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The role of sea surface temperature in shaping the
characteristics of future convective afternoon rainfall
in Taiwan
Wan-Ru Huang 1✉, Yu-Tang Chien 1,2, Chao-Tzuen Cheng 2, Huang-Hsiung Hsu 3 and Suranjith Bandara Koralegedara 1

Convective afternoon rainfall (CAR) is a significant summer rainfall feature in Taiwan. This study investigates the projected
uncertainties in summer CAR in Taiwan, using a dynamical downscaling approach with the Weather Research and Forecasting
Model (WRF) and the High-Resolution Atmospheric Model (HiRAM). The projections were driven by four different sea surface
temperature (SST) categories derived from CMIP5 model simulations under the RCP8.5 scenario. All projections indicate a reduced
frequency but increased intensity of CAR over Taiwan by the end of the 21st century. However, notable differences in the degree of
CAR changes were observed among simulations with varying degrees of Pacific SST warming. These variations in potential future
changes in CAR frequency and intensity can be attributed to the variations in daytime thermal instability, local inland wind
convergence, and moisture flux convergence over Taiwan. Furthermore, this study explored the linkage between local
thermodynamic conditions and projected large-scale circulation patterns.
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INTRODUCTION
Diurnal rainfall is a common phenomenon in coastal regions and
oceanic islands worldwide1–5, including Taiwan. Numerous
observational and modeling studies have demonstrated the
diversity of diurnal rainfall characteristics over the East–Asian
monsoon region4,6–12. In Taiwan, diurnal rainfall during summer
(June, July, and August; JJA) generally occurs in the late afternoon,
with the rainfall peak typically observed between 14:00 and 17:00
local standard time (LST)13. These diurnal rainfall events are also
commonly referred to as convective afternoon rainfall (CAR)
events due to their timing with prevalent convection. Previous
studies on Taiwan rainfall data have revealed that CAR events
dominate the summer rainfall, accounting for over 40 ~ 50% of the
total summer rainfall14,15. Therefore, understanding the underlying
physical mechanisms influencing CAR event characteristics is
crucial to improving the accuracy of CAR events projection in
Taiwan16.
Both observational and modeling approaches have been

employed to investigate the impact of climate on CAR features
in Taiwan13,17,18. Observational studies have demonstrated varia-
tions in CAR frequency and intensity at multiple timescales,
including long-term trends and interannual variability17,19. For
instance, Huang et al.19 analyzed rain gauge observations from
1961 to 2012 to examine the CAR features over Taiwan and
identified a declining trend in CAR frequency but an increasing
trend in intensity. These trends were attributed to local and large-
scale atmospheric thermodynamic changes, such as a decreased
daytime wind convergence, increased thermal stability, and
enhanced moisture supply over Taiwan. In addition, the studies
employing climate models18 or dynamical downscaling models13

projected future changes in CAR events over Taiwan, indicating a
decrease in the frequency but an increase in the intensity of CAR
events by the end of the 21st century. These future changes in
CAR characteristics over Taiwan13,18 were also linked to the

anticipated changes in multiple-scale atmospheric thermody-
namic factors, consistent with the findings of Huang et al.19.
However, the future projection examined by Huang et al.13,18 did
not consider the uncertainties of future SST projection, which may
affect the CAR activity over Taiwan.
Many studies have utilized global climate models to project the

effects of global warming on future rainfall distributions20–23. For
instance, Mizuta et al.20 categorized future changes in global SST
distribution into four distinct categories, based on their analysis of
28 models from the Coupled Model Intercomparison Project Phase
5 (CMIP5)24. They discovered that the impact of variations in SST
warming patterns could contribute to the reduced consensus
among CMIP5 models when predicting changes in regional rainfall
and atmospheric circulation. Chen et al.25,26 followed Mizuta
et al.20 and examined different SST impacts over the western
North Pacific and East Asian rainy seasons, emphasizing the
general circulation patterns and associated daily rainfall char-
acteristics. In contrast to the studies mentioned above, which
either primarily concentrated on larger-scale features20,25,26 or
employed a single SST forcing for simulating future changes in
CAR activities13,18, this research aims to provide valuable insights
into how projections regarding CAR activities in Taiwan may
change in the future in response to the four types of SST warming
patterns classified by Mizuta et al.20.
Some indications for the role of the SST changes in affecting the

CAR activity over Taiwan have been examined by Huang et al.17,
using observational data during the summer of 1960−2012. It was
demonstrated that when the SST over the domain of 5°N−5°S and
170°W−120°W (herein NINO3.4 index) is cooler (warmer), CAR
occurred more (less) frequently in Taiwan, indicating the influence
of El Niño Southern Oscillation (ENSO) on local weather. However,
the relationship between CAR intensity and the NINO3.4 index
shifted from positive to negative around the mid-1980s due to
changes in local moisture flux convergence over Taiwan in
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response to the SST variations over the NINO3.4 region. Based on
these observations, it is plausible to expect that different types of
future SST changes may impact the CAR features in Taiwan
differently; this study is motivated to explore this issue.
The main objective of this study is to address two key questions:

(1) How will the characteristics of CAR events in Taiwan change
under the influence of different SST future projection patterns? (2)
Do the observed changes in question (1) above, indicate the
influence of ENSO on future local CAR variations? By exploring
these questions, we also aim to demonstrate whether the
previously observed impact of ENSO on CAR activities in Taiwan17

remains valid in future projections. This paper builds on the results
of higher-resolution simulations and future climate projections
under Representative Concentration Pathways 8.5 (RCP8.5)
scenario27, where we adopted a dynamical downscaling approach,
using the Weather Research and Forecasting model (WRF)28,29

simulations driven by output from the High-Resolution Atmo-
spheric Model (HiRAM)30. Compared to the resolution of HiRAM
(~25 km), its related dynamical downscaling with the WRF model
(hereafter HiRAM-WRF) has a finer resolution (~5 km). It is
important to note that a cumulus parameterization was not used
in HiRAM-WRF simulations, based on prior findings that suggest a
closer alignment of rainfall simulation with observed patterns at
finer resolutions31–33. For the sensitivity testing of the impact of
potential future SST changes, the four SST categories proposed by
Mizuta et al.20 were used as the boundary conditions for both
HiRAM and HiRAM-WRF simulations. All analyses were focused on
the climate average for the past (1979−2003) and future
(2075−2099) JJA periods.

RESULTS
CAR features: simulation and projection
Prior to the detailed examinations, we demonstrated that HiRAM-
WRF has an improved capability in simulating the diurnal rainfall
feature in Taiwan compared to HiRAM. The domain of HiRAM-WRF
covers the East Asian summer monsoon region (Fig. 1a). When
compared to HiRAM, HiRAM-WRF integrates high-resolution
topography data, enabling a more accurate representation of
the terrain variations in Taiwan (Fig. 1b). By examining the timing
of the maximum hourly rainfall for each grid point from ground
observations (hereafter OBS) (Fig. 1c), we observed that the peak
timing typically occurs in the late afternoon for most areas of
Taiwan, except the coastal regions. The spatial distribution of
diurnal rainfall variability (DRV) estimated from OBS (Fig. 1d)
further shows that the region located along the west of the central
mountain range exhibits a larger variability than the other sub-
regions. Comparing these temporal and spatial observed features
with the simulation results from HiRAM (Fig. 1e–f), we noted that:
(1) HiRAM tends to simulate the diurnal rainfall peak later than the
OBS peak over the area with larger observed DRV (Fig. 1e), and (2)
the DRV difference between HiRAM and OBS (shaded in Fig. 1f)
shows that HiRAM has two larger hotspots of DRV difference
compared to OBS over the central mountains in Taiwan, reflecting
errors in simulating diurnal rainfall in mountainous regions.
Relative to HiRAM, the HiRAM-WRF tends to simulate diurnal
rainfall with a peak timing closer to OBS over a larger domain of
Taiwan (Fig. 1g). Regarding the spatial distribution of DRV, while
HiRAM-WRF also exhibits differences when compared to OBS,
these differences (shaded in Fig. 1h) are relatively less pronounced

Fig. 1 Verification of model’s performance in rainfall simulation. a The domain used in the HiRAM-WRF model simulations superimposed
with the topography (shaded) and the 925 hPa wind circulation (vectors). The locations of Taiwan and the surrounding important seas are
indicated. b A zoomed-in map of Taiwan depicting the topography used in the WRF model (shaded) in comparison with those used in the
HiRAM (line contours; 500m interval). c Peak timing phase of the diurnal evolution of rainfall estimated from gridded rain-gauge observations
(OBS) in the local standard time (LST). d Diurnal rainfall variability (DRV) estimated from OBS (see Eq. (1) for the calculation method).
e Difference between the diurnal rainfall peak timing phase estimated from HiRAM and OBS. f Difference between the DRV of HiRAM and OBS
(shaded) superimposed with the DRV of OBS (contoured). g, h are similar to (e, f) but for the related differences between HiRAM-WRF and OBS.
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and are scattered over smaller spatial extents compared to HiRAM
(shaded in Fig. 1f). Furthermore, we note from Supplementary Fig.
1 that the distribution of observed CAR amount and the model
errors in reproducing the CAR amount demonstrate similar
findings to the DRV features mentioned above. Nevertheless, it
should be noted that compared to OBS, both HiRAM and HiRAM-
WRF tend to overestimate CAR amount in the mountainous region
and underestimate CAR amount in the west of the mountains.
Despite these model errors, overall, the results in Fig. 1 and
Supplementary Fig. 1 highlight that the simulated DRV and related
CAR events in HiRAM-WRF are closer to the OBS in terms of
temporal and spatial distribution. Based on the above validation,
we mainly focused on the results of HiRAM-WRF in simulating and
projecting the local rainfall features in Taiwan.
Next, we construct the rainfall frequency (Fig. 2a), rainfall

intensity (Fig. 2b), and rainfall amount (Fig. 2c) identified from the
average of CAR events during 1979−2003 JJAs, simulated by
HiRAM-WRF. Overall, the present-day (hereafter Pday) simulations
using HiRAM-WRF show that (1) CAR is more frequent along the
west side of the mountain areas; (2) CAR is also more intense over
the mountain areas, but its spatial distribution is more scattered
than those observed in frequency distribution; (3) the spatial
distribution of CAR amount is a mixed feature with a larger value
along the west side of mountain areas similar to the pattern seen
in CAR frequency, but also some maximum values over the east

side of the mountain similar to the results of CAR intensity. These
spatial patterns revealed in Fig. 2a–c are consistent with earlier
studies13,34 that focused on a shorter study period (1994−2003),
supporting the robustness of our analysis methods in identifying
the CAR events in HiRAM-WRF.
In this study, we analyzed the future simulations using the four

different sets of SST forcing data from Mizuta et al.20 (hereafter
FC0, FC1, FC2, and FC3 or all future runs for short). Mizuta et al.20

classified the normalized SST changes between the future and the
Pday from 28 CMIP5 models into four categories (see Supple-
mentary Table 1 for the 28 models and Supplementary Table 2 for
the classification procedure). As indicated in Supplementary Table
1, the SST patterns of FC0, FC1, FC2, and FC3 are based on the
multi-model ensemble mean of 28, 8, 14, and 6 CMIP5 models,
respectively. It’s important to note that all these categories
(FC0–FC3) represent potential future scenarios within the CMIP5
framework. Earlier modeling studies13,18, which did not consider
the sensitivity testing of SST forcing, have demonstrated that the
CAR events in Taiwan will become less frequent but more intense
in the future compared to the present. Moving a step forward
from this finding, we demonstrated that all four future runs for the
sensitivity testing of SST suggest a decrease in CAR frequency (Fig.
2d) and an increase in CAR intensity (Fig. 2e) over most of Taiwan.
This result reflects that the “sign” (positive or negative) of
projected changes in area-averaged CAR frequency and intensity

Fig. 2 Present and future CAR characteristics in HiRAM-WRF simulations. Present-day (Pday) simulations of (a) CAR frequency, (b) CAR
intensity, and (c) CAR amount averaged during 1979–2003 JJA. d–f is related to (a–c) respectively, but for the future projected changes (future
minus Pday) in four future runs for the different sensitivity testing of SST (hereafter FC0, FC1, FC2, and FC3). All future runs are estimated from
the average of 2075–2099 JJAs. The black hatched area represents the significant changes at the 90% confidence interval in (d–f).
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is not very sensitive to the SST changes (Supplementary Table 3).
Regarding the spatial characteristics, all future runs show that the
decrease in CAR frequency is most significant along the windward
side of the southwesterly prevailing wind (Figs. 1a and 2d). Huang
et al.13 examined the possible causes of a larger decrease in CAR
frequency over western Taiwan than over eastern Taiwan and
suggested this east-west difference is attributed to the projected
change in daytime sea breeze convergence showing a larger
decrease over western Taiwan than eastern Taiwan. Among the
four future runs, the CAR frequency of FC1, which shows an
increase in the eastern region of Taiwan, differs from the other
runs. This implies some sensitivity of CAR frequency changes in
responses to variations in SST, which will be discussed
further later.
On the other hand, the increase in CAR intensity is mainly

revealed in coastal regions and eastern mountainous regions for
most future runs (Fig. 2e). Regarding the CAR amount, all future
runs project a decrease along the west side of the mountainous
regions but an increase along the east side, particularly in the
north east (Fig. 2f). By comparing Fig. 2f with Fig. 2d, e, it is clear
that the projected decrease in CAR amount along the west side of
the mountainous region is mainly attributed to the decrease in
CAR frequency, while the increase in CAR amount over eastern
Taiwan is mainly dominated by the changes in CAR intensity
rather than the changes in CAR frequency. Further comparison for
the sign of changes between CAR amount versus CAR frequency
and CAR intensity (Supplementary Fig. 2) demonstrates that
changes in CAR frequency play a more important role than CAR
intensity over most of the areas with declines in CAR amount,
while a reverse situation is true over the areas with increases in
CAR amount. Regarding FC1, in which both CAR frequency and
intensity increased in the eastern region of Taiwan, it is worth
noting that the projected increase in CAR amount over eastern
Taiwan is more distinct and substantial compared to the other
three runs. Qualitatively, these results indicate that the projected
changes (increase or decrease) in CAR amount in Taiwan are more
regionally dependent than that of CAR frequency and intensity.
Thus, making it more challenging to explain the “sign” changes in
the projected future changes in area-averaged CAR amount over
Taiwan compared to the respective changes in CAR frequency and
CAR intensity (Supplementary Table 3).
It is worth noting that although the four future runs all show

projected decreases in CAR frequency and increases in CAR
intensity over Taiwan (Fig. 2), there are some differences in the
magnitude of changes among the four runs. To better illustrate
these differences, we constructed the difference between FC0 and

the other three future runs (FC1, FC2, and FC3) for CAR frequency
(Fig. 3a), intensity (Fig. 3b), and amount (Fig. 3c) area-averaged
over Taiwan. We selected FC0 as the reference base because the
related SST condition represents the ensemble mean of all 28
CMIP5 models (Supplementary Table 1), and also FC0 was
commonly used as a single forcing in earlier related studies13,34.
As shown in Fig. 3a, FC1 projects more CAR frequency than FC0,
while FC2 and FC3 project less CAR frequency than FC0 in Taiwan.
In contrast to CAR frequency, all FC1 to FC3 runs project lower CAR
intensities than those projected by FC0 in Taiwan, where
FC2 shows the highest percentage decrease, indicating the least
intense CAR among the future runs compared to FC0 (Fig. 3b). In
response to these changes in CAR frequency and intensity,
FC1 shows a highest, while FC2 shows the smallest CAR amount in
Taiwan (Fig. 3c).
In light of these differences in CAR characteristics, two

questions are raised: (1) Why does FC1 have more CAR days,
while FC2 and FC3 have fewer CAR days? (2) What caused FC2 to
have the smallest CAR intensities? Next, we examined possible
mechanisms to answer these questions, including a discussion of
how SST impacts regional atmospheric thermodynamic changes
in the future. Fig. 4 shows the projected changes in SST from the
FC0 run compared to the present-day simulation (Pday) (Fig. 4a),
and the difference between FC0 and the other three future runs
(Fig. 4b–d). It is noted that even though all four runs projected a
global increase in SST in the future (Supplementary Fig. 3), the FC1
and FC2 runs show a weaker and a stronger warming pattern,
respectively, compared to FC0 over the central to eastern tropical
Pacific Ocean region (covering NINO3.4 index region). As a result,
the difference between FC1 and FC0 shows a La Niña-like pattern,
in contrast to an El Niño-like pattern seen in the difference
between FC2 and FC0 (Fig. 4b, c). Conversely, FC3 exhibits a
significant increase in SST relative to FC0 over the northern Pacific
region (Fig. 4d). These varying degrees of Pacific SST warming
patterns might lead to differences in atmospheric thermodynamic
conditions, which in turn lead to the differences in CAR
characteristics in Taiwan. Evidence for supporting this hypothesis
is presented herein.

Possible mechanisms
Huang et al.19 demonstrated that the CAR frequency in Taiwan
during 1960−2012 JJAs was significantly modulated by local
thermal instability, local diurnal wind convergence, and the
prevailing southwesterly low-level monsoonal flow over the East
Asian monsoon region. Building upon these past discoveries, we
investigated the projected future changes in these

Fig. 3 Differences in projected changes of CAR characteristics. HiRAM-WRF’s simulations of percentage differences in the area-averaged
CAR activities over Taiwan: (a) CAR frequency, (b) CAR intensity, and (c) CAR amount. The values of percentage for each run (FC0, FC1, FC2, and
FC3) are estimated from Eq. (3), while the differences in percentage are estimated from the differences between the future projection using
the FC0 run and the other three future runs (denoted as FC1− FC0 (purple bar), FC2− FC0 (green bar), and FC3− FC0 (pink bar)).
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thermodynamic factors and compared these changes across the
four future runs to determine if they explain the disparities in CAR
frequency. The logical sequence of the analysis and discussion can
be summarized as follows: first, the local temperature change was
examined, followed by establishing a connection between these
changes and regional circulation pattern changes. This linkage
was then extended to encompass broader shifts in atmospheric
circulation dynamics, finalizing the investigation into how changes
in SST will influence the future variations in local CAR in Taiwan.
Fig. 5a shows the vertical profiles of simulated temperature

area-averaged over the entire land area of Taiwan at specific times
throughout an average day in 1979−2003 JJAs. Notably, the
highest temperature over Taiwan at the low-levels occurs at 14
LST. To assess the projected changes in temperature, we
constructed the difference between the future and present for
the vertical temperature profile area-averaged over Taiwan from
the four runs (Fig. 5b), using 14 LST as the reference time step.
Overall, the projected changes in all four runs (Fig. 5b) indicate a
larger increase in temperature at the upper-levels than lower-
levels. Among the runs, FC1 shows the smallest vertical
temperature gradient (−dT/dz), followed by FC0, FC2, and FC3,

showing the values from small to largest, respectively (Fig. 5c).
This vertical temperature gradient results suggest that FC1 has a
lower thermal stability in comparison to other three runs. Larger
thermal stability is generally unfavorable for the formation of local
convection, which might lead to a further decrease in CAR
frequency13. Therefore, the projected changes of a smaller
decrease in CAR frequency in FC1 than in other runs (Figs. 2d
and 3c) can be reasonably attributed to the projected changes in
local thermal stability (Fig. 5b, c). These findings reaffirm that
changes in local thermal stability play a crucial role in the
projected changes in CAR frequency in Taiwan, consistent with
previous studies13.
Additionally, we examined the projected changes in daytime

diurnal wind convergence at 14 LST to understand the changes in
local dynamical lifting. The Pday simulation in Fig. 6a demon-
strates that Taiwan is under the modulation of sea-breeze
convergence at 14 LST, providing dynamical lifting for facilitating
convection. All of the projected changes in the four runs suggest
that this daytime surface wind convergence feature will be
suppressed over Taiwan at the end of the 21st century (Fig. 6b–f).
The decrease in surface wind convergence over Taiwan is

Fig. 5 Thermal condition examinations for explaining CAR frequency change. a Present-day (Pday) vertical distribution of area-averaged
temperature (T) over Taiwan at different local standard time (LST). b Future projected changes (future minus Pday) in area-averaged T over
Taiwan at 14 LST, estimated from the differences between four future runs (FC0, FC1, FC2, and FC3) and the Pday. c The percentage changes in
future projected vertical thermal instability (-dT/dz) (%; see Eq. (3) for the calculation method) estimated from the area-averaged T (800 hPa)
minus T (950 hPa) over Taiwan at 14 LST. The vertical domain between 800 hPa and 950 hPa is shaded in (b).

Fig. 4 Future changes in mean sea surface temperature (SST). Projected changes in SST, estimated from: (a) differences between the future
projection using FC0 run and the present-day simulation (Pday). b to (d) are for the differences between the future projection using FC0 and
the other three future runs (FC1− FC0, FC2− FC0, and FC3− FC0), respectively.
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unfavorable for CAR formation, resulting in a projected decrease in
CAR frequency in the future (Fig. 2d) and reflecting the
aforementioned future stable environment. Area-averaged diurnal
wind convergence at 14 LST over Taiwan shows that FC1’s
projection has experienced a smaller decrease compared to the

remaining runs (Fig. 6b), inferring that the dynamic lifting in FC1’s
projection is stronger than in FC0, FC2, and FC3. As a result of both
the smallest decline in thermal instability (Fig. 5c) and the daytime
dynamical lifting (Fig. 6b), FC1 projects a higher CAR frequency
than the other three runs, with a minimum deviation to the Pday.

Fig. 7 Moisture flux examinations for explaining CAR intensity change. a Present-day simulation (Pday) of daily mean vertically integrated
moisture flux convergence (−∇·Q, shaded, see Eq. (4) for the calculation method) superimposed with its related vectors. b The percentage
changes in future projected (−∇·Q) (%; see Eq. (3) for the calculation method) area-averaged over the red box domain in (a). c–f are similar to
(a) but for the future projected changes (future minus Pday) at 14 LST; (c) FC0− Pday, (d) FC1− Pday, (e) FC2− Pday, and (f) FC3− Pday runs.
Respective anticyclonic centers are marked as “H”.

Fig. 6 Dynamical condition examinations for explaining CAR frequency change. a Present-day (Pday) surface wind convergence (−∇·Vs;
shaded) superimposed with the surface wind (vectors) at 14 LST (daily mean removed). b The percentage changes in future projected surface
wind convergence (%; see Eq. (3) for the calculation method) at 14 LST area averaged over the domain in (c–f). c–f are similar to (a) but for the
future projected changes (future minus Pday) at 14 LST; (c) FC0− Pday, (d) FC1− Pday, (e) FC2− Pday, and (f) FC3− Pday runs.
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In contrast, FC3 has the largest decline in both thermal instability
(Fig. 5c) and daytime dynamical lifting (Fig. 6b), but the difference
revealed in both Figs. 5c and 6b between FC0 and FC3 is much
smaller than those observed between FC0 and FC1. This also
matches well with the difference of CAR frequency shown in Fig.
3a. However, it should be noted that for FC2, its decrease in
thermal instability is larger than FC0, but the decrease in
dynamical lifting is smaller than FC0. Therefore, the reason that
FC2 shows less CAR occurrence frequency than FC0 might be
contributed mainly by the difference in the thermal instability
rather than the difference in the daytime dynamical lifting
between FC0 and FC2. These results underscore the importance
of considering thermal instability and dynamic lifting in explaining
the projected changes in future CAR frequency over Taiwan.
To establish the connection between local thermodynamic

changes and regional circulation changes, we examined the low-
level mean circulation from the Pday simulation and the related
future projected changes (vectors in Supplementary Fig. 4). The
results indicate that Taiwan will experience a modulation of
anticyclone circulation, a feature consistent across all four runs,
although the anticyclone center location shows some differences
among them. Furthermore, we observed that all four runs project
a weakening of the monsoon trough, which will lead to a more

stable regional environment resulting in stable thermal stability
(Fig. 5) and a decline in dynamical lifting (Fig. 6), in Taiwan in the
future. The weakening of the monsoon trough is a part of the
results from the enhanced anticyclonic flow over the east of
Taiwan. Possible causes for this enhanced anticyclonic flow are
found to be related to the SST changes in the eastern tropical
Pacific region (discussed later). Analyzing the moisture changes
(shaded in Supplementary Fig. 4), we observed that moisture is
projected to increase in the future around Taiwan for all four runs,
partly contributing to the projected increase in rainfall intensity.
However, focusing on the differences among the four runs, we
find that FC0 shows the largest increase in moisture while FC1
exhibits the smallest increase (bar in Supplementary Fig. 4). This,
however, does not adequately explain why FC2 displays the
smallest increase in CAR intensity in Taiwan.
Therefore, we further investigated the vertically integrated

moisture flux convergence from the Pday simulation (Fig. 7a) and
the related projected changes (Fig. 7b-f). The overall distribution
of moisture flux transportation aligns with the low-level circulation
seen in Supplementary Fig. 4, showing enhanced anticyclonic flow
over the east of Taiwan, indicating a suppression of the
monsoonal trough. However, when compared to the analysis
based solely on moisture changes (Supplementary Fig. 4), the

Fig. 8 Connection between local and regional circulation changes. Future simulation differences between the FC0 run and the other three
runs for the low-level wind circulation (V; vectors) superimposed with vorticity (ζ; shaded) at 850 hPa, estimated from HiRAM-WRF: (a)
FC1− FC0, (b) FC2− FC0, and (c) FC3 − FC0. d–f are similar to (a–c) respectively, but for a larger domain where V and ζ at 850 hPa are
extracted from HiRAM future projections. The domain of (a–c) is marked in a red box in (d–f). Respective anticyclonic centers are marked as H.
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examination of the vertically integrated moisture flux conver-
gence (Fig. 7b) provides a better representation of the projected
changes in CAR intensity. Notably, it reveals the largest
convergence in FC0 and the smallest convergence in FC2, leading
to the CAR intensity being the most active in FC0 and least active
in FC2 (Fig. 3d). These results suggest that the changes in moisture
flux transportation play a more crucial role than the changes in
local moisture in explaining the projected changes in CAR
intensity.

Linkage with SST changes
Notably, the patterns observed in Figs. 5–7 are limited to a small
domain, making it challenging to discern the impact of ENSO on
these circulation changes. In other words, while the dynamical
downscaling simulation provides more detailed information on
local and regional features, the domain constraint hinders the
assessment of large-scale patterns. To better connect these local
and regional features to the large-scale features, we compared the
summer mean circulation projected by HiRAM-WRF over a
regional domain (Fig. 8a–c) with those projected by the original
HiRAM over a larger domain (Fig. 8d–f). Additionally, to better
illustrate the relative circulation differences in response to the SST
changes shown in Fig. 7c–f, we plotted the future horizontal
distribution patterns of vorticity and low-level wind for FC1, FC2,
and FC3 by removing the projection using FC0 as shown in Fig. 8.
Since spectral nudging was applied to dynamical downscaling, it is
reasonable to observe that the circulations in HiRAM-WRF (Fig.
8a–c) are similar to those in HiRAM (Fig. 8d–f). Another noticeable
feature in Fig. 8a–c is that FC1, FC2, and FC3 exhibit an enhanced
northerly wind component compared to FC0, implying that the
projected southwesterly monsoonal flow over the northern South
China Sea (see Supplementary Fig. 4) is weaker in FC1, FC2, and
FC3 than in FC0. This further implies that the moisture flux

transporting from the northern South China Sea to Taiwan will be
smaller in FC1, FC2, and FC3 than in FC0 in the future, partly
explaining the features revealed in Fig. 7b.
The larger domain simulated by HiRAM (Fig. 8d–f) further

demonstrates that the northerly wind component is part of the
enhanced anticyclone in the west of Taiwan, covering the
northern South China Sea and South China. The location
differences in this subtropical anticyclonic center (marked as H)
further lead to the regional differences in circulation over Taiwan.
To establish a connection between these circulation patterns and
the potential impacts of ENSO, we analyzed a wider range of
streamfunction (denoted as ψ) and velocity potential function
(denoted as χ) obtained from HiRAM at 850 hPa covering an area
from 40°E to 40°W. Overall, the simulations of ψ(850 hPa) from
Pday (Fig. 9a) and FC0 (Fig. 9b) exhibit a robust monsoon thermal
low over China and a subtropical oceanic high over the north
Pacific Ocean, closely resembling the summer mean circulation
features from the observational data35. However, when FC0 is
subtracted from the Pday simulation (Fig. 9c), it highlights a
decrease in East Asian monsoonal low together with a decrease in
subtropical Pacific high in the future. A similar weakening in the
East Asian monsoon pattern is also noted by Hong et al.36

suggesting the robustness of our results.
Chen35 examined the maintenance mechanisms of the summer

mean stationary waves over the northern hemisphere and
suggested that there is a Sverdrup relationship between
ψ(850 hPa) and χ(850 hPa), which shows the convergence
(divergence) center of χ(850 hPa) marked as C (D) in Fig. 9 is
generally located in the western (eastern) boundary of the low-
level subtropical oceanic high and the eastern (western) boundary
of the monsoon thermal low. This feature is clearly evident in the
comparison between Fig. 9a-b and Fig. 9d-e, not only for the Pday
simulation but also for the projected changes. By adopting this ψ

Fig. 9 Present and future simulation of global circulation. Horizontal distribution of streamfunction (ψ) at 850 hPa for (a) present-day
simulation (Pday), (b) future projection using FC0 run, and (c) difference between (b, a) (Future minus Pday). d–f are similar to (a–c)
respectively, but for the velocity potential function (χ) at 850 hPa. In (f), SST difference between the FC0 run and Pday simulation is shaded.
Respective convergence (divergence) centers are marked as C (D) in red. All calculations are based on HiRAM data. Topography is marked by
brown color.
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and χ relationship, we can explain the maintenance mechanisms
for the projected changes observed in Fig. 9c. Apparently, the
enhanced warming of SST over the eastern tropical Pacific (shaded
in Fig. 9f) has induced a convergence over there, which further
induces a divergence center over the western tropical Pacific
(contoured in Fig. 9f) through the east-west walker circula-
tion37–40. According to the ψ and χ relationship, this divergence
center is part of the maintenance mechanisms for the enhanced
anticyclone center (i.e., aforementioned weakening of monsoon
trough) that appeared over east of Taiwan.
Fig. 10 represents the ψ(850 hPa) and χ(850 hPa) that are

associated with Fig. 9. It is apparent that the tropical SST cold
anomaly (i.e., less than average warming) appearing from FC1
minus FC0 has driven a low-level divergence center (marked as D)
over the eastern tropical Pacific Ocean (Fig. 10d), which represents
a La Niña-like pattern. This divergence center is coupled with a
convergence center (marked as C) over 60°−120°E and an
anticyclonic system that covers Taiwan is located in-between this
east-west dipole of divergence-convergence circulation (Fig. 10a).
In contrast, a convergence center over the eastern tropical Pacific
driven by the warmer than average SST is revealed by using
FC2 minus FC0 (Fig. 10e), which represents an intense El Niño-like
pattern. The Sverdrup relationship reveals a cyclonic system over
the North Pacific Ocean (Fig. 10b), implying a suppression of
subtropical oceanic high over the Pacific Ocean. These ψ and χ
relationship aligns with what has been observed in Fig. 9,
demonstrating how the differences in SST have driven the
changes in χ and the related changes in ψ. Besides, Yu et al.41

studied the East Asia monsoon transition during the developing El
Niño (La Niña) summer, revealing a similar SST anomalies pattern
and related circulation response from the perspective of
equatorial heating. By comparing Fig. 10 and Fig. 3a, we infer
that the La Niña-like circulation pattern can induce more CAR

frequency over Taiwan than the El Niño-like circulation pattern in
the future. These results demonstrate that the ENSO has the
potential to impact the changes in local CAR occurrence frequency
over Taiwan in the future, which is consistent with the
observational findings of Huang et al.17.
Regarding the FC3 minus FC0, we noted from the comparison

between Fig. 4a,d that the SST pattern seen in FC3 minus
FC0 shows warming mainly over the western north Pacific Ocean,
similar to that seen in FC0 minus Pday. As a result, the distribution
of ψ(850 hPa) and χ(850 hPa) seen in FC3 minus FC0 (Fig. 10c, f)
also shows a similar distribution as those seen in FC0 minus Pday
(Fig. 9c, f). The patterns in Fig. 10c, f reflect a stronger suppressed
condition over Taiwan in FC3 than in FC0, which not only leads to
the fact that FC3 projects a more stable situation over Taiwan than
FC0 (e.g., Figs. 5c and 6c) but also makes it more difficult for CAR
events to occur in Taiwan in FC3 than in FC0. Huang et al.17, using
observational data from 1960−2012, also noted that the SST
changes over the western North Pacific Ocean can impact CAR
activities over Taiwan, consistent with the findings for future
projection in the current study.
As for the changes in moisture flux transport, we observed from

Supplementary Fig. 5 that the global patterns of the convergence/
divergence centers for the differences between the future
projection using FC0 and the other three future runs (FC1, FC2,
FC3) align well with the potential function patterns driven by the
SST that shown in Fig. 10d-f. This suggests that changes in SST can
lead to changes in the wind circulation, which, in turn, affect the
moisture flux transport important to maintaining CAR intensity
over Taiwan. As noted in Supplementary Fig. 5, the divergence
center of moisture flux is located closer to Taiwan in FC2 than in
FC1 and FC3 after removing FC0. This may explain why FC2
exhibits a smaller increase in CAR intensity over Taiwan. This
feature, inferred from HiRAM, helps explain why HiRAM-WRF’s

Fig. 10 Future global circulation changes with varying sea surface temperature (SST) patterns. Projected changes in streamfunction (ψ) at
850 hPa (shaded and contoured), estimated between the future projection using FC0 and the other three future runs: (a) FC1− FC0, (b)
FC2− FC0, and (c) FC3− FC0. d–f are similar to (a–c) respectively, but for the velocity potential function (χ) at 850 hPa (contoured)
superimposed with the related SST differences (shaded). All calculations are based on HiRAM data. Respective convergence (divergence)
centers are marked as C (D) in red. Topography is marked by brown color.
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simulation of moisture supply around Taiwan is less in FC2
compared to other runs (Fig. 7b).

DISCUSSION
In this study, we investigate the uncertainties surrounding the
future projection of CAR activity in Taiwan in response to different
sets of future SST changes. The results reaffirmed that HiRAM-WRF
has an improved capability in simulating the diurnal rainfall
feature in Taiwan compared to HiRAM. Pday simulations using
HiRAM-WRF showed that CAR in Taiwan is more frequent and
intense over the mountain areas, particularly over the west side.
The future runs under different SST boundary conditions all
revealed a decrease in CAR frequency but an increased intensity.
These changes are attributed to variations in daytime thermal
instability, local inland wind convergence, and moisture flux
convergence over Taiwan. The study also highlighted the
potential impact of ENSO in modulating the changes in CAR
activities over Taiwan under global warming, where a La Niña-like
circulation patterns induce more CAR activities over Taiwan than
El Niño-like circulation patterns. Moreover, results reflect the
potential impact of western north Pacific warming in shaping the
changes in CAR activities over Taiwan as well.
These findings provide valuable insights into the potential

impacts of climate change on CAR events in Taiwan under
different SST projection patterns and related mechanisms. Also,
this study affirms the influence of ENSO on local CAR, as
demonstrated by Huang et al.17, thereby emphasizing the
importance of considering SST changes in projecting future CAR
characteristics in Taiwan. Nevertheless, neither Huang et al.17 nor
the current study explains the relative significance of remote or
local SST forcing in shaping the changes in CAR characteristics
over Taiwan in the future, which deserves further research
attention.

METHODS
Model data
All the results presented in this study are obtained from the
HiRAM-WRF and HiRAM simulations, with four different SST
categories as the boundary forcing (Supplementary Fig. 3). HiRAM
is a global model with a horizontal resolution of ~25 km and 32
vertical layers30. HiRAM-WRF is the dynamical downscaling of
HiRAM, and has a higher resolution of 5 km with 35 vertical layers.
For more detailed information about the model setting of HiRAM
and HiRAM-WRF, please refer to Zhao et al.30 and Huang et al.13,
respectively. Regarding the SST forcing, we used the same as
Mizuta et al.20, which classified the SST changes from 28 CMIP5
models into four categories (FC0, FC1, FC2, and FC3). As inferred
from the detailed clustering method provided by Mizuta et al.20

(also outlined in Supplementary Table 2), they employed normal-
ized SST changes (i.e., future minus Pday) to calculate the pattern
correlation (requiring re-grid all models to a consistent resolution)
prior to the cluster analysis. Also, the classification of SST patterns
does not consider the variations in spatial resolution among
CMIP5 models, and all models are given equal weight when
calculating the averaged SST. Moreover, the SST reproducibility of
each of the 28 CMIP5 models is not considered in the cluster
analysis because the cluster analysis utilizes the SST changes from
future minus Pday, rather than the differences between model
and observation.
The Pday simulation covered the JJA of 1979−2003, following

Huang et al.13. Considering that HiRAM-WRF can simulate diurnal
rainfall changes in Taiwan better than HiRAM (Fig. 1), this study
focuses on the related results of HiRAM-WRF for the regional
rainfall features. Meanwhile, the results of HiRAM can only be used
to establish links between local and large-scale features and to

explain the potential impact of SST changes on circulation. For the
future projection, we used the RCP8.5 scenario27 with simulations
spanning over the JJA from 2075 to 2099, representing the end of
the 21st century. Unless otherwise specified, our results of Pday
simulation represent the daily average during 1979−2003 JJAs,
while the results of future projections represent the daily average
during 2075−2099 JJAs.

Identification of CAR features
We adopted definitions from previous studies13,42 to detect
occurrences of CAR events over Taiwan. Initially, a day with a
daily rainfall accumulation >0.1 mm was identified as a “rainy day”.
Next, three criteria were set up to identify CAR days among the
identified rainy days as follows: (1) the amount of rainfall
accumulated during 01:00–11:00 LST should be <10% of the daily
rainfall, (2) the amount of rainfall accumulated during 12:00–22:00
LST should exceed 80% of the daily rainfall, and (3) the rainy
pattern should not be influenced by other non-local weather
patterns such as typhoons or fronts. The CAR amount was
calculated by accumulating the rainfall amount for all CAR days.
The CAR intensity is then calculated by dividing the CAR amount
by the CAR frequency (i.e., intensity= amount/frequency). For
more detailed information on identifying CAR events, please refer
to the comprehensive guidelines outlined by Huang & Chen42 and
Huang et al.13. To compare with the model results, we obtained
observational gridded hourly rainfall data from the Taiwan Climate
Change Projection and Information Platform (TCCIP). This observa-
tional gridded rainfall data, denoted as OBS, had a horizontal
resolution of ~1 km. In order to make a comparison with HiRAM-
WRF, all OBS and HiRAM rainfall data were re-gridded into 5 km
resolution.

Statistical methods
The following statistical methods were employed to validate the
performance of the model simulation. The DRV based on the root-
mean-square difference (RMSD) was calculated using hourly
rainfall and daily mean rainfall for OBS, HiRAM and HiRAM-WRF
using the following Eq. (1).

DRV ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

PN
i¼1 Raini � Rainmeanð Þ2

N

s

; (1)

where Raini, Rainmean and N denote the hourly rainfall for each
sample size, the daily mean of rainfall, and the total sample size,
respectively. For validating the model results, we used the
difference in DRV between the respective models and OBS (Eq.
2), in which the perfect score of DRV difference is zero.

DRV difference ¼ DRVModel � DRVObs; (2)

For estimating the projected changes, we calculated the relative
change between an initial value (Pday simulation) and a
subsequent change (future simulation) by expressing this as a
percentage using Eq. (3).

Projected Changeð%Þ ¼ Future� Pday
Present

´ 100; (3)

The analysis utilized Eq. (4) to estimate the vertically integrated
moisture flux convergence ð�∇�QÞ.

�∇�Q ¼ �∇�½ 1
g

Z 1000hPa

300hPa
Vqdp�; (4)

In Eq. (4), g is the acceleration due to gravity, V is the horizontal
wind, q is the specific humidity, and p is the pressure, respectively.
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