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Abstract 30 

The Balcones Escarpment in central Texas is a sloped region between the Edwards 31 

Plateau and the coastal plain. The metropolitan areas located along the Balcones Escarpment 32 

(e.g., San Antonio, Austin, and Dallas-Fort Worth) are prone to heavy rain and devastating flood 33 

events. While the associated hydrological issues of the Balcones Escarpment have been 34 

extensively studied, the meteorological impacts of the Edwards Plateau and Balcones 35 

Escarpment are not well understood. The indeterminate impacts of the thermal and dynamic 36 

effects of the Edwards Plateau on August climatological precipitation are investigated in this 37 

study using the multi-sensor Stage IV precipitation data, high-resolution dynamic downscaling, 38 

and short-term sensitivity simulations. Analysis results indicate that the total August 39 

precipitation east of the Balcones Escarpment is suppressed and precipitation over the eastern 40 

part of the Edwards Plateau is enhanced. Locally initiated moist convection in the afternoon 41 

contributes most to the total precipitation during August in the region. The dynamic downscaling 42 

output captures the spatial pattern of afternoon precipitation, which is well aligned with the 43 

simulated upward motions. The clay-based soil types that dominate the Edwards Plateau have 44 

great potential to retain soil moisture and limit latent heat fluxes, consequently leading to higher 45 

sensible heat flux than over the plain to the east. As a result, vertical motion is induced, 46 

triggering the afternoon moist convection over the Edwards Plateau under favorable conditions. 47 

In comparison, the sloping terrain plays a smaller role in triggering the convection. Short-term 48 

sensitivity simulations for a clear day confirm and further prove such a diagnosis.  49 

Keywords: Stage IV precipitation data; WRF; spectral nudging; wilting point soil moisture   50 
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1. Introduction 51 

The Balcones Escarpment in central Texas is a sloped region located between the 52 

Edwards Plateau and the relatively flat, sandy coastal plain [Miller and White, 1998; Nielsen et 53 

al., 2016].  It contains several large urban areas, including San Antonio, Austin, and Dallas-Fort 54 

Worth (Fig. 1a). These cities, due to unique local topography and other factors (e.g., moist air 55 

advecting inland from the Gulf of Mexico), are particularly vulnerable to heavy rain and 56 

devastating flood events [Ashley and Ashley, 2008; Saharia et al., 2017]. Such issues may 57 

become more of a concern in a changing climate [Gleason et al., 2008; Groisman and Knight, 58 

2008; Zhang et al., 2013; Shafter et al., 2014; Steiner et al., 2014; Westra et al., 2014; Prein et 59 

al., 2017].   60 

Issues associated with the hydrology of the Balcones Escarpment have been extensively 61 

studied, but the meteorological impacts of the Edwards Plateau and Balcones Escarpment have 62 

not been investigated until recently [Hu and Xue, 2016; Nielsen et al., 2016]. In Nielsen et al. 63 

[2016], numerical sensitivity tests were conducted with and without the topography of the 64 

Edwards Plateau for three extreme precipitation events. Their modeling results showed that the 65 

intensity of precipitation events and their occurrence were not found to be directly impacted by 66 

the Edwards Plateau, however the location of the heaviest precipitation was shifted slightly 67 

northwest.  Previous analysis of radar-retrieved precipitation [Chen et al., 2015] suggested that 68 

the presence of the Balcones Escarpment might have affected certain types of precipitation (e.g., 69 

tropical/warm rain). Given the dense population in the metropolitan areas along the Balcones 70 

Escarpment, such a slight shift of precipitation or modification of certain precipitation type can 71 

significantly affect the location of dangerous flash flooding in the region. Unfortunately, prior 72 
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studies [e.g., Chen et al., 2015; Nielsen et al., 2016] did not convincingly identify the specific 73 

meteorological causes for the modification of precipitation by the Balcones Escarpment.  74 

The Balcones Escarpment and the elevated terrain west of the escarpment (i.e., the 75 

Edwards Plateau) may exert influences on the atmosphere in two basic ways that can be 76 

described as thermal and dynamical effects (referred to as active and passive effects, 77 

respectively, by De Wekker and Kossmann [2015]).  78 

Thermal effects of terrain can be induced simply by the elevation gradient or by unique 79 

land use categories or soil properties.  When investigating wind fields in Texas during an intense 80 

heat wave, Hu and Xue [2016] found that a band of stronger winds developed during the 81 

afternoon along the terrain slope of Balcones Escarpment. They hypothesized that the wind 82 

maximum band was caused by the thermal contrast induced by the elevation gradient between 83 

the Edwards Plateau and the adjacent, low-lying plains east of the Balcones Escarpment. In 84 

addition to the elevation gradient, unique land properties (e.g., land use, soil type) may also lead 85 

to thermal effects of terrain [Mahfouf et al., 1987; McPherson et al., 2004].  The thermal effects 86 

of sloping terrain and their impact on precipitation and air pollution have been investigated for 87 

other mountains/plateaus [e.g., Sun and Ogura, 1979; Sun and Wu, 1992; May and Wilczak, 88 

1993; Koch et al., 2001; Doran et al., 2002; Rotach and Zardi, 2007; Zaitchik et al., 2007; 89 

Pardyjak et al., 2009; Sun and Zhang, 2012; Bao and Zhang, 2013; Hu et al., 2014; Zhang et al., 90 

2014; Leo et al., 2015; Li et al., 2015; Miao et al., 2015; Li et al., 2017].  Comparing to the 91 

thermal effects induced by elevation gradients, thermal effects of terrains induced by unique land 92 

properties have been less investigated. 93 

As summarized previously [e.g., Fernando et al., 2015; Hu et al., 2016], the dynamic 94 

effects of mountainous terrain can cause different atmospheric processes, including barrier winds 95 
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[Schwerdtfeger, 1979; Parish, 1982; Xu, 1990; McCauley and Sturman, 1999; Lee and Xue, 96 

2013; Hu et al., 2016], flow around and over mountains [Malkus, 1955; Smith, 1982; 97 

Pierrehumbert and Wyman, 1985; Chen and Feng, 2001; Hu and Liu, 2005; Yang and Chen, 98 

2008; Jeglum et al., 2017; Takane et al., 2017], wave motions [Brown et al., 2003; Smith, 2004; 99 

Grubisic et al., 2008; Reinecke and Durran, 2009; Armi and Mayr, 2011; Jackson et al., 2013; 100 

Serafin et al., 2017], wakes [Epifanio and Rotunno, 2005], gap winds [Whiteman and Doran, 101 

1993; Pan and Smith, 1999; Hitzl et al., 2014; Wang et al., 2016], and flow separation [Vosper et 102 

al., 2006; Sheridan et al., 2007], to name a few examples. Dynamic effects generated by barriers 103 

to atmospheric flow have been shown to play important roles in development of precipitation 104 

[Pedgley, 1970; Rotunno and Ferretti, 2001; Dettinger et al., 2004; Houze and Medina, 2005; 105 

Medina et al., 2005; Chen et al., 2013; Lee and Xue, 2013].  In Wang et al. [2016], several 106 

effects, including thermal upslope flows, lee-side convergence between around-mountain flows, 107 

and up-valley channeling flows, worked together in determining the preferred locations of 108 

convective initiation over the Dabie Mountains.   109 

The detailed thermal and dynamic effects of the Edwards Plateau and Balcones 110 

Escarpment, however, have been rarely investigated except for few pilot studies, including Hu 111 

and Xue [2016] for a heat wave case and Nielsen et al. [2016] for three extreme precipitation 112 

cases. The meteorological consequences of the thermal and dynamic effects of the Balcones 113 

Escarpment, particularly precipitation development [Nielsen et al., 2016], have not been clearly 114 

identified. One reason may be that the thermal and dynamic effects of the Balcones Escarpment 115 

were overwhelmed by the strong synoptic-scale forcing in the extreme precipitation cases 116 

investigated in Nielsen et al. (2016). To better understand the impact of the Edwards Plateau and 117 

Balcones Escarpment on precipitation in central Texas, we examine the climatological 118 
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precipitation patterns, timing, and location during August –– a month when synoptically forced 119 

precipitation is less frequent –– using nested regional model simulations and the Stage IV 120 

precipitation data.  Even though extreme precipitation and flooding events in August may be less 121 

frequent than some other months (e.g., May) in the southern Great Plains, a better understanding 122 

of the effects of the Edwards Plateau and Balcones Escarpment in such a month with locally 123 

initiated precipitation dominating can help delineate their impacts on extreme precipitation and 124 

flooding events.  125 

Warm-season convective precipitation in the U.S. Southern Great Plains (where Texas is 126 

located) is difficult to predict accurately, especially when using today’s global climate models 127 

(GCMs) with coarse resolutions (e.g., 50-100 km grid spacing) [Klein et al., 2006].  It is now 128 

commonly accepted that higher-resolution regional climate information can be obtained by 129 

dynamically downscaling coarse-resolution GCM outputs using mesoscale models [Dickinson et 130 

al., 1989; Giorgi, 1990; Jiao and Caya, 2006].  Although some uncertainties exist in dynamical 131 

precipitation downscaling, higher-resolution downscaling simulations have been shown to be 132 

able to replicate the temporal and spatial distributions of convective weather for specific regions 133 

[Gensini and Mote, 2014]. 134 

In this study, the Weather Research and Forecasting (WRF) model [Skamarock, 2008] 135 

will be used to downscale August precipitation for 14 years (2002–2015) from a reanalysis 136 

dataset (which provides the lateral boundary conditions). WRF has been successfully used in a 137 

number of dynamical downscaling experiments at various horizontal resolutions [Leung et al., 138 

2006; Lo et al., 2008; Bukovsky and Karoly, 2009; Wang and Kotamarthi, 2014]. For our study, 139 

we adopted the WRF configuration that has been documented to obtain the most accurate 140 

downscaled precipitation results over the Southern Great Plains. We describe this configuration, 141 
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other numerical model details, and the Stage IV precipitation data in section 2. Section 3 142 

discusses the influence of the Edwards Plateau on August precipitation in Texas, as analyzed 143 

using the Stage IV data and simulation results. Section 4 summarizes and discusses the main 144 

findings.  145 

2. Data and methods 146 

2.1 Stage IV precipitation data and study period 147 

 148 

The multi-sensor Stage IV precipitation data [Lin, 2011] are selected for this study 149 

because of their relatively long, consistent analysis record (archived continuously since January 150 

2002), and their high temporal and spatial resolutions [Herman and Schumacher, 2016], which 151 

are essential to investigate the impact of topography’s thermal effects (with a marked diurnal 152 

variation) on precipitation around central Texas. The Stage IV data are produced at the National 153 

Centers for Environmental Prediction (NCEP), and they combine the mosaiced hourly/6-hourly 154 

multi-sensor (including radar and gauges) precipitation analyses (called Stage III) produced by 155 

the twelve River Forecast Centers of the National Weather Service. Stage IV data cover the 156 

contiguous United States (CONUS) and have a grid spacing of about 4 km [Petkovic and 157 

Kummerow, 2012]. The data are available for hourly, 6-hourly, and daily intervals. Stage IV data 158 

display an overall agreement with surface observations, although the product has a tendency to 159 

underestimate both annual and seasonal means as compared to surface observations [Nelson et 160 

al., 2016]. Stage IV precipitation data are available via 161 

http://data.eol.ucar.edu/codiac/dss/id=21.093. 162 

Our study focuses on the regional climatology for a month when synoptically forced 163 

precipitation is at a minimum; otherwise, it may be difficult to identify the influence of the 164 
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Plateau for strongly forced synoptic events [Nielsen et al., 2016]. Thus, we chose August as the 165 

study month and the past 14 years (2002-2015) as the study period to match the coverage of the 166 

Stage IV data (Fig. 1b). In August, thermal effects and their diurnal variation are most prominent 167 

[Dai et al., 1999]. Also, in this month, the enhancement and westward extension of the Bermuda 168 

High make Texas less susceptible to the disturbance of the transient processes such as fronts and 169 

troughs, leading to less frequent episodes of synoptically forced precipitation near the Edwards 170 

Plateau [Zhu and Liang, 2013].  171 

2.2 High-resolution dynamic downscaling of August climate 172 

 173 

For this study, we investigate the August precipitation over Texas and the influence 174 

exerted by the Edwards Plateau and Balcones Escarpment. To this end, we downscaled August 175 

climate for 2002 to 2015 from the North American Regional Reanalysis (NARR) at 32-km 176 

horizontal resolution using the WRF model version 3.7.1 with a nested domain (Fig. 2) at a 177 

convection-allowing horizontal resolution (4 km), focusing on the southern Great Plains.  178 

Accurate downscaling of summer precipitation remains a great challenge for most 179 

mesoscale models [Liang et al., 2006; Qiao and Liang, 2015; Gao et al., 2017], even at 180 

convection-allowing resolutions [Sun et al., 2016]. Our previous dynamic downscaling of 181 

precipitation over the Great Plains for the past climate with the WRF model significantly 182 

underestimated warm-season precipitation over the Southern Great Plains and shifted the band of 183 

maximum precipitation to the Rockies and Nebraska [Sun et al., 2016]; in most cases, the rain 184 

band was shifted northwestward, regardless of convection-allowing or convection-185 

parameterizing configurations. Such a dry bias in the Great Plains was also previously reported 186 

[Klein et al., 2006; Lee et al., 2007; Mearns et al., 2012; Berg et al., 2013; Tripathi and 187 

Dominguez, 2013; Harris and Lin, 2014; Ma et al., 2014].  Though not shown here, we 188 
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investigated possible reasons for the bias using a large set of sensitivity simulations with 189 

different physics parameterizations and both with and without spectral nudging [Miguez-Macho 190 

et al., 2004]. We found that simply changing the physics parameterizations (e.g., cumulus, 191 

microphysics, land surface, boundary layer schemes) was unable to solve the bias problem in 192 

terms of the precipitation location. Applying spectral nudging, suggested by Wang and 193 

Kotamarthi [2014], led to more precipitation in the southern Great Plains and a best agreement 194 

with the Stage IV data. Successfully constraining the mesoscale simulation to follow the 195 

synoptic-scale driving fields by spectral nudging was key to reproducing the precipitation in the 196 

southern Great Plains in our case. This benefit, while maintaining the ability of the mesoscale 197 

models to develop small-scale dynamics, allowed successful applications of spectral nudging in 198 

dynamical downscaling of precipitation [von Storch et al., 2000; Mabuchi et al., 2002; Miguez-199 

Macho et al., 2004; Lo et al., 2008; Liu et al., 2012; Spero et al., 2014; Huang et al., 2016; Paul 200 

et al., 2016; García-Valdecasas Ojeda et al., 2017]. To achieve the best simulation of August 201 

precipitation climatology in this study, we used the spectral nudging configurations (including 202 

nudging strength, nudging height, and wave numbers) as suggested by Wang and Kotamarthi 203 

[2014] on the WRF downscaling simulations for the August of all 14 years.  Particularly we 204 

adopted nudging wave numbers of 5 and 3 in the zonal and meridional directions over CONUS, 205 

thus relaxing long waves with wavelengths of ~1000 km to those of the driving fields.  206 

Other WRF configurations for the August downscaling include the following: (1) two 207 

one-way nested domains (Fig. 2) are employed with horizontal grid resolutions of 20 for 208 

CONUS and 4 km for the south-central U.S.; (2) each domain has 44 vertical layers extending 209 

from the surface to 100 hPa; (3) all model domains use the Dudhia shortwave radiation [Dudhia, 210 

1989], the rapid radiative transfer model (RRTM) [Mlawer et al., 1997] for longwave radiation, 211 
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the Yonsei University (YSU) boundary layer scheme [Hong et al., 2006; Hu et al., 2013], and 212 

the Morrison microphysics scheme [Morrison et al., 2009]; and (4) the Noah land surface 213 

scheme [Chen and Dudhia, 2001] coupled with a single-layer urban canopy model [Kusaka et 214 

al., 2001]. Each continuous downscaling simulation starts at 0000UTC 1 August in each year of 215 

2002-2015 and runs for the whole month. The model spins up for precipitation events in about 216 

24 hours [Lo et al., 2008; Lucas-Picher et al., 2013; Wang and Kotamarthi, 2014]. 217 

  218 

2.3 WRF sensitivity simulations for 7 August 2011 to isolate/identify different effects 219 

 220 

Since all the effects (including both thermal and dynamic effects) are simultaneously 221 

considered in a three-dimensional simulation, the specific effects of topography are normally 222 

hard to identify in one single simulation. Thus, modelers typically conduct a host of sensitivity 223 

simulations by changing one aspect of the configuration to isolate the cause of different effects. 224 

However, the expensive computational demand of the high-resolution dynamical downscaling 225 

over the selected domain for the past 14 Augusts (~170,000 service units were used) prohibits 226 

full-length sensitivity runs. Thus, to identify the specific effect of the Edwards Plateau, we 227 

conducted a large set of WRF simulations for a single day (7 August 2011) when the thermal and 228 

wind patterns near the Edwards Plateau are similar to those of the mean August patterns. For the 229 

chosen case of 7 August 2011, as documented previously in Hu and Xue [2016], sensitivity 230 

simulations use different soil properties, land uses, soil moisture, and terrain height to investigate 231 

how the escarpment and plateau affect the mesoscale circulations and boundary-layer 232 

development. Table 1 lists the configurations for the four most relevant sensitivity simulations. 233 

Note that on 7 August 2011, Texas was free of precipitation, allowing us to investigate the direct 234 

impact of the Edwards Plateau on vertical circulations while eliminating any conflating processes 235 
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or feedbacks of precipitation (e.g., latent heating associated with precipitation would lead to 236 

upward motion in the low troposphere, thus complicating the impact of the plateau).  237 

3. Results 238 

3.1 Daily mean precipitation amount in August 2002-2015 based on the Stage IV data  239 

 240 

Based on our analysis of 14-year (i.e., 2002-2015) Stage IV precipitation data, the impact 241 

of the Edwards Plateau on the spatial distribution of precipitation is most prominent in August 242 

(Fig. 1b), probably due to strong radiative heating and fewer disturbances by strong synoptic 243 

scale transient processes (e.g., synoptic cold fronts). In this month, the total precipitation east of 244 

the Balcones Escarpment is suppressed as compared to that across the Edwards Plateau. 245 

Particularly at 1500 Central Standard Time (CST) (2100 UTC), the precipitation maximum over 246 

the Edwards Plateau appears distinct from the elongated precipitation minimum east of the 247 

escarpment (Fig. 3c,f).  The precipitation gradient corresponds to the terrain of the Edwards 248 

Plateau (more precisely, the position of the Balcones Escarpment), suggesting that the Edwards 249 

Plateau and Balcones Escarpment play some roles in modifying the spatial distribution of 250 

precipitation in the region.  251 

Mountains have been reported to affect precipitation in many places around the world 252 

through the mountains’ thermal effect or orographic forcing effect [e.g., Gao et al., 1981; Tripoli 253 

and Cotton, 1989b; Wolyn and Mckee, 1994; Carbone and Tuttle, 2008; Liu et al., 2009; He and 254 

Zhang, 2010; Sun and Zhang, 2012; Bao and Zhang, 2013; Zhang et al., 2014; Wang et al., 255 

2016]. On a clear summer afternoon, because of absorption of strong shortwave radiation, 256 

elevated terrain acts as a heat source, warming the near-surface air over the higher terrain as 257 

compared to adjacent, low-lying areas and producing a baroclinicity.  As a result, a shallow (~4 258 

km AGL) solenoid develops, comprised of an upslope wind along the sloping terrain and a 259 
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downward return flow over the adjacent, lower elevations. This thermally driven, local to 260 

regional scale circulation is commonly known as the Mountain-Plains Solenoid (MPS) 261 

circulation [Tripoli and Cotton, 1989a; Wolyn and Mckee, 1994; Hu et al., 2014; Hu and Xue, 262 

2016]. During the night, due to radiative cooling, the thermal gradient between mountains and 263 

the adjacent low-laying ground is reversed, as is the MPS circulation. The upward branch of the 264 

MPS circulation (over the mountains during the day and over the adjacent low-lying ground 265 

during the night) normally enhances precipitation [He and Zhang, 2010]. In most of the 266 

documented cases of precipitation modulation by the MPS circulation, the elevation difference 267 

(e.g., the Rockies, Tibetan Plateau, Loess Plateau) is greater than that between the Edwards 268 

Plateau and coastal plains. For the latter, the elevation difference is only 500-700 m (Fig. 1a). 269 

Thus, we need to carefully examine the possible causes of the precipitation maximum over the 270 

plateau. 271 

3.2 Hourly mean precipitation frequency and amount 272 

 273 

Since the thermal effect of any mountains has distinct diurnal variation [He and Zhang, 274 

2010], simply focusing on the daily mean precipitation may obscure the different effects at 275 

different time of the day. Thus, we examined the frequency (Fig. 3) and rate (Fig. 4) of the 276 

hourly precipitation. Although the hourly precipitation rate is underestimated in the model 277 

simulations (as compared to the Stage IV data) at 0900 CST, the values and spatial patterns are 278 

realistic by 1500 CST (Fig. 4). Precipitation over the Edwards Plateau showed a prominent 279 

diurnal variation, with a dominant peak in the afternoon (1500-1800 CST) and a secondary peak 280 

in the early morning, 0700-0900 CST (Fig. 5).  281 

The smaller, early morning peak in precipitation results from the eastward propagation of 282 

mesoscale convective systems (MCSs) initiated in the Rockies on the previous afternoon (Fig. 283 



13 
 

S1). The eastward propagation of MCSs provides the dominant nighttime precipitation in the 284 

central United States [Dai et al., 1999; Klein et al., 2006; Qiao and Liang, 2015]. Because the 285 

Edwards Plateau is near the southern and eastern extent of the nighttime propagation of these 286 

mesoscale features off of the Rockies, it receives the associated precipitation during the early 287 

morning (Fig. S1). The model successfully captures the timing of the eastward propagation of 288 

precipitation systems, but underestimates the precipitation intensity (Figs. 3d, 4c, and 5). It 289 

appears that the simulated precipitation maximum becomes weaker than observed during the 290 

eastward propagation process (Fig. 4a vs. 4c), leading to an early morning dry bias over Texas 291 

(Fig. 5), which is consistent with previously dynamic downscaling studies [Klein et al., 2006; 292 

Lee et al., 2007; Berg et al., 2013; Tripathi and Dominguez, 2013; Harris and Lin, 2014; Ma et 293 

al., 2014].  294 

The dominant afternoon peak is presumably due to the locally initiated moist convection 295 

[Liang et al., 2004]. Both the hourly frequency (Fig. 3b,c) and amount (Fig. 4b) of afternoon 296 

precipitation shows a coherent spatial pattern, with most precipitation events occurring in the 297 

eastern half of the Edwards Plateau and the precipitation east of the Balcones Escarpment  298 

suppressed, consistent with the spatial distribution of daily mean precipitation shown in Fig. 1b. 299 

The consistency between the daily mean precipitation and afternoon hourly precipitation 300 

indicates that the afternoon moist convection plays a dominant role in determining the spatial 301 

distribution of precipitation over this region of Texas in August. The dynamic downscaling 302 

results capture the spatial pattern of both afternoon precipitation frequency and amount. 303 

Although the simulations significantly overestimate precipitation frequency, the model accounts 304 

for all non-zero precipitation while very light precipitation may not be recorded in the Stage IV 305 
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data; this may partially explain the overestimation of frequency of afternoon precipitation in the 306 

model.  307 

By examining the resemblance between hourly precipitation patterns and topography, the 308 

Edwards Plateau and Balcones Escarpment appear to play a great role in modulating afternoon 309 

precipitation, i.e., in enhancing the afternoon precipitation over the eastern Edwards Plateau and 310 

suppressing the afternoon precipitation east of the Balcones Escarpment. Since the WRF model 311 

successfully captures the general characteristics of the precipitation over Texas, confidence is 312 

gained for us to investigate the specific factors that modulate the precipitation patterns based on 313 

the modeling results. The afternoon precipitation gradient across the plateau, escarpment, and 314 

plains (Fig. 6b) corresponds well with the simulated upward motions (Fig. 6c). We first 315 

hypothesize that the upward branches of the MPS circulation enhances the afternoon 316 

precipitation, as reported in many previous studies [e.g., He and Zhang, 2010]. However, the 317 

spatial distribution of vertical velocity (Fig. 6c) contradicts such a hypothesis: the upward motion 318 

does not occur in the region with the largest slope (i.e., western side of the Edwards Plateau) as 319 

the MPS circulation would. Instead, upward motion occurs in some regions with a gentle slope, 320 

e.g., east of Dallas-Ft. Worth (DFW). Therefore, the MPS circulation associated with the sloping 321 

terrain does not provide a good explanation on the main upward motion found in the model.  322 

Land surface processes are examined to search for the possible reasons for the specific 323 

pattern of the upward motions over the Edwards Plateau. It turns out that the spatial pattern of 324 

vertical velocity (Fig. 6c) matches that of sensible heat flux over the Edwards Plateau (Fig. 7c), 325 

which is further tied to the soil type (Fig. 7a). Dominant soil types 9 (clay loam) and 12 (clay), 326 

found underneath the upward motion over the Edwards Plateau, lead to relatively low latent heat 327 

fluxes and relatively high sensible heat fluxes while the dominant soil types 1 (sand) and 3 328 
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(sandy loam), found underneath the downward motion east of the Balcones Escarpment, lead to 329 

relatively high latent heat fluxes and relatively low sensible heat fluxes. Soil moisture alone 330 

cannot explain the spatial distribution of latent and sensible heat fluxes. Soil moisture over soil 331 

types 9 (clay loam) and 12 (clay) is actually higher than soil types 1 (sand) and 3 (sandy loam) 332 

east of the Balcones Escarpment (Fig. 7d); however, the latent heat fluxes over clay-based soil 333 

types (9 and 12) are lower and sensible heat fluxes are  higher.   334 

To examine these relationships in more detail, we reviewed the hydraulic properties of 335 

different soil types used by the WRF model. The marked differences between clay-based soil 336 

types 9 and 12 and sand-based soil types 1 and 3 are with the dry-soil moisture threshold 337 

(DRYSMC) and wilting-point soil moisture (WLTSMC) of the soil. For any given soil type, the 338 

Noah land-surface model uses the same value for these two parameters (Table 2). These 339 

parameters play an important role in dictating evapotranspiration by scaling potential 340 

evapotranspiration through a moisture availability parameter β [Betts et al., 1997; Chen and 341 

Dudhia, 2001]:  342 

𝛽 =
Θ−Θ𝑤

Θ𝑟𝑒𝑓−Θ𝑤
                                                                                    (1) 343 

where Θ is volumetric soil moisture content, Θ𝑟𝑒𝑓 is the field capacity, and Θ𝑤 is either the soil 344 

moisture at the wilting point (WLTSMC) for vegetation canopy evapotranspiration or the dry-345 

soil moisture threshold (DRYSMC) for ground surface direct evaporation. When the soil 346 

moisture becomes lower than DRYSMC or WLTSMC, β is set as zero and surface 347 

evapotranspiration is shut off. The clay-based soil types have higher values of DRYSMC and 348 

WLTSMC than sand-based types (Fig. 7e), by a factor of as high as 14 (Table 2).  Because 349 

DRYSMC and WLTSMC values can be high (as high as 0.138 m
3
 m

-3
) for clay-based soil types 350 

(which dominate over the eastern Edwards Plateau), the actual soil moisture values are more 351 
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likely to decrease below the DRYSMC and WLTSMC of clay-based as opposed to sand-based 352 

soils, leading to nearly zero β (Fig. 7f) for the former soil types. Thus, one would expect lower 353 

latent heat fluxes (Fig. 7b) and consequently high sensible heat fluxes in regions with clay soils 354 

(Fig. 7c).   355 

The simulated different behavior of surface fluxes over clay and sand is consistent with 356 

soil granulometry.  Sand is composed of relatively coarse particles with diameter between 2 mm 357 

and 50 m while clay is composed of fine particles with diameter less than 2 m [Liu et al., 358 

2013].  Sandy soil is coarse textured, allowing water to easily circulate via capillary motion to 359 

reach the surface or plant roots where it can be evaporated or absorbed (and eventually released 360 

from leaves) [Mahfouf et al., 1987; Fast and Mccorcle, 1990].  In contrast, in fine textured clay 361 

soil, the capillary motion is quite slow and it is hard for water to circulate and participate in 362 

evapotranspiration, thus leading to suppressed latent fluxes (consequently enhanced sensible heat 363 

fluxes) during the day [Mahfouf et al., 1987; Fast and Mccorcle, 1991].  The high sensible heat 364 

fluxes over clay-based soils (Fig. 7c) will induce upward motion (Fig. 6c) that helps to trigger 365 

the afternoon moist convection under favorable conditions (Fig. 6b).  366 

The west-to-east vertical cross-sections of vertical velocity and rain water through DFW 367 

further corroborate the above analysis (Fig. 8). Upward motion occurs almost exactly over the 368 

clay-based soil types (shaded in dark red-brown) while downward motion occurs over the sand-369 

based soil types (shaded in bright yellow), with a solenoidal circulation being the strongest along 370 

the clay-sand boundaries (Fig. 8a).  Latent heat flux is more (less) likely to shut down over the 371 

clay- (sand-) based soil due to its high (low) values of DRYSMC and WLTSMC, consequently 372 

leading to high (low) sensible heat flux and upward (downward) motion. The resulting 373 

downward motion over the sandy soils suppresses the precipitation east of DFW while the 374 
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upward motion over the clay soils triggers more precipitation west of the Balcones Escarpment 375 

(Fig. 8b). The impact of different surface energy balance (or partition between sensible and latent 376 

heat fluxes) on precipitation shown in this study is also corroborated by large eddy simulations 377 

conducted by Kang [2016], in which a higher Bowen ratio (i.e., more sensible heat flux relative 378 

to latent flux) is shown to more likely trigger afternoon moist convection. This study is also 379 

consistent with previous observational studies [e.g., Taylor et al., 2012] that show more 380 

afternoon rainfall over areas with enhanced sensible heat flux.  381 

Due to the companion presence of upward and downward motions, local circulations 382 

(named as soil-type circulation) are developed over some regions, e.g., east of DFW. A similar 383 

local circulation due to a comparable spatial pattern of vertical velocities along the Balcones 384 

Escarpment was previously reported in a case study on 7 August 2011 where the local 385 

circulations were, however, attributed to the MPS circulation as a result of the terrain height 386 

difference [Hu and Xue, 2016]. Yet, the gentle terrain slope east of DFW (Fig. 8) disproves the 387 

MPS circulation hypothesis but corroborates the soil-type circulation idea.  388 

 389 

3.3 Isolate and identify different effects using WRF sensitivity simulations for 7 August 2011  390 

 391 

To further isolate and identify the thermal and dynamic effects of the Edwards Plateau 392 

and Balcones Escarpment, sensitivity simulations are considered. Given that the mean surface 393 

and boundary-layer patterns associated with the Edwards Plateau in August is similar to that on 7 394 

August 2011 as reported by Hu and Xue [2016], we conducted a large set of sensitivity 395 

simulations using WRF with different configurations (with the four most relevant ones listed in 396 

Table 1) for the clear case of 7 August 2011. Figure 9 displays the simulation results in the 397 

afternoon of this day.  398 
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After changing the soil types 1 (sand), 9 (clay loam), and 12 (clay) to 3 (sandy loam) in 399 

simulation 2 to homogenize the soil types in the region of interest (Fig. 9h), the large values of 400 

sensible heat flux over the original clay-based soil types (12 and 9) are significantly reduced (Fig. 401 

9k), as is the associated upward motion except for that over the southern tip of the Edwards 402 

Plateau (Fig. 9l). The band of maximum wind along the Balcones Escarpment (Fig. 9f), due to 403 

the superimposed local circulation and prevailing southerly/southeasterly winds explained by Hu 404 

and Xue [2016], is virtually gone when the main soil-type contrast is removed in simulation 2 405 

(Fig. 9m). Thus, simulation 2 confirms that the upward motion and local circulations are mostly 406 

dictated by the soil-type heterogeneity rather than the terrain height gradients as previously 407 

thought.  408 

To further identify the most important hydraulic properties of the different soil types, 409 

simulation 3 swaps the values for DRYSMC and WLTSMC (Table 1) between clay-based soils 410 

(9 and 12) and sand (1), with soil types and all other configuration variables remaining the same. 411 

In this simulation, with spuriously high DRYSMC and WLTSMC assigned for sand, soil 412 

moisture values for sand now reach the dry-soil moisture threshold and wilting-point soil 413 

moisture thresholds (Fig. 9u), thus leading to nearly zero latent heat flux (Fig. 9q) and 414 

consequently high sensible heat flux (Fig. 9r) and upward motion (Fig. 9s). Thus, the local 415 

circulation pattern east of DFW is now reversed. Superimposing the surface branch of this 416 

reversed local circulation on the prevailing southerly/southeasterly winds leads to a wind-417 

minimum band near the surface east of DFW (Fig. 9t), in contrast to the wind-maximum band in 418 

the control simulation (Fig. 9f). Thus, simulation 3 successfully identifies critical parameters 419 

DRYSMC and WLTSMC as being the most important in determining the relative strength of the 420 

surface heat fluxes and the vertical velocities and local circulations associated with them.  421 
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Simulation 4 is identical to simulation 1 (control) except that the terrain of the Edwards 422 

Plateau is removed (Fig. 9w). In this simulation, the spatial patterns of vertical velocity (Fig. 9z) 423 

and surface wind maximum along the Balcones Escarpment (Fig. 9aa) are similar to those of 424 

control simulation, again indicating that the terrain plays a secondary role in dictating the vertical 425 

motions and local circulations. The weakened upward motion over the southern tip of the 426 

Edwards Plateau (as compared to the control simulation) indicates that the terrain of Edwards 427 

Plateau mostly enhances upward motion in the afternoon over the southern end of the Plateau.  428 

Some other sensitivity simulations were also conducted, e.g., changing soil moisture, 429 

changing land use categories.  All of them further confirm that soil type plays the most important 430 

role in dictating the surface fluxes (and subsequently vertical velocities and local circulations) 431 

while other factors play secondary or negligible roles in this case.  Thus, the sensitivity 432 

simulations for this case study confirm and further prove the conclusions derived from the 14-433 

year August simulations that clay-based soils enhance the upward motion in the afternoon over 434 

the Edwards Plateau and Balcones Escarpment.  435 

4. Conclusions and discussion 436 

The Balcones Escarpment in central Texas is a sloping terrain region between the 437 

Edwards Plateau and the coastal plain. The metropolitan areas located along the Balcones 438 

Escarpment are prone to heavy precipitation and flooding events. The meteorological impacts of 439 

the Edwards Plateau and Balcones Escarpment have not been well understood. The 440 

indeterminate impacts are investigated in this study using the Stage IV precipitation data, 441 

convection-allowing dynamic downscaling with spectral nudging, and sensitivity simulations for 442 

a representative case. 443 
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Based on our analysis of 14-year (i.e., 2002-2015) Stage IV precipitation data, the role of 444 

the Edwards Plateau in modulating precipitation distribution is most prominent in August. In this 445 

month, the total precipitation east of the Balcones Escarpment is suppressed. The precipitation 446 

over the eastern part of the Edwards Plateau appears separated from the other precipitation area 447 

in the east, south, and west. Locally initiated moist convection in the afternoon contributes most 448 

to the total precipitation during this month in the region. The dynamically downscaled 449 

simulations nicely capture the spatial patterns of both afternoon precipitation frequency and 450 

amount, matching the simulated upward motions. The upward motion does not occur in the 451 

region with the largest slope (i.e., western side of the Edwards Plateau); instead, it occurs in 452 

some regions with a gentle slope, e.g., east of DFW. Thus, the Mountain-Plains Solenoid (MPS) 453 

circulation (which is supposed to be most prominent at places with the largest horizontal 454 

elevation differences) cannot explain the dominant vertical motions.  455 

Land surface processes are examined to search for possible explanation for the specific 456 

pattern of upward motions over the Edwards Plateau. In fact, the spatial pattern of vertical 457 

velocity matches that of surface sensible heat fluxes quite well, which is found to be primarily 458 

tied to the soil type. The clay-based soil types dominant over the Edwards Plateau have a 459 

relatively higher dry-soil moisture threshold and wilting-point soil moisture than their sandy 460 

counterparts dominant over the plain to the east. Thus, clay-based soils can retain more of their 461 

soil moisture, reducing evapotranspiration and limiting latent heat fluxes, consequently leading 462 

to higher sensible heat fluxes. As a result of high sensible heat flux, vertical motion is induced, 463 

helping to trigger afternoon moist convection over the Edwards Plateau under favorable 464 

conditions. Sensitivity simulations for a representative day confirm and further prove this 465 

conclusion.  466 
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The impact of soil hydraulic parameters on precipitation has been investigated 467 

previously, mostly in Hungary [Horvath et al., 2009; Acs et al., 2010; Acs et al., 2015] and in 468 

China [He et al., 2016]. Most of these previous investigations demonstrated certain sensitivities 469 

of precipitation to some soil hydraulic parameters; in particular, He et al. [2016] reported a large 470 

sensitivity of WRF-simulated precipitation to wilting point soil moisture contents. However, 471 

none of the previous studies revealed a clear cause-and-effect relationship between soil hydraulic 472 

parameters and precipitation. Our study clearly shows that the high dry-soil moisture threshold 473 

and wilting-point soil moisture trigger more afternoon moist convection over the Edwards 474 

Plateau and Balcones Escarpment in August.  This study only represents an initial investigation 475 

of effects of the Edward Plateau and Balcones Escarpment on precipitation. Further investigation 476 

for other episodes/months with more extreme rainfall and flooding events is warranted.  477 

In addition, we obtained a better understanding of the band of afternoon, near-surface 478 

wind maxima along the Balcones Escarpment, previously attributed to superimposing the MPS 479 

circulation onto the prevailing southerly/southeasterly winds [Hu and Xue, 2016]. These wind 480 

maxima are still due to the local circulation pattern, but this pattern is now recognized to have 481 

not resulted from the thermal contrast induced by the terrain height differences but rather from 482 

the thermal contrast between different soil types. Other types of local circulations, e.g., MPS 483 

circulation, land-sea breeze circulation, vegetation breeze circulation, have been reported 484 

extensively [e.g., Ookouchi et al., 1984; Mahfouf et al., 1987; Yan and Anthes, 1988; Avissar and 485 

Pielke, 1989; Schadler, 1990; Fast and Mccorcle, 1991; Segal and Arritt, 1992; Lynn et al., 486 

1998; Miller et al., 2003; McPherson et al., 2004; McPherson and Stensrud, 2005; McPherson, 487 

2007; Porson et al., 2007; Crosman and Horel, 2010; He and Zhang, 2010; Steele et al., 2013; 488 

2015; Massey et al., 2017]. This is the first time the soil-type circulation is clearly demonstrated 489 
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in three-dimensional simulations to our best knowledge. The circulation can also be called soil-490 

type breeze. 491 

In addition to modulating precipitation distribution, the soil-type circulation may also 492 

have important implications for air quality during clear days with significant solar forcing. The 493 

downward branch of the circulation suppresses boundary-layer development east of the Balcones 494 

Escarpment, which may enhance air pollution in the region in a similar way as the downward 495 

branch of MPS circulations [De Wekker, 2008; Steyn et al., 2013; Hu et al., 2014; De Wekker 496 

and Kossmann, 2015; Rendon et al., 2015].  497 
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Figure captions 930 

Figure 1. (a) Terrain height in Texas and (b) climatological precipitation in August during 2002-931 

2015 retrieved from the Stage IV data. The three main metropolitan areas located along the 932 

Balcones Escarpment, i.e., San Antonio, Austin, and Dallas-Fort Worth (DFW), are marked. 933 

 934 

Figure 2. Map of model domains for dynamic downscaling, with 20–>4km grid spacing for the 935 

two nested domains respectively. The background color shows the terrain height. 936 

 937 

Figure 3. Mean hourly precipitation frequency (in count month
–1

) for August 2002-2015 (left) 938 

retrieved from the Stage IV data and (right) downscaled by WRF at (top) 0900, (middle) 1300, 939 

and (bottom) 1500 CST.  Note that the cities of Oklahoma City, Dallas-Ft. Worth, Austin, and 940 

San Antonio are marked with black stars from north to south, respectively. The white dashed line 941 

beside the three Texas cities denotes the location of the escarpment. 942 

 943 

Figure 4. Mean hourly precipitation rate (in mm day
–1

) for August 2002-2015 (left) retrieved 944 

from the Stage IV data and (right) downscaled by WRF at (top) 0900 and (bottom) 1500 CST. 945 

 946 

Figure 5. Time series of hourly precipitation rate (in mm day
–1

) averaged over the Edwards 947 

Plateau domain marked by dashed lines in Fig. 4b.  948 

 949 
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Figure 6. Spatial distribution of (a) terrain height (in km), (b) precipitation frequency (in count 950 

month
–1

), and (c) vertical velocity (in cm s
–1

) in the middle of the boundary layer (600 m AGL) 951 

at 1500 CST. 952 

 953 

Figure 7. Spatial distribution of (a) soil types, (b) latent heat flux (LH, in W m
–2

), (c) sensible 954 

heat flux (HFX, in W m
–2

), (d) soil moisture (SMOIS, in fraction) (e) wilting point soil moisture 955 

content (WLTSMC, in fraction), and (f) moisture availability parameter (β) at 1200 CST. 956 

 957 

Figure 8. West-to-east cross sections of (a) vertical velocity (w, in cm s
–1

) and (b) rain water 958 

mixing ratio (QRAIN, in mg kg
–1

) through Dallas, Texas at 2100 UTC (1500 CST). The 959 

dominant soil types are shaded under the thick black line, which indicated the terrain surface. 960 

The clay-based soil types 9 and 12 are shaded in dark red-brown; sand-based types 1 and 3 are 961 

shaded in yellow. Wind vectors are overlaid on each plot. Note that vertical velocity is multiplied 962 

by 100 when plotting wind vectors. The longitudinal position of Dallas (–96.8˚) is marked by a 963 

black rectangle on the x-axis. 964 

 965 

Figure 9. (top to bottom) soil types (ISLTYP), terrain heights (HGT) used in the 4 single-day 966 

sensitivity simulations (one column for each simulation) and the correspondingly predicted latent 967 

heat flux (LH), sensible heat flux (HFX), vertical velocity (W) in the middle of the boundary 968 

layer, surface wind speed (WSP), and differences between soil moisture and wilting point 969 

(SMOIS-WLTSMC) at 1500 CST on 7 August 2011.    970 
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Table 1: Configuration for the sensitivity simulations for 7 August 2011 972 

# Simulation configuration 

1 Control as in Hu and Xue [2016] 

2 Change ISLTYP Change the soil type in most Texas to sandy loam (type 

3), see Fig. 9h  

3 Change SOILPARM.TBL Switch the DRYSMC and WLTSMC* between clay-

based soil types (9 and 12) and sand (1)  

4 Change HGT Remove the terrain in most Texas (Fig. 9w) 
*DRYSMC: Dry soil moisture; WLTSMC: Wilting point soil moisture, see their values for different soil 973 
types in Table 2. 974 
 975 

Table 2: Dominant Soil Categories in Texas and their properties* 976 

Soil Category Soil Description DRYSMC WLTSMC 

1 Sand 0.01 0.01 

3 Sandy Loam 0.047 0.047 

9 Clay Loam 0.103 0.103 

12 Clay 0.138 0.138 
*DRYSMC: Dry-soil moisture threshold at which direct evaporation from top-soil layer ends [volumetric 977 
fraction]; WLTSMC: Soil moisture value at the wilting point [volumetric fraction] 978 
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