.125° grid with double linear interpolation technique. Meth-
ods of accessing WHOI OAFlux data are detailed in http://oaflux.whoi.edu/data.html
(accessed on 11 November 2020). The latent heat flux was converted to evaporation via
Equation (1):

E =LH/puwle 1)

where E is evaporation, LH is latent heat flux, p,, is water density, and I, is latent heat of
vaporization. Empirical equations of p;, (kg m~3) and I, (J kg~!) were computed with air
temperature at 2 m (T) [26,27]:

Pw = 999.84 +6.794 x 1072 T — 9.095 x 1073 T? +1.002 x 10~4 T8
—1.120 x 1076 T* + 6.536 x 10~ T° [26]

lp=25x10° 236 x10° T+ 1.6 T> +6 x 1072 T° [27]

3. Kuroshio Intrusion Characteristics

Based on vertical sections of composite shipboard acoustic Doppler current profiler (Sb-
ADCP) current velocity measurements across the Luzon Strait along 21°N, Liang et al. [28]
presented intruded Kuroshio waters flowed westward with a maximum westward velocity
of about 30 cms~!. Thus, 30 cms~! was chosen as the lower bound for defining the
occurrences of westward Kuroshio intrusion through the Luzon Strait. Moreover, in this
study, the KI event was defined and detected more strictly using the following conditions:
(1) within the area of 19-23°N, 118-123°E, there must be a westward current with a velocity
greater than 30 cms ™!, and (2) at the same time, there must be another current to the north
of the westward current but flowing eastward with velocity also greater than 30 cms ™.
A KI event through the Luzon Strait is defined in this study, if the above two circulation
features are present. KSI proposed in Nan et al. [2] provides another reference for the
recognition of loop current (KI). However, with KSI, different types of KI were defined
based on the relative values of mean and standard deviation corresponding to KSI for a
certain data period (see Figure 2 in Nan et al. [2]). In other words, the definition of loop
current depends on different study data periods. Thus, in this study, in a more direct
manner, the aforementioned definition of KI in loop current form was applied.

Here, AGC within the Luzon Strait and an algorithm developed based on the afore-
mentioned definition were used to detect all the KI events. From 1993 to 2019, there are 185
strong KI events in total. A “strong” KI event refers to one that persists for at least four
weeks continuously, and was considered as a mature and typical KI event for the following
analyses. The criterion of four weeks was decided based mainly on the statistical results
derived by Yuan et al. [29]. Their results demonstrated that the anticyclonic intrusions
of the Kuroshio in the Luzon Strait with life period of four weeks occur most frequently.
Meanwhile, the persistence period was chosen also for avoiding possible influences from
synoptic-scale weather features (e.g., tropical depression, tropical cyclones, or regional
weather system etc.). Figure 2, showing the characteristics of ADT and AGC corresponding
to the occurrence of KI, was obtained by compositing all detected strong KI events during
the study period. One can see that, both the features of AGC and ADT show a typical KI
pattern with a branch of the Kuroshio Current that flows northwestward entering the SCS
mainly through the Balintang Channel and forms a loop current off southwest Taiwan.
This loop current that carries most of the Kuroshio waters that intruded into the SCS exits
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into the northwestern Pacific through the Bashi Channel [2,30]. This composite analysis
validates the performance of the KI event detection algorithm developed in this study.
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Figure 2. Composite of all detected Kuroshio intrusion events (in total 185 events) surrounding the
Luzon Strait from 1993 to 2019. Color shading denotes ADT (unit: m) and vectors denote according
to absolute geostrophic currents (AGC) (unit: ms ).

Additionally, the temporal distribution characteristics of strong KI events detected
over the period 1993 to 2019 can be retrieved. The seasonal occurrence of all strong KI
events from 1993 to 2019 is shown in Figure 3. The KI occurred most frequently from
October to March of the next year. This result is generally consistent with the results
documented in previous studies, which reported that southwest monsoon over this region
in boreal summer provides an unfavorable environment for KI occurrence [21,31,32].

35 T T T T T T

T T
N Count
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30 |-
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20 |-
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Figure 3. Temporal distribution of all detected strong Kuroshio intrusion (KI) events occurred during
January 1993-May 2019. Blue (orange) bars denote number (percentage) of KI that occurred in a
certain month.
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4. Atmospheric Responses to Kuroshio Intrusion
4.1. Composite Analysis

To clarify the relationship between the KI event and the atmospheric state, we made
composites of SST, SSWs, and precipitation based on all strong KI events. First, we
processed related composite fields based on all KI events identified in the previous section.
However, due to different time periods of available data of atmospheric parameters, it
is worth noting that different KI events might be combined to generate the composite
of certain parameters corresponding to the occurrence of KI. As shown in Figure 4, a
composite of SST indicates a typical KI pattern with higher SST along the main path of
Kuroshio intruding into the northern SCS. SSWs show a spatially non-uniform distribution.
It is evident that winds are relatively stronger over the regions of the southern and northern
tip of the Luzon Strait (see Figure 4b). This situation is highly possible due to the wind
sheltering effect resulted from the interaction of the topography of Hengchun peninsula
(south of Taiwan) and northwest Luzon Island with northeast monsoon prevailing in boreal
winter in this region [33]. On the other hand, precipitation composite shows a different
pattern. Peaks of precipitation appeared in the offshore region southeast of Taiwan.
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Figure 4. Composites of (a) sea surface temperature (SST) (°C), (b) sea surface winds (SSWs) (ms—1), and () precipitation
(unit: mm day~!) corresponding to coherent detected strong KI events occurred from January 1993 to May 2019. Vectors in
(a,c) denote AGC (unit: ms 1) composite corresponding to all detected Kuroshio intrusion events from 1993 to 2019. Vectors

in (b) show the corresponding wind directions.
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Based on the composite pattern of SSWs shown in Figure 4b and the temporal distribu-
tion characteristic of all KI events (Figure 3), it suggests that the composites of atmospheric
parameters shown in Figure 4 are highly possible due to the contributions of northeast
monsoon prevailing in boreal winter in this region. Thus, the above analyses might not
demonstrate the possible causal relationship between the intrusion of warm Kuroshio
waters and consequential atmospheric responses. To further clarify the direct linkage
between KI and consequential atmospheric responses, an improved composite analysis
was proposed (refer to Figure 5). Multiple panels (a) to (d) of Figure 5 were retrieved by
applying a high-pass filter to the original signal. Before making the corresponding compos-
ites, 52 weeks running mean was applied to all variables to remove any high-frequency
signal. After that, the filtered low-pass signal was subtracted from the original signal to
complete the high-pass filter procedure. Overall, a relatively high-frequency KI signal was
extracted from the original signal (see Figure 5).

23°N 0.1 7 3 NP — 1
22°N 1.2
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0
20°N R e N -1.6
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(a) (b)
23°N 23°N [ 2
oy [EESEEEE
2N | SSSEESITIN. SR 06 22N | S 1
21on Y TTRRE T 0.5 2on IR . A
BN~ ~ S\ g o 0.4 0
20°N T SRR 20°N | _ o AR
e Y 03 |
Sr el 4 1
19°N - 0.2 19°n | SEAY SRS T —
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18NeE 119°E 120°E 121°E 120°E 123°E 18 NeE 119°E 120°F 121°E 122°E 123°E 2
(©) (d)

Figure 5. (a) Anomalies of AGC (unit: ms~!) and ADT (unit: m) corresponding to strong Kuroshio intrusion events (by
removing seasonal signal), (b—d) same as Figure 4 (a—c), but for improved composites corresponding to KI by filtering out
the effect of strong prevailing northeast monsoon.

After removing the contributions from the strong prevailing northeast monsoon,
Figure 5a shows an anti-cyclonic circulation anomaly southwest of Taiwan due to intruded
Kuroshio loop current. Accordingly, the SST image (Figure 5b) also demonstrates a KI
pattern. SSWs show an eastward wind jet at the offshore region of northwest Luzon Island
(Figure 5¢). On the other hand, precipitation composite shows a positive anomaly of 2 mm
per day located at the offshore region of the southwest tip of Taiwan. It is worth noting that
2 mm day ! precipitation anomaly response would lead to ~560 million tons of freshwater
influx corresponding to a typical KI event (based on the assumption that a typical strong KI
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(a) 0 week

event persists for more than 4 weeks), which might further modify the local mass, salinity,
stratification, and freshwater exchange through the influence of positive buoyancy flux
due to rainfall [34].

The aforementioned result suggests an interesting scenario that KI causes not only
a positive SST anomaly surrounding the Luzon Strait off southwest Taiwan but also a
marked precipitation anomaly (and thus significant amount freshwater influx), which
might modify the local mass, heat, and salinity exchange and impacts the regional ecosys-
tem. On the other hand, more interesting is that, in addition to SSH, currents, SST, and
precipitation anomalies respond consistently to KI, while SSWs composite shows a very
different spatial pattern. The asynchronous response between precipitation and SSWs
indicates a contrasting scenario to those reported in previous studies [8,20,33,35] that SST
anomalies trigger the local precipitation anomaly through modifying the local convection
and thus the low-layer wind variations. Thus, to develop a comprehensive understanding
of the above results, more analyses were performed in the following sections to document
the relationship and dynamic linkage therein.

4.2. Backward Running Composite Analysis

Figure 6a—d,e-h shows the result of backward running composite analysis, which can
demonstrate the complete progression of the occurrences of strong precipitation anomaly
and wind forcing anomaly during the KI event, respectively. Here, for backward tracking,
we collect SSWs and precipitation data (after applying the high-pass filter) 0 to 3 weeks
prior to the occurrence of SSWs and precipitation anomalies corresponding to a KI event.
In the meantime, Figure 6i-1 shows 0 to 3 weeks backward composites of SST anomaly also
corresponding to KI period. As we can see, relative to fast-varying atmospheric responses,
during the period of KI occurrence, the SST anomaly does not change with time so much.

Based on the backward propagation of generation of precipitation anomaly, one can
see that the marked precipitation anomaly appeared initially at the north tip of Luzon strait
off southern Taiwan two weeks prior to the original composite (see Figure 6¢, which was
composited based on precipitation data for the period one week before and two weeks
under the influence of a KI event). At the same time, no anomalous feature can be found
in the region where wind jets will occur one week earlier. On the other hand, the initial
generation of eastward wind jet can be traced back to one week only (refer to Figure 6f).
Again, no linkage between wind jet and precipitation anomaly can be found since their
initial occurrences. Overall, the occurrences of precipitation anomaly and wind jet are
“independent”. During the complete period of growth of a certain response to KI, we
cannot find any linkage between SSWs and precipitation anomaly from their backward
propagation composites. Based on the above results, the possible progression of KI leads to
local anomalous precipitation through local wind variations was primarily dismissed.

(b) 1 week (c) 2 weeks (d) 3 weeks
= C—— — 2

Figure 6. Cont.
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(h) 3 weeks

i

(j) 1 week

Figure 6. (a—d) Data of 0 to 3 weeks of backward composites corresponding to occurrences of strong precipitation anomaly

(unit: mm day ') at the offshore region of southwest tip of Taiwan. (e-h) 0 to 3 weeks’ backward composites of wind
forcing anomaly (ms~!) corresponding to occurrences of KI. (i-1) 0 to 3 weeks’ backward composites of SST anomaly (°C)
also corresponding to the KI period. Vectors denote the current anomaly (for top and bottom panels) and SSWs anomaly
(for middle panels) during the KI occurrence.

4.3. Mechanism of Kuroshio Intrusion Triggering the Local Precipitation Anomaly

The above analyses bring out a possible linkage between KI and consequential precip-
itation anomaly. In order to explicitly diagnose the anomalous precipitation induced by KI,
the atmospheric vertically integrated moisture budget equation at steady state is examined
here (Equation (2)):

1 rpe 1 [Pt —= 1 rpt .
P=_E —— orq dp—— / VVqdp—- / wdpq dp+ Residual, (2)
EVA 8 Jps 8 Jps 8 Jps
TEND HADV VADV

where P is precipitation, E is evaporation, g is specific humidity, ? is the horizontal wind,
w is vertical velocity, and g is the gravitational acceleration. ps and p; denote the pressure
at surface and tropopause, which are chosen as 1000 hPa and 300 hPa pressure levels
in this study. According to the moisture budget equation, local precipitation is mainly
generated by the forcing terms on the right-hand side of the equation. The first term on
the right-hand side is evaporation (EVA), the second term is the vertically-integrated time
derivative of specific humidity (TEND), the third term is vertically integrated horizontal
moisture advection (HADV), and the fourth term is vertically integrated vertical moisture
advection (VADV). All the units of moisture budget terms are converted consistently into
mm hr~! for comparison.

Daily EVA is computed from the WHOI OAFlux (from 1985 to 2019), and TEND,
HADYV, and VADYV are from ERA-Interim data (from 1981 to 2019) respectively. To em-
phasize the anomalous response of the local atmospheric state to KI, the climatological
seasonal cycle of each term was removed before the diagnosis. Values on each date of
the year of EVA (35-year daily series) and TEND, HADV and VADV (39-year daily series)
are averaged to form 365-day climatological daily-mean time series. The climatological
seasonal cycle is then defined as the mean and the first two harmonics (annual and semi-



Remote Sens. 2021, 13,1113

11 of 16

(a)

Composites of Anomalous EVA

annual) of the 365-day climatological daily-mean, which can be derived via Fast Fourier
Transform (FFT). Daily anomalous moisture budget terms (i.e., EVA, TEND, HADV, VADV)
are then obtained by subtracting climatological seasonal cycles from the original daily
value. Figure 7 presents the composites of anomalous (a) EVA, (b) TEND, (c) HADV, (d)
VADYV, and (e) the sum of these four terms when strong KI occurred. First, the location
of the largest increase of total moisture in Figure 7e, which appears at the southern tip of
Taiwan, reveals good consistency with anomalous precipitation as shown in Figure 5d. This
implies that the source of moisture plays a key role in the generation of the precipitation
anomaly corresponding to KI. Furthermore, it is shown that the increase of moisture results
mainly from the vertical advection (Figure 7d), while the horizontal advection term creates
a negative effect on rainfall (Figure 7c). Anomalous EVA and TEND (Figure 7a,b) are
less important than HADV and VADYV to precipitation due to their smaller magnitude,
however, both terms present positive effects within the study domain.

Lindzen and Nigam [13] examined the importance of pressure gradients due to SST
gradients to low-level flow and convergence in the tropics over time scales larger than (or
equal to) one month. They demonstrated the role of SST gradients in forcing low-level flows
and convergence in the tropics. In particular, the latter plays a crucial role in determining
the distribution of cumulonimbus convection and rainfall. However, no corresponding
low-level wind circulation to anomalous precipitation arises in our analysis (refer to both
Figures 5 and 6), which is apparently unlike the triggering mechanism proposed by the
classical theory studying low-level wind anomaly forced by abnormal SST pattern [13-16].
Nevertheless, as mentioned above, there might be different mechanisms that can be re-
sponsible for linking upper ocean features and overlying atmospheric response in addition
to well-documented theories [17-20]. Here we seek bulk formula (Equations (3) and (4))
that formulates the heat fluxes between air-sea interfaces for the explanation of how VADV
contributes to local rainfall without an evident change of low-level flows:

SH = —pc,CppUio(Ta — Ts) 3)

qs), (4)

where SH and LH stand for sensible heat flux and latent heat flux, p is the air density,
cp is the specific heat of air, [, is the latent heat of vaporization, Cpy and Cpg are drag
coefficients, Uj is the wind speed at 10 m, T, and g, are the temperature and specific
humidity of surface air, and T and g5 are the SST and saturated specific humidity at Ts.

LH = —pl.CpgUio(qa —

(b)

Composites of Anomalous TEND
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Figure 7. Cont.
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(c)

Composites of Anomalous HADV

(d)

Composites of Anomalous VADV
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Figure 7. Composites of anomalous (a) EVA, (b) TEND, (c) HADV, (d) VADYV, and (e) the sum of 185. strong Kuroshio
intrusion events during January 1993-May 2019. Units of all budget terms have been converted to mm hr~!. Limits of
colorbar scale for (a,b) are £ 0.05, and (c) to (e) are £ 0.2.

Since Kuroshio intrusion often occurs in winter and spring through the Luzon Strait,
the surface saturated specific humidity (g;) will increase simultaneously due to the warm
SST anomaly created by KI. At the same time, low-level air is usually cold and dry; therefore,
the difference between ¢, and g5 is supposed to be reasonably far larger when KI occurs
other than the normal period. Enlargement of the differences of temperature and specific
humidity between atmosphere and ocean not only increase sensible heat flux but also latent
heat flux and evaporation subsequently (Figure 7a). One can find that the contribution of
evaporation (Figure 7a) to local rainfall anomaly (Figure 5d) is positive yet insufficient by
itself. However, an increase in low-level moisture accompanied by evaporation can expand
the vertical gradient of moisture. Through the path of thermodynamic change (i.e., increase
of vertical moisture gradient), the dominant term of moisture budget, VADV (Figure 7d), is
able to enhance without obvious low-level wind field variations.

On the other hand, refer to Figure 7a (EVA) and Figure 7d (anomalous VADV), one
can see that the relatively higher evaporation north off the Luzon Island (Figure 7a) also
contributes to the relatively positive VADV (color in light red to white) northwest off the
Luzon Island to offset the background /surrounding negative values southwest corner of
the whole study area (color in blue). This partially supports the statement of evaporation
might enhance VADV by increasing the low-layer moisture and thus the vertical gradient
of moisture. In addition, please refer to Figures 5c and 7a simultaneously, the colocation of
higher evaporation and extreme eastward wind forcing anomaly northwest off the Luzon
Island suggests that the higher low-layer moisture due to evaporation might be carried
away by the eastward wind forcing anomaly occurred also during the KI period from
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northwest of the Luzon Island toward north-northeast off the Luzon Island. The same
process can be partially observed in the composite of anomalous horizontal advection
(HADYV) (see Figure 7c). Besides, because VADV is contributed mainly by vertical velocity
(w) and vertical gradient of moisture (dg/dp) (see Equation (2)), to further evaluate the
relative contributions of w and dg/dp to anomalous VADYV, the composites of anomalous
vertical velocity (w) and vertical gradient of moisture (dg/dp) responding to KI at 850 hpa,
900 hpa, and 1000 hpa three different altitudes were examined (Figures not shown). For
vertical velocity (w), it shows a generally consistent pattern at different altitudes. Compared
to the spatial characteristics of w at different altitudes to anomalous VADV (Figure 7d), no
marked relationship can be observed. On the other hand, the vertical gradient of moisture
shows very different patterns at different altitudes. Nevertheless, the low-layer moisture
gradient (at 1000 hpa) shows consistency with the pattern of anomalous evaporation
(Figure 7a). These results generally dismiss the possibility of vertical velocity dominates
the enhanced VADV responding to KI and partially support the aforementioned progress.
Above mentioned processes and analyses provide a more complete understanding for both
the moisture budget analysis and the thermodynamic linkage between higher evaporation
(due to intruding warm Kuroshio in the Luzon Strait and southwest off Taiwan), stronger
vertical advection of moisture, and consequential extra rainfall anomaly, as shown in
previous analyses.

Finally, for helping the understanding of the proposed linkage, schematic with related
descriptions demonstrating processes about how the injection of water vapor (moisture
influx) into the atmosphere during KI leads to the consequential anomalous precipitation
(processes mentioned above) are shown in Figure 8. Toy and Johnson [36] examined
the response of rainfall to the SST gradient around the south of Taiwan during early
summer and indicated that the SST gradient over the northern SCS can have a significant
impact on the intensity of rainfall over Taiwan. Nevertheless, as shown in Figure 3, KI
occurred most frequently during boreal winter. Thus, moisture budget analysis and bulk
formula concept with background environmental characteristics in winter corresponding
to KI occurrences provide a different path for explaining the scenario of KI triggering the
anomalous precipitation through vertical injection of moisture without causing an evident
change of low-level winds.

Kuroshio

cold and dry R
northeast winter monsoon

Pacific Ocean

Figure 8. Illustration of KI and the possible mechanism for subsequent regional anomalous rainfall triggered by westward-

intruding warm water. Black arrow indicates the general path of the Kuroshio Current when intrusion occurs. Orange

arrows represent the local increase of surface moisture due to warmer-than-normal SST induced by KI (red shading). Blue

arrow depicts the prevailing northeast monsoon over the western North Pacific during winter. Intense contrast between

cold/dry low-level atmosphere and warm/moist ocean surface constructs a favorable circumstance for evaporation, which

generates the moisture supply for regional rainfall over the offshore region, southwest of Taiwan.
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5. Discussions

Kuroshio waters intruding through the Luzon Strait into the northern SCS is a typical
regional ocean phenomenon. Using multi-satellite observations and atmospheric reanalysis
products, this study investigates KI through the Luzon Strait that occurred from 1993
to 2019 and demonstrates the relationship between KI and consequential atmospheric
responses. First, AGC and ADT composites corresponding to detected strong KI events
show a typical KI pattern where a branch of the Kuroshio Current flows northwestward
entering the SCS mainly through the Balintang Channel and forms a loop current off
southwest Taiwan. Subsequently, most of the intruded Kuroshio water flows out of the SCS
into the northwestern Pacific through the Bashi Channel. The AGC and ADT composite
analysis primarily validate the KI detection algorithm developed in this study. Besides, the
analysis shows that the KI occurred most frequently from October to March of the next year.
This result is generally consistent with the results documented in previous studies, which
reported that southwest monsoon prevailing in this region in boreal summer provides an
unfavorable environment for KI.

Meanwhile, after the high-pass filter, the improved composite analysis suggests an
interesting scenario that KI causes not only a positive SST anomaly surrounding the Luzon
Strait off southwest Taiwan but also a strong precipitation anomaly. This precipitation
anomaly would lead to ~560 tons freshwater influx within the Luzon Strait corresponding
to each strong KI event, which is a significant amount of freshwater source that might
further modify the local mass, salinity, stratification, and freshwater exchange of the
regional ocean through the influence of positive buoyancy flux due to rainfall [34]. Since
the Luzon Strait is the key channel for mass, momentum, heat, and salinity exchanges
between western North Pacific and northern SCS, the anomalous precipitation deserves
more attention. On the other hand, relative to SSH, currents, SST, and precipitation
anomalies respond consistently to KI, while SSWs composite shows a very different spatial
pattern. It is somewhat surprising that SSWs did not show a synchronous response with
that of precipitation during the occurrence of a KI event. Based on the result of the
backward running composite analysis, the physical linkage between SSWs variations and
precipitation anomaly was primarily dismissed. Furthermore, to diagnose the possible
source of the precipitation anomaly accompanied with KI, the atmospheric vertically
integrated moisture budget is used. First, the pattern of the sum of four moisture terms
(EVA+TEND+HADV+VADV) shows great consistency with the location of precipitation
anomaly (refer to Figure 7e,d). This implies that the source of moisture plays a key role
in the generation of the precipitation anomaly during the KI event. It is evident that
the increase of moisture was contributed mainly by the vertical advection term (VADYV,
Figure 7d).

Following the bulk formula, it is shown that, because KI occurs frequently in winter
and early spring within the Luzon strait, KI can lead to a source of higher evaporation
(see Figure 7a) due to the increased differences of temperature (t) and specific humidity (q)
between the atmosphere and the ocean. Although the contribution of evaporation to local
rainfall anomaly is positive, yet insufficient by itself, an increase in the low-level moisture
accompanied with evaporation precisely strengthens the vertical gradient of moisture.
Consequentially, enhancement of moisture gradient in the vertical would lead to stronger
vertical advection of water vapor (VADV) through thermodynamic effects without obvious
low-level wind field variations.

6. Conclusions

This newly-proposed mechanism reconciles the divisiveness of why SSWs failed to
show a synchronous response with the linkage between KI and consequential precipitation
anomaly, compared to the results shown in previous studies. Nevertheless, further dynam-
ical analyses are needed to elucidate the ocean-atmospheric interaction during the KI event.
Numerical modeling work as shown in Zheng et al. [20] might be useful for further studies.
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On the other hand, one step forward of this work also brings out a few key issues
that remain unresolved adequately. These include (1) different atmospheric responses to
different types of KI, (2) the decoupling of SSWs variations and precipitation anomalies,
(3) consequential impacts resulted from the strong precipitation anomaly to the regional
oceanic environment, weather, circulation, and even climate. Again, given the positive
precipitation anomaly (and thus the huge amount of freshwater influx) due to KI, it seems
to modify the local mass, salinity, freshwater exchanges and impact the regional ecosystem.
Therefore, more observations and dynamic analyses are needed to further clarify the
interlinked processes. Numerical modeling, including a coupled ocean-atmospheric model
and more Earth-monitoring parameters from a multi-platform might be utilized.
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