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Abstract. This study has investigated the changes in tropical cyclone (TC)-associated precipitation in the 15 

Philippines under past (pre-industrial) and future climate scenarios using the pseudo-global warming (PGW) 16 

technique and dynamical downscaling. The novelty of this work is in the use of high-resolution PGW simulations 17 

(3km and 5km) and a multiple-experimental approach to directly quantify TC precipitation changes over the 18 

Philippines, as well as the decomposition of TC rainfall changes in thermodynamic and dynamic contributions. 19 

Future climate simulations project a significant increase in TC precipitation, consistent with Clausius-Clapeyron 20 

(CC) scaling expectations. However, small deviations from this expected scaling are noted, attributed to factors 21 

such as increased TC intensity and atmospheric warming.  The simulated TC precipitation in the past climate is 22 

found to be lower than that in the current climate, with inner-core precipitation increases of ~6–8% from past to 23 

present conditions. Under future warming (SSP5-8.5), simulations indicate robust increases in TC rainfall rates 24 

for intense TCs such as Haiyan (2013), Bopha (2012), and Mangkhut (2018), with strongest amplification in the 25 

inner-core region. Extreme rainfall increases disproportionately (locally exceeding 30–40%), indicating a shift 26 

toward short-duration, high-intensity rainfall events rather than uniform rainfall enhancement. However, our 27 

results show that this increase is primarily driven by thermodynamic effects (≈20–30%), while dynamical 28 

contributions are smaller (≈−10% to −30%) and often partially offset the total rainfall response. Overall, the results 29 

demonstrate that TC rainfall scaling in a warming climate is primarily moisture-driven, with TC case-to-case 30 

dynamics modulating the TC associated rainfall response. Our study underscores that variations in TC intensity 31 

and structure play a crucial role in influencing the scaling relationship between sea surface temperatures and TC-32 

associated precipitation in the Philippines. 33 
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1. Introduction 36 

 37 

Tropical cyclones (TCs) make significant rainfall contributions in the Philippines (Bagtasa, 2017; 2022) and are 38 

a major source of freshwater (Ribera et al., 2005; Kubota & Chan, 2009; Yumul et al., 2012). The study of Kubota 39 

and Wang (2009) and Bagtasa (2017) showed that TC-induced precipitation (determined over a radial distance of 40 

1000 km from TC centers) in certain regions of the Philippines contributes to more than 50% of the annual total 41 

precipitation. TC precipitation rates are projected to increase with global warming, which will consequently 42 

exacerbate TC-associated floods and landslide risks (Knutson et al., 2021; Kossin, 2018; Liu et al., 2019). The 43 

Intergovernmental Panel on Climate Change (IPCC) 6th Assessment Report (AR6) has concluded that it is very 44 

likely that average TC rain rates will increase with warming, and peak TC rainfall rates will likely exceed the 45 

Clausius-Clapeyron scaling (CCS) rates in some regions (IPCC 2021). In a multi-model assessment, Knutson et 46 

al. (2020) projected that TC rainfall could increase globally by +6% to +22% under +2°C warming. In the Western 47 

North Pacific (WNP) Basin, increases of +5% to +7% per °C are consistently reported (Lee et al., 2020). 48 

Furthermore, an assessment by the Economic and Social Commission for Asia and the Pacific (ESCAP)/ World 49 

Meteorological Organization (WMO) Typhoon Committee (Cha et al., 2020) found a median increase of 17% in 50 

TC precipitation rates, with a 10th–90th percentile range of +6% to +24% in the WNP. 51 

 52 

The CCS is commonly used to describe the relationship between air temperature and moisture-bearing capacity 53 

of air - about 7% more water vapor per 1°C of warming - leading to higher rainfall potential in a warmer world 54 

(Trenberth et al., 2007; Allen & Ingram, 2002; Held & Soden, 2006).  However, TC-associated precipitation may 55 

increase at higher rates per degree change in temperature due to dynamical processes, such as increased latent 56 

heat fluxes and stronger convergence, which amplify rainfall beyond the thermodynamic expectations (Shi et al., 57 

2024). Empirical studies have supported the application of CCS in explaining increases in TC precipitation 58 

(Trenberth et al., 2007; Vecchi et al., 2008). Nonetheless, regional discrepancies have been observed. Kossin et 59 

al. (2017) and O'Gorman (2020) noted that observed precipitation changes in certain regions deviate from CCS, 60 

likely due to TC dynamics, moisture transport, and local atmospheric circulation. 61 

 62 

Recent studies have explored the concept of Super-CCS has emerged in literature, referring to rainfall increases 63 

that exceed the expected 7% per °C of CCS. For example, Liu et al. (2019) reported that average rainfall rates 64 

within a 100-km radius from the center of TCs with tropical storm intensity could increase by 13%–17% per °C 65 

under 21st-century warming. Huprikar et al. (2024) also found that future rainfall associated with Hurricane Irma 66 

exceeded CCS expectations. These findings suggest that TC inner-core intensification and structural changes, 67 

such as vertical expansion of the eyewall and enhanced updraft, play a critical role in amplifying precipitation 68 

beyond the CCS rate. Despite these findings, there is still a limited understanding of whether TC-associated 69 

rainfall in the Philippines conforms to CCS or exhibits Super-CCS properties, especially under changing climate 70 

conditions where TCs are projected to intensify (Delfino et al., 2023; 2024). While previous studies have examined 71 

TC intensity and precipitation changes (Villarini et al., 2014; Patricola & Wehner, 2018; Liu et al., 2019; Xi et 72 

al., 2023), detailed analyses that isolate rainfall scaling with warming remain sparse. Recent work by Yang and 73 

Toumi (2025) highlighted that the changes in TC rain due to global warming may arise through at least two distinct 74 

pathways: thermodynamic effects associated with the increased atmospheric moisture holding capacity and 75 
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enhanced latent energy availability, and through dynamic effects associated with changes in TC circulation and 76 

vertical motion. Distinguishing between these two is important since thermodynamic forcing may yield very 77 

different rainfall characteristics depending on the TC structure and dynamics. As a result, CC scaling alone may 78 

not adequately represent event-scale changes in TC rainfall hazards. However, most previous studies have relied 79 

on basin-scale composites or coarse-resolution models, and even fewer studies have examined whether the CC 80 

scaling hold, and which pathway, applies for individual high-impact TCs in convection-permitting simulations.   81 

This study aims to fill this gap by analysing three highly damaging Philippine TCs - Haiyan (2013), Bopha (2012), 82 

and Mangkhut (2018) - under pre-industrial, present, and future climates. Applying the pseudo-global warming 83 

(PGW) technique, we investigate: 84 

● How does the TC-associated precipitation in the Philippines change under past and future climate 85 

scenarios, and to what extent do these changes align with the expectations of CCS? 86 

● How do variations in TC intensity and structure influence the scaling relationship between sea surface 87 

temperatures and TC-associated precipitation in the Philippines? 88 

● To what extent can we ascribe these precipitation changes to dynamical versus thermodynamic drivers? 89 

 90 

A better understanding of these mechanisms is critical for anticipating current and future flood risks and improving 91 

disaster preparedness in the Philippines. The paper continues in Section 2 with discussion of the methods, Section 92 

3 provides the results and discussion, and Section 4 highlights the conclusions.  93 

 94 

2. Methods 95 

 96 

2.1 Model Configuration  97 

 98 

The Advanced Research Weather Research and Forecasting (WRF-ARW) model version 3.8.1 (Skamarock et al. 99 

2008) was used to simulate TCs in the present study. The European Centre for Medium-Range Weather Forecasts 100 

(ECMWF) 5th generation Reanalysis dataset (ERA5) was utilized for the initial and lateral boundary conditions 101 

with two model domain configurations: (1) a two-way grid nesting of 25 km outer and 5km inner domains, with 102 

the Kain-Fritsch cumulus parameterization (hereafter referred to as 5kmCU) turned on, and (2) a convection-103 

permitting (no cumulus parameterization) single domain 3-km resolution (herafter referred to as 3kmNoCU), to 104 

account for the uncertainty in the use of cumulus parametrizations. Both model configurations have 44 vertical 105 

levels and use a sigma vertical coordinate from the surface up to the top of the atmosphere at 50 hPa. The details 106 

of the other model parameterization schemes (i.e., microphysics, boundary layer, etc.) used can be found in 107 

Delfino et al., (2023). 108 

 109 

2.2 Experimental Design 110 

 111 

Three TC cases are selected based on the region in the Philippines where the TCs made landfall, the month of 112 

occurrence, and associated damages – Typhoons Haiyan (2013), Bopha (2012), and Mangkut (2018). More 113 

detailed information on these three TC cases is described in Delfino et al. (2023). The three TC cases were 114 

simulated with four different initialization times to create an ensemble from a single driving reanalysis, thereby 115 
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minimizing uncertainties from variations in the initial conditions. For tracking the simulated TCs, the simulated 116 

track and intensity values were obtained every 6 hours using the TRACK algorithm (Hodges et al., 2017) as used 117 

in Hodges and Klingaman (2019) and Delfino et al. (2023).  118 

 119 

Multi-model datasets from the Coupled Model Intercomparison Project phase 6 (CMIP6) (Eyring et al., 2016) 120 

were used to apply the PGW method, introduced by Schär et al. (1996). The PGW technique simulates the same 121 

TC cases under pre-industrial, present, and future conditions by perturbing realistic atmospheric states with large-122 

scale climate change signals, which enables a more consistent TC case/event-based comparison and allow a more 123 

physically consistent attribution of TC-associated rainfall changes. We simulated the TC cases under different 124 

climate conditions by primarily adjusting the following parameters: SST, atmospheric temperature, and relative 125 

humidity (RH) between current and future climate conditions. Four CMIP6 models were used to extract the 126 

climate change forcing, and results for all ensemble members were averaged for each of the CMIP6 models. The 127 

models - HadGEM3-C31-LL, CESM2, MIROC6, MPI-ESM1-2-HR – were chosen to represent different warming 128 

levels, under the Shared Socio-economic Pathways (SSP) 5-8.5 scenario. The PGW delta is calculated by 129 

subtracting the monthly means (i.e., November for Haiyan, December for Bopha, and September for Mangkhut) 130 

of the historical simulations (1970-2000) from the future projected climate (2070-2099) and the pre-industrial 131 

climate (1850-1899) The calculated PGW deltas for each variable (surface and atmospheric temperature, surface 132 

and sea-level pressure, geopotential height, and relative humidity) were then added to the 6-hourly ERA-5 initial 133 

and boundary conditions for the three TC cases to build the PGW conditions. For this study, we have included 134 

changes in relative humidity to further understand its effects on TC response (referred to as FULL experiments). 135 

Each of the experiments and typhoon cases was initialized at 00, 06, 12, and 18 UTC. A more detailed description 136 

of the methodology can be found in Delfino et al. (2023).  137 

 138 

Table 1. Summary of experiments  139 

Simulation Group/Code 

 

Variables with PGW 

Delta* 

 

Model configuration Case Study (Initial 

Times) 

CTRL / Current None 5kmCU & 3kmNoCU Haiyan (04 Nov 00, 06, 

12, 18 UTC) 

Bopha (02 Dec 00, 06, 

12, 18 UTC) 

Mangkhut (10 Sep 00, 

06, 12, 18 UTC) 

 

FUTURE:  

FULL 

Surface (land and sea) 

temperature, air 

temperature, relative 

humidity 

 

5kmCU & 3kmNoCU 

PRE-INDUSTRIAL  Surface (land and sea) 

temperature, air 

temperature, relative 

humidity 

5kmCU & 3kmNoCU 

  140 

It is also important to note here that the PGW technique faces challenges related to spin-up and dynamical balance 141 

when simulating TCs. Spin-up issues arise because the initial conditions need time to adjust to imposed future 142 
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climate anomalies, potentially leading to unrealistic results during the adjustment period. Additionally, altering 143 

these conditions can disrupt the dynamic balance of the atmospheric system, resulting in inaccuracies in the 144 

intensity and behavior of simulated TCs. These issues were explored and addressed in Delfino et al., (2024). 145 

 146 

2.3 TC precipitation analysis 147 

 148 

2.3.1 TC precipitation rate and total accumulated precipitation  149 

 150 

We analysed the TC precipitation rate and total accumulated precipitation during the duration of the simulations. 151 

We also investigated the relationships between TC rain rate and TC wind speed, emphasizing how this relationship 152 

varies within the TC inner-core region (1˚ distance from the center). We also analysed the simulated reflectivity 153 

rates (in dbz) from the WRF simulations and vertical profiles of the averaged composites over multiple time steps 154 

(e.g., average reflectivity during peak intensity hours) of simulated reflectivity over a 1˚ and 2.5˚ radius in the 155 

forward direction of the storms for the simulations, since TCs typically have the highest precipitation rates and 156 

strongest reflectivity in their forward quadrant due to the combined effects of TC motion and cyclonic rotation. 157 

By focusing on this region, we can capture the most intense precipitation features and better understand the TC’s 158 

impact. Reflectivity is particularly useful because it provides insight into the microphysical structure of convection 159 

within TCs. Higher reflectivity values typically correspond to deeper and more intense convective cores, which 160 

are closely linked to strong updrafts and heavy rainfall production. The profiling is done at peak intensity at height 161 

levels between 0 and 18 km, and the radial grid extends to 10° for each simulation. 162 

 163 

2.3.2 Thermodynamic and dynamic decomposition on TC rainfall changes 164 

 165 

Following Yang and Toumi (2025), the changes in rainfall were decomposed into thermodynamic and dynamic 166 

contributions. Analysis was initially done within a 500km radius from the TC center for key rainfall metrics (as 167 

in Yang and Toumi, 2025) – azimuthally averaged maximum rainfall rate (Pm), total rainfall volume, and mean 168 

rainfall rate from each grid cells, along with rainfall intensity percentiles (P90, P95, P99). Each of these aspects 169 

of rainfall changes was then decomposed based on Yang ad Toumi (2025); the total rainfall response was 170 

partitioned into thermodynamic and dynamic contributions based on the vertical integral of ascent acting on 171 

moisture stratification. Ensemble statistics were then summarized using the median and interquartile range.  172 

Additionally, we quantified the TC wind intensity vs TC rainfall scaling based on Chen et al. (2025). 173 

 174 

 175 

3. Results and Discussion  176 

 177 

3.1 Changes in the total accumulated rainfall  178 

 179 

Figure 1 illustrates the temporal evolution of accumulated rainfall within TC-centered radii of 1.0° and 2.5° for 180 

Typhoons Haiyan, Bopha, and Mangkhut under pre-industrial, present-day, and future climate. Across all TCs, 181 

accumulated rainfall increases progressively from pre-industrial to current and future climates, with divergence 182 
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between simulations becoming evident during the primary rainfall accumulation phase between approximately 72 183 

and 96 hours of TC growth. 184 

 185 

Within the 1.0° radius, future simulations consistently produce larger rainfall totals compared with present-day 186 

conditions. For Typhoon Haiyan, accumulated rainfall increases from approximately 295 mm in the pre-industrial 187 

simulations to about 320 mm in the current climate and reaches roughly 365–370 mm under future warming, 188 

corresponding to an increase of approximately 14–16% relative to present-day conditions. Typhoon Bopha 189 

exhibits lower overall rainfall totals but similar behavior, with accumulation increasing from about 145 mm in the 190 

pre-industrial climate to nearly 220 mm in the current climate and approximately 230–240 mm in the future 191 

simulations, representing a more modest enhancement of about 5–8% relative to current conditions. For Typhoon 192 

Mangkhut, which produces the largest rainfall totals among the three cases, accumulated rainfall increases from 193 

approximately 500 mm under pre-industrial conditions to about 630 mm in the present climate and exceeds 650 194 

mm in the future environment, equivalent to an increase of roughly 5–7%. 195 

 196 

At the larger 2.5° radius, accumulated rainfall increases remain evident but display stronger inter-storm variability. 197 

Haiyan shows an increase from approximately 220 mm in the current climate to about 255–260 mm under future 198 

conditions, corresponding to an enhancement of roughly 15–18%. The strongest relative response occurs for 199 

Bopha, where rainfall totals increase from approximately 170 mm to nearly 230 mm, representing an increase 200 

approaching 35–40%. Mangkhut exhibits comparatively smaller fractional changes, with totals increasing from 201 

roughly 485 mm to about 505–520 mm, corresponding to increases of approximately 4–7%. Ensemble spread is 202 

largest during periods of rapid increase in precipitation volume (cumulative precipitation), particularly between 203 

48 and 96 hours, although the ordering of rainfall totals among climate states remains consistent throughout TC 204 

lifespan. 205 

 206 

 207 

 208 

 209 
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 210 

 211 

 212 

Figure 1. Total accumulated precipitation rainfall within 1.0° (left column) and 2.5° (right column) radii from 213 

the TC center for Typhoons Haiyan, Bopha, and Mangkhut under pre-industrial (gray), current (blue), and 214 

future (red) thermodynamic conditions.  215 

 216 

 217 

Figure 2 shows the differences in total accumulated rainfall between Current minus Pre-industrial (upper panels) 218 

and Future minus Current (lower panels). Figure 2 shows that there is an overall statistically significant (p = 219 

0.0066) increase, particularly in the central sections of the Philippines. Bopha exhibits moderate increases across 220 

parts of Mindanao and the Visayas, with a mean significant increase of 1.7%. Mangkhut, on the other hand, shows 221 

a substantial total accumulated rainfall increase, especially over northern Luzon, with a mean increase of 14.2 mm 222 

(10.5%), statistically significant at p < 0.0001. For the Future minus Current plots, Haiyan shows a notable 223 

increase in rainfall in the Visayas and central Mindanao, with a mean increase of 10.1 mm (7.4%), also significant. 224 

Bopha shows the largest increase, particularly over Luzon and Visayas, with a 26.3 mm (24.3%) increase. 225 

Mangkhut, in contrast, shows a very minimal increase in rainfall over northern Luzon and surrounding regions, 226 

with a mean increase of 3.9%, primarily driven by the slight northward shift in the tracks of Mangkhut under 227 

future simulations. 228 

 229 
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230 

 231 

Figure 2. Difference in the ensemble-mean accumulated precipitation (a-c, top panels) Current minus Pre-232 

industrial; (d-f, bottom panels) Future minus Current for Typhoons Haiyan (left), Bopha (middle) and 233 

Mangkhut (right) under the 3kmNoCU simulations. 234 

 235 

Figure 3 summarizes the total accumulated rainfall integrated over the full TC lifetime within 1.0° and 2.5° radii 236 

from the TC center. Consistent with the temporal evolution presented in Figure 1, TC-total rainfall increases 237 

systematically from pre-industrial to current and future climates for all storms and spatial scales. Within the 1.0° 238 

radius, total accumulated rainfall for Haiyan increases from approximately 95 mm in the pre-industrial simulations 239 

to about 110 mm in the current climate and nearly 145–150 mm in the future simulations, corresponding to an 240 

increase of roughly 30–35% relative to present-day conditions. Bopha shows an increase from approximately 85 241 

mm to nearly 100 mm and subsequently to about 115–120 mm, representing a future enhancement of 242 

approximately 15–20%. Mangkhut exhibits the strongest relative increase within the inner-core region, with totals 243 

rising from approximately 15–20 mm in the pre-industrial climate to about 25–30 mm in the current climate and 244 

reaching nearly 85–90 mm under future warming, corresponding to increases exceeding 200% relative to present-245 

day values, although accompanied by larger ensemble variability. 246 
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 247 

At the broader 2.5° radius, rainfall totals increase across all storms, with Haiyan increasing from approximately 248 

95 mm to about 120 mm and further to nearly 140–145 mm under future conditions. Bopha exhibits an increase 249 

from roughly 120 mm in the pre-industrial simulations to approximately 165 mm in the current climate and more 250 

than 225–235 mm in the future climate, corresponding to increases of approximately 35–40%. Mangkhut increases 251 

from approximately 20 mm to about 35 mm and exceeds 100 mm under future warming, indicating substantial 252 

amplification of storm-scale rainfall accumulation.  253 

 254 

 255 

 256 

Figure 3. Boxplots for the Total Accumulated Rainfall within 1° and 2.5° radius of the center of the track from 257 

the pre-industrial (gray), current (blue), and future (red) climate scenarios for Typhoons Haiyan, Bopha, and 258 

Mangkhut under the 3kmNoCU simulations using all ensemble members. Error bars represent ensemble 259 

interquartile range. 260 

 261 

3.2 Changes in TC rain rate and intensity in the simulations 262 

 263 

Figure 4 shows that the TCs under future climate simulations consistently produce higher median rain rates and 264 

larger ensemble spread, particularly within the inner-core (1.0° radius). This indicates stronger convective 265 

variability and episodic rainfall bursts under warming, while outer-region rainfall (2.5° radius) shows 266 

comparatively modest amplification.  267 

 268 

Across all three TC cases, projected warming leads to a systematic intensification of rainfall extremes, although 269 

the magnitude of change varies by storm and percentile threshold (Figure 4). Relative to the current climate, the 270 

future simulations show robust increases in extreme rain rates, particularly at the upper tail, indicating a 271 

disproportionate amplification of the most intense precipitation events. Haiyan exhibits the strongest sensitivity, 272 

with increases exceeding ~40% at P99, consistent with thermodynamic scaling associated with enhanced 273 

atmospheric moisture availability. In contrast, pre-industrial simulations generally show reduced or weakly 274 

positive changes, especially for Bopha, suggesting that present-day rainfall extremes already reflect substantial 275 
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anthropogenic influence. The asymmetric response between pre-industrial cooling and future warming highlights 276 

nonlinear rainfall sensitivity to SST forcing and storm dynamics. 277 

 278 

 279 

 280 

Figure 4. Percent change in rainfall intensity at the P90, P95, and P99 thresholds for Typhoons Haiyan, 281 

Bopha, and Mangkhut under (a) pre-industrial and (b) future thermodynamic conditions relative to present-282 

day simulations.  283 

 284 

 285 

The fractional rainfall contribution analysis (Figure 5) further demonstrates that warming shifts rainfall 286 

distributions toward higher rain-rate thresholds. Under future conditions, a larger fraction of total TC rainfall 287 

originates from intense precipitation (>20–50 mm hr⁻¹), implying increasing dominance of short-duration, high-288 

impact rainfall bursts rather than uniform TC-wide enhancement. 289 

 290 

 291 

 292 
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 293 

Figure 5. Fraction of total storm rainfall contributed by precipitation exceeding increasing rain-rate thresholds 294 

for (a) Haiyan, (b) Bopha, and (c) Mangkhut under pre-industrial (gray), current (blue), and future (red) 295 

climates. Future simulations shift rainfall contributions toward higher intensities, indicating increasing 296 

dominance of extreme precipitation events. 297 

 298 

A recent study by Macalalad et al. (2023) investigated the effects of historical warming on a different TC case, 299 

Typhoon Vamco (2020), and showed that the effects of historical warming are counteracted by additional factors 300 

such as orography/topography, resulting in comparable precipitation levels between past and present simulations 301 

within two river basins in the Philippines. To isolate the topographic effects of TC-associated precipitation, we 302 

analysed the TC precipitation rate at the time the simulated TCs reached peak intensity prior to landfall.  303 

 304 

The spatial distribution of rainfall rate responses indicates that thermodynamic warming primarily modifies 305 

precipitation within the TC inner-core region across all three storms (Figs. 7–9). In both model configurations, 306 

increases in rainfall intensity are concentrated within the eyewall and immediately surrounding convective region 307 

(approximately within the inner 1.0° radius), where rainfall rates exceeding 20–25 mm h⁻¹ become more spatially 308 

extensive under future conditions relative to both pre-industrial and present-day simulations. 309 

 310 

For Typhoon Haiyan (Figure 7), the future simulations show a clear expansion of high rain-rate regions within 311 

the eyewall in both dynamical configurations. In the 5 km convection-parameterized (5kmCU) simulations, areas 312 

exceeding ~20 mm h⁻¹ occupy a substantially larger fraction of the inner-core region compared with the pre-313 

industrial case, accompanied by a more azimuthally continuous eyewall structure. The 3 km convection-314 

permitting (3kmNoCU) simulations also show intensified TC inner-core rainfall; however, the response is 315 

characterized by localized convective enhancement rather than uniform radial expansion. 316 

 317 
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 318 

 319 

Figure 6. Simulated precipitation rate (mm/hr) at simulated peak intensity for Haiyan on 7 November 2013 320 

12UTC for the 3kmNoCU runs (upper panel) and the 5kmCU  runs (lower panel) under the pre-industrial 321 

(left), current (middle), and future climate conditions. The black circle indicates the 2.5° radius from the center, 322 

and the yellow circle indicates the 1° radius from the center. 323 

 324 

For Typhoon Bopha (Figure 8), the future rainfall response similarly exhibits strengthening of inner-core 325 

precipitation, although structural asymmetry remains pronounced. The increase in rainfall intensity is most evident 326 

along the primary rainband–eyewall transition region, where rainfall rates above ~15–20 mm h⁻¹ expand inward 327 

toward the storm center. Compared with Haiyan, outer rainband precipitation shows comparatively weaker 328 

enhancement, particularly in the 3kmNoCU simulations. 329 

 330 

  331 
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 332 

Figure 7. Same as Figure 6, but for Bopha 333 

 334 

Typhoon Mangkhut (Figure 9) displays the strongest structural reorganization among the three TCs. In the 5kmCU 335 

simulations, future conditions produce a markedly broader region of intense precipitation surrounding the eyewall, 336 

with rainfall rates exceeding 25 mm h⁻¹ becoming nearly continuous around the inner-core region. In contrast, 337 

precipitation outside the inner-core radius weakens slightly relative to present-day simulations, indicating a 338 

redistribution of rainfall toward the TC center. A similar reduction in outer-core precipitation is evident in the 339 

3kmNoCU simulations, suggesting partial drying beyond the eyewall region. 340 

 341 
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 342 

 343 

Figure 8. Same as Figure 6, but for Mangkhut 344 

 345 

Across all TCs, increases in precipitation intensity are generally more spatially coherent in the 5kmCU simulations 346 

than in the convection-permitting 3kmNoCU runs. The latter exhibit stronger mesoscale variability, with localized 347 

convective maxima embedded within otherwise unchanged rainfall envelopes. The apparent reduction or weak 348 

response in outer-core precipitation under future conditions implies a radial contraction of rainfall toward the 349 

inner core in some cases, consistent with previously reported PGW experiments showing enhanced inner-core 350 

precipitation efficiency accompanied by relative outer-core drying (e.g., Patricola and Wehner, 2018), particularly 351 

for TCs with weaker large-scale rainband organization.  352 

 353 

3.3 Changes in TC rain rate and Clausius-Clapeyron scaling 354 

 355 

According to Liu et al. (2019), a projected increase in precipitation rate that is more than what is expected 356 

according to the CCS relation may be related to the projected increase in TC intensity that is associated with land 357 

surface and SST warming. As shown in Figure 9a-c,under the pre-industrial climate, rainfall changes are negative 358 

across all TCs despite modest cooling (−0.4 to −0.6 °C) and the magnitude of decrease (-5% to -30%) falls below 359 

or near the CC scaling (dashed line). In contrast, under future warming (Figure 9e-d), rainfall increases are 360 

consistently positive. (∼15–30%) for ΔSST ≈ 2.9–3.3 °C, broadly aligning with the expected ~7% °C ⁻¹ scaling, 361 

although some cases (e.g., Mangkhut and Bopha) slightly exceed this thermodynamic benchmark. This indicates 362 

that, while the bulk response is largely consistent with CC scaling, there is event-to-event variability that suggests 363 

contributions beyond purely thermodynamic control.  364 

This aligns with the results from Stansfield and Reed (2023), who found that the apparent scaling of TC 365 

precipitation in response to SST warming is typically around 6%–9% per °C, consistent with the CCS rate, while 366 
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the climate scaling - which accounts for long-term climate changes - is smaller, around 5% per °C. They 367 

emphasized that the apparent scaling reflects short-term changes driven by SST alone, while climate scaling 368 

incorporates broader atmospheric changes like shifts in wind shear, which reduce the precipitation intensification 369 

seen in the SFC-only experiments of Liu et al. (2019). 370 

 371 

 372 

 373 

 374 

 375 

Figure 9. Boxplot of the change in TC rain rates (a) within 1.0° radius of the TC for pre-industrial vs current 376 

climate; (b) within 1.0° radius of the TC for future vs current climate; (c) within 2.5° radius of the TC for pre-377 

industrial vs current climate; (b) within 2.5° radius of the TC for future vs current climate simulations using 378 

different initializations. The black dotted lines show the Clausius-Clapeyron scaling.  379 

 380 

3.4 Thermodynamic and dynamic decomposition of TC rainfall changes 381 

 382 

Figure 10 quantifies the decomposition of the TC rainfall changes into full response (FULL), thermodynamic 383 

contribution (TH) and dynamic contribution (DY) for the three TCs under pre-industrial and future climate relative 384 

to present-day conditions. The decomposition is shown for the different rainfall metrics (azimuthally averaged 385 

maximum rainfall rate, rainfall volume, mean rainfall rate). Based on the decomposition, across all three TCs, the 386 

most robust signal in the future climate simulations is a positive thermodynamic contribution, ranging typically 387 

on the order of 20-30%, irrespective of the rainfall metric. For example, TH is ~+25–30% for Haiyan across Pm, 388 
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volume, and mean rain, ~+22–27% for Bopha, and ~+20–27% for Mangkhut. This robust signal reflects enhanced 389 

moisture availability under warming and aligns with Clausius–Clapeyron expectations. In contrast, the dynamic 390 

contribution is smaller and more variable, ranging from about −15% to +10%, and often acts to partially offset 391 

the thermodynamic increase. As a result, the net (FULL) response depends strongly on the balance between these 392 

two terms. This balance leads to pronounced TC case-to-case differences. Haiyan shows the largest increases, 393 

with FULL reaching ~+50% for Pm and ~+25–35% for volume and mean rain; here, TH dominates while DY is 394 

weakly negative for Pm (~−10%) and slightly positive (~+5–10%) for both volume and mean rain metrics. In 395 

contrast, Bopha exhibits near-zero to weakly negative FULL changes (~−10% to 0%), as a positive TH (~+25%) 396 

is nearly cancelled by a negative DY (~−10% to −30%). Mangkhut shows moderate behaviour, with FULL 397 

increases of ~+20–25% for Pm and ~+10% for mean rain, but near-zero or slightly negative changes in volume, 398 

again due to compensating negative DY (~−5% to −15%). In the pre-industrial (PI) experiments, TH is near-zero 399 

to slightly negative (≈0 to −3%), while DY largely controls the response: Haiyan shows positive FULL (~+20–400 

25%), Bopha negative (~−15% to −25%), and Mangkhut mixed signals. Overall, these results demonstrate that 401 

while thermodynamics sets a fairly uniform positive baseline under warming, dynamical changes determine 402 

whether and how strongly that moisture increase translates into rainfall. Our results show that under pre-industrial 403 

climate, the dynamical contributions are higher than the thermodynamic term, however, under future warming 404 

scenarios, the thermodynamic contribution provides the primary positive signal (~20–30%), while dynamics are 405 

smaller and often act to offset this increase (≈−10% to −30%). 406 

 407 

 408 

Figure 10. Decomposition of tropical cyclone rainfall changes into full (FULL), thermodynamic (TH), and 409 

dynamic (DY) contributions for Haiyan, Bopha, and Mangkhut, shown for pre-industrial (PI) and future 410 

(FUT) climates relative to present-day conditions. Bars indicate percent changes in azimuthally averaged 411 

maximum rainfall rate (Pm), rainfall volume, and mean rainfall rate within 500 km of the storm centre; error 412 

bars denote ensemble spread (IQR). 413 

 414 
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 415 

 416 

3.5 Thermodynamic baseline shift and rainfall sensitivity to intensity change 417 

 418 

Figure 11 illustrates the relationship between simulated TC intensity and precipitation rate with separate analysis 419 

of the pre-industrial and future climate. The figure indicates that the rainfall–intensity relationship remains 420 

positive in both climates, and for peak rainfall metrics such as Pm and P99 the future runs are broadly consistent 421 

with the mechanism proposed by Chen et al. (2025), namely that warming enhances the rainfall increase associated 422 

with a given intensity increase through greater moisture availability i.e. a 1 ms-1 increase in TC intensity produces 423 

a larger rainfall increase. Based on our simulations, the slope is 7.60 % increase in peak rainfall per m s⁻¹ and 424 

1.30% increase in extreme rainfall (P99) per m s⁻¹ in wind intensity.  However, our simulations also reveal 425 

pronounced TC case-to-case variability, with some TCs showing substantial dynamic suppression of rainfall 426 

despite positive thermodynamic forcing. This suggests that the Chen et al. (2025) relationship holds as a first-427 

order tendency, but its realized magnitude in individual TCs depends strongly on TC structure and dynamics.  TC-428 

specific regressions (Supplementary Figure 1) reveal that warming does not uniformly increase the rainfall 429 

response to TC wind intensity changes. When averaged across TCs, the strongest enhancement occurs for 430 

azimuthally averaged maximum rainfall rate (Pm), where the future-climate sensitivity reaches 7.6 % per m s−1, 431 

compared with −2.4 % per m s−1 in the pre-industrial climate. A weaker enhancement is found for P99 rainfall 432 

extremes (1.30 vs 1.08 % per m s−1). In contrast, bulk metrics show little or no enhancement, with mean rainfall 433 

sensitivities nearly unchanged (2.18 vs 2.29 % per m s−1) and rainfall volume sensitivities lower in the future 434 

climate (2.03 vs 4.50 % per m s−1). These results indicate that the warming-enhanced rainfall–intensity 435 

relationship proposed by Chen et al. (2025) is most applicable to peak inner-core rainfall rather than total rainfall.  436 

 437 

 438 

 439 

 440 



18 
 

 441 

Figure 11. Relationship between changes in tropical cyclone intensity (Δ intensity, m s⁻¹) and rainfall response 442 

for pre-industrial (PI; blue) and future (FUT; red) simulations. Panels show percent changes in (a) azimuthally 443 

averaged maximum rainfall rate (Pm), (b) rainfall volume, (c) mean rainfall rate, and (d) extreme rainfall 444 

(P99). Solid lines indicate linear fits for each climate state, highlighting a stronger and more consistent positive 445 

scaling between intensity and rainfall under future warming compared to pre-industrial conditions.  446 

 447 

 448 

3.4 Potential mechanisms driving TC-associated precipitation changes  449 

 450 

Figure 12 shows the radius-height composites of simulated reflectivity (dBZ) within the 2.5° radius in the forward 451 

direction of the TCs at peak intensity for the 3kmNoCU simulations, the 5kmCU simulations (not shown) reveal 452 

similar results. The vertical expansion of the eyewall, the inner region of a TC characterized by intense convection 453 

and the strongest winds surrounding the eye, is consistent with the vertical cross-sections of composite azimuthally 454 

averaged winds reported by Delfino et al. (2023). As indicated by the increased reflectivity in Figure 12, these 455 

changes provide insight into the evolving structure of TCs under the different climate conditions simulated in this 456 

study. Although the compositing was performed at the peak intensity of the storms, the results reveal substantial 457 

enhancements in reflectivity throughout the vertical extent and within a 2.5° radius in the forward sector of the 458 

TC circulation. The largest positive reflectivity anomalies in the future-minus-current simulations are 459 
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concentrated near the eyewall and inner-core region, particularly through the mid- to upper troposphere, indicating 460 

deeper convection and stronger precipitation-producing clouds. In contrast, the pre-industrial-minus-current 461 

simulations generally show weaker reflectivity in the lower- to midlevel inner core, suggesting that present-day 462 

climates already favor stronger and more vertically developed precipitation structures than pre-industrial 463 

conditions. 464 

 465 

This enhanced reflectivity implies a greater amount of precipitation within the TC inner core, with important 466 

consequences for storm dynamics. The explanation for the vertical expansion of the eyewall likely lies in the 467 

interaction between thermodynamic and dynamic atmospheric processes. Earlier scaling analyses in this study 468 

showed that projected rainfall increases cannot be explained solely by thermodynamic moisture increases 469 

associated with Clausius–Clapeyron scaling. If thermodynamic forcing alone dominated, changes would be more 470 

spatially uniform. Instead, Figure 12 shows that the strongest increases are concentrated in dynamically active 471 

regions such as the eyewall slope and inner-core convective towers, indicating that structural changes in storm 472 

circulation also play a critical role. As TC intensity increases, precipitation rates within the storm also tend to 473 

increase (Alvey et al., 2015), reflecting and reinforcing internal dynamical processes critical to intensification. 474 

While environmental conditions such as warm sea surface temperatures, low vertical wind shear, and high low-475 

level moisture are known to support TC development (DeMaria et al., 2005; Kaplan et al., 2010, 2015), they do 476 

not fully account for changes in TC intensity (Hendricks et al., 2010). This has led to a growing focus on internal 477 

TC processes, particularly precipitation and convection, as key drivers of TC intensification. Latent heat release 478 

from enhanced precipitation warms the TC core and contributes to further pressure falls, strengthening the cyclone 479 

(Rotunno & Emanuel, 1987; Pendergrass, 2014; Yamada, 2017). Observational studies using TRMM and passive 480 

microwave data have shown that more intense TCs are typically associated with broader and more symmetric 481 

precipitation coverage, especially in the inner core (Alvey et al., 2015). Stratiform and moderate-to-deep 482 

convective precipitation are particularly linked to rapid intensification (Tao & Jiang, 2015), suggesting that 483 

increasing precipitation is not just a result of intensification, but a contributor to it. Ruan and Wu (2018) also 484 

found that as TCs intensify, they exhibit increased precipitation and colder high cloud tops, and that widespread 485 

very deep convective clouds (IR BT < 208 K) are strong predictors of future intensity change, particularly rapid 486 

intensification (Tierra and Bagtasa 2021). 487 
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 488 

Figure 12. Radius (in degrees) – height (in km) cross sections of simulated differences in reflectivity (dBZ) 489 

from future minus current (top panels, a-c) and pre-industrial minus current (bottom panel, d-f) from the 490 

3kmNoCU experiments. All reflectivity fields are at peak intensity while precipitation rates are shown within a 491 

2.5˚ x 2.5˚ from the center at peak intensity for Typhoon Haiyan (a and d panels), Bopha (b and e panels), and 492 

Mangkhut (c and f panels) with the red vertical lines delineating 1˚ radius from the center. 493 

 494 

 495 

Vertical motion (omega) was investigated to better understand the detailed processes governing TC-associated 496 

precipitation intensification under different climate conditions (Figure 13). Our analysis revealed significant 497 

regions of enhanced upward motion near the eyewall and along spiral rainbands of Typhoons Haiyan, Bopha, and 498 

Mangkhut, primarily within a 1˚ and 2.5˚ radius from the TC center. These regions are critical for intense 499 

convective activity and high precipitation rates because vigorous updrafts promote condensation and latent heat 500 

release. Comparisons between future and current climate simulations show stronger and deeper ascent around the 501 

TC core region, consistent with the enhanced reflectivity shown in Figure 13a-c. The strongest omega anomalies 502 

are concentrated in the same regions where reflectivity increases are maximized, reinforcing the interpretation 503 

that dynamic strengthening of convection contributes substantially to future rainfall intensification. 504 

 505 

Similarly, the pre-industrial-minus-current simulations reveal weaker and shallower ascent relative to the present 506 

climate, especially in the inner-core region. This corresponds closely with the weaker reflectivity anomalies in 507 

Figure 13 and suggests that the present climate already supports stronger moisture convergence and more vigorous 508 

convection than the pre-industrial environment. Thus, the transition from pre-industrial to current to future 509 

climates indicates a progressive strengthening of the vertical overturning circulation and precipitation efficiency 510 

of intense TCs. 511 

 512 
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In our earlier study, Delfino et al. (2023) noted shifts in the vertical profiles of these TC cases that 513 

potentially led to intensified rainfall. Additionally, Shi et al. (2024) showed that TCs may evolve not simply 514 

through stronger localized updrafts, but through the expansion of deep convective cores while suppressing shallow 515 

cumulus and congestus clouds. This structural reorganization implies that, although localized hourly rainfall may 516 

scale close to Clausius–Clapeyron expectations, precipitation accumulation over broader storm areas could 517 

increase by as much as 18% per degree of warming. Taken together, Figures 12 and 13 show that projected TC 518 

rainfall increases arise from both thermodynamic and dynamic mechanisms. Increased moisture availability 519 

provides the thermodynamic basis for heavier precipitation, while stronger eyewall ascent, deeper convective 520 

towers, and broader precipitation cores determine where the largest rainfall intensification occurs. Therefore, the 521 

simulated precipitation response is best interpreted as a coupled thermodynamic–dynamic scaling process rather 522 

than a purely moisture-driven one. 523 

 524 

 525 

Figure 13. Simulated difference in vertical velocity, Omega (hPa s−1) at several levels (1000-100hPa) within 526 

250 km radius from the TC center for the 3kmNoCU experiments difference between future and current climate 527 

(top, a-c), and difference between current and past climate (bottom, d-f) for Typhoons Haiyan (left), Bopha 528 

(center) and Mangkhut (right).  529 

 530 

4. Summary and conclusions 531 

 532 

This study has investigated the changes in tropical cyclone (TC)-associated precipitation in the Philippines under 533 

past (pre-industrial) and future climate scenarios, using a hierarchy of convection-permitting simulations. A key 534 

component of this work is the use of the pseudo-global warming (PGW) technique, which is used to simulate the 535 

past, present, and future climate conditions by perturbing the TC cases with large scale climate change signals. 536 

This framework ensures that the same TC cases are consistently simulated across different climate states, rather 537 

than randomly sampling TCs from a climatological dataset. This allows a more physically consistent attribution 538 

of TC-associated rainfall changes to different climate forcing. Importantly, this is the first time that such extreme 539 
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typhoons have been systematically simulated and compared using both convection-permitting and parameterised 540 

convection models. Some of the results show a sensitivity to the treatment of convection, while other experiments 541 

are relatively insensitive. Overall, the main findings are robust and largely insensitive to this model formulation 542 

choice. In alignment with the expectations from Clausius–Clapeyron scaling (CCS) for TCs, the future climate 543 

simulations project a robust increase in TC precipitation. Deviations from the expected CCS scaling are attributed 544 

to factors such as increased TC intensity, also driven by atmospheric warming. 545 

Under past climate conditions, TC precipitation in the Philippines would have been generally less than that of 546 

current climate conditions, with an average change (current - past) in TC inner-core precipitation rates of 6% and 547 

8% for the 5kmCU and 3kmNoCU experiments, respectively. The observed changes between the past and current 548 

climate align with expectations from CCS, indicating that the atmosphere holds approximately 7% more water 549 

vapor per degree Celsius (°C) increase in surface temperature. Conversely, under future climate scenarios, the 550 

FULL simulations conducted under the SSP5-8.5 scenario indicate a robust rise - by approximately 6% per 1 °C 551 

increase in SST in the mean precipitation rates for specific intense TCs, such as Haiyan, Bopha, and Mangkhut, 552 

in both the 5kmCU and 3kmNoCU experiments, consistent with CCS expectations. 553 

 554 

Based on our simulations, the dynamic process is larger under pre-industrial simulations, and the thermodynamic 555 

processes dominate TC rainfall changes under warming. Decomposition analysis shows a robust positive 556 

thermodynamic contribution (~20–30%) across all TCs and rainfall metrics, while dynamical contributions are 557 

smaller and often negative (~−10% to −30%), partially offsetting the thermodynamic increase. This leads to 558 

substantial TC cases variability: Haiyan shows strong net increases, Bopha exhibits near-cancellation between 559 

thermodynamic and dynamical effects, and Mangkhut displays moderate increases with partial dynamic 560 

suppression. These results suggest that dynamical dominance indicate that moisture increases set the baseline 561 

rainfall response, with dynamics modulating its magnitude and spatial distribution. 562 

 563 

Future warming also produces a systematic intensification of rainfall extremes. The upper tail of the rainfall 564 

distribution (P99) increases disproportionately, with enhancements exceeding 30–40% in some cases. 565 

Additionally, the fractional contribution of heavy rainfall increases, indicating a shift toward more intense, short-566 

duration precipitation events concentrated in the TC inner core.  Spatial analyses show that rainfall increases are 567 

primarily concentrated within the inner-core region, with some cases exhibiting outer-core weakening or radial 568 

contraction of rainfall, particularly for structurally organized storms like Mangkhut. This suggests increased 569 

precipitation efficiency near the eyewall under warming. 570 

 571 

The relationship between TC intensity and rainfall remains positive in both future and pre-industrial climates. 572 

However, warming preferentially enhances the sensitivity of peak rainfall (Pm) to intensity (~7.6% per m s⁻¹), 573 

while bulk metrics (mean rainfall and volume) show little or no enhancement. This indicates that intensity–rainfall 574 

scaling strengthens mainly for extreme inner-core precipitation rather than total storm rainfall. 575 

 576 

The analysis of simulated reflectivity profiles of the three TC cases reveals further insights into future climate 577 

conditions, with increases in both outward and vertical extent of maximum reflectivity indicating more intense 578 

and widespread precipitation. This is attributed to enhanced latent heating, which drives stronger updrafts and 579 
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contributes to a deeper TC core. Mechanistically, the deeper cores lead to intensified updrafts that enhance the lift 580 

of moist air, promoting additional adiabatic warming within the TC and further enhancing TC-associated 581 

precipitation. This chain of causation aligns with previous studies (e.g., Yamada et al., 2017) that emphasize the 582 

role of latent heating in TC dynamics. 583 

 584 

Our findings provide crucial insights into how variations in TC intensity and structure influence the scaling 585 

relationship between SST and TC-associated precipitation in the Philippines. The heightened intensity of 586 

simulated TCs under future climate conditions contributes to increased TC-associated precipitation rates within 587 

the inner core, diverging from expected CCS behavior. This supports the notion of the CCS, emphasizing the 588 

interplay between atmospheric moistening, TC dynamics, and evolving TC structures. 589 

 590 

We recommend that future studies focus on (1) the climatological trends in TC precipitation i.e. effects of climate 591 

change and natural climate variabilities on TC precipitation needs to be done with simulations that are able to 592 

simulate TCs with good fidelity; (2) the specific impacts of changing TC tracks and the role of atmospheric 593 

moisture distribution, and (3) the influence of varying SST patterns and magnitude on TC-associated precipitation 594 

in the Philippines. Additionally, further research should investigate the potential effects of land-use changes and 595 

urbanization on TC rainfall patterns to provide a more comprehensive understanding of the local impacts of 596 

climate change on TCs. 597 
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