
 1 

Observation-Driven Characterization of Soil Moisture-Precipitation Interactions in the 1 

central United States 2 

Trent W. Ford1*, Joshua Steiner2, Bridgette Mason1, Steven M. Quiring2 3 

1 Illinois State Water Survey, Prairie Research Institute, University of Illinois, Urbana-4 

Champaign 5 

2 Atmospheric Science Program, Department of Geography, The Ohio State University 6 

 7 

 8 

 9 

 10 

Key Points:  11 

• The sign and strength of soil moisture-precipitation coupling was assessed using 12 

thousands of convection events points in the central US 13 

• Multiple regions show signs of both wet and dry soil feedbacks, with strong coupling 14 

between soil moisture and surface heat flux 15 

• Climatological assessment and process-based metrics confirmed wet- and/or dry-soil 16 

feedbacks leading to convection in the central US 17 
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Abstract 32 

Soil moisture feedbacks that initiate, enhance, or suppress convection initiation and precipitation 33 

are important components of regional hydroclimatology. However, soil moisture feedbacks and 34 

the processes through which they operate are notoriously challenging to observe and study 35 

outside of model environments. In this study, we combine a climatological assessment of event 36 

frequency-based measurements of soil moisture-precipitation coupling in the central United 37 

States with a process-based analysis of the mechanisms by which wet- and dry-soil feedbacks 38 

may operate in the region. We use the Thunderstorm Observation by Radar (ThOR) algorithm to 39 

identify the location of convection initiation, circumventing the issue of using precipitation 40 

accumulation as a proxy for convection initiation. Results show substantial spatial variability in 41 

the climatological sign and strength of soil moisture-precipitation coupling in the central United 42 

States, including regions that exhibit signs of both wet- and dry-soil feedbacks. Within the 43 

regions with the strongest feedback signals, we find consistently strong coupling between soil 44 

moisture and the partitioning of surface heat flux, and strong coupling between surface heat flux 45 

– particularly sensible heat flux – and diurnal change in Planetary Boundary Layer height. In all 46 

three regions assessed, the process-based metrics confirmed the potential of wet- and/or dry-soil 47 

feedbacks leading to convection initiation.  48 

 49 

Plain Language Summary 50 

Soil moisture can affect the occurrence, location, and intensity of precipitation in many global 51 

regions. Observations of the drivers of so-called soil moisture feedbacks are important for 52 

constraining models; however, feedbacks are challenging to observe and study outside of model 53 

environments. We use a dataset of thousands of thunderstorm initiation locations with model-54 

based soil moisture to measure the sign, strength, and variability in soil moisture feedback to 55 

precipitation in the central United States. We denote three regions with strong evidence of both 56 

wet-soil and dry-soil feedbacks to precipitation.  57 

 58 

  59 
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1. Introduction 60 

Soil moisture has an integrative role in the regional-scale environment, and directly influences 61 

atmospheric processes (Seneviratne et al. 2010; Miralles et al. 2019). Soil moisture is also a key 62 

variable for land-atmosphere interactions because it governs and partitions surface-atmosphere 63 

energy flux (Ford et al. 2014; Schwingshackl et al. 2017). It is through modifications to latent 64 

and sensible heat flux that soil moisture can affect precipitation and near-surface air temperature 65 

(Wakefield et al. 2019; Lawston-Parker et al. 2021). Such soil moisture linkages with 66 

atmospheric processes and resultant precipitation or temperature patterns occur on a spectrum of 67 

timescales, generally ranging from diurnal to seasonal (Saini et al. 2016; Talib et al. 2022; Liu et 68 

al. 2022). At one end of the spectrum, large scale soil moisture patterns can influence 69 

subseasonal to seasonal anomalies of precipitation and temperature to varying degrees (Teng et 70 

al. 2016; Chevuturi et al. 2021), providing an important form of predictability at those timescales 71 

(Prodhomme et al. 2016). On diurnal timescales, soil moisture-driven anomalies of surface heat 72 

fluxes can modify planetary boundary layer (PBL) growth, aiding or impeding local- to regional-73 

scale convection initiation and precipitation (Ek and Holtslag, 2004; Cioni and Hohenegger et al. 74 

2017). Numerous studies have demonstrated – via observations and models – the importance of 75 

such diurnal-scale soil moisture feedbacks to the hydroclimatology of many global regions 76 

(Taylor et al. 2011; Duerinck et al. 2016; Bieri et al. 2021; Wang and Quiring, 2021).  77 

Prior research suggests wetter soils tend to partition a larger proportion of surface-atmosphere 78 

energy flux as latent heat, which can lower the lifting condensation level (LCL) height and, 79 

along with potentially increasing convective available potential energy, create an environment 80 

conducive to convection initiation and precipitation (Santanello et al. 2013; Lawston-Parker et 81 

al. 2021). While dry soils can act to suppress this pathway to precipitation, they can also initiate 82 
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deep convection via strong surface sensible heat flux and corresponding PBL growth. Strong 83 

PBL growth supports entrainment of cooler, drier air and increases the potential of parcels 84 

reaching the LCL and subsequent precipitation (Yang et al. 2018; Qiu and Williams, 2020). 85 

These processes describe the general pathways of wet soil and dry soil feedbacks, respectively. 86 

Furthermore, several observation and modeling studies have established process chains to 87 

understand and model the pathways through which soil moisture feedbacks may operate 88 

(Lawston-Parker et al. 2021; Martius et al. 2021). These studies generally refer to separate wet 89 

and dry soil feedback process chains, which are further decomposed into terrestrial (i.e., soil 90 

moisture to surface flux) and atmospheric (i.e., surface flux to boundary layer atmosphere) legs 91 

(Baker et al. 2021).  92 

Despite the general scientific consensus that diurnal soil moisture feedbacks play an important 93 

role in shaping regional hydroclimatology, prior studies show less agreement as to the feedbacks’ 94 

sign and strength. Modeling- and observation-based studies have found evidence for either or 95 

both wet and dry soil feedbacks to precipitation in many global regions (Guillod et al. 2015; 96 

Vecellio et al. 2019; Klein and Taylor, 2020; Huggannavar and Indu, 2020; Graf et al. 2021; 97 

Jach et al. 2021). The inconsistencies between studies are attributable to multiple factors, such as 98 

(1) the paucity of high-quality observations from vadose zone to boundary layer and the 99 

consequential reliance on regional- to global-scale models, (2) the challenge of establishing 100 

causality of a soil moisture feedback to precipitation in the face of many confounding factors, 101 

and (3) the frequent inference of feedback sign and strength from a single metric applied to a 102 

relatively large spatial area. In regard to the last of these issues, many metrics used to study soil 103 

moisture feedbacks have been shown to be highly sensitive to datasets used (Ford et al. 2018), 104 



 5 

spatial resolution (Taylor et al. 2013; Yuan et al. 2020), and the background synoptic 105 

environment (Tuttle and Salvucci, 2017; Welty et al. 2020).  106 

The ability of Earth system models to properly simulate soil moisture feedbacks at diurnal 107 

timescales is dependent on constraining such models with high quality observations of soil 108 

moisture, surface heat flux, planetary boundary layer modification, and precipitation. Therefore, 109 

a better understanding of land-atmosphere interactions, both through observational and modeling 110 

studies, can improve simulation accuracy of these interactions and resultant convective 111 

precipitation in operational and experimental models. With this in mind, we seek to build on 112 

prior studies and provide an observation-driven analysis of soil moisture-atmosphere interactions 113 

leading to convection initiation in the central United States. We combine frequently used 114 

statistical metrics for characterizing soil moisture feedbacks with a process-based deconstruction 115 

of the wet- and dry-soil pathways through which the feedbacks operate. Additionally, we use a 116 

large dataset of observed convection events to ensure robust analysis of regional-scale feedbacks. 117 

While this study does not seek to address all shortcomings and limitations of previous research, 118 

we do undertake a detailed assessment of the connections between land and atmosphere, and 119 

leverage a unique dataset to remark on the relevance of these connections to precipitation in the 120 

central US.  121 

2. Data & Methods 122 

2.1 Convection Initiation 123 

Most previous observation-based land-atmosphere interaction studies have been limited to using 124 

precipitation accumulation or location as a proxy for convection initiation. However, the 125 

dynamic and thermodynamic mechanisms responsible for coupling the terrestrial and 126 

atmospheric segments of the feedback process occur prior, and likely upwind of the location of 127 
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precipitation initiation. To circumvent this issue, this study uses the Thunderstorm Observation 128 

by Radar (ThOR, Houston et al. 2015) algorithm to identify the location of convection initiation. 129 

ThOR is an automated method for identifying deep convection that utilizes WSR-88D radar data, 130 

cloud-to-ground lightning observed by the National Lightning Detection Network, and storm 131 

motion grids form the North American Regional Reanalysis. Houston et al. (2015) verified 132 

ThOR against 166 manually analyzed deep convection tracks and using descriptive statistics 133 

applied to a large sample (~35,000 tracks). ThOR has been used to study the factors regulating 134 

deep convection (Lock and Houston, 2014), for surveying the spatiotemporal patterns of deep 135 

convection across the central United States, and for characterizing the sensitivity of soil 136 

moisture-precipitation coupliFng sign/strength to soil moisture datasets (Ford et al. 2018). The 137 

ThOR algorithm runs at an effective spatial resolution of 1 km across the contiguous United 138 

States (Houston et al. 2015).  139 

This study uses over 80,000 afternoon (1200 – 2000 LST), warm season (May-September) 140 

thunderstorm initiation points over the time period 2005 – 2017 (supplemental Figure S1) to 141 

determine the location of convection initiation in the central United States, defined here as 25° - 142 

50°N latitude x 109° - 88°W longitude.   143 

2.2.  Soil Moisture 144 

The soil moisture datasets available for geospatial analysis can be generally divided into four 145 

categories: (1) in situ, (2) satellite-based, (3) model-based, (4) assimilated or hybrid (Brocca et 146 

al. 2017). In situ observations are ideal for accurately depicting soil moisture conditions, but 147 

their spatial representativeness can range from a few kilometers to just a few meters depending 148 

on land cover, soils, and topography (Dorigo et al. 2011). Microwave satellite remote sensing 149 

provides a spatially comprehensive and cohesive observation of soil moisture (Babaeian et al. 150 
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2019), but typically can only observe the top 5-10 cm of the soil column (Brocca et al. 2017). 151 

Often, this is insufficient in regions where surface-atmosphere energy exchange is modulated 152 

more by vegetation root uptake and transpiration than by direct soil evaporation. Land surface 153 

models can simulate root zone soil moisture dynamics, but like any model, they are constrained 154 

by uncertainties in model physics and input data quality (Ford and Quiring, 2019). The final 155 

category, hybrid soil moisture datasets, leverage the observation advantage of satellite products 156 

with the soil depth advantage and internal consistency of land surface models by assimilating 157 

satellite surface observations in a land surface model.  158 

In this study, we represent soil moisture underlying convection initiation using a hybrid product 159 

called SoilMERGE (SMERGE, Tobin et al. 2019). SMERGE represents root zone (0 – 40 cm) 160 

soil moisture by merging observations from the European Space Agency’s Climate Change 161 

Initiative (ESA-CCI, Dorigo et al. 2017) product with the Noah land surface model as part of the 162 

North American Land Data Assimilation System (NLDAS-2). SMERGE provides daily soil 163 

moisture at a 0.125° spatial resolution across the NLDAS domain.  164 

2.3. Surface Heat Flux & Boundary Layer Conditions 165 

Soil moisture-atmosphere interactions rely on surface-atmosphere energy flux to link the 166 

terrestrial and atmospheric segments of the process. Therefore, the study uses hourly sensible 167 

and latent heat flux information from ERA5 reanalysis (Hersbach et al. 2020) to represent that 168 

linkage and test for coherency between the anomaly of soil moisture and the corresponding 169 

anomaly in surface heat flux partitioning. In comparison with observations and other reanalysis 170 

products, Martens et al. (2020) found ERA5 provides high quality surface heat fluxes. In this 171 

study, ERA5 sensible and latent heat flux are used at their native spatial resolution 172 

(approximately 31 km) to calculate evaporative fraction (EF), which is the ratio of latent heat 173 
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flux to the sum of latent and sensible heat flux. EF is a good indicator of surface heat flux 174 

partitioning and has been widely used to measure the sign and strength of land-atmosphere 175 

interactions globally (Ukkola et al. 2018; Christian et al. 2020). In this study, we compute EF 176 

using the total cumulative latent heat flux and sensible heat flux between 0600 LST and the hour 177 

prior to convection initiation (as determined by ThOR). We also computed EF hourly using the 178 

instantaneous values of ERA5 latent and sensible heat flux and then averaged the hourly EF 179 

values between 0600 LST and the hour prior to initiation. We did not find any significant 180 

difference in the results using these two methods; therefore, the results shown here use the 181 

former method of computing EF.  182 

This study also uses ERA5 reanalysis to characterize boundary layer height and LCL height on 183 

diurnal timescales. Specifically, we assess the average PBL height and LCL height in the six 184 

hours leading up to each initiation event. ERA5 defines the PBL height as the minimum height 185 

for the bulk Richardson number of 0.25. Although ERA5 assimilates radiosonde information, 186 

there are inherent biases in reanalysis estimates of PBL and LCL heights. However, Guo et al. 187 

(2021) found ERA5 estimates of PBL height had the overall lowest bias (~130 m on average) 188 

compared with three other reanalysis products. ERA5 also exhibited a strong correlation with 189 

radiosonde-derived PBL height (Guo et al. 2021). Likewise, Taszarek et al. (2021) found 190 

ERA5’s finer horizontal and vertical resolutions made it more reliable than other reanalysis 191 

products for representing convective environments. In this study, we calculated the change in 192 

PBL and LCL heights from six hours to hour of convection initiation for each event.  193 

2.4. Soil Moisture-Based Coupling Diagnostic 194 

Observation-driven analyses of soil moisture-precipitation feedbacks are inherently reliant on 195 

statistical methods of determining feedback sign and strength. However, numerous factors can 196 
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confound statistical tests and make it difficult to establish or infer causality. Guillod et al. (2015) 197 

argued differences in the apparent sign and strength of feedbacks between studies may be due to 198 

differences in spatial and temporal effects of soil moisture on precipitation and proposed a 199 

diagnostic method that attempts to disentangle the spatial and temporal effects. We adopt the 200 

temporal soil moisture coupling diagnostic of Guillod et al. (2015) and, more recently Moon et 201 

al. (2019) to characterize the  temporal sensitivity of afternoon convection initiation to 202 

underlying soil moisture. One modification we made to this method is to use the location of 203 

convection initiation – determined by the ThOR algorithm – instead of the location of maximum 204 

afternoon precipitation, as used by Guillod et al. (2015) and Moon et al. (2019), among others.  205 

Following the notation of Moon et al. (2019), the temporal coupling metric 𝑆′𝑖𝑛𝑖𝑡 is computed as 206 

the soil moisture anomaly underlying the point of convection initiation. Soil moisture anomalies 207 

were computed as the difference between each daily SMERGE value and the average of a 30-day 208 

window centered on that calendar day. This effectively removes the strong seasonal cycle of soil 209 

moisture present throughout the central United States. Therefore, 𝑆′𝑖𝑛𝑖𝑡 is the daily soil moisture 210 

anomaly on the day prior to a ThOR event. This deviates from previous studies that use the soil 211 

moisture on the morning prior to the precipitation event; however, because SMERGE blends 212 

multiple satellite datasets with the Noah land surface model and is only available at the daily 213 

resolution, we were limited to using the daily soil moisture anomaly the day prior to the event. 214 

The metric is computed for all afternoon convection initiation events (1200 to 2000 LST) 215 

between May and September, 2005 – 2017 in the central United States.  216 

The temporal coupling diagnostic only represents the sign of the sensitivity of the atmosphere to 217 

soil moisture, but not the extent or strength of this sensitivity. To better measure the strength of 218 

coupling in the study region, we compare the event samples – soil moisture conditions 219 
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underlying convection initiation points – with corresponding control samples. Following Moon 220 

et al. (2019), the control sample is the same metric at the same locations as the initiations, but 221 

calculated based on non-initiation days from the same month for all years, 2005 – 2017. While 222 

Moon et al. (2019) pooled all events together in 5° x 5° boxes for their global analysis, our 223 

regional focus and relatively larger sample size allows us to examine event – control differences 224 

in 1° x 1° boxes across the study region. The difference between the soil moisture underlying 225 

initiations (i.e., event) and non-initiations (i.e., control) is compared to the distribution of the 226 

differences taken between 1,000 random samples of event and control values. The size of the 227 

random samples is equal to the size of the event sample in that grid box, and all values for event 228 

and control are pooled together for the random samples. In this way, we can measure both the 229 

sign of the coupling diagnostic (i.e., the actual event-control difference), and the anomaly of the 230 

diagnostic (i.e., the percentile of the distribution of random samples). The feedback is considered 231 

significant at any grid cell where the event-control difference is greater than the 90th percentile or 232 

less than the 10th percentile of the random samples distribution.  233 

2.5. Atmosphere-Based Coupling Diagnostics 234 

We also compute atmosphere-based coupling diagnostics to complement the temporal soil 235 

moisture-based diagnostic and provide additional evidence of the impact of the land surface on 236 

the diurnal variation in boundary layer conditions leading to convection initiation. We use 237 

atmospheric profiles of temperature and dew point from ERA5 to compute the Convective 238 

Triggering Potential and Low-Level Humidity Index (CTP-HI, Findell et al. 2003). CTP-HI 239 

characterizes the suitability of the pre-convective environment for triggering land surface 240 

convection. CTP is calculated as the integrated area between the environmental temperature 241 

profile and a moist adiabat drawn from the observed temperature 100 mb above the surface to 242 
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300 mb above the surface. Practically, when the environmental profile is close to the dry (moist) 243 

adiabatic lapse rate, convection initiation is favored over dry (wet) soils. A negative CTP value 244 

indicates an atmospheric inversion, which does not favor convection, irrespective of soil 245 

conditions. The low-level humidity index is computed as the sum of the differences between 246 

temperature and dew point temperature at 50 and 100 mb above the ground surface. We calculate 247 

CTP-HI using ERA5 fields of temperature and dew point before each afternoon initiation event, 248 

at 0600 LST, to characterize the pre-convective environment.  249 

3. Results 250 

3.1 Sensitivity of Convection Initiation to Soil Moisture 251 

The temporal diagnostic of Guillod et al. (2015) and Moon et al. (2019) are used to determine the 252 

sign and strength of atmospheric sensitivity to soil moisture, associated with ThOR-identified 253 

convection initiation. Figure 1 shows the metric composite across the study region, with blue 254 

(red) shading indicating wetter (drier) soils associated with initiations than the control group. The 255 

map shows the average event – control difference for all events pooled together in the respective 256 

1° grid cell. The diagnostic value in the grid cells with a star are considered statistically 257 

significant, meaning the value is either greater than the 90th percentile or less than the 10th 258 

percentile of the random samples’ distribution.  259 

Three subregions are identified with strong and significant differences between initiation event 260 

and control soil moisture conditions based on the temporal metric (Figure 1). Specifically, much 261 

of the central and eastern half of Texas in the southern U.S. exhibits a strong, positive temporal 262 

sensitivity relative to the control. This pattern indicates convection initiation tends to occur over 263 

wetter than normal soils in this region. In contrast, two areas farther north, in the U.S. mid-south 264 
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and central plains, exhibit significant negative sensitivity. This result indicates convection 265 

initiation tends to occur over drier than normal soils in this region.  266 

Overall, the sensitivity analysis indicates that the study region exhibits significant preferences for 267 

convection initiation over both wetter and drier than normal soils. The three sub-regions are all 268 

within the southern half of the study region, and in relatively close geographic proximity to each 269 

other.  270 

The sensitivity metric assessed is a representation of the statistical preference of soil moisture 271 

patterns underlying convection initiation in the central U.S. While this metric metric is useful for 272 

understanding broad patterns of potential land-atmosphere coupling sign and strength, it does not 273 

provide evidence of a physical interaction between soil moisture, surface heat flux, and boundary 274 

layer modification leading to initiation. The remainder of the study seeks to confirm the 275 

plausibility of wet- or dry-soil feedbacks across the study region – as implied by the sensitivity 276 

metric – using the local land—atmosphere coupling (LoCo) process chain framework (e.g., 277 

Santanello et al. 2018; Lawston-Parker et al. 2021). Specifically, we examine changes in surface 278 

heat fluxes, low-level humidity and temperature, and PBL and LCL height leading up to 279 

convection initiation over wet and dry soils with the goal of connecting the physical processes 280 

understood to link land and atmosphere, and either confirm or refute the existence of wet- and 281 

dry-soil feedbacks in the region.   282 

3.2 Sensitivity of Surface Heat Flux to Soil Moisture 283 

The terrestrial leg of land-atmosphere coupling is typically represented by the sensitivity of latent 284 

and sensible heat flux to changes in soil moisture (Hsu and Dirmeyer, 2021; Wakefield et al. 285 

2021). Indeed, it is primarily through modification to surface heat flux partitioning that soil 286 
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moisture influences boundary layer temperature and humidity. In this study, we use cumulative 287 

latent and sensible heat flux from 6 am LST to the hour prior to convection initiation, and 288 

compute EF from these accumulations. We chose 6 am LST to begin assessing EF as this 289 

approximates local sunrise time during the warm season. We then compare the EF associated 290 

with an initiation event to the average EF across all non-event days in the event calendar month 291 

at that location. For example, the EF prior to an initiation event on June 5, 2008 in a given 292 

location is compared to the average EF at that location on all non-event June days between 2005 293 

and 2017. The EF anomaly is then computed by taking the difference between the initiation event 294 

day EF and the corresponding non-event day average EF. The resulting EF anomalies are then 295 

averaged over 1° x 1° grid cells across the study region to assess the spatial variability of EF 296 

sensitivity to underlying soil moisture anomalies. In the following analyses, “wet soils” and “dry 297 

soils” are defined by 𝑆′𝑖𝑛𝑖𝑡 , the temporal soil moisture anomaly underlying each convection 298 

initiation event. Dry (wet) soils are those in which 𝑆′𝑖𝑛𝑖𝑡  is less than (greater than) 0. 299 

The results show much of the study area exhibits higher EF than average prior to afternoon 300 

initiation over wet soils (Figure 2), associated with elevated latent heat flux relative to sensible 301 

heat flux. The magnitude of the positive EF anomaly corresponding with wet soils is strongest in 302 

the southern half of the study region, and particularly so in the same part of Texas that exhibited 303 

a significant preference for afternoon initiation over wetter than normal soils (Figure 1). The 304 

strong, positive EF anomaly in this region is physically consistent with the wet soil pathway of 305 

land-atmosphere coupling, such that abundant soil moisture favors partitioning of incoming 306 

energy to latent heating via evapotranspiration (Ford et al. 2014). In contrast, only a small 307 

fraction of the study area exhibits a noteworthy EF anomaly prior to afternoon initiation over dry 308 

soils (Figure 2). The mid-south region, centered over the state of Arkansas, and to a lesser extent 309 
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the panhandle regions of Texas and Oklahoma, exhibit a strong preference for negative EF 310 

anomalies accompanying afternoon initiation over drier than normal soils. These two regions also 311 

exhibited significant preferences for convection initiation over drier than normal soils (Figure 1). 312 

The strong, negative EF anomaly in these regions are also physically consistent with the dry soil 313 

pathway of land-atmosphere coupling, such that limited soil moisture favors partitioning of 314 

incoming energy to sensible heating via increased near-surface air temperature (Yang et al. 315 

2018). The positive EF anomalies in the Texas region and the negative EF anomalies in the mid-316 

south region are significantly different from average EF conditions, determined at the 95% 317 

confidence level using a paired t-test.  318 

The consistency between maps in Figures 1 and 2 provide important evidence for wet and dry 319 

soil feedbacks present in different sub-regions of the study area. Because surface heat fluxes are 320 

the conduit between soil moisture anomalies and boundary layer conditions, we would not expect 321 

strong land-atmosphere feedbacks to exist without an alignment of surface heat flux anomalies 322 

with soil moisture anomalies (i.e., higher EF over wetter soils and vice versa). However, the lack 323 

of a consistent temporal or spatial sensitivity signal (Figure 1) and lack of a strong EF anomaly 324 

(Figure 2) in the northern half of the study region suggests soil moisture feedback to afternoon 325 

initiation, while possibly present, are not strong enough to provide a consistent signal.  326 

3.3 Atmospheric Pre-Conditioning 327 

The connection between the terrestrial and atmospheric legs of the LoCo process chain are partly 328 

determined by the degree to which the atmosphere is “pre-conditioned” to soil moisture 329 

feedbacks ahead of initiation. Observation-based analysis of land-atmosphere coupling can be 330 

confounded by the effects of synoptic scale features and atmospheric conditions that either 331 

encourage or discourage convection initiation irrespective of underlying land surface conditions 332 
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(Tuttle and Salvucci, 2017). Although it is impossible to completely account for this effect, many 333 

studies have attempted to describe atmospheric controls on or pre-conditioning to convection 334 

initiated via wet or dry soil feedbacks.  335 

In this study, we use the CTP-HI framework to assess the atmospheric pre-conditioning ahead of 336 

initiation events across the study region. We adopt the CTP and HI thresholds set by Findell and 337 

Eltahir (2003) for denoting atmospheric conditions that (1) favor initiation via dry soil feedbacks, 338 

(2) favor initiation via wet soil feedbacks, (3) favor initiation irrespective of soil moisture 339 

conditions, and (4) are too stable for convection initiation. More recent studies have adjusted 340 

these thresholds for a wider geographic application (Wakefield et al. 2019). We found our results 341 

were insensitive to adjustment of CTP and HI thresholds, and therefore we chose to use the 342 

original thresholds proposed by Findell and Eltahir (2003). We group afternoon initiation events, 343 

and their corresponding soil moisture anomalies, by morning atmospheric conditions deemed 344 

favorable for initiation over either wet soils or dry soils. We then composite soil moisture 345 

anomalies underlying the initiation events in either group to assess the consistency of soil 346 

moisture conditions with atmospheric conditions purported to favor wet- or dry-soil feedbacks. 347 

The results show the Texas region exhibits a significant preference for wetter than normal soils 348 

underlying initiation events which occur in atmospheric conditions favorable for wet soil 349 

feedbacks (Figure 3). In fact, much of the western half of the study area shows a similar pattern 350 

of wet soil convection initiation events corresponding with an atmosphere that is pre-conditioned 351 

for wet soil feedbacks. Interestingly, wet soil-primed events make up a smaller proportion of all 352 

events in the western half of the study area relative to the eastern half (supplemental Figure S2). 353 

In fact, most events in the western half of the study region are atmospheric-controlled, that is too 354 

stable for initiation over wet or dry soils. 355 
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Meanwhile, much of the eastern half of the study region shows a preference for drier than normal 356 

soils underlying events which initiation occurs in atmospheric conditions favorable for dry soil 357 

feedbacks (Figure 3). Both the mid-south and central plains regions show significant preferences 358 

for dry soils leading up to initiation in an atmosphere that is preconditioned to dry soil feedbacks. 359 

These regions also exhibited an overall significant preference for initiation over drier than 360 

normal soils, and preferential sensible heat flux partitioning leading up to these initiations. All of 361 

which are consistent with the physical pathway of dry soil feedbacks to convection initiation. 362 

The eastern half of the study region, especially the mid- to lower-Mississippi Valley experience 363 

more dry soil-primed events than wet soil-primed or atmospheric controlled events, based on 364 

CTP-HI (supplemental Figure S2).  365 

Three subregions of the study area show signals of soil moisture, surface heat flux, and 366 

atmospheric conditions that are consistent with wet or dry soil feedbacks: Texas, mid-south, and 367 

central plains (supplemental Figure S1). Therefore, the remainder of the analysis in this study are 368 

focused on these three regions.   369 

3.4 Boundary Layer Modification Leading to Initiation 370 

Atmospheric pre-conditioning to convection initiation, whether via wet or dry soil feedbacks, is 371 

an important, but incomplete part of the atmospheric leg of the LoCo process chain. To complete 372 

the process chain, the boundary layer must respond to changes in near-surface temperature 373 

and/or humidity via soil moisture-induced surface heat flux anomalies. This final step is often 374 

represented by the interplay between the PBL height and the height of critical atmospheric levels 375 

like the LCL. Theoretically, dry soils and corresponding increased surface sensible heat flux act 376 

to rapidly grow the PBL and can make it more likely parcels rising from the surface surpass the 377 

LCL and inducing cloud formation and, eventually precipitation. Meanwhile, wet soils and 378 
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corresponding increased latent heat flux can act to limit LCL height, making it more likely 379 

parcels reach the LCL and initiate precipitation.  380 

In each of the three regions denoted as having a high potential of either wet or dry soil feedbacks 381 

for initiation, we examine the sensitivity of both PBL and LCL heights to surface heat flux 382 

immediately prior to afternoon convection initiations. The results in Figure 4 show the joint 383 

distributions of evaporative fraction from 0600 LST to the hour prior to initiation and the PBL 384 

height (m) averaged between 6 hours to 1 hour prior to initiation. The distributions are divided 385 

by wet soil and dry soil initiation events, and the contoured areas represent the middle 90% and 386 

75% of the joint distributions.  387 

The distributions of EF differ significantly between wet and dry soil events in all three regions, 388 

which was demonstrated in Figure 2. In the Texas region (Figure 4a), the average PBL height 389 

prior to convection initiation also exhibits notable, but smaller magnitude differences between 390 

wet and dry soil events. A non-parametric Mann-Whitney test found statistically significant 391 

differences between average PBL heights leading up to initiation over wet and dry soils in the 392 

Texas region (5% confidence level). PBL height is sensitive to EF in the Texas region, such that 393 

– whether over wetter or drier than normal soils – PBL height is mostly confined to less than 394 

1300 m when EF is greater than 0.5 (i.e., more latent than sensible heat flux). However, when 395 

pre-initiation EF is less than or equal to 0.4, PBL height increases rapidly with decreasing EF. 396 

This PBL response to differential EF is consistent with past observation- and model-based 397 

studies showing PBL growth is enhanced with strong surface sensible heat flux in many global 398 

regions (Sathyanadh et al. 2017; Rappin et al. 2022).  399 

We tested the sensitivity of PBL growth in the Texas region to total surface flux – the sum of 400 

latent and sensible heat flux – in place of evaporative fraction (supplemental material Figure S3). 401 
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While PBL height generally increases with more available energy, the relationship is weaker and 402 

decidedly non-linear as compared to the stronger and linear relationship between PBL height and 403 

EF. The patterns in supplemental figure S3 suggest flux partitioning – as modified by soil 404 

moisture – is a larger constraint on PBL growth than total available energy in the Texas region.  405 

While EF in the mid-south region is sensitive to soil moisture (Figure 4b), EF rarely drops below 406 

0.5, characteristic of the humid sub-tropical climate of the region. Average PBL height leading 407 

up to initiation is somewhat sensitive to EF; however, to a lesser extent than in the Texas region. 408 

Differences between average PBL height leading up to initiations over dry and wet soils are 409 

statistically significant from a Mann-Whitney test. The largest difference between the Texas and 410 

mid-south regions is the effective range of EF, and values rarely drop below 0.50 (i.e., more 411 

sensible heat than latent heat) in the latter region. We additionally tested the sensitivity of PBL 412 

growth in the Mid-South region to total surface flux – the sum of latent and sensible heat flux – 413 

in place of evaporative fraction (supplemental material Figure S4). While the relationship 414 

between PBL height and total surface flux was stronger and more linear in the Mid-South region 415 

than in the Texas region, it was still overall weaker than the relationship between PBL height and 416 

EF.  417 

The same can be said about the central plains Region (Figure 4c), which has significant 418 

differences in EF between wet and dry soils. However, the small difference in PBL height 419 

leading up to initiations over dry and wet soils was not statistically significant based on the 420 

Mann-Whitney test. The significant, positive relationship between EF and soil moisture in all 421 

three regions suggests the terrestrial leg of the LoCo process chain are similarly strong between 422 

the three regions. However, the inconsistent relationship between EF and PBL or LCL between 423 

regions suggests the strength of the atmospheric leg varies considerably.  424 
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Differences in LCL height leading up to initiations are less pronounced than for PBL height 425 

(Figure 5). In fact, only the Texas region exhibited statistically significant differences in LCL 426 

height ahead of initiations over dry and wet soils, from a Man-Whitney test, while differences in 427 

the mid-south and central regions were not significant. Soil moisture and EF were more strongly 428 

related to the dynamic range of LCL heights ahead of initiations, such that drier soils and lower 429 

EF generally limit the LCL height range to between 1000 and 2200 m, compared with a range of 430 

200 to 2000 m over wetter soils and high EF. This effect was most pronounced in the Texas 431 

region, suggesting a stronger atmospheric response to surface forcing (Figure 5a) relative to the 432 

mid-south and central plains regions (Figures 5b, 5c). More generally, the results from Figures 4 433 

and 5 suggest that soil moisture, via surface heat flux partitioning, has a larger impact on the 434 

PBL than on the LCL.  435 

The sensitivity of diurnal PBL height to pre-initiation EF, relative to the LCL, is clear in the 436 

panels in Figures 6-8, which show the change in PBL and LCL height 7 hours leading up to 437 

convection initiation in the Texas, mid-south, and central plains regions. PBL and LCL growth 438 

are represented in the red and blue boxes, respectively. The boxes represent the middle 50% of 439 

PBL and LCL heights at each hour, the range between the whiskers represents the middle 90% of 440 

heights, and the thick, white line in each box represents that distribution’s median PBL or LCL 441 

height. We separate PBL and LCL height changes by corresponding EF values. EF values less 442 

than 0.33 represent conditions with most available energy partitioned to sensible heat flux, EF 443 

values greater than 0.66 represent conditions with most available energy partitioned to latent heat 444 

flux, and EF values between 0.33 and 0.66 represent conditions with roughly similar partitioning 445 

between latent and sensible heat flux.  446 
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PBL sensitivity to EF is immediately apparent in the Texas region (Figure 6), as the median PBL 447 

height change between 7 hours prior to initiation and 1 hour prior to initiation is almost 1500 m 448 

for events with an EF less than 0.33, compared to less than 1000 m for events with an EF greater 449 

than 0.66. The strong relationship between EF and PBL height in the Texas region is not 450 

dependent on underlying soil moisture, nor is the likelihood of PBL growth reaching the LCL 451 

height, which is often a precursor for convection initiation over wet or dry soils. Because of the 452 

relatively strong PBL growth with low EF values (i.e., high sensible heating) relative to high EF, 453 

PBL growth leading up to initiation surpassed the estimated LCL height in nearly 60% of low-454 

EF events (< 0.33), compared to 30% of high-EF events (> 0.66). While this finding highlights 455 

the strong land-atmosphere interactions in the Texas region, it also suggests that despite high EF 456 

dampening PBL heights in the region, growth is still sufficient to reach the LCL in many cases 457 

over both wet and dry soils.  458 

Over the 13-year study period, there were almost 200 more events over wetter than normal soils 459 

than over drier soils in the Texas region, including almost 600 more wet soil events than dry soil 460 

events with EF values exceeding 0.66, which explains why the Texas region had a significant 461 

wet soil temporal sensitivity (Figure 1). Conditions prior to initiation events over wet soils in the 462 

region generally followed the LoCo process chain for wet soil feedbacks to precipitation, 463 

including preferential latent heat flux partitioning and modest changes in LCL height leading up 464 

to initiation. While PBL growth was also subdued by higher EF ahead of wet soil events, growth 465 

was still sufficient to surpass the LCL in many cases, helping with initiation. It is worth noting 466 

that, while fewer in number, events overlying drier than normal soils generally followed the 467 

LoCo process chain for dry soil feedbacks to precipitation: preferential sensible heat, lower EF, 468 

and strong PBL growth. In fact, PBL growth over dry soils – irrespective of EF values – were 469 
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more effective at surpassing the LCL height in the hours leading up to initiation than PBL 470 

growth over wet soils – 45% of events versus 35% of events. Both terrestrial and atmospheric 471 

legs of the LoCo process chain are apparent in the Texas region, suggesting that both wet soil 472 

feedbacks and dry soil feedbacks are prevalent in the region, although the former more than the 473 

latter.  474 

In the mid-south region, PBL growth is similarly strongest when EF is less than 0.33 and is 475 

subdued when EF is greater than 0.66, irrespective of underlying soil moisture conditions (Figure 476 

7). The PBL reached the LCL in 80% of events in the mid-south region with EF less than 0.33. 477 

However, a larger proportion of events in the mid-south region followed EF values greater than 478 

0.33 compared to the Texas region. It was under these conditions, with strong latent heating and 479 

EF values exceeding 0.66, where differences appeared between wet soil and dry soil conditions. 480 

Only 46% of wet soil events with EF values exceeding 0.66 in the mid-south region, compared to 481 

55% of dry soil events in the same conditions. The differential outcomes between wet and dry 482 

soil events in these cases is the difference in the sensitivity of PBL growth and LCL growth to 483 

EF. Because LCL growth was less sensitive to changes in EF in the mid-south region, the 484 

likelihood of the PBL reaching the LCL is mostly based on PBL growth, which was slightly 485 

stronger over drier than normal soils than wetter than normal soils in the mid-south region 486 

(Figure 7). The limited response in LCL height to EF or soil moisture also suggests the wet soil 487 

path of the LoCo process chain may not be strong in the mid-south region, at least not as strong 488 

as the dry soil path. Namely, PBL growth caused by strong sensible heating is a more relevant 489 

forcing for soil moisture feedbacks in the mid-south region than LCL height change via surface 490 

latent heating. Even when EF was moderate to high (> 0.33), we found different responses in 491 
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PBL growth between dry and wet soils, possibly explaining why the mid-south region had more 492 

than 600 additional initiation events over dry soils than wet soils.  493 

Patterns of PBL and LCL heights grouped by EF and soil moisture in the central region are 494 

broadly like those in the mid-south region (Figure S8). In the central region, PBL growth is 495 

strongest in accordance with low EF values. The PBL reached the LCL in 60% of events in the 496 

central region events with EF less than 0.33, compared to about 40% of events with EF values 497 

greater than 0.33. Differences between wet and dry soils in the central region are apparent, but 498 

subdued relative to the mid-south region. While PBL growth appears to be strongly dependent on 499 

EF in the central region, the limited LCL response and differences between wet and dry soils 500 

suggest a weaker atmospheric leg of the LoCo process chain in this region. Compared to the 501 

mid-south region, which had 600 more dry soil initiation events than wet soil events, the central 502 

region only saw 50 more dry soil events than wet soil events over the study period.   503 

One important caveat to these results is our use of a seasonally variable soil moisture anomaly to 504 

determine “wet” vs “dry” soils. Such anomalies do not necessarily reflect physically wet or dry 505 

soils if convection initiation occurs primarily during a wet or dry season. The diurnal LCL height 506 

change may be more responsive to actual soil wetness conditions more so than anomalies, and by 507 

using anomalies we may be misrepresenting the actual coupling between soil moisture and LCL. 508 

Therefore, we also examined soil moisture conditions underlying convection initiation in the 509 

Texas and Mid-South regions using a physically based indicator of dryness (the “dryness 510 

index”). The dryness index is simply the difference between the SMERGE volumetric water 511 

content underlying the point of convection initiation and the volumetric water content of the 512 

wilting point at that location. Plant root uptake of soil water decreases as soil moisture 513 

approaches the wilting point, at which point transpiration – and latent heat flux – significantly 514 
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declines. Because of its impact on transpiration rates, studies have found the wilting point to be 515 

an important determinant of land-atmosphere coupling (Hohenneger and Stevens, 2018; Hsu and 516 

Dirmeyer, 2022). The dryness index in the Texas and Mid-South regions generally ranges from -517 

0.05 to 0.40 m3 m-3, where positive (negative) values indicate soils that are wetter (drier) than the 518 

wilting point. Because SMERGE soil moisture is derived from merging satellite retrievals with 519 

the NLDAS Noah-2 land surface model, we use the NLDAS-2 Noah soil properties dataset 520 

(Mitchell et al. 2004) to represent wilting point across the study region.  521 

The median soil wetness underlying convection initiation events in Texas and Mid-South regions 522 

is between 0.12 and 0.16 m3 m-3 above (i.e., wetter than) the wilting point (supplemental figure 523 

S5). Approximately 2% of events in the Texas region occurred with a soil moisture value at or 524 

below the wilting point, and only 3 of over 5000 events in the Mid-South region corresponded 525 

with soils drier than the wilting point. It is important to note that root water uptake and 526 

transpiration can be constrained at soil wetness levels well above wilting point, so even with the 527 

dryness index it is challenging to precisely determine “wet” from “dry” soil to the extent that the 528 

wetness or dryness would significantly impact surface flux partitioning and LCL height. With 529 

that said, most convection initiation events in our study occurred over soils with some plant 530 

available water. Furthermore, we find no significant relationship between LCL height and 531 

dryness index, confirming the atmospheric leg of LoCo coupling in the Texas and Mid-South 532 

regions is primarily driven by PBL response to surface flux partitioning.  533 

Lastly, to account for the potential dataset dependence of our study, all analyses – including 534 

temporal sensitivity of convection to wet or dry soils and assessment of the terrestrial and 535 

atmospheric legs of LoCo process chains – were duplicated using ERA5 soil moisture instead of 536 

SMERGE. The results of the duplicate analyses using ERA5 soil moisture (available in 537 
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Supplemental Material, Figures S6-S9) were very similar to those using SMERGE soil moisture, 538 

providing confidence that the results of this study are relatively insensitive to the land surface 539 

dataset.  540 

4. Summary & Conclusions 541 

Soil moisture plays an important role in regional hydroclimatology and can feedback to modify 542 

the boundary layer to encourage or impede convection initiation and, ultimately precipitation.  543 

In this study, we sought to combine a climatological assessment derived from event frequency-544 

based metrics with a process-based analysis of wet and dry soil feedbacks to convection 545 

initiation in the central U.S. We found three regions exhibited significant preferences for 546 

initiation over wet soils or dry soils. Specifically, the Texas region exhibited a significant 547 

preference for initiation over wet soils and the mid-south and central plains regions exhibited 548 

preferences for initiation over dry soils.  549 

The terrestrial leg of feedback process chains, inferred by the relationship between soil moisture 550 

and EF, was strong in all three regions. Both dry soils and wet soils initiated strong responses in 551 

surface flux partitioning. However, the atmospheric leg of the process chains showed a more 552 

mixed response between the regions. Afternoon PBL growth was highly sensitive to EF in all 553 

three regions, mostly irrespective of soil moisture. However, LCL height was not as sensitive to 554 

soil moisture or EF as PBL in all three regions. The result was a strong and consistent boundary 555 

layer response to drier soils and low EF in all three regions, implying the presence of a healthy 556 

dry soil feedback process. The Texas region also exhibited a strong and consistent boundary 557 

layer response to wetter soils, with somewhat subdued LCL growth making it more likely that 558 

even modest PBL growth could reach the LCL. These results suggest that both wet- and dry-soil 559 
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feedback processes are present in the Texas region. However, while wet soil feedbacks seem to 560 

be more frequent than dry soil feedbacks in the region, a higher proportion of events over dry 561 

soils saw PBL height surpass LCL height. Therefore, the Texas region appears to be a wet soil 562 

feedback region based solely on event frequency metrics. However, the region exhibits signs of 563 

having both wet and dry soil feedbacks, and the latter may be more efficient in generating 564 

convection than the former. Meanwhile, the mid-south and central plains regions do not exhibit 565 

signs of strong and consistent wet soil feedbacks, namely LCL height change is mostly 566 

insensitive to underlying EF and soil moisture. The lack of LCL response to surface forcing in 567 

these two regions means the likelihood of initiation is mostly dependent on PBL growth, which 568 

tends to be stronger under drier soils, even with similar EF.  569 

This study used a large sample of events and the location of convection initiation to pinpoint 570 

climatological subsurface, surface, and boundary layer conditions leading to convection 571 

initiation. Additionally, the combination of a climatological assessment and more detailed, 572 

process-based regional assessment of soil moisture feedbacks provides a unique perspective of 573 

the strength and consistency of soil moisture-precipitation coupling in the C U.S. The findings of 574 

this study will inform a comprehensive modeling assessment of soil moisture feedbacks in the 575 

near future.  576 
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Figures & Captions 584 

Figure 1.. Panels show composites of (left) temporal sensitivity of initiation to soil moisture (middle) spatial sensitivity of 585 
initiation to soil moisture and (right) soil moisture heterogeneity underlying initiation. All maps show composites of event – 586 
control differences in each metric. Starred grid cells indicate differences deemed statistically significant at 95% confidence level. 587 

Figure 2. Maps show average evaporative fraction (EF) anomaly prior to afternoon initiation events. EF anomalies are averaged 588 
over 1x1 degree grid cells across the study region and separated by (left) wet soil initiations and (right) dry soils initiations. 589 

Figure 3. Maps show average soil moisture anomaly prior to afternoon initiation events that occur in atmospheric conditions 590 
denoted as preconditioned to (left) wet soil feedbacks and (right) dry soil feedbacks. Atmospheric preconditioning was identified 591 
using the CTP-HI framework.  592 

Figure 4. Joint distributions of evaporative fraction and average PBL height (m) leading up to initiations over (red) dry soils and 593 
(blue) wet soils in (a) Texas, (b) mid-south, and (c) central plains regions. The contoured areas represent the middle 90% and 594 
middle 75% of the joint distributions.  595 

Figure 5. Joint distributions of evaporative fraction and change in LCL height (m) leading up to initiations over (red) dry soils 596 
and (blue) wet soils in (a) Texas, (b) mid-south, and (c) central plains regions. The contoured areas represent the middle 90% and 597 
middle 75% of the joint distributions.  598 

Figure 6. PBL and LCL height in the 7 hours prior to convection initiation in the Texas region. Blue (red) boxes show the 599 
distributions of LCL (PBL) height at each hour for all convection initiation events. Initiation events are grouped by wet soils (top 600 
panels) and dry soils (bottom panels), and by EF values (left to right).  601 

Figure 7. PBL and LCL height in the 7 hours prior to convection initiation in the (a) mid-south and (b) central regions. Blue (red) 602 
boxes show the distributions of LCL (PBL) height at each hour for all convection initiation events. Initiation events are grouped 603 
by wet soils (top panels) and dry soils (bottom panels), and by EF values (left to right). 604 

 605 

 606 

 607 
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 608 

Figure 1. Map shows event – control composite of the temporal sensitivity of initiation to soil moisture (middle) spatial 609 
sensitivity of initiation to soil moisture and (right) soil moisture heterogeneity underlying initiation. Starred grid cells indicate 610 
differences deemed statistically significant at 95% confidence level. 611 
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 612 

Figure 2. Maps show (left) average evaporative fraction (EF) anomaly prior to afternoon initiation events. EF anomalies are 613 
averaged over 1x1 degree grid cells across the study region and separated by wet soil initiations and dry soils initiations. Right 614 
map shows the correlation between soil moisture and EF. Starred grid cells indicate differences deemed statistically significant at 615 
95% confidence level 616 

 617 

Figure 3. Maps show average soil moisture anomaly prior to afternoon initiation events that occur in atmospheric conditions 618 
denoted as preconditioned to (left) wet soil feedbacks and (right) dry soil feedbacks. Atmospheric preconditioning was identified 619 
using the CTP-HI framework.  620 
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a.        621 

b.         622 

c.  623 

Figure 4. Joint distributions of evaporative fraction and average PBL height (m) leading up to initiations over (red) dry soils and 624 
(blue) wet soils in (a) Texas, (b) mid-south, and (c) central plains regions. The contoured areas represent the middle 90% and 625 
middle 75% of the joint distributions.  626 

 627 
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a.               628 

b.             629 

c.  630 

Figure 5. Joint distributions of evaporative fraction and change in LCL height (m) leading up to initiations over (red) dry soils 631 
and (blue) wet soils in (a) Texas, (b) mid-south, and (c) central plains regions. The contoured areas represent the middle 90% and 632 
middle 75% of the joint distributions.  633 
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 634 

Figure 6. PBL and LCL height in the 7 hours prior to convection initiation in the Texas region. Blue (red) boxes show the 635 
distributions of LCL (PBL) height at each hour for all convection initiation events. Initiation events are grouped by wet soils (top 636 
panels) and dry soils (bottom panels), and by EF values (left to right).  637 

 638 
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a.  639 

b.  640 

Figure 7. PBL and LCL height in the 7 hours prior to convection initiation in the (a) mid-south and (b) central regions. Blue (red) 641 
boxes show the distributions of LCL (PBL) height at each hour for all convection initiation events. Initiation events are grouped 642 
by wet soils (top panels) and dry soils (bottom panels), and by EF values (left to right). 643 

  644 



 33 

References 645 

Babaeian, E., Sadeghi, M., Jones, S.B., Montzka, C., Vereecken, H., and Tuller, M. (2019). Ground, 646 
proximal, and satellite remote sensing of soil moisture. Reviews of Geophysics, 57, 530-616, 647 
https://doi.org/10.1029/2018RG000618.  648 

Baker, J.C.A., and coauthors (2021). An assessment of land – atmosphere interactions over South 649 
America using satellites, reanalysis, and two global climate models. Journal of Hydrometeorology, 22(4), 650 
905-922, https://doi.org/10.1175/JHM-D-20-0132.1.  651 

Bieri, C.A., Dominguez, F., and Lawrence, D.M. (2021). Impacts of large-scale soil moisture anomalies 652 
on the hydroclimate of Southeastern South America. Journal of Hydrometeorology, 22(3), 657-669, 653 
https://doi.org/10.1175/JHM-D-20-0116.1.  654 

Brocca, L., Ciabatta, L., Massari, C., Camici, S., and Tarpanelli, A. (2017). Soil moisture for hydrological 655 
applications: Open questions and new opportunities. Water, 9, 140, https://doi.org./10.3390/w9020140.  656 

Chevuturi, A., Klingaman, N.P., Guo, L., Holloway, C.E., Guimarães, B.S., Coelho, C.A.S., Kubota, 657 
P.Y., Young, M., Black, E., Baker, J.C.A., and Vidale, P.L. (2021). Subseasonal prediction performance 658 
for South American land-atmosphere coupling in extended austral summer. Climate Resilience and 659 
Sustainability, 1(1), https://doi.org/10.1002/cli2.28.   660 

Christian, J.I., Basara, J.B., Hunt, E.D., Otkin, J.A., and Xiao, X. (2020). Flash drought development and 661 
cascading impacts associated with the 2010 Russian heatwave. Environmental Research Letters, 15, 662 
094078, https://doi.org/10.1088/1748-9326/ab9faf.  663 

Cioni, G., and Hohenegger, C. (2017). Effect of soil moisture on diurnal convection and precipitation in 664 
Large-Eddy Simulations. Journal of Hydrometeorology, 18(7), 1885-1903, https://doi.org/10.1175/JHM-665 
D-16-0241.1.  666 

Dorigo, W., and coauthors (2017). ESA CCI soil moisture for improved Earth system understanding: 667 
State-of-the art and future directions. Remote Sensing of Environment. 203(15), 185-215, 668 
https://doi.org/10.1016/j.rse.2017.07.001.  669 

Duerinck, H.M., van der Ent, R.J., van de Giesen, N.C., Schoups, G., Babovic, V., and Yeh, P.J.F. (2016). 670 
Observed soil moisture-precipitation feedback in Illinois: A systematic analysis over different scales. 671 
Journal of Hydrometeorology, 17(6), 1645-1660, https://doi.org/10.1175/JHM-D-15-0032.1.  672 

Ek, M.B., and Holtslag, A.A.M. (2004). Evaluation of a land0surface scheme at Cabauw. Theoretical and 673 
Applied Climatology, 80, 213-227, https://doi.org/10.1007/s00704-004-0101-4.  674 

Findell, K.L., Eltahir, E.A.B. (2003). Atmospheric controls on soil moisture-boundary layer interactions. 675 
Part I: Framework development. Journal of Hydrometeorology, 4(3), 552-569, 676 
https://doi.org/10.1175/1525-7541(2003)004<0552:ACOSML>2.0.CO;2.  677 

Ford, T.W., Wulff, C.O., and Quiring, S.M. (2014). Assessment of observed and model-derived soil 678 
moisture-evaporative fraction relationships over the United States Southern Great Plains. Journal of 679 
Geophysical Research: Atmospheres, 119(11), 6279-6291, https://doi.org/10.1002/2014JD021490.  680 

https://doi.org/10.1029/2018RG000618
https://doi.org/10.1175/JHM-D-20-0132.1
https://doi.org/10.1175/JHM-D-20-0116.1
https://doi.org./10.3390/w9020140
https://doi.org/10.1002/cli2.28
https://doi.org/10.1088/1748-9326/ab9faf
https://doi.org/10.1175/JHM-D-16-0241.1
https://doi.org/10.1175/JHM-D-16-0241.1
https://doi.org/10.1016/j.rse.2017.07.001
https://doi.org/10.1175/JHM-D-15-0032.1
https://doi.org/10.1007/s00704-004-0101-4
https://doi.org/10.1175/1525-7541(2003)004%3c0552:ACOSML%3e2.0.CO;2
https://doi.org/10.1002/2014JD021490


 34 

Ford, T.W., Quiring, S.M., Thakur, B., Jogineedi, R., Houston, A., Yuan, S., Kalra, A., and Lock, N. 681 
(2018). Evaluating soil moisture-precipitation interactions using remote sensing: A sensitivity analysis. 682 
Journal of Hydrometeorology, 19(8), 1237-1253, https://doi.org/10.1175/JHM-D-17-0243.1.  683 

Ford, T.W., and Quiring, S.M. (2019). Comparison of contemporary in situ, model, and satellite remote 684 
sensing soil moisture with a focus on drought monitoring. Water Resources Research, 55, 1565-1582, 685 
https://doi.org/10.1029/2018WR024039.  686 

Graf, M., Arnault, J., Fersch, B., and Kunstmann, H. (2021). Is the soil moisture precipitation feedback 687 
enhanced by heterogeneity and dry soils? A comparative study. Hydrological Processes, 35(9), 688 
https://doi.org/10.1002/hyp.14332.  689 

Guillod, B.P., Orlowsky, B., Miralles, D.G., Teuling, A.J., and Seneviratne, S.I. (2015). Reconciling 690 
spatial and temporal soil moisture effects on afternoon rainfall. Nature Communications, 6, 691 
https://doi.org/10.1038.ncomms7443.  692 

Guo, J. and coauthors (2021). Investigation of near-global daytime boundary layer height using high-693 
resolution radiosondes: first results and comparison with ERA5, MERRA-2, JRA-55, and NCEP-2 694 
reanalysis. Atmospheric Chemistry and Physics, 21, 17079-17097, https://doi.org/10.5194/acp-21-17079-695 
2021.  696 

Hersbach, H., and coauthors (2020). The ERA5 global reanalysis. Quarterly Journal of the Royal 697 
Meteorological Society, 146(730), 1999-2049, https://doi.org/10.1002/qj.3803.  698 

Hohenegger, C., and Stevens, B. (2018). The role of the permanent wilting point in controlling the spatial 699 
distribution of precipitation. Proceedings of the National Academy of Sciences, 115, 5692-5697, 700 
https://soi.org/10.1073/pnas.1718842115.  701 

Houston, A.L., Lock, N.A., Lahowetz, J., Barjenbruch, B.L., Limpert, G., and Oppermann, C. (2015). 702 
Thunderstorm Observation by Radar (ThOR): An algorithm to develop a climatology of thunderstorms. 703 
Journal of Atmospheric and Oceanic Technology, 32(5), 961-981, https://doi.org/10.1175/JTECH-D-14-704 
00118.1.  705 

Hsu, H., and Dirmeyer, P.A. (2021). Nonlinearity and multivariate dependencies in the terrestrial leg of 706 
land-atmosphere coupling. Water Resources Research, 57(2), https://doi.org/10.1029/2020WR028179.  707 

Hsu, H., and Dirmeyer, P.A. (2022). Deconstructing the soil moisture-latent heat flux relationship: The 708 
range of coupling regimes experienced and the presence of nonlinearity within the sensitive regime. 709 
Journal of Hydrometeorology, 23, 1041-1057, https://doi.org/10.1175/JHM-D-21-0224.1.  710 

Huggannavar, V., and Indu, J. (2020). Seasonal variability of soil moisture-precipitation feedbacks over 711 
India. Journal of Hydrology, 589, 125181, https://doi.org/j.jhydrol.2020.125181.  712 

Jach, L., Schwitalla, T., Branch, O., Warrach-Sagi, K., and Wulfmeyer, V. (2021). Sensitivity of land-713 
atmosphere coupling strength to perturbations of early-morning temperature and moisture profiles in the 714 
European summer. Earth System Dynamics, https://doi.org/10.5194/esd-2021-45.  715 

Klein, C., and Taylor, C.M. (2020). Dry soils can intensify mesoscale convective systems. Proceedings of 716 
the National Academy of Sciences USA, 117(35), 21132-21137, https://doi.org/10.1073/pnas.2007998117.  717 

https://doi.org/10.1175/JHM-D-17-0243.1
https://doi.org/10.1029/2018WR024039
https://doi.org/10.1002/hyp.14332
https://doi.org/10.1038.ncomms7443
https://doi.org/10.5194/acp-21-17079-2021
https://doi.org/10.5194/acp-21-17079-2021
https://doi.org/10.1002/qj.3803
https://soi.org/10.1073/pnas.1718842115
https://doi.org/10.1175/JTECH-D-14-00118.1
https://doi.org/10.1175/JTECH-D-14-00118.1
https://doi.org/10.1029/2020WR028179
https://doi.org/10.1175/JHM-D-21-0224.1
https://doi.org/j.jhydrol.2020.125181
https://doi.org/10.5194/esd-2021-45
https://doi.org/10.1073/pnas.2007998117


 35 

Lawston-Parker, P., Santanello, J.A., and Kumar, S.V. (2021). Understanding the impacts of land surface 718 
and PBL observations on the terrestrial and atmosphere legs of land-atmosphere coupling. Journal of 719 
Hydrometeorology, 22(9), 2241-2258, https://doi.org/10.1175/JHM-D-20-0263.1.  720 

Liu, W., Zhang, Q., Li, C., Xu, L., and Xiao, W. (2022). The influence of soil moisture on convective 721 
activity: a review. Theoretical and Applied Climatology, 149, 221-232, https://doi.org/10.1007/s00704-722 
022-04046-z.  723 

Lock, N.A., and Houston, A.L. (2014). Empirical examination of the factors regulating thunderstorm 724 
initiation. Monthly Weather Review, 142(1), 240-258, https://doi.org/10.1175/MWR-D-13-00082.1.  725 

Martens, B., Schumacher, D.L., Wouters, H., Muñoz-Sabater, J., Verhoest, N.E.C., and Miralles, D.G. 726 
(2020). Evaluating the land-surface energy partitioning in ERA5. Geoscientific Model Development, 727 
13(9), 4159-4181, https://doi.org/10.5194/gmd-13-4159-2020.  728 

Martius, O., Wehrli, K., and Rohrer, M. (2021). Local and remote atmospheric responses to soil moisture 729 
anomalies in Australia. Journal of Climate, 34(22), 9115-9131, https://doi.org/10.1175/JCLI-D-21-730 
0130.1.  731 

Miralles, D.G., Gentine, P., Seneviratne, S.I., and Teuling, A.J. (2019). Land-atmosphere feedbacks 732 
during droughts and heatwaves: state of the science and current challenges. Annals of the New York 733 
Academy of Sciences, https://doi.org/10.1111/nyas.13912.  734 

Mitchell, K.E., and coauthors (2004). The multi-institution North American Land Data Assimilation 735 
System (NLDAS): Utilizing multiple GCIP products and partners in a continental distributed hydrological 736 
modeling system. Journal of Geophysical Research: Atmospheres, 109, 737 
https://doi.org/10.1029/2003JD003823.  738 

Moon, H., Guillod, B.P., Gudmundsson, L., and Seneviratne, S.I. (2019). Soil moisture effects on 739 
afternoon precipitation occurrence in current climate models, Geophysical Research Letters, 46(3), 1861-740 
1869, https://doi.org/10.1029/2018GL080879.   741 

Prodhomme, C., Doblas-Reyes, F., Bellprat, O., and Dutra, E. (2016). Impact of land-surface initialization 742 
on sub-seasonal to seasonal forecasts over Europe. Climate Dynamics, 47, 919-935, 743 
https://doi.org/10.1007/s00382-015-2879-4.  744 

Qiu, S., and Williams, I.N. (2020). Observational evidence of state-dependent positive and negative land 745 
surface feedback on afternoon deep convection over the Southern Great Plains. Geophysical Research 746 
Letters, 47(5), https://doi.org/10.1029/2019GL086622.  747 

Rappin, E.D., Mahmood, R., Nair, U.S., and Pielke Sr., R.A. (2022). Land – atmosphere interactions 748 
during GRAINEX: Planetary boundary layer evolution in the presence of irrigation. Journal of 749 
Hydrometeorology, 23(9), 1401-1417, https://doi.org/10.1175/JHM-D-21-0160.1.  750 

Saini, R., Wang, G., and Pal, J.S. (2016). Role of soil moisture feedback in the development of extreme 751 
summer drought and flood in the United States. Journal of Hydrometeorology, 17(8), 2191-2207, 752 
https://doi.org/10.1175/JHM-D-15-0168.1.  753 

Santanello, J.A., Peters-Lidard, C.D., Kennedy, A., and Kumar, S.V. (2013). Diagnosing the nature of 754 
land-atmosphere coupling: A case study of dry/wet extremes in the U.S. Southern Great Plains. Journal of 755 
Hydrometeorology, 14(1), 3-24, https://doi.org/10.1175/JHM-D-12-023.1.  756 

https://doi.org/10.1175/JHM-D-20-0263.1
https://doi.org/10.1007/s00704-022-04046-z
https://doi.org/10.1007/s00704-022-04046-z
https://doi.org/10.1175/MWR-D-13-00082.1
https://doi.org/10.5194/gmd-13-4159-2020
https://doi.org/10.1175/JCLI-D-21-0130.1
https://doi.org/10.1175/JCLI-D-21-0130.1
https://doi.org/10.1111/nyas.13912
https://doi.org/10.1029/2003JD003823
https://doi.org/10.1029/2018GL080879
https://doi.org/10.1007/s00382-015-2879-4
https://doi.org/10.1029/2019GL086622
https://doi.org/10.1175/JHM-D-21-0160.1
https://doi.org/10.1175/JHM-D-15-0168.1
https://doi.org/10.1175/JHM-D-12-023.1


 36 

Santanello, J.A., and coauthors (2018). Land – atmosphere interactions: The LoCo perspective. Bulletin of 757 
the American Meteorological Society, 99(6), 1253-1272, https://doi.org/10.1175/BAMS-D-17-0001.1.  758 

Sathyanadh, A., Prabha, T.V., Balaji, B., Resmi, E.A., and Karipot, A. (2017). Evaluation of WRF PBL 759 
parameterization schemes against direct observations during a dry event over the Ganges valley. 760 
Atmospheric Research, 193, 125-141, https://doi.org/10.1016/j.atmosres.2017.02.016.  761 

Schwingshackl, C., Hirschi, M., and Seneviratne, S.I. (2017). Quantifying spatiotemporal variations of 762 
soil moisture control on surface energy balance and near-surface air temperature. Journal of Climate, 763 
30(18), 7105-7124, https://doi.org/10.1175/JCLI-D-16-0727.1.  764 

Seneviratne, S.I., Corti, T., David, E.L., Hirschi, M., Jaeger, E.B., Lehner, I., Orlowsky, B., and Teuling, 765 
A.J. (2010). Investigating soil moisture-climate interactions in a changing climate: A review. Earth-766 
Science Reviews, 99(3-4), 125-161, https://doi.org/10.1016/j.earscirev.2010.02.004.  767 

Taszarek, M., Pilguj, N., Allen, J.T., Gensini, V., Brooks, H.E., and Szuster, P. (2021). Comparison of 768 
convective parameters derived from ERA5 and MERRA-2 with rawinsounde data over Europe and North 769 
America. Journal of Climate, 34(8), 3211-3237, https://doi.org/10.1175/JCLI-D-20-0484.1.  770 

Taylor, C.M., Gounou, A., Guichard, F., Harris, P.P., Ellis, R.J., Couvreux, F., and De Kauwe, M. (2011). 771 
Frequency of Sahelian storm initiation enhanced over mesoscale soil-moisture patterns. Nature 772 
Geoscience, 4, 430-433, https://doi.org/10.1038/ngeo1173.  773 

Teng, H., Branstator, G., Meehl, G.A., and Washington, W.M. (2016). Projected intensification of 774 
subseasonal temperature variability and heat waves in the Great Plains. Geophysical Research Letters, 775 
43(5), 2165-2173, https://doi.org/10.1002/2015GL067574.  776 

Tobin, K.J., Crow, W.T., Dong, J., and Bennett, M.E. (2019). Validation of a new root-zone soil moisture 777 
product: Soil MERGE. IEEE Applied Earth Observations and Remote Sensing, 12(9), 3351-3365, 778 
https://doi.org/10.1109/JSTARS.2019.2930946.  779 

Tuttle, S.E., and Salvucci, G.D. (2017). Confounding factors in determining causal soil moisture-780 
precipitation feedback. Water Resources Research, 53(7), 5531-5544, 781 
https://doi.org/10.1002/2016WR019869.  782 

Ukkola, A.M., Pitman, A.J., Donat, M.G., De Kauwe, M.G., and Angélil, O. (2018). Evaluating the 783 
contribution of land-atmosphere coupling to heat extremes in CMIP5 models. Geophysical Research 784 
Letters, 45(17), 9003-9012, https://doi.org/10.1029/2018GL079102.  785 

Wakefield, R.A., Basara, J.B., Furtado, J.C., Illston, B.G., Ferguson, C.R., and Klein, P.M. (2019). A 786 
modified framework for quantifying land-atmosphere covariability during hydrometeorological and soil 787 
wetness extremes in Oklahoma. Journal of Applied Meteorology and Climatology, 58(7), 1465-1483, 788 
https://doi.org/10.1175/JAMC-D-18-0230.1.   789 

Wakefield, R.A., Turner, D.D., and Basara, J.B. (2021). Evaluation of a land – atmosphere coupling 790 
metric computed from a ground-based infrared interferometer. Journal of Hydrometeorology, 22(8), 791 
2073-2087, https://doi.org/10.1175/JHM-D-20-0303.1.  792 

Wang, Y., and Quiring, S.M. (2021). Impact of soil moisture initialization on WRF-simulated North 793 
American monsoon system. Journal of Geophysical Research: Atmospheres, 126(4), 794 
https://doi.org/10.1029/2020JD033858.  795 

https://doi.org/10.1175/BAMS-D-17-0001.1
https://doi.org/10.1016/j.atmosres.2017.02.016
https://doi.org/10.1175/JCLI-D-16-0727.1
https://doi.org/10.1016/j.earscirev.2010.02.004
https://doi.org/10.1175/JCLI-D-20-0484.1
https://doi.org/10.1038/ngeo1173
https://doi.org/10.1002/2015GL067574
https://doi.org/10.1109/JSTARS.2019.2930946
https://doi.org/10.1002/2016WR019869
https://doi.org/10.1029/2018GL079102
https://doi.org/10.1175/JAMC-D-18-0230.1
https://doi.org/10.1175/JHM-D-20-0303.1
https://doi.org/10.1029/2020JD033858


 37 

Welty, J., Stillman, S., Zeng, X., and Santanello Jr., J. (2020). Increased likelihood of appreciable 796 
afternoon rainfall over wetter of drier soils dependent upon atmospheric dynamic influence. Geophysical 797 
Research Letters, 47(11), https://doi.org/10.1029/2020GL087779.  798 

Vecellio, D.J., Nowotarski, C.J., and Frauenfeld, O.W. (2019). The role of permafrost in Eurasian land-799 
atmosphere interactions. Journal of Geophysical Research: Atmospheres, 124(22), 11644-11660, 800 
https://doi.org/10.1029/2019JD031204.  801 

Yang, L., Sun, G., Zhi, L., and Zhao, J. (2018). Negative soil moisture-precipitation feedback in dry and 802 
wet regions. scientific reports, 8, 4026, https://doi.og/10.1038.s41598-018-22394-7.  803 

Yuan, S., Wang, Y., Quiring, S.M., Ford, T.W., and Houston, A.L. (2020). A sensitivity study on the 804 
response of convection initiation to in situ soil moisture in the central United States. Climate Dynamics, 805 
54, 2013-2028, https://doi.org/10.1007/s00382-019-05098-0.  806 

 807 

 808 

 809 

 810 

 811 

 812 

 813 

https://doi.org/10.1029/2020GL087779
https://doi.org/10.1029/2019JD031204
https://doi.og/10.1038.s41598-018-22394-7
https://doi.org/10.1007/s00382-019-05098-0

