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Abstract 1 

Extreme heat and drought conditions are affecting water availability in many regions worldwide, 2 

leading to negative impacts on human societies, agriculture, and ecosystems. However, current 3 

research lacks comprehensive spatiotemporal analysis examining the interplay between 4 

multiple hydrological factors and heatwave events, especially in the context of climate change. 5 

This research broadly pertains to understanding the dynamics of hydrological factors and their 6 

potential responses to heatwave during warm seasons across the contiguous United States for 7 

the period from 2003 to 2022. Utilizing data from the Global Land Data Assimilation System 8 

(GLDAS), we analyzed surface runoff, evapotranspiration (ET), precipitation, Groundwater 9 

Storage (GWS), Root Zone Soil Moisture (RZSM), and Total Water Storage (TWS) to discern 10 

annual patterns and the impacts of heatwave. The spatial patterns of heatwave highlighted a 11 

higher occurrence in the western, central, and northeastern U.S., with longer average durations 12 

in the western and south-central regions. These events are predominantly dry, characterized by 13 

low Relative Humidity (RH), except in the southeastern U.S., where heatwave coincide with 14 

high RH levels. Post-heatwave analysis indicated a reduction in GWS, TWS, RZSM, and ET, 15 

alongside an increase in surface runoff, RH, and precipitation. An in-depth examination of 16 

rainfall and temperature dynamics during heatwave revealed weak correlations between rainfall 17 

and temperature, as well as between rainfall and heatwave duration, highlighting the complex 18 

nature of these interactions. The study also found an enhanced probability of rainfall following 19 

heatwave, particularly in the eastern regions, drawing attention to the potential for increased 20 

flood risks post-heatwave. Our findings contribute to the growing body of knowledge on the 21 

impacts of heatwave on hydrological factors, providing valuable insights for climate change 22 

adaptation and water resource management strategies.  23 

Keywords: Heatwave events; Hydrologic Cycle; GLDAS; Contiguous United States. 24 
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1. Introduction 25 

Heatwaves, characterized by prolonged periods of extremely hot weather, pose significant 26 

threats to environmental stability (JÖHNK et al., 2008; Miralles et al., 2019), human health 27 

(Amengual et al., 2014; Campbell et al., 2018; Lowe et al., 2011), and socioeconomic 28 

development (Borrell et al., 2006; Russo et al., 2019; Ullah et al., 2022; Zuo et al., 2015). 29 

Additionally, the increased energy demand for cooling and worsening drought conditions 30 

during heatwaves lead to higher emissions from fossil fuels and agriculture, further 31 

exacerbating global warming (Niggli et al., 2022). Historical heatwave enents have 32 

demonstrated devastating consequences. For instance, the 2003 European heatwave (Christidis 33 

et al., 2015; Stott et al., 2004) resulted in over 70,000 fatalities and substantial agricultural 34 

losses (García-Herrera et al., 2010), while the 2010 Russian heatwave (Barriopedro et al., 2011), 35 

exacerbated by drought conditions and forest fires, led to 54,000 deaths (Dole et al., 2011). 36 

Recent decades have seen an intensification of heatwaves in terms of their magnitude, 37 

frequency, and duration (Christidis et al., 2015; Domeisen et al., 2023). In the context of global 38 

warming, these events are projected to become even more severe, posing increasingly harmful 39 

consequences for both the human societies and natural environments (Perkins-Kirkpatrick and 40 

Lewis, 2020). 41 

 42 

In addition to their impacts on human health, extreme heatwave can have significant effects on 43 

hydrological processes. As water constitutes the lifeblood of both human societies and natural 44 

ecosystems, alterations in hydrological variables such as surface runoff, evapotranspiration 45 

(ET), precipitation, groundwater storage (GWS), root zone soil moisture (RZSM), and total 46 

water storage (TWS) can have extensive implications. For example, researchers have shown 47 

that rising global temperatures are significantly altering precipitation patterns (Trenberth et al., 48 

2014), causing shifts in river flow regimes (van Vliet et al., 2013), and contributing to increased 49 
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evaporation rates, which in turn impact soil moisture and groundwater reserves (Taylor et al., 50 

2013). The ramifications of these changes span various sectors, including agriculture (Arora, 51 

2019), water resources management (Haddeland et al., 2014), and biodiversity conservation 52 

(Watson et al., 2012).  53 

 54 

Contiguous United States (U.S.) has seen a discernible increase in the frequency and intensity 55 

of heatwave, particularly in certain areas like the Southwest, where temperatures are naturally 56 

higher and water resources are scarcer (Hulley et al., 2020). Given the increasing prevalence of 57 

extreme heat events and their potential impacts on hydrological processes, it is crucial to deepen 58 

our understanding of these effects, particularly in regions that are experiencing significant 59 

climate variability (Weiskopf et al., 2020). However, there are substantial challenges and gaps 60 

in the current body of research. For instance, while the broader links between climate change 61 

and hydrology are well-documented (Heidari et al., 2020; Naz et al., 2016), comparatively less 62 

attention has been given to the specific effects of heatwave on these critical processes. Most 63 

studies have focused on drought events, which are typically calculated on a monthly scale 64 

(Peña-Gallardo et al., 2019), and it remains unclear how heatwave, which are calculated on a 65 

daily scale, impact major hydrological factors. Moreover, in the context of global warming, 66 

there is insufficient research investigating how heatwave in the contiguous U.S. may affect the 67 

changes in regional hydrological processes. These are significant research gaps that need to be 68 

addressed, as understanding these interactions is crucial for predicting and mitigating the 69 

impacts of climate change. Therefore, the objectives of this study are to 1) analyze the annual 70 

patterns in hydrological factors across the contiguous U.S., 2) conduct a detailed analysis of 71 

heatwave, focusing on their frequency, duration, and intensity, and 3) assess the impacts of 72 

heatwave on hydrologic fluxes, with a particular focus on their effects on surface runoff, ET, 73 

GWS, RZSM, and TWS. 74 
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 75 

2. Study area and Datasets 76 

2.1. Study area 77 

The contiguous U.S., our selected study area (Fig. 1), is a diverse landscape encompassing over 78 

9.8 million square kilometers, presenting a wide range of climatic zones from temperate and 79 

tropical to arid and polar. Hydrologically, the contiguous U.S. is home to an array of features, 80 

including the Great Lakes in the north, the Mississippi River System, and numerous basins in 81 

the arid southwest. This intricate web of rivers, streams, lakes, and aquifers plays a crucial role 82 

in regional and national water supply, agriculture, and overall ecosystem health(Alley et al., 83 

2002; Brown et al., 2008; Jasechko et al., 2021; Li and Quiring, 2021). The contiguous U.S. is 84 

ideal for studying the impacts of extreme heat events on hydrologic fluxes due to the diversity 85 

of its climate, topography, and hydrology. Furthermore, the various ecosystems present, 86 

including forested areas in the Pacific Northwest and the Appalachians, grasslands of the Great 87 

Plains, and deserts in the Southwest, offer a multi-dimensional perspective on the effects of 88 

extreme heat. The land cover distribution in the contiguous U.S. is equally diverse, with forests 89 

and woodlands covering approximately one-third of the country, extensive agricultural lands 90 

dominating the central region, arid desert and shrublands characterizing the southwest. 91 

 92 

2.2. Datasets 93 

This study uses multiple datasets, including the GLDAS (Rodell et al., 2004) Noah Land 94 

Surface Model L4 3 hourly 0.25 × 0.25-degree V2.1 (GLDAS_NOAH025_3H) 95 

(https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_3H_2.1/summary), GLDAS 96 

Catchment Land Surface Model L4 daily 0.25 × 0.25-degree GRACE-DA1 V2.2 97 

(GLDAS_CLSM025_DA1_D) 98 

(https://disc.gsfc.nasa.gov/datasets/GLDAS_CLSM025_DA1_D_2.2/summary), and in-situ 99 

https://disc.gsfc.nasa.gov/datasets/GLDAS_NOAH025_3H_2.1/summary
https://disc.gsfc.nasa.gov/datasets/GLDAS_CLSM025_DA1_D_2.2/summary
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flux tower data obtained from FLUXNET2015 (Pastorello et al., 2020) 100 

(https://fluxnet.org/data/fluxnet2015-dataset/). The GLDAS_NOAH025_3H dataset was 101 

employed to derive the 3-hourly climate factors such as temperature, Specific Humidity (SH), 102 

and precipitation. On the other hand, the GLDAS_CLSM025_DA1_D outputs provide daily 103 

information on hydrological fluxes, including ET, GWS, RZSM, and TWS. To ensure the 104 

quality of the data, we used the in-situ flux tower observations obtained from FLUXNET2015 105 

to validate the GLDAS simulations, in terms of temperature, evapotranspiration, and rainfall. 106 

Our selection of sites for the in-situ data encompassed a period of over 10 years, and a 107 

comprehensive summary of the flux tower data is provided in Supplementary Table 1. 108 

 109 

3. Methodology 110 

3.1. Heatwave identification 111 

To assess the impacts of extreme heat on hydrological fluxes, we first identified heatwave using 112 

daily temperature data from the GLDAS. Heatwave were defined based on an exceedance of 113 

the 90th percentile of the daily mean temperature throughout the warm season, extending from 114 

May to October, following the definition used by Ha et al. (2022). To identify the 90th percentile 115 

threshold for temperature, we calculated the daily temperature distribution over the study period 116 

and selected the 90th percentile value. This threshold was then used to identify heatwave by 117 

identifying periods of at least three consecutive days with temperatures above this threshold. 118 

The identification of heatwave allows us to focus on periods of extreme heat and analyze their 119 

impacts on hydrological fluxes.  120 

 121 

3.2. Relative Humidity estimation 122 

The GLDAS does not include Relative Humidity (RH), requiring the calculation of this 123 

parameter from existing atmospheric pressure (Pa), Specific Humidity (SH), and temperature 124 
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(Ta) data. To accomplish this, we employed the formulations provided by Bolton (1980), 125 

facilitating a thorough analysis of atmospheric moisture conditions. The RH is calculated using 126 

the formula: 127 

𝑅𝐻 = 𝑒𝑎
𝑒𝑠

                                                                   (1) 128 

where: 𝑒𝑎 is the water vapor pressure (hPa) calculated as: 129 

𝑒𝑎 =
𝑆𝐻× 𝑃𝑎

100
0.378×𝑆𝐻+0.622

                                                   (2) 130 

𝑆𝐻 is the specific humidity (kg/kg), 𝑒𝑠 is the saturation vapor pressure (hPa) calculated as: 131 

𝑒𝑠 = 6.112 × 𝑒(17.67×𝑇𝑎
𝑇𝑎+243.5)                                           (3) 132 

𝑃𝑎 is the atmospheric pressure (Pa), 𝑇𝑎 is the temperature in Celsius. 133 

 134 

3.3. Assessing hydrological responses to heatwave 135 

To investigate the response of hydrological variables to heatwave, we conducted an analysis 136 

using the differences in hydrological factors before and after each heatwave event. By 137 

subtracting the values of hydrological factors at the beginning of a heatwave event from those 138 

at the end of the event, we captured the changes that occurred during each heatwave. 139 

Subsequently, we calculated the average change in hydrological factors before and after 140 

heatwave from 2003 to 2022, allowing us to examine the overall impact of heatwaves on these 141 

variables. 142 

 143 

4. Results 144 

4.1 Annual patterns in hydrological factors  145 

Annual patterns in hydrological factors across the contiguous U.S. were analyzed for the period 146 

between 2003 and 2022 (Fig. 2). The factors considered include surface runoff, ET, 147 
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precipitation, GWS, RZSM, and TWS, which play critical roles in the hydrological cycle and 148 

are essential for understanding the dynamics of water resources in the region. 149 

The results indicate distinct regional variations in annual patterns of hydrological factors. 150 

Specifically, the southeastern region and the far western areas of the contiguous U.S. exhibited 151 

higher levels of surface runoff (Fig. 2a), with annual averages of approximately 500 mm. This 152 

can be attributed to higher precipitation (Fig. 2c) and more permeable soil types in these regions, 153 

promoting higher surface runoff generation. Furthermore, the high attitude in the southeastern 154 

region also contributes to the observed pattern of water runoff. In contrast, higher values of ET 155 

(Fig. 2b), averaging around 700 mm/year, were found in the eastern part of the contiguous U.S., 156 

with lower values in the west, closely reflecting the spatial distribution of precipitation. An 157 

exception to this pattern was observed in the Appalachian Mountain area within the 158 

southeastern region, where relatively low ET rates (less than 200 mm/year) were noted. This 159 

discrepancy may be due to several factors, including the higher runoff levels, higher humidity 160 

levels, frequent cloud cover, and lower rates of solar radiation in this area, collectively reducing 161 

the potential for evapotranspiration. This study also revealed that GWS (Fig. 2d), RZSM (Fig. 162 

2e), and TWS (Fig. 2f) displayed similar spatial patterns, with higher values in the eastern U.S. 163 

and lower values in the west. Following the comprehensive analysis of annual hydrological 164 

patterns across the contiguous U.S. in section 4.1, which sheds light on the spatial variations 165 

and influencing factors for key hydrological variables, the focus is then shifted to section 4.2, 166 

where an in-depth exploration of the dynamics and characteristics of heatwave is undertaken. 167 

 168 

4.2. Heatwave Events 169 

Fig. 3 presents a detailed visualization of the spatial patterns of heatwave and associated 170 

meteorological parameters across the contiguous United States from 2003 to 2022. Two 171 

primary metrics were highlighted: the total number of heatwave and their average duration. The 172 
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geographical distribution illustrates a higher occurrence of heatwave, totaling more than 50 173 

occurrences during the period in the western regions, the central part of the country, and the 174 

northeastern contiguous U.S (Fig. 3a). Meanwhile, the mean duration of these events is notably 175 

longer in the western and south-central contiguous U.S., particularly in Texas, reaching up to a 176 

week (Fig. 3b). From 2002 to 2023, any given area in the U.S. experienced an average of 2.4 177 

heatwave per year, with each event lasting an average of 3.8 days. Additionally, Fig. 3c and 178 

Fig. 3d offer a meticulous depiction of the average RH and temperature conditions prevalent 179 

during heatwave. Except for the coastal regions of the east and west, the majority of heatwave 180 

are characterized as dry heatwave (Ha et al., 2022), with RH levels plummeting below 33% 181 

during these episodes. Conversely, in the southeastern U.S., exemplified by Florida, heatwave 182 

are accompanied by relatively high RH, typically exceeding 50%. Having elucidated the 183 

characteristics of heatwave and the prevailing temperature and humidity conditions during these 184 

extreme events across various regions of the contiguous U.S., we now transition to exploring 185 

the subsequent shifts in hydrological variables following the cessation of heatwave in section 186 

4.3. 187 

 188 

4.3. Response of hydrological variables to Heatwave 189 

Figure 4 delineates the response of various hydrological variables to heatwave across different 190 

regions, capturing a nuanced understanding of the post-heatwave hydrological dynamics from 191 

2003 to 2022. GWS exhibits a noticeable decrement, particularly in the central U.S., with a 192 

reduction averaging around 20 mm post-heatwave, as illustrated in Fig. 4a. TWS follows a 193 

similar declining trend, decreasing by an average of 40 mm across the observed regions, as 194 

depicted in Fig. 4b. The RZSM shows a decrease of approximately 10 kg/m² following 195 

heatwave (Fig. 4e), highlighting the direct impact of elevated temperatures on soil moisture 196 

availability. ET typically decreases approximately 1.5 mm following heatwave due to a 197 
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reduction in the availability of water for evaporation (Fig. 4d). However, the observed exception 198 

in the northern east region, where ET rates are relatively higher after heatwave. There is an 199 

observed increase in surface runoff by approximately 2 mm (Fig. 4c) and precipitation by 200 

approximately 20 mm (Fig. 4f) following heatwave. Except for the northwestern regions, most 201 

areas exhibit a rise in RH post-heatwave, with the most pronounced changes observed in the 202 

northeastern and eastern coastal regions (Fig. 4g). Contrarily, temperature exhibit a general 203 

decline post-heatwave across most regions, excluding the northwestern areas (Fig. 4f), 204 

potentially signaling a return to baseline conditions. Overall, the findings suggest that the 205 

cessation of heatwave leads to a cascade of intensified hydrological responses, encompassing 206 

diminished water storage capacities, increased atmospheric humidity, and alterations in 207 

precipitation and runoff patterns. 208 

 209 

4.4. Heatwave and precipitation events 210 

Building on the findings from section 4.3, which highlighted an increase in rainfall following 211 

heatwave, section 4.4 further delves into this phenomenon, conducting a comprehensive 212 

geospatial analysis to dissect the intricacies of the relationship between rainfall and heatwave 213 

during warm seasons across the contiguous U.S. from 2003 to 2022. The analysis demonstrates 214 

a distinct pattern of rainfall frequency and timing during the various stages of a heatwave. Fig. 215 

5a shows the percentage of heatwave that experience rainfall before their conclusion. It's 216 

noteworthy that there is a lower frequency of such events, where rainfall occurs before the end 217 

of heatwave, in the southwestern region of the contiguous U.S. In contrast, in the northeastern 218 

region, most heatwave experience rainfall before their conclusion. In the early stages of 219 

heatwave (Fig. 5b), defined as the initial third of the duration of heatwave, rainfall is infrequent 220 

across the country. This pattern could imply a distinct climatic behavior at the onset of heatwave. 221 

In the middle stages of heatwave, considered as the second third of the heatwave's duration (Fig. 222 
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5c), there is a slight increase in the incidence of rainfall compared to the early stages. Despite 223 

this increase, the overall frequency of rainfall remains relatively low. Fig. 5d portrays a 224 

significant rise in the likelihood of rainfall during the late stages of heatwaves, defined as the 225 

final third of the heatwave's duration. This suggests a pattern where heatwave periods 226 

frequently conclude with increased rainfall events, potentially leading to higher surface runoff. 227 

Fig. 5 thus reveals a clear pattern of rainfall frequency and timing across the U.S over a two-228 

decade period in relation to heatwave stages, most notably demonstrating an increased 229 

incidence of rainfall towards the conclusion of these events.  230 

 231 

Fig.6 extends to investigating the associations among rainfall, temperature, and heatwave 232 

duration throughout heatwave. The results illustrate a weak correlation between rainfall and 233 

temperature (Fig. 6a), with the density scatter plot largely exhibiting a scattered distribution 234 

(Fig. 6d). This observation suggests that the relationship between rainfall and temperature is 235 

not strongly defined during heatwave. Analogously, the relationship between rainfall and 236 

heatwave duration also appeared to be weak (Fig. 6b), this scattered distribution between 237 

heatwave duration and concurrent rainfall events, as depicted in Fig. 6e, suggests a lack of a 238 

strong correlation between these two parameters. It indicates that the duration of heatwave does 239 

not necessarily predict the occurrence or amount of rainfall, with both shorter and longer 240 

heatwave potentially experiencing little to no rainfall. Conversely, the study identified a robust 241 

correlation between temperature and heatwave duration (Fig. 6c). The color distribution on the 242 

scatter plot, predominantly in red and green hues, coupled with a discernible linear trend (Fig. 243 

6f), illustrates this association. This strong correlation suggests that increases in temperature 244 

contribute to a prolongation of heatwave duration, shedding light on a critical dynamic in 245 

heatwave behavior.  246 

 247 
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Fig. 7. introduces a comparative analysis of rainfall probabilities following non-heatwave and 248 

heatwave throughout the warm season. The analysis reveals a marked distinction in rainfall 249 

probabilities subsequent to non-heatwave and heatwave. Fig. 7a and Fig. 7b depict the rainfall 250 

probabilities in the absence of heatwave. They show that the average rainfall probability for 251 

non-heatwave throughout the warm season across the contiguous U.S. is generally less than 252 

60%, with most of the areas falling within the 40% to 50% range. These sub-figures provide a 253 

granular view of the spatial variability in rainfall probabilities, setting a baseline for comparison 254 

with periods following heatwave. The spatial distribution of rainfall probabilities post-heatwave 255 

(Fig. 7c) is noticeably wider, ranging from a minimal 10% to an elevated 90%. This broad 256 

distribution underscores the heterogeneous response of rainfall patterns to heatwave across 257 

different regions. The corresponding histogram in Fig. 7d highlights that nearly half of the areas, 258 

particularly in the eastern regions, exhibit a rainfall probability exceeding 60%. This marks a 259 

significant upswing in precipitation likelihood compared to non-heatwave periods. A stark 260 

contrast is evident when comparing spatial distribution panels. In the eastern regions, the post-261 

heatwave rainfall probability soars to approximately 50% higher than that observed after non-262 

heatwave periods. The southwestern regions display a negligible difference in rainfall 263 

probability during heatwave compared to non-heatwave periods.  264 

Overall, the combined analysis from these figures illuminates the intricate and region-specific 265 

interactions between heatwave, rainfall, and temperature, revealing patterns of increased 266 

rainfall post-heatwave, weak correlations between rainfall and temperature during heatwaves, 267 

and a pronounced variability in rainfall probabilities after heatwave across different regions of 268 

the contiguous U.S. 269 

 270 
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5. Discussion 271 

This study unearthed distinctive responses in key hydrological factors to these heatwave events, 272 

such as GWS, TWS, and RZSM, along with increased surface runoff and precipitation. 273 

Intriguingly, we observed that a majority of the heatwave events were concurrent with rainfall 274 

occurrences. Furthermore, a noteworthy observation was the enhanced probability of rainfall in 275 

the aftermath of heatwave. The ensuing discussion will delve deeper into these findings, 276 

exploring their interconnections. 277 

 278 

5.1 Response of hydrological factors to Heatwave. 279 

The GWS, TWS, and RZSM tended to decrease following heatwave, with declines observed in 280 

the central contiguous U. S (Fig. 4). This finding is consistent with previous studies (Fischer 281 

and Schär, 2010; Miralles et al., 2014; Teuling et al., 2010) that have shown that heatwave can 282 

cause a depletion of water resources due to increased evaporation rates and water consumption 283 

by vegetation during heatwave conditions. The reduction in GWS, TWS, and RZSM may have 284 

implications for water availability in the affected regions, which can impact agriculture, 285 

ecosystem health, and water resource management. ET typically decreases following heatwave 286 

due to a reduction in the availability of water for evaporation. This pattern is a consequence of 287 

increased evaporation rates and heightened water consumption by vegetation during the 288 

heatwave, leading to diminished water resources (Miralles et al., 2014; Teuling et al., 2010). 289 

However, the observed exception in the northern east region (Fig. 5d), where ET rates are 290 

relatively higher post-heatwave, might be due to several possible factors. First, this region could 291 

be influenced by specific geographical or climatic characteristics, such as greater precipitation 292 

levels or humidity, which replenish water resources more rapidly following heatwave (Dai, 293 

2011). Another possibility is related to the vegetation type in the area. Certain vegetation, like 294 

deciduous forests commonly found in the northern east, may exhibit a delayed response to heat 295 
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stress, maintaining ET rates during and even after the heatwave due to their deep root systems 296 

accessing soil moisture reserves (Huang et al., 2015). Interestingly, surface runoff and 297 

precipitation exhibit an increase following heatwave (Figs. 4c and f). This observation is 298 

somewhat unexpected, as it would be reasonable to assume that high temperatures and reduced 299 

soil moisture would result in lower runoff and precipitation. However, this result can be 300 

explained by the definition of heatwave used in the study: events with a maximum temperature 301 

above the 90th percentile for more than three consecutive days. As heatwave tend to end with 302 

temperatures dropping below the threshold, it is possible that precipitation events, which 303 

typically lead to a decrease in temperature, might coincide with the conclusion of heatwave, 304 

thereby increasing runoff. A second possible explanation stems from our use of water balance-305 

based runoff data. Our findings are grounded in water balance principles. For example, You 306 

and Wang (2021) observed that 26% of heatwaves in China between 1981 and 2005 were 307 

followed by heavy rainfall. Additionally, Zhang and Villarini (2020) analyzed USGS stream 308 

gauge data and found that many flooding events in the central United States occur after heat 309 

stress. Their research suggests that elevated temperatures and humidity enhance atmospheric 310 

instability, which in turn precipitates stormy conditions, heavy rainfall, and higher runoff. 311 

 312 

5.2 Heatwave accompanied by rainfall. 313 

The results delineated in Fig. 5a, indicating that rainfall events during heatwaves almost 314 

exclusively occurred on the final day of these events, necessitate a thorough examination to 315 

reconcile this apparent anomaly within the context of climatological phenomena. Building upon 316 

these findings, three potential factors could be contributing to the co-occurrence of heatwave 317 

and rainfall: 1) Temporal resolution and diurnal variability: the methodology employed in our 318 

study integrates daily temperature and precipitation data, culminating in an aggregated 319 

representation of climatic conditions. This aggregation implies that a day characterized by peak 320 
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heatwave temperatures, potentially occurring during midday, could subsequently experience 321 

rainfall in the evening (Carbone and Tuttle, 2008), both of which would be encapsulated within 322 

the same 24-hour period. This diurnal variability in weather conditions is a critical factor in 323 

interpreting the concurrent manifestation of heatwave and rainfall. 2) Atmospheric Transition 324 

and Instability: sustained high temperatures during a heatwave result in an accumulation of heat 325 

and increased moisture levels in the atmosphere. Coupled with cooler air masses moving into 326 

the area, these conditions foster atmospheric instability (Rostami et al., 2024). Towards the end 327 

of a heatwave, the interplay between lingering heat and incoming cooler air sets the stage for 328 

convective rainfall. As the heatwave starts to dissipate, this built-up heat and moisture often 329 

transform into significant precipitation events. 3) Microscale weather variations: in specific 330 

regions, particularly the southeastern and eastern parts of the country, the simultaneous 331 

presence of elevated temperatures and high humidity creates a favorable milieu for convective 332 

rainfall, even amidst heatwave conditions. Such precipitation events are transient and may not 333 

suffice to substantially mitigate the prevailing heatwave conditions. Elaborating on this, the 334 

research conducted by Sauter et al. (2023) sheds light on a noteworthy pattern, highlighting an 335 

increased prevalence of hourly rainfall extremes during the concluding day of a heatwave. This 336 

phenomenon is particularly pronounced in coastal areas, with the Australian east coast standing 337 

out as a prominent example. In light of these considerations, the observed prevalence of rainfall 338 

during heatwave events is reconcilable with the intricate and variable climate dynamics 339 

prevalent across the United States.  340 

 341 

5.3 Enhanced rainfall probability following heatwave. 342 

Our study suggests an enhanced probability of rainfall following heatwave (Fig. 7), 343 

corroborating findings from previous research such as You and Wang (2021), who documented 344 

increases in daily rainfall extremes after heatwave in China, and Sauter et al. (2023), who 345 
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observed similar patterns in Australia. This increase in post-heatwave precipitation could be 346 

largely attributed to the atmospheric shifts precipitated by heatwave. In particular, a surge in 347 

atmospheric moisture content as a result of heightened temperatures has been observed during 348 

such events. This escalation in atmospheric moisture can augment the likelihood of 349 

precipitation, thus contributing to an elevated RP following heatwave in comparison to non-350 

heatwave. Previous research has suggested that higher temperatures can induce an increase in 351 

the atmospheric moisture holding capacity, following the Clausius–Clapeyron relation, which 352 

posits that the water-holding capacity of the air increases by about 7% for each 1°C rise in 353 

temperature (Trenberth et al., 2003). As heatwave inherently involve a period of significantly 354 

elevated temperatures, this can lead to an increase in atmospheric moisture content, hence 355 

providing the conditions conducive to precipitation events. Moreover, the effects of heatwave 356 

on atmospheric stability and circulation patterns can also influence precipitation trends. 357 

heatwave often correspond with high-pressure systems that can act to stabilize the atmosphere 358 

and suppress convective activities (Meehl and Tebaldi, 2004). However, as these systems 359 

weaken and temperatures drop at the termination of the heatwave event, this can provide an 360 

opportunity for convective activities and hence precipitation to occur. This complex interplay 361 

between temperature, atmospheric moisture, and circulation dynamics underscores the 362 

multifaceted impacts of heatwave on weather patterns, climate variability, and associated 363 

hydrologic cycle. Consequently, understanding these relationships is vital for improving 364 

predictions of future heatwave impacts under a changing climate and for developing effective 365 

water resource management strategies. In practice, local governments and communities perhaps 366 

need to be ready for possible floods after heatwave (Chen et al., 2022, 2021).  367 

 5.4 Limitations and future research 368 

While this study has advanced our understanding of heatwave and their impacts on hydrological 369 

factors, it does possess certain limitations that should be acknowledged. First, our investigation 370 



17 
 

heavily relies on the data from the GLDAS product, which is based on output of several land 371 

surface hydrological models. Although we have validated these data at various observational 372 

sites, the inherent uncertainties associated with model outputs cannot be completely ruled out, 373 

which may affect the exactness of the results and the derived interpretations. Moreover, the 374 

definition of heatwave used in this study may not adequately capture the full range of 375 

temperature extremes or their impacts on hydrological variables. This study also primarily 376 

focused on large-scale patterns and did not consider local variations or potential influence from 377 

urban heat island effects. Moreover, although we have established connections between 378 

heatwave and variations in hydrological factors, the precise mechanisms driving these 379 

relationships require additional elucidation. This entails a deeper examination into atmospheric 380 

dynamics, interactions between the land surface and the atmosphere, as well as other climatic 381 

variables such as wind patterns and solar radiation. In terms of future research, these 382 

mechanisms may be further explored, potentially involving more sophisticated modelling 383 

techniques or case-specific analyses to dissect these complex mechanisms. A finer scale 384 

analysis may further explain local-scale patterns and the effects of landscape characteristics on 385 

heatwave impacts. Furthermore, extending the analysis to other geographical contexts would 386 

also be beneficial, as heatwave and their impacts on hydrological factors can vary substantially 387 

across different regions due to climatic and geographical features. It is also crucial to verify the 388 

independence of these events and to consider other compound events that may influence runoff 389 

dynamics. These future steps could provide a more comprehensive understanding of the 390 

complex interplay between heatwave and the hydrological cycle, and hence, inform more 391 

effective climate change adaptation. 392 

 393 
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6. Conclusion  394 

Our comprehensive study of hydrological factors and heatwave in the contiguous U.S. during 395 

warm seasons from 2003 to 2022 has unveiled significant patterns, thereby enriching our 396 

understanding of the region's climate dynamics and water resources. The findings underscored 397 

the significant variability in heatwave characteristics and their spatial patterns, as well as the 398 

intricate relationships between heatwave and key hydrological variables such as surface runoff, 399 

ET, TWS, and GWS. Remarkably, the study shed light on the coexistence of heatwave and 400 

rainfall events, challenging conventional wisdom and emphasizing the importance of 401 

considering diurnal variability and localized climatic phenomena. The observed cascading 402 

effects of heatwave on the hydrological cycle, particularly the post-heatwave responses in water 403 

storage, soil moisture, and ET, have profound implications for water resource management, 404 

agriculture, and ecological health. The increased probability of rainfall following heatwave 405 

events, underscored by our findings and corroborated by other previous studies, accentuates the 406 

need for adaptive measures in anticipation of potential flooding and other hydrological 407 

extremes. While this study has significantly advanced our understanding of the interactions 408 

between heatwave and hydrological factors, it also highlighted potential avenues for future 409 

research, including refining the understanding of causal mechanisms, incorporating localized 410 

effects such as the urban heat island phenomenon, and expanding the study's scope to other 411 

geographical contexts. Ultimately, as the global climate continues to evolve, understanding 412 

these multifaceted interactions becomes paramount. The insights gleaned from this research not 413 

only contribute to the academic discourse on climate dynamics and hydrology but also provide 414 

valuable knowledge for policymakers, planners, and local communities striving to navigate the 415 

challenges of a rapidly changing environment. 416 

 417 

 418 
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Fig. 1. Spatial distribution of landcover types (MODIS MCD12Q1) and selected flux tower sites across the contiguous U.S. 
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Fig. 2. Spatial distribution of annual a) surface runoff, b) ET, c) precipitation, d) GWS, e) RZSM, and f) TWS in the contiguous U.S. (2003-2022). 
 
 
 
 
 
 



 

 

 
Fig. 3. Spatial coverage of a) total number of heatwave, b) mean duration of heatwave, c) mean RH during heatwave, and d) mean temperature during 
heatwave in the contiguous U.S. from 2003 to 2022. 
 
 



 

 

 
 

 
Fig. 4. The average change in a) GWS, b) TWS, c) surface runoff, d) ET, e) RZSM, f) precipitation, g) RH and h) temperature before and after heatwave from 
2003 to 2022 across the contiguous U.S. 
 
 
 
 



 
 

 
 

 
Fig. 5. A geospatial analysis of rainfall and heatwave across the contiguous U.S.: a) percentage of heatwave accompanied by rainfall, b) rainfall occurrence 
during early, c) middle, d) late stages of heatwave from 2003 to 2022. 
 
 
 



 
Fig. 6. Spatial distribution of correlation between a) precipitation and temperature, b) precipitation and heatwave duration, c) temperature and heatwave 
duration during heatwave. Density scatter plots of d) precipitation and temperature, e) precipitation and heatwave duration, f) temperature and heatwave 
duration during heatwave. 
 
 
 
 



 
Fig. 7. Comparative Analysis of Rainfall Probabilities (RP) Following Non-heatwave and heatwave across the contiguous U.S. a) displays the regional scale 
spatial distribution of RP after Non-heatwave. b) shows the histogram corresponding to Non-heatwave, with the x-axis representing the RP, and the y-axis 
indicating the number of pixels (i.e., the count of regional scale spatial distribution units). c) presents the regional scale spatial distribution of RP after heatwave. 
d) depicts the histogram corresponding to heatwave. The x-axis represents the RP, and the y-axis indicates the number of pixels. 
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