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Abstract 

This study examines whether and how land-atmosphere interactions can have an 

impact on the nocturnal convection over the Southern Great Plains (SGP) through 

numerical simulations of an intense nocturnal mesoscale convective system (MCS) on 

19-20 June 2007 with the Weather Research and Forecasting (WRF V3.3) model. High-

resolution nested simulations were conducted using realistic and idealized land-surfaces 

and two different planetary boundary layer parameterizations: Yonsei University (YSU) 

and Mellor-Yamada-Janjic (MYJ). All simulations show a persistent dry layer around 2 

km during daytime and, despite ample instability in the boundary layer, the lack of a 

mesoscale lifting mechanism prevents precipitating convection in the daytime and in the 

evening ahead of the MCS passage after local midnight. Integral differences in timing 

and amount of MCS precipitation among observations and model results were 

examined in the light of daytime land-atmosphere interactions, nocturnal pre-storm 

environment, cold pool strength, squall line morphology and propagation speed, and 

storm rainfall. At the meso-gamma scale, differences in land-cover and soil type have as 

much of an effect on the simulated pre-storm environment as the choice of PBL 

parameterization: MYJ simulations exhibit strong sensitivity to changes in the land-

surface in contrast to negligible impact in the case of YSU. A comparison of one-way and 

two-way nested MYJ results demonstrates that daytime land-atmosphere interactions 
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modify the pre-storm environment remotely through advection of low-level 

thermodynamic features, which strongly impact the development phases of the MCS. At 

the end of the afternoon, as the boundary layer collapses, a more homogenous and 

deeper PBL (and stronger low level shear) is evident in the case of YSU as compared to 

MYJ when initial land-surface conditions are the same. For different land-surface 

conditions, propagation speed is generally faster, and organization (bow echo 

morphology) and cold pool strength enhanced when nocturnal PBL heights are higher 

and there is stronger low level shear in the pre-storm environment independently of the 

boundary layer parameterization. To elucidate the distinct roles of mesoscale transport 

and redistribution of low level instability (daytime remote feedbacks) and low level 

shear in the downwind pre-storm environment (nighttime local feedbacks), which is to 

separate the nonlinear land-atmosphere physical processes from PBL parameterization-

specific effects on simulated storm dynamics, requires addressing the phase delay in 

storm development and propagation between the observed and the simulated MCS. 

Another research objective was to examine the contribution of the land surface at 

short time scales. A second set of experiments was performed in which the land surface 

properties were homogenized every 5 minutes. The results show that surface effects are 

most pronounced during periods of insolation and, for the Yonsei University PBL 

parameterization, effects on the PBL height are most pronounced at the time of PBL 

collapse. Image processing techniques were found to be a useful measure of the spatial 
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variation within fields. The results of this study show that, for this case, the integrated 

effect of the land surface can have a noticeable effect on convection, but such effects are 

not readily discernible at the 5-minute scale. While this study focused on the 

thermodynamic effects, further work should examine sensitivity to grid spacing and 

surface roughness. 



 

 

vii

 Contents 

Abstract .................................................................................................................................... iv 

List of Tables............................................................................................................................ ix 

List of Figures ........................................................................................................................... x 

Acknowledgements .............................................................................................................. xiv 

1. Introduction .......................................................................................................................... 1 

1.1 Statement of the Problem ............................................................................................ 1 

1.2 Research Objectives and Approach ............................................................................ 8 

1.3 Thesis Outline............................................................................................................... 9 

2. Literature Review ............................................................................................................... 10 

2.1 Study Region .............................................................................................................. 10 

2.2 Impact of the Land Surface on Boundary Layer Development and Patterns of 

Convection ....................................................................................................................... 11 

2.3 Dynamics within a Mesoscale Convective System .................................................. 16 

2.4 Event Summary .......................................................................................................... 19 

3. Traditional Sensitivity Experiments ................................................................................. 24 

3.1 Methodology .............................................................................................................. 24 

3.2 Results ......................................................................................................................... 27 

3.2.1 Evolution of Thermodynamic Profiles ................................................................ 27 

3.2.2 Daytime Boundary Layer Structures ................................................................... 29 

3.2.3 Evolution of the Pre-Storm Environment and Interactions with Convection .. 30 

4. “With and With” Simulations ........................................................................................... 64 



 

 

viii

4.1 Methodology .............................................................................................................. 64 

4.1.1 General Approach ................................................................................................. 64 

4.1.2 Spatial and Texture Analysis Tools ..................................................................... 66 

4.2. Analysis of WAW simulations ................................................................................. 69 

5. Conclusions ........................................................................................................................ 85 

5.1 Summary .................................................................................................................... 85 

5.2 Conclusions ................................................................................................................ 86 

5.3 Recommendations for Future Work ......................................................................... 91 

References ............................................................................................................................... 93 

 



 

 

ix

List of Tables 

Table 1: WRF simulations performed for the traditional sensitivity experiments. ........... 37 

Table 2: Key surface parameters for homogeneous runs. ................................................... 38 

Table 3: Naming conventions and run configurations for WAW simulations. ................. 73 

 

 



 

 

x

List of Figures 

Figure 1: Time-latitude (Hovemöller) plot of Stage IV precipitation averaged over 100 W 

to 95 W from 12 Jun 0000 UTC to 22 Jun 0000 UTC. ........................................................... 21 

Figure 2: Base radar reflectivity from KTLX for a) 01:27 UTC,  b) 03:16 UTC, c) 04:35 

UTC, and d) 06:12 UTC. Plotted using the NOAA Climate and Weather Toolkit. ........... 22 

Figure 3: SPC storm reports for 19 June 2007. ...................................................................... 23 

Figure 4: Model domains with terrain height (m). D01 (outermost grid) has 12 km 

horizontal grid spacing (122 x 122 grid cells); D02 (middle nest) has 4 km horizontal grid 

spacing (163 x 163 grid cells); D03 (innermost nest) has 1.333 km horizontal grid spacing 

(124 x 124 grid cells). .............................................................................................................. 39 

Figure 5: Land use type (top) and soil texture (bottom) for the innermost nest. .............. 40 

Figure 6: Average atmospheric thermodynamic profile (temperature red, dewpoint blue) 

for the third next from a) 12:00 UTC, b) 15:00 UTC, c) 18:00 UTC, d) 21:00 UTC, and e) 

00:00 UTC. MYJ-HET solid, YSU-HET dashed. ................................................................... 41 

Figure 7: Average atmospheric thermodynamic profile (temperature red, dewpoint blue) 

for the third next from a) 12:00 UTC, b) 15:00 UTC, c) 18:00 UTC, d) 21:00 UTC, e) 00:00 

UTC, and f) 03:00 UTC. MYJ-HET solid, MYJ-D3G dashed. .............................................. 42 

Figure 8: D03 average vertical profile of CAPE and CIN for the YSU-HET and MYJ-HET 

simulations. ............................................................................................................................ 43 

Figure 9: a) Hovemöller plot of sensible heat flux along A – A’’ for the YSU-HET run. b) 

Sensible heat flux for the YSU-ADG run along A-A’’. c) Sensible heat flux along D – D’’ 

(36.1 N) for the YSU-HET run. d) Sensible heat flux heat flux along D – D’’ for the YSU-

ADG run. The negative sign indicates that the flux is leaving the land surface.  

[CDT=UTC-5hrs]. ................................................................................................................... 44 

Figure 10: As in Figure 9, but for latent heat fluxes. ............................................................ 45 

Figure 11: Vertical velocity (w) along cross section D-D’ contoured every 0.25 m/s. Solid 

contours represent upward vertical velocity. Dashed contours represent downward 

vertical motion. YSU-HET is shown in black, MYJ-HET is shown in blue. ....................... 46 



 

 

xi

Figure 12: Integrated vertical motion (shaded) for the lower troposphere (surface – 700 

hPa) and the mid-troposphere (700 hPa - 400 hPa, contoured every 2 m/s where dashed 

contours indicate downward motion) at 1730 UTC for the (a) YSU-HET simulation and 

(c) the YSU-ADG simulation and at 1840 UTC for the (b) YSU-HET and (d) YSU-ADG 

simulation. .............................................................................................................................. 47 

Figure 13: Sensible heat flux along 98.5 W from cross section A-A’ to D-D’. .................... 48 

Figure 14: Scatterplot of 0000 UTC CAPE values and entrainment Bowen ratio for D03 

pixels containing the following soil texture and land use combinations: sand + grassland 

pixels (red), silt loam + dryland/cropland/pasture pixels and silt loam + grassland 

(green) for the MYJ-HET simulation. ................................................................................... 49 

Figure 15: YSU-HET Domain 3 average sensible (solid) and latent (dashed) heat fluxes 

and soil saturation (triangles) for sandy (red) and silt loam pixels (green) from 1200 UTC 

to 0000 UTC. ........................................................................................................................... 50 

Figure 16: LoCo mixing diagram for sand + grassland (red), silt loam + 

dryland/cropland/pasture (blue), and silt loam + grassland pixels (green) for the YSU-

HET simulation. ..................................................................................................................... 51 

Figure 17: Scatterplot of 0000 UTC CAPE values and surface Bowen ratio for sand + 

grassland pixels (red), silt loam + dryland/cropland/pasture pixels and silt loam + 

grassland (green) pixels for the YSU-HET simulation. ....................................................... 52 

Figure 18: LoCo mixing diagram for the YSU-D3S simulation (red) and YSU-D3G 

simulation (green). ................................................................................................................. 53 

Figure 19: LoCo mixing diagram for the MYJ-D3S simulation (red) and MYJ-D3G 

simulation (green). ................................................................................................................. 54 

Figure 20: Simulated base radar reflectivity for the MYJ-HET simulation at 06:15 UTC as 

the storm is moving through the innermost domain. Vertical profiles along the marked 

cross section will be shown in Figure 21. ............................................................................. 55 

Figure 21: Along cross-section (shown in Figure 20) view of (a) vertical velocity, (b) 

equivalent potential temperature, (c) simulated radar reflectivity and (d) CAPE for MYJ-

HET. ........................................................................................................................................ 56 

Figure 22: Left-domain averaged rainfall for MYJ simulations MYJ-ADG (blue), MYJ-

D3G (red), MYJ-D3S (green) and MYJ-HET (gray). Observations from Stage IV 



 

 

xii

precipitation data are shown in black stars. Right-domain averaged rainfall for YSU-

ADG (blue), YSU-D3G (red), MYJ-HET (gray), and YSU-HET (green). ............................ 57 

Figure 23: Schematic of slanted Hovemöller diagrams. Objects moving east of a 45 

degree angle appear to move toward increasing numbers on the x-axis in the second 

figure and objects moving south of a 45 degree angle appear to move to the left. Objects 

moving on a 45 degree angle (dashed lines in the first figure) appear to move straight in 

the second figure. ................................................................................................................... 58 

Figure 24: Theoretical cold pool speed in the slanted Hovemöller diagram presented in 

Figure 23 for the a) MYJ-D3G, b) MYJ-D3S. c) MYJ-HET, and d) YSU-D3G, e) YSU-HET, 

and f) YSU-D3S simulations. ................................................................................................. 59 

Figure 25: Hovemöller plot of PBL height along D – D’ for a) MYJ-D3G, b) MYJ-D3S, c) 

YSU-HET. Panel d) shows the 0-3 km vertical wind shear vector at 1:00 UTC for the 

MYJ-D3G (black) and MYJ-D3S (purple). The difference in the magnitude of the shear 

vector (D3G – D3S) is shaded, with warm colors representing stronger shear in the case 

of the D3S simulation. ............................................................................................................ 60 

Figure 26: Skew-T log-p diagrams for a) 00:00 UTC MYJ-D3S (dashed) MYJ-D3S-1way 

(solid), b) 02:00 UTC MYJ-D3S (dashed) MYJ-D3S-1way (solid), c) 00:00 UTC MYJ-D3S 

(dashed) MYJ-D3G (solid), and d) 02:00 UTC MYJ-D3S (dashed) MYJ-D3G (solid). 

Profiles are averaged over the portion of D02 spanning 36.25 N 100 W to 36.75 N 99.5 W.

 ................................................................................................................................................. 61 

Figure 27: CAPE for a parcel with properties averaged over the lowest 500 m at the times 

indicated for MYJ-D3S (left) and MYJ-D3S-1way (right) with 10-m wind vectors. .......... 62 

Figure 28: D03 averaged rainfall for MYJ simulations MYJ-D3S-1way (blue), MYJ-D3G 

(red), MYJ-D3S (green) and MYJ-D3G-1way (black). Observations from Stage IV 

precipitation data are shown in black stars. ........................................................................ 63 

Figure 29: Schematic diagram of “with and with” simulations. Adapted from 

Krishnamurti et al. (1996). ..................................................................................................... 74 

Figure 30: Top layer soil moisture time series for pixels containing silt loam soil and 

grassland land cover for the heterogeneous MYJ simulation (red) and YSU simulation 

(black). ..................................................................................................................................... 75 



 

 

xiii

Figure 31: Top layer soil temperature time series for pixels containing silt loam soil and 

grassland land cover for the heterogeneous MYJ simulation (red) and YSU simulation 

(black). ..................................................................................................................................... 76 

Figure 32: Contrast in the latent heat flux fields for the YSU-HET simulation (solid), 

YSU-D3G simulation (starred) and the YSU-GP simulation (dashed). Scaling for the 

brightness covariance matrix was -50 to 300 W/m2. Color indicates direction. ................. 77 

Figure 33: Contrast (left) and correlation (right) for the MYJ simulations (top) and YSU 

(simulations) bottom for the surface – 700 hPa integrated vertical velocity. Grayscale 

scaling limits are -150 hPa m/s to 150 hPa m/s. ................................................................... 78 

Figure 34: Plots of RMSD for a) surface sensible heat flux, b) surface latent heat flux, c) 2 

m specific humidity, and d) 2 m temperature. Results for the pair of MYJ simulations 

(MYJ-CTRL and MYJ-GP) are shown in blue and results for YSU are shown in red. ...... 79 

Figure 35: Vertical velocity (w) along cross section D-D’ contoured every 0.25 m/s. Solid 

contours represent upward vertical velocity. Dashed contours represent downward 

vertical motion. YSU-CTRL is shown in black, YSU-GP is shown in blue. ....................... 80 

Figure 36: Sensible heat flux along cross section D-D’ for the YSU WAW runs (top) and 

MYJ WAW runs (bottom). Differences between the respective ***-CTRL runs and the ***-

GP runs are shown in the rightmost panels. ........................................................................ 81 

Figure 37: PBL height along cross section A-A’ for the YSU WAW runs (top) and MYJ 

WAW runs (bottom). Differences between the respective ***-CTRL runs and the ***-GP 

runs are shown in the rightmost panels. .............................................................................. 82 

Figure 38: PBL height for YSU-CTRL (left), YSU-GP (center) and the difference (YSU-

CTRL – YSU-GP; right). ......................................................................................................... 83 

Figure 39: Slanted Hovemöller diagrams of theoretical cold pool speed for the YSU 

WAW runs (top) and MYJ WAW runs (bottom). Differences between the respective ***-

CTRL runs and the ***-GP runs are shown in the rightmost panels .................................. 84 



 

 

xiv

Acknowledgements 

Support for my studies at Duke was provided in part by an American 

Meteorological Society Graduate Fellowship, the Pratt-Gardner Graduate Fellowship 

from the Pratt School of Engineering, and the J.B. Duke Graduate Fellowship, and I am 

grateful for their commitment to higher education, especially in science, mathematics, 

and engineering. Additional support was provided through NSF EAR- 0711430.  

I would like to thank my thesis advisor, Dr. Ana Barros, for her guidance over 

the course of my graduate studies. I will remember the many things I have learned here 

as I move onward. I am also grateful to my other committee members, Dr. Miguel A. 

Medina and Dr. Wenhong Li, for their participation, support, and helpful suggestions. 

Special thanks to my friends and colleagues at Duke for their unwavering 

support and friendship: Jing and Julien, I look up to you more than you know, and I 

appreciate your insight and wise advice. Thanks to Lauren for being such a cheerful 

addition to the group during my second year, Xiaoming for all the WRF and NCL 

advice, Tan for always being willing to help, Prabhakar for guiding me in my first steps 

on this project, and, of course, many thanks to Anna and Xue for being the best friends 

and classmates I could hope for. To my dear friends scattered across the country, thank 

you for being there for me in spirit, in phone calls, and in text messages. And lastly, to 

my wonderful family, Mom and Dad, Michael, and Janelle, you will always have my 

gratitude for your constant encouragement, willingness to listen, and understanding.



 

 

1

1. Introduction  

1.1 Statement of the Problem 

The land surface and the atmosphere are intimately linked through the 

exchanges of heat, moisture, and momentum. These linkages occur within the planetary 

boundary layer (PBL) and have been the subject of study across many scales: from 

microscale and mesoscale differences in atmospheric properties over a harvested field 

and a bordering one with ripening crops, to the climate scale, where modeling studies 

have shown feedback mechanisms between precipitation and soil moisture availability 

in certain regions around the world (Koster et al. 2004). At the heart of this problem lie 

the surface energy and moisture budgets, and any alteration in land surface conditions 

ultimately changes these budgets and the potential for and intensity of cumulus 

convective rainfall (Pielke 2001). At climate scales, the question of land-atmosphere 

coupling strength, and in particular the feedbacks between land-surface processes and 

precipitation, also referred to as soil moisture-precipitation (S-P) relationship, have been 

intensely studied over the last thirty years largely motivated by early modeling studies 

by Shukla and Mintz (1982) and Delworth and Menabe (1993) among many others. In 

particular, significant efforts have been directed toward elucidating the sign of the S-P 

feedback. In their “hot-spot” analysis, Koster et al. (2004) evaluated precipitation 

sensitivity at seasonal scale among ensemble simulations from 12 atmospheric general 
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circulation models (AGCMs) for varying soil moisture conditions. In an effort to 

separate model-specific differences from differences in simulated physical processes, 

they measured coupling strength as the relative magnitude of the difference of the 

boreal summer (June-July-August) intra-ensemble variance and the ensemble-mean 

variance with respect to the latter at each grid-cell. They found that the Central U.S., 

including the SGP as mentioned earlier, could be identified as a region where at least 

half-of-the models suggested strong local coupling at the seasonal scale. More generally, 

they showed that such coupling was generally stronger in regions of transition between 

wet and dry climates, thus regions of intermediate soil wetness. They argued that the S-

P relationship is negotiated via evapotranspiration (latent heat fluxes), and therefore 

differences in coupling strength among different models reflected differences in the 

physical parameterizations of surface fluxes. 

In a precursor study, Schar et al. (1999) presented monthly integrations of 

precipitation sensitivity to two different initial soil moisture conditions over Europe 

using a Regional Climate Model, and explained the differences in terms of the impact of 

soil moisture on the diurnal cycle of latent heat fluxes (evapotranspiration): higher latent 

heat fluxes increase boundary layer moisture, which in turn leads to a decrease in 

boundary layer stability, lower lifting condensation levels (LCL) and increased potential 

for convection. Note that the sensitivity was assessed on a grid-point by grid-point basis 
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(i.e. locally), and therefore remote effects due to moisture advection (upstream-

downstream relationships) and nonlinear space-time evolution of cloud-precipitation 

processes are only accounted for in an integrated sense in the resulting surface 

precipitation. Further, there is a large scale gap between the diurnal scale of daytime 

boundary layer processes and the monthly or seasonal cumulative values of the 

precipitation sensitivity metrics. 

Luo et al. (2007) confirmed the results of Koster et al. (2004) for the Central US 

using the NCEP (National Centers for Environmental Prediction NARR (North America 

Regional Reanalysis) data sets. Their analysis at regional scales (NARR spatial resolution 

is 32km compared to 200km for typical AGCMS) demonstrated the importance of sub-

seasonal scale variability with the sign of the S-P relationship changing from negative 

early in the summer to positive in mid and late summer due to the importance of the 

relationship between rainfall persistence and soil moisture storage, and thus the 

transition from land controls on evapotranspiration to atmospheric controls as the warm 

season progresses. Notaro (2008) using monthly data sets from 19 IPCC AR4 models 

(Intergovernmental Panel on Climate Change’s Fourth Assessment) confirmed largely 

Koster et al. (2004) at seasonal scale, as well as Luo et al. (2007) results for the Central 

Plains at the sub-seasonal scale.  
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 Wei et al. (2008) addressed the question of causality in the S-P 

relationship motivated by Salvucci et al. (2002) who argued that positive S-P correlations 

were the result of precipitation autocorrelation artifacts. In their work, Wei et al. (2008) 

removed the seasonal cycle and linear trends in the monthly precipitation and soil 

moisture time-series for all data sets they analyzed (ERA40 – 40 year ECMWF Re-

Analysis, NCEP NARR, Global Soil Wetness Project phase 2, and 24 years of NCAR 

CAM3- Community Atmosphere Model version 3.1) to find generally negative S-P 

correlations at the seasonal scale (JJA). Furthermore they found that de-seasonalized and 

de-trended precipitation showed strong variability at about 1.5 month scale, thus 

providing an explanation for the positive late summer feedbacks identified by Luo et al 

(2007) that is not causal, but rather reflects the temporal variability of precipitation. 

Nevertheless, as pointed out by Koster et al. (2004) and discussed in a quantitative 

manner by Zheng et al. (2010) and Tao and Barros (2009) albeit using different 

approaches and for difference data sets and different resolutions, there is a strong 

dependence between model parameterizations of surface fluxes, boundary layer 

processes, and the characteristic spatial and temporal scales of variability of cloudiness, 

precipitation, evapotranspiration, and overall moist processes.  

 In summary, the analysis of S-P feedbacks in the context of climate 

studies has focused on seasonal or at least monthly time-scales, and the metrics used 
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tend to be local meaning that the expression of cause-effect relationships is investigated 

on a grid-point basis. The former raises concerns regarding the global climate models’ 

ability to capture realistic diurnal cycles. An intercomparison study of the diurnal cycle 

of rainfall over the CONUS including various global climate models presented by 

Dirmeyer et al. (2012) shows that the phase of the diurnal cycle is off by almost 12 hours, 

especially in the SGP domain, implying therefore that the nocturnal rainfall maximum is 

not captured. One of the models they investigated did exhibit much smaller timing 

errors in the SGP, which they attributed to differences in model physics (e.g. explicit 

convection). The daytime-nighttime dichotomy in dominant soil-precipitation feedbacks 

begs the question of whether seasonal or longer-term model integrations that cannot 

capture the diurnal cycle of precipitation can be reliably used to identity S-P feedbacks. 

The latter raises concerns of spatial scale and the role of regional moisture transport 

processes.  

Previously, mesoscale studies identified unambiguous strong daytime 

interactions in the SGP at diurnal time-scales during dry periods (e.g. Weaver 2004). 

Alfieri et al. (2008) reported no significant correlation between observations of daily 

rainfall intensity and antecedent simulated soil moisture conditions for convective or 

stratiform rainfall on a point-to-point basis. Detailed analysis of mesoscale simulations 

of individual storm events over three-day periods did find evidence of persistent 
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behavior linking the land-surface to moist processes in the lower troposphere consistent 

with flux tower observations, the so-called rainfall attractor, but it was not possible to 

explore the physical mechanisms explaining this behavior because of the phase errors in 

the simulation of rainfall timing (Barros and Hwu 2002). Cheng and Cotton (2004) 

examined the sensitivity of a cloud-resolving simulation (2.5 km resolution) of the 

genesis of a mesoscale convective system (MCS) in the SGP during drought (July 1998) 

and in the context of a favorable large-scale environment, and found a negative feedback 

between soil moisture initialized based on observed Antecedent Precipitation Index and 

convective initiation, with wetter soils suppressing convection that tended to emerge 

along the peripheries of higher soil moisture patches. They indicated that, based on their 

study, soil moisture initialization at 40 km resolution was adequate to capture the 

negative S-P feedback on the MCS genesis. The gap between the model resolution 

(wavelength ≈ 10-12.5 km) and the required soil moisture initialization (wavelength≈ 

160-200 km) suggests the need for a bridging mechanism between local (grid-scale) and 

remote (mesoscale) land-atmosphere interactions at the event scale.  

Roy et al. (2003) investigated the relationship between the length-scale of land-

surface heterogeneities in the SGP and in the Amazon and mesoscale circulations using 

modeling studies with grid resolutions of 2km (SGP) and 1km (Amazon) and domain 

sizes of 250 × 250 km2 (SGP) and 101 ×101 km2 (Amazon). They found via spectral 
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analysis of daytime fields that there was a preferred daytime length scale of nonlinear 

response (10-20 km) quite different from the scale of land-surface heterogeneities and 

independent of synoptic condition and mean surface heat fluxes. In fact, a careful survey 

of the spectra in Roy et al. (2003) suggests that these daytime organized mesoscale 

circulations may span a broader range of scales (10-40 km) depending on synoptic 

conditions (see their Figure 3). Therefore, it appears that such organized low-level 

mesoscale circulations could provide the scale-bridging mechanism to explain non-local 

daytime S-P feedbacks. 

The strength to which the land and atmosphere are coupled, and across what 

spatial and temporal scales that coupling may be relevant, is an important scientific 

question, especially as climate and land use changes continue to alter the land surface. 

The typical context for land-atmosphere interaction studies at shorter timescales is 1) 

during the day, when surface fluxes play a key role in boundary layer development and 

2) under generally weak synoptic-scale forcing where large-scale ascent is absent. The 

contribution of the land surface to atmospheric processes under other conditions, 

however, is more nebulous. In this study, we address this problem by conducting a 

numerical sensitivity study focusing on whether and how daytime S-P feedback 

mechanisms can modulate the nocturnal propagation of a mesoscale convective system 

in the SGP (across Oklahoma) during extremely wet conditions (summer of 2007). We 



 

 

8

are specifically interested in tracking the physical mechanisms by which land-surface 

heterogeneities modulate the surface energy balance and boundary layer processes 

impacts storm propagation and rainfall production, and in assessing the impact of 

model configuration and in particular, boundary layer parameterizations, on model 

physics.  

 

1.2 Research Objectives and Approach 

While there has been much work concerning how surface conditions can affect 

convective initiation, especially in situations with weak synoptic-scale forcing, there has 

been little work about if and how the land surface can impact convection after it has 

initiated. This is especially true in the case of mesoscale convective systems (MCSs), 

whose motion is a function of advection due to the large-scale environment and of 

propagation within the storm-scale environment, which the storm itself modifies. The 

objective of this study is to address the question of if and how interactions between the 

land surface and the atmosphere at diurnal timescales can influence warm-season 

nocturnal deep convection. This research explores the mechanisms by which the land 

surface can affect the dynamic and thermodynamic structure of the atmosphere in ways 

that are meaningful for deep moist convection. The overall approach for addressing 

these questions is split into two parts: one part focuses on the integrated effect of the 
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land surface on the atmosphere over the course of a day, and the other focuses on 

quantifying the effect of the land surface over short time scales. In the first part of this 

study, several sensitivity experiments are performed with land surfaces of different 

characteristics. The second part of this study changes the land surface at the 5-minute 

scale to address the effect of heterogeneity over short periods of time. A secondary 

purpose of this study is to explore the effects of different PBL parameterizations and 

nesting options on the evolution of the MCS. 

 

1.3 Thesis Outline 

The thesis is organized as follows: Chapter 2 presents an overview of the 

literature concerning land-atmosphere interactions and their effect on convection across 

multiple timescales. Chapter 3 introduces the numerical model and the experimental 

design the first part of this study, which involves several sensitivity experiments. A 

version of Chapters 2 and 3 has been prepared as a journal submission. Chapter 4 

presents an alternative methodology and results for assessing the effect of the land 

surface in short time steps over the course of the day, and Chapter 5 contains 

conclusions and future work that could build on the results of this thesis. 
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2. Literature Review 

2.1 Study Region 

Previously, the Southern Great Plains (SGP) region was identified as a maximum 

for land-atmosphere interactions on temporal and spatial scales relevant for climate 

studies (Koster et al., 2004 among others), though the strength with which this soil 

moisture-precipitation coupling occurs and to what extent it may be important has been 

a subject of discussion (e.g. Zhang 2008). Warm season precipitation in this region also 

exhibits a strong diurnal cycle. The regional nocturnal maximum in warm-season 

convection over the Southern Great Plains has long been established using various data 

sources (Balling 1985, Carbone et al 2002 among others). Carbone and Tuttle (2008) 

describe three main mechanisms of nocturnal rainfall in the SGP: 1) the eastward 

propagation of rainfall systems originating along the Continental Divide; 2) the 

nocturnal reversal of the mountain-plains circulations, creating regions of convergence 

when winds begin to flow to the plains; and 3) moisture convergence and instability 

associated with the Great Plains low level jet, a nocturnal wind maximum which occurs 

when the boundary layer decouples from the free atmosphere above. It is estimated that 

the mesoscale convective systems (MCSs) provide much of the seasonal rainfall in the 

SGP. MCSs are often also responsible for many natural hazards including severe winds, 

large hail, flash flooding, and occasionally tornadoes. The SGP region presents a testbed 

in which to examine how the land-atmosphere coupling that is evident at longer 
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timescales and coarse resolution is also associated with convection at much shorter 

timescales and finer resolution. 

 

2.2 Impact of the Land Surface on Boundary Layer Development 
and Patterns of Convection 

The planetary boundary layer (PBL) is defined as the part of the troposphere that 

is directly affected by the earth’s surface and responds to surface forcing with a 

timescale of an hour or less (Stull 1988). The vertical structure of the boundary layer and 

variations in this structure horizontally are dependent upon several factors. At weather 

time-scales, any idealized modeling studies have investigated the roles of the surface 

energy budget, buoyancy, and wind shear on the evolution and organization of the 

boundary layer. Clark et al. (1986) and Hauf and Clark (1989) suggest that as boundary 

layer eddies grow to a sufficient height, they act as dynamical obstacles for the flow in 

the overlying stable layer, much like small hills. The flow in the free atmosphere is 

forced over the eddies, and gravity waves are generated at the interface between the free 

troposphere and the boundary layer. These gravity waves may eventually span the 

depth of the troposphere. Balaji and Clark (1988) [BC] suggest that the internal gravity 

waves above the boundary layer trigger convective lifting, leading to the formation of 

cumulus clouds. In this context, cloud growth takes place when the wave is in phase 

with the eddy, and cloud decay occurs when it is out of phase. The gravity waves then 

lead to a feedback mechanism that acts to co-organize the boundary layer roll 
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circulations and cumulus convection in order to maintain continuity in the velocity field 

across the interface of the inversion. BC emphasize the roles of heterogeneous sensible 

heating and environmental wind shear in generating these eddies and gravity waves.  

Additional field and modeling experiments also stress the importance of wind 

shear and surface fluxes in determining circulation patterns in the boundary layer. For 

example, Weckwerth et al. (1997) show that there is a strong relationship between the 

magnitude of surface sensible fluxes and the circulation regime in a convective 

boundary layer, with rolls forming even in the presence of weak shear for high sensible 

heat fluxes before degenerating into disorganized convection. Avissar and Schhmidt 

(1998) investigate the scale dependence of boundary layer rolls due to differential 

heating produced by variations in surface sensible heat flux. They use a sinusoidal 

function for specifying surface heat flux in one direction, whose wavelength controlled 

the number of rolls appearing in the domain. They found that the formation of such rolls 

at preferential locations creates pockets of high moisture concentration, which indicate a 

strong potential for cloud formation, a result consistent with field observations (e.g. 

Weckwerth et al. 1996, Lemone and Pennell 1976). 

Van den Hurk and Blyth (2008) summarize important processes in local land-

atmosphere coupling: direct moistening/drying and heating/cooling of the PBL and the 

subsequent effect this has on surface fluxes, changes in PBL depth and thermodynamic 

state affected by surface fluxes that result in a change of cloud cover, the triggering and 
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fueling of both shallow and deep convection, and the effect of hydrologic anomalies on 

the surface energy balance. 

 Several other studies have addressed the surface effects on atmospheric 

thermodynamic structure and surface controls on convection. For example, Barros and 

Hwu (2002) show that for summertime rainfall in the SGP, the temporal patterns of 

dry/wet transitions are controlled by synoptic-scale moisture convergence. The spatial 

patterns, however, are determined by the land-cover and soil type, which explain the 

relationships among soil moisture availability, and boundary–layer relative humidity 

and Bowen ratio (the ratio of sensible heat flux to latent heat flux) locally.  

A suite of studies which demonstrate conceptual frameworks also relate 

boundary layer development to measureable parameters at specified heights and times. 

Ek and Mahrt (1994) discuss the relative humidity tendency at the top of the boundary 

layer by examining the relative humidity tendency equation to investigate some key 

factors in boundary layer development, which ultimately influence the likelihood of 

clouds in a given environment. They discuss the effects of surface evapotranspiration, 

entrainment from the free atmosphere, surface sensible heat flux, and the effect of 

boundary layer top temperature, all of which have different signs depending on 

atmospheric conditions.  

Findell and Eltahir (2003) develop and use a slightly different framework based 

on low level humidity and low-level atmospheric stability from soundings to assess the 
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likelihood for convection over wet and dry soils. They note that over wet soils, the 

boundary layer grows slowly and steadily, with equivalent potential temperature 

increasing due to moisture flux from the surface. Over dry soils, however, they found 

quicker growth of the boundary layer but a leveling or drop in equivalent potential 

temperature due to a diluted effect of moisture flux from below over a deeper boundary 

layer and dry entrainment from above. Depending on the situation, convection may be 

more likely over dry soils, when parcels must reach their level of free convection (LFC) 

by turbulent mixing. In other cases, moistening the boundary layer may lower the LFC 

enough that it can be reached without deep mixing in the boundary layer.  

Other land-atmosphere coupling conceptual frameworks include the Local Land-

Atmosphere Coupling Framework presented by Santanello et al. (2009). This approach 

uses the diurnal coevolution of 2 m specific humidity and temperature plotted in energy 

space (Betts 1992) to quantify the effects of heat and moisture fluxes from both the land 

surface and the top of the PBL. The slopes of the vectors, representing contributions 

from the surface and the contribution of the free atmosphere, are equal to the Bowen 

ratio of either the surface fluxes or the fluxes at the top of the boundary layer; their 

components are proportional to sensible and latent heat fluxes as 

��∆���� = 	
��∆�
�����	 (1) 

for sensible heat flux and  

��∆� = ��
��∆�
�����	 (2) 
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for latent heat flux. The overbars denote time-averaged fluxes, ∆t is the time over which 

they are averaged, cp is the specific heat of dry air at constant pressure, Lv is the latent 

heat of vaporization, PBLH is the average PBL height, and ρm is the average air density. 

By comparing magnitudes of these vector components, one can also derive the 

entrainment ratios for heat and moisture at the top of the boundary layer, something 

that is not easily quantifiable using traditional measurements alone. This framework 

provides a way of assessing the relative contributions of the surface fluxes and 

entrainment on the development of the boundary layer over the course of a day.  

Surface heterogeneities can induce dynamical effects as well, which can lead to 

enhanced convergence and lifting in preferential areas. Mesoscale circulations can be 

generated by contrasts in turbulent fluxes, and these take the form of inland solenoidal 

circulations (Mahrt et al., 1994). Lynn et al. (1998) showed that discontinuities in soil 

moisture can generate these sea breeze-like fronts, which can initiate moist convection. 

These are dependent upon patch size (where strong circulation require the juxtaposition 

of large patches on the order of 100 km with different surface properties) and 

background wind field, which govern the type of clouds that form. 

The impact of the land surface on mesoscale convection is an open question. 

Chang and Wetzel (1991) performed studies with and without vegetation and without 

variation in soil moisture. They found that favorable conditions for convection occurred 

in all simulations and that the effect of soil moisture and vegetation heterogeneities at 
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and larger than the meso-α scale was a secondary effect. Doran and Zhong (2000) 

assessed the effects of sub-grid-scale land use heterogeneities on pre-storm atmospheric 

stability indices and found that out of six summertime cases over the SGP only one 

showed evidence of being significantly modified by the land surface. Instead, they noted 

that larger-scale influences and local triggering mechanisms seem to be more influential 

in determining whether deep convection will occur. A few studies have investigated this 

topic, mostly in terms of the effect of cities on the precipitation patterns downstream. 

Niyogi et al. (2006) studied a summertime MCS over central Oklahoma and varied the 

vegetation and urban canopy parameterizations to examine the effect that Oklahoma 

City, which has a strong urban heat island effect, could have on convection. Based on 

using factor separation techniques, they noted that the precipitation was concentrated 

away from the downtown area and that the trajectory of the storm varied in each of the 

simulations.  

 

2.3 Dynamics within a Mesoscale Convective System 

A mesoscale convective system (MCS) is defined as a cumulonimbus cloud 

system that produces a contiguous precipitation area ~100 km or more in one horizontal 

direction (Houze 1993). While MCS structure can be quite varied, one of the most 

studied types of MCSs is the leading convective line-trailing stratiform archetype (e.g., 

Parker and Johnson 2000). Characteristic features of this type of storm include a strong 
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convective line followed by a much broader, weaker area of stratiform precipitation. The 

distinction between stratiform and convective precipitation is based on vertical profiles 

of latent heating. A leading convective line-trailing stratiform MCS includes, in an 

average sense, a main branch of ascending front-to-rear flow and a descending branch of 

rear-to-front flow, called the Rear Inflow Jet. Additional characteristic features include 

line-end or “bookend” vortices which form on either end of the convective line. If the 

MCS is long-lived enough, the effect of the Coriolis force can be seen in the asymmetry 

of the system, where one of these bookend vortices is favored over the other.  

One way for an MCS to sustain itself is through the consistent ascent of high 

equivalent potential temperature (theta-e) air along the gust front, which is the leading 

edge of the cold pool. The cold pool is an area of negatively buoyant air, and it is formed 

by the outflow from the many convective cells that comprise the MCS. Precipitation 

loading, sublimation, and evaporative cooling are some of the many ways in which air 

parcels can acquire negative buoyancy. Often, cold pools are treated theoretically as 

density currents. A measure of cold pool strength from the severe storms literature (such 

as in Weisman 1992 and James et al. 2006), is c2, an integrated measure of negative 

buoyancy that comes from treating a cold pool as a density current. c2 is defined as 

�� = −2� � �� ��
�! "#$

%  (3) 

where D is the depth of the cold pool, defined by some potential temperature 

perturbation threshold, and g is the gravitational acceleration. The overbar denotes the 
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base state of the model or atmosphere, and θρ is the density potential temperature 

calculated by 

�� = � &'((*+
, )

'(./
0 (4) 

where qv is the water vapor mixing ratio, qt is the total mixing ratio, and 1 is the ratio of 

the dry to moist gas constants. 

Instability and availability of moisture play important roles in storm 

development past the convective initiation stage as well. The thermodynamic structure 

of the atmosphere within the storm environment, specifically the presence of dry and 

moist layers, has been investigated to determine its relationship to storm propagation, 

downdraft strength, and near-surface wind speeds. In midlatitudes, air with low relative 

humidity in the lower troposphere has been thought to increase the evaporative cooling 

and subsequently induce strong downdrafts (e.g. Glimore and Wicker 1998). However, 

recent idealized numerical simulations of quasi-linear convective systems (James et al. 

2006;) have shown that dry air aloft reduced total rainfall and condensate and reduced 

the updraft and downdraft mass fluxes, except in high convective available potential 

energy (CAPE) environments. The strength of the cold pool along its leading edge was 

also found to remain unchanged or weaken when dry air was present aloft. The 

downdraft mass flux was only strengthened in the stratiform region of the storm. James 

et al. (2006) found that bowing segments were found for moisture ranges that promote 

intermediate cold pool strengths, enhancing convergence locally when the cold pool is 



 

19 

strong enough to overwhelm the low-level wind shear. Stronger cold pools tend to favor 

large, slab-like mesoscale convective systems, while weaker cold pools typically favor 

more a more cellular mode.   

 

2.4 Event Summary 

June 2007 was a historically wet month for the state of Oklahoma, with much of 

the state receiving 200% of its normal monthly rainfall. Six of the nine climate division in 

the state established new rainfall records for June since the beginning of the records in 

1921 (Oklahoma Mesonet 2007). Figure 1 shows a Hovemöller diagram of National 

Center for Environmental Prediction (NCEP) Stage IV rainfall, which is derived from 

radar data and corrected by rain gauge observations, from 12-22 June 2007 for the 

longitudinal band (95°-100° W) studied by Tuttle and Davis (2006). The focus of this case 

study is a nocturnal mesoscale convective system that propagated over Oklahoma on 19 

June and 20 June 2007 during this period of near-daily rainfall in the SGP.  

This rainfall on days prior to the event was due in part to the presence of an 

upper level low located across the SGP. Prior to the MCS that is the subject of the case 

study, this trough propagated eastward, leaving the Southern Plains in an area of upper 

level ridging and northwesterly flow aloft. At lower levels, the ambient environment 

was amply moist and unstable, aided by southerly or southeasterly flow. Large-scale 

ascent, however, was lacking, leaving weak surface frontal boundaries to be the primary 
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region of interest for convective initiation. On 19 June, convection with a multicellular 

mode initiated during the afternoon along a stationary boundary in central Kansas and 

also in the Texas panhandle. During the early evening, these clusters of storms merged, 

grew upscale, and eventually produced a leading convective line-trailing stratiform 

(Parker and Johnson 2000) type mesoscale convective system (Figure 2) which 

propagated SSE across the region. Across the SGP, reports of severe weather for this 

event (using National Weather Service criteria from 2007) included 82 severe wind 

reports, 5 tornado reports, and 103 severe hail reports (Figure 3). Most notably, softball 

sized hail (10.8 cm) fell near Goltry, OK, and several gusts of over 70 mph (31.29 m/s) 

were recorded on the 19-20 June by Oklahoma Mesonet Stations (Oklahoma Mesonet 

2007). 

This case presents the opportunity to study an archetypal severe weather event 

in an unconventional context.  
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Figure 1: Time-latitude (Hovemöller) plot of Stage IV precipitation averaged 

over 100 W to 95 W from 12 Jun 0000 UTC to 22 Jun 0000 UTC. 
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Figure 2: Base radar reflectivity from KTLX for a) 01:27 UTC,  b) 03:16 UTC, c) 

04:35 UTC, and d) 06:12 UTC. Plotted using the NOAA Climate and Weather Toolkit. 
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Figure 3: SPC storm reports for 19 June 2007. 
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3. Traditional Sensitivity Experiments 

3.1 Methodology 

The model used in this study is the Advanced Research Weather Research and 

Forecasting model (WRF-ARW; Skamarock 2008) (version 3.3) coupled to the Noah land 

surface model (LSM) (Ek et al. 2003), which evolved from the Oregon State University 

model (Chen and Dudhia 2001). The Noah LSM contains four soil layers with 

thicknesses of 10 cm, 30 cm, 60 cm, and 100 cm, for a total depth of 2 m. The dynamical 

core of the WRF-ARW model solves the non-hydrostatic and compressible Euler 

equations using a horizontal Arakawa C grid. Model equations are solved on terrain-

following hydrostatic-pressure vertical coordinates with a fixed pressure surface for the 

model top. Model runs used the WSM 6-class parameterization for microphysics (Hong 

and Lim 2006) which includes processes related to water vapor, cloud water, cloud ice, 

graupel, rain, and snow. The new Kain-Fritsch cumulus parameterization (Kain 2004) 

was used for the coarsest domain to handle the effects of sub-grid-scale shallow and 

convective clouds. The modular nature of the WRF model is an advantage when 

conducting sensitivity experiments.  

Numerical simulations were conducted using three nested grids at a horizontal 

grid spacing of 12, 4, and 1.333 km. The simulations used two-way nesting, which allows 

the higher resolution grids to provide information to their parent grids. In two-way 

nesting, the coarser domain supplies the lateral boundary conditions to the finer 
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resolution domain, but the finer resolution solution replaces the coarse grid solutions for 

the corresponding grid points. Sensitivity analysis using one-way nesting (where finer 

resolution domains do not feed back into the coarser resolution domains) was also 

conducted. Figure 4 shows the location of the three model domains. The model used 60 

stretched vertical levels, with seven layers below 1 km, and the lowest level located at 

approximately 28 m above ground level. Grid spacing in the lower part of the 

atmosphere is finer than grid spacing aloft. The model top was fixed at 100 hPa. North 

American Regional Re-analysis (NARR; Mesinger et al. 2006) 3-hourly data at 32 km 

horizontal grid spacing were used to initialize the model and update the boundary 

conditions. The simulation was performed for 24 hours (19 June 2007 09:00 UTC – 20 

June 2007 09:00 UTC), terminating with the propagation of the mature MCS through the 

innermost domain.  

Land cover data from the United States Geological Survey (USGS) was 

interpolated through the WRF preprocessing system (WPS) from grids of land use and 

soil type with resolutions of 10’, 2’ and 30” for the three nests, respectively. The 

dominant land cover in the innermost nest is grassland, with dryland/cropland/pasture 

and savannah comprising the next largest contributions. The dominant soil texture is silt 

loam, although there is also the presence of other loams and sandy soil (Figure 5). 

A series of simulations was conducted using different boundary layer 

parameterizations. One set of runs used the Yonsei University (YSU) planetary 
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boundary layer parameterization (Hong et al. 2006) and the set other used the Mellor-

Yamada-Janjic (MYJ) parameterization (Janjic 2002). Each of these PBL 

parameterizations is tied to a specific surface layer parameterization, which provides its 

lower boundary conditions. The surface layer parameterization for the YSU 

parameterization used stability functions to calculate exchange coefficients. The surface 

layer parameterization paired with MYJ is based on similarity theory, and surface fluxes 

are computed by iteration. The YSU PBL parameterization is the successor to the 

Medium Range Forecast parameterization (Hong and Pan 1996), and it includes counter-

gradient fluxes and explicit treatment of entrainment at the top of the boundary layer. 

The PBL height is defined based on a critical Richardson number. The MYJ 

parameterization is used in the Eta model, and it uses a 2.5 order turbulent kinetic 

energy (TKE) closure with local mixing in the convective boundary layer.  

A list of simulations and the naming conventions to be used throughout this 

thesis are provided in Table 1. Additional sensitivity experiments were conducted using 

homogeneous land cover and soil moisture and temperature conditions for the 

innermost domain. One homogenous simulation for each PBL parameterization using 

grassland and one using barren/sparsely vegetated soil were conducted. The land 

surface properties used to initialize these runs are shown in Table 2. The use of 

homogeneous land cover simulations allows the separation of synoptic-scale effects 

from those driven by local land surface heterogeneities. 
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3.2 Results 

3.2.1 Evolution of Thermodynamic Profiles 

Average atmospheric third profiles for the innermost nest are presented in 

Figure 6 for the heterogeneous simulations MYJ-HET and YSU-HET. Figure 7 shows the 

Skew-T-logP diagrams for the MYJ-ADG and YSU-ADG simulations for the same 

period. These diagrams show the same synoptic-scale setup: a capping inversion around 

825 hPa and a persistent dry layer around 700 hPa. Low levels, however, are very moist, 

and if the weak capping inversion can be overcome, these profiles are conducive to deep 

convection. As the sun rises, turbulent mixing in the boundary layer begins to develop 

and begins to erode the inversion. The incorporation of inversion-level air also results in 

dry and warm air entrainment into the boundary layer. By mid-afternoon (21:00 UTC or 

04:00 P.M. CDT), the inversion has mostly mixed out in the simulation, and air from the 

dry inversion layer has been entrained into the boundary layer. Throughout the day, 

parcels initiating from the lowest 1.5 km have high values of CAPE, more than 6000 J/kg 

in some areas (depending on the PBL parameterization used). The dry layer, however, 

greatly reduces the buoyancy of parcels originating from the layer around 2 km, which 

can be seen in the reduced CAPE values and larger convective inhibition (CIN) values 

for parcels raised from this layer (Figure 8). However, the lifting mechanism in this case 

is expected to come from the surface so it is more important to consider those air parcels. 
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The D03 averaged profiles for the homogenous simulations show very little difference 

when compared with those from the heterogeneous simulations on larger scales, such as 

in the domain mean. When smaller areas are considered and larger variations among 

simulations exist, such as the areas with positive vertical velocity in the northwest 

corner of the innermost domain, the simulations with homogeneous land cover exhibit 

earlier dry air entrainment into the boundary layer. The differences are confined to the 

boundary layer, and much of the free troposphere (from 700 hPa and upward) remains 

almost identical among simulations.  

The choice of PBL parameterization seems equally as influential as the land 

surface heterogeneity in this case, when considering the evolution of the innermost 

domain in the simulations with the innermost domain covered with grassland. The more 

vigorous mixing inherent in non-local closure parameterizations such as YSU (dashed) 

(Bright and Mullen 2002, Stensrud 2007) produces a deeper and drier PBL than in the 

MYJ parameterization (a local closure method within the convective PBL), which retains 

a moister, shallower, and somewhat more unstable profile (~ 700 J/kg greater CAPE by 

the end of the afternoon for parcels originating near the surface). Due to the differences 

in mixing between the PBL parameterizations used in this study, the YSU-HET 

simulation and YSU-D3G simulation evolve much more similarly than their MYJ 

counterparts as the differences in properties due to the land surface are mixed 

throughout a deeper PBL. The magnitude of the difference in CAPE between the MYJ-
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HET run and the MYJ-ADG run are similar to the differences between the YSU-HET and 

MYJ-HET runs. Likewise, the difference in the lower level potential temperature, water 

vapor mixing ratio, and CAPE between the MYJ-D3G and MYJ-D3S runs is of a similar 

magnitude as the difference between the MYJ-HET and YSU-HET simulations. That is, a 

change in PBL parameterization has as much of an effect, when maintaining the land-

surface heterogeneities, on the low-level thermodynamic environment as dramatic 

changes in the land-surface have on the MYJ cases.  CAPE values are related to 

theoretical updraft strength in parcel theory by  

CAPEw ⋅= 2max  (5) 

Although this value of vertical velocity is a theoretical maximum is generally 

overestimates the strength of an updraft, it can serve as a predictor for which 

simulations may have the most vigorous updrafts. Likewise, differences in mixing ratio, 

which translate into differences in the amount of water in a column, indicate which 

simulation is expected to have higher rainfall totals or larger cloud coverage as there is 

more water available for condensation. 

3.2.2 Daytime Boundary Layer Structures 

In order to monitor the temporal development of boundary layer structures, such 

as eddies and waves, cross-sections in the innermost nest, separated in the N-S direction 

as shown in Figure 5, are considered. These cross-sections are used to construct time-

longitude Hovemöller diagrams of the diurnal cycle of surface fluxes. The partitioning 
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of surface fluxes can be assessed by comparing Figure 9, which shows sensible heating 

along cross-sections with Figure 10, which shows the latent heat fluxes in the YSU-HET 

simulation along the same cross-sections for the simulation with a D03 covered by 

homogeneous grassland (YSU-ADG). As the simulation progresses, the sensible heating 

gradually increases to 250 W m-2 around 15:15 UTC (10:15 AM CDT). At this point, 

turbulent mixing begins to develop in the lower troposphere, producing boundary layer 

eddies (as shown in Figure 11). These eddies are present throughout the domain by 

17:30 UTC, and they maintain a NW-SE orientation (Figure 12). The efficiency of this 

mechanism in exciting the lower troposphere is greater in the north than in the south, 

consistent with an increase in mean sensible heat flux from south to north (see  

Figure 13) in the heterogeneous simulations. It is also worth noting that the 

homogenous simulation produces these boundary layer rolls as well, reflecting large-

scale forcing interactions with Rayleigh-Bénard convection and spatial gradients 

associated with the east-west progression of solar forcing throughout the day. The rolls 

in the homogenous simulation, however, are of weaker magnitude, especially in the 

northern part of the domain where sensible heating is higher in the heterogeneous 

simulations. 

3.2.3 Evolution of the Pre-Storm Environment and Interactions with 
Convection 

The LoCo framework was used to examine the effects of different land cover and 

soil texture combinations in the evolution of the boundary layer in the pre-storm 
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environment. Among different types of land use in the heterogeneous simulations, there 

do not appear to be differences in terms of range in the LoCo parameters (entrainment-

to-surface ratios, Bowen ratios, etc.; e.g. Figure 14) when comparing these parameters to 

diagnostics useful for anticipating where convection is likely or unlikely. However, the 

evolution of the PBL in energy space varies more noticeably above different soil 

textures. In particular, we notice a differentiation between sand and silt loam soil 

textures when considering their surface energy budgets.  

Figure 15 shows that the sandy simulation starts near 70% saturation and dries 

out more quickly throughout the day when compared to the silt loam soil, as expected. 

This results in a higher mean latent heat flux for sandy pixels and also a difference in the 

relative contribution of the surface and entrainment fluxes (Figure 16). Although the 

values of 0:00 UTC instability for the two soil types span roughly the same range of 

values (Figure 17), regardless of their land cover, the evolution of temperature and 

moisture in the LoCo framework suggests that sandy pixels rely more so on surface 

evaporation and subsequent dry and warm air entrainment to achieve the same values. 

Differences between soil texture and linkages to soil moisture are apparent when 

examining the simulations where the innermost domain was replaced by a 

homogeneous land cover. The LoCo framework demonstrates the differences between 

the boundary layer trajectories in energy space between the YSU-D3S and YSU-D3G and 

between the MYJ-D3S and MYJ-D3G simulations well (Figure 18-Figure 19). The *-D3G 
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simulations indicate a boundary layer whose development is dominated by surface 

latent heat fluxes. The YSU-D3G simulation also indicates a larger contribution of dry air 

entrainment when compared to the MYJ-D3G simulation. The *-D3S simulations are 

indicative of boundary layers that grow due to large sensible heat fluxes from the 

surface. Here, the MYJ-D3S simulation shows a slight moist air entrainment. It should be 

noted here that these techniques do not take into account the effects of temperature and 

moisture advection, though these effects are likely important in the development of the 

boundary layer for this case.  

In the late afternoon, convection initiates in D02 along a stationary boundary and 

begins to move southeastward along the axis of most unstable air in the SGP. The timing 

difference in the initiation and early development stages of the MCS is about 40 minutes 

in D02 (MYJ cases faster) for simulations with a heterogeneous D02. Cross sections of the 

storm show lifting along the leading edge of the cold pool as the storm ingests the layer 

that was modified by the surface during the day (Figure 20-Figure 21), indicating that at 

these resolutions, the simulation can capture the large-scale features of the MCS. Each 

simulation produced a bow-shaped MCS which propagated southeastward across the 

domain. However, the results of the various simulations, when compared, show large 

differences in timing within the third domain (with respect to Stage IV radar-derived, 

gauge-corrected rainfall observations and among the model runs themselves, see Figure 

22). Most interestingly, those simulations with an artificially imposed grassland land 
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cover in all three domains have a timing of the MCS propagation through the innermost 

domain most similar to that of the observations for the MYJ cases. The MCS enters the 

innermost domain in the MYJ-ADG simulation at 3:00 UTC, the MYJ-D3G simulation at 

3:35 UTC, the MYJ-HET simulation at 4:25 UTC, and the MYJ-D3S simulation at 5:35 

UTC. For the cases using the YSU PBL parameterization, the timing of the MCS in the 

third domain remains nearly the same for all of the simulations, with the storm entering 

D03 around 5:30 UTC. When comparing boundary layer parameterizations, the timing 

of the simulated MCSs in the YSU runs most closely resembles the timing of the storm in 

the MYJ-D3S simulation.  

The strong sensitivity to land-surface conditions in the case of the MYJ 

simulations, and lack thereof in the case of YSU, begs further questions into how land 

cover may influence the speed and strength of the cold pool, which will affect the timing 

of the storm. Since the storm propagates from NW to SE across the third domain (and 

not along any specific parallel or meridian), it is useful to construct Hovemöller 

diagrams that are approximately orthogonal to the storm motion. Here, averages are 

computed along cross sections drawn at a 45 degree angle across the third domain. A 

schematic of how these are constructed is shown in Figure 23. Values that appear on the 

left portion of the x-axis indicate values more the west and south component while 

values on the right side of the x-axis indicate values east of a due northwest to southeast 

trajectory.  
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Plots of theoretical cold pool speed are shown in Figure 24 for the MYJ-HET, 

MYJ-D3G, MYJ-D3S, YSU-HET, YSU-D3G and the YSU-D3S simulations. The direction 

of propagation is most similar in the MYJ-D3G simulation, the YSU-HET simulation, 

and the MYJ-D3S simulations. In these simulations, the MCS propagates in a more 

easterly direction, whereas in the MYJ-HET simulation, the segment of the storm takes a 

more southern route across the innermost domain. Note the similarity in the space-time 

patterns of the Hovemöller diagrams of cold pool speeds for the MYJ-D3S and the YSU-

HET, which are representative of all other YSU simulations. There are very small 

differences in terms of timing (5minutes) and negligible differences in terms of storm 

rainfall (Figure 22 and Figure 24), and the storm trajectory and theoretical cold pool 

speed are very similar among the YSU runs and MYJ-D3S. An examination of the storm 

structure shown along the same cross-section in Figure 20 suggests that the PBL 

structure (CAPE and vertical wind shear) are very close, which is consistent with the 

significantly deeper PBL height (and stronger shear) in MYJ-D3S when compared to 

other MYJ simulations (Figure 25). Thus, the storm tends to propagate along the more 

easterly track into the unstable environment with more favorable vertical wind shear. 

Lastly, another “with-and-without” type simulation was performed (MYJ-D3S-1way) in 

order to test the sensitivity of the model to two-way nesting versus one-way nesting. 

This allowed the patch of homogenous land cover to be treated in isolation without 

feeding back into its parent environment. It is noted here that the land cover in areas 
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corresponding to D03 was not changed in D02 or D01. Simulations with the same model 

configuration as MYJ-D3G and MYJ-D3S were performed with feedback turned off. The 

results from these simulations highlight the important role of upwind advection of low-

level thermodynamic features in modifying the remote pre-storm environment where 

the MCS originates. While most of this study had focused on assessing the impact of a 

heterogeneous land surface on the pre-convective and convective environments in the 

innermost domain proper, it is important to note that the modification of the land 

surface can have a non-local effect as well. Over the course of the afternoon, the low-

level flow over Oklahoma shifts to a predominantly southeasterly direction. 

Downstream, in the area of D02 to the northwest of D03, the effects of a homogeneous 

innermost nest can be seen in modified temperature and moisture profiles along an axis 

which coincides with the tracks of the simulated MCSs (Figure 26). Especially in the 

MYJ-D3S simulation, the advection of warm and dry air, which was modified by the 

surface, results in a reduction of CAPE of  nearly 1500 J/kg in the area of D02 just 

downstream of D03 (Figure 27). At the same time, air from D02 which was not subjected 

to a land cover change is advected into the majority of D03 from the southeast, which 

shifts the area of interest, from a land surface and thermodynamic interaction 

perspective, out of the highest resolution domain. As the MCS nears D03, it interacts 

with the air which was modified by the land surface in D03 and carried downstream. In 

the case of the dry, barren land cover simulations, the reduced low-level moisture and 
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instability appear to inhibit convection initially downstream of D03 (though convection 

still develops readily along the edges of the axis of reduced instability), while the 

slightly moister low-level conditions in the grassland simulations allow the storm to 

develop slightly more quickly, resulting in an earlier time of entry into D03. However, 

when the third nest is not allowed to interact with its parent nest, the downstream 

effects are lost since the land cover in the parent domain was unchanged. The D03-

averaged timing and magnitude of rainfall is nearly the same in the MYJ-D3S-1way and 

the MYJ-D3G-1way simulations (Figure 28), indicating that the largest observable effect 

of the land surface at this resolution is indeed downstream of the land surface itself 

during daytime. This is an important result that shows remote feedbacks of daytime 

land-atmosphere interactions on nocturnal rainfall in the SGP. The result, with respect to 

amount in the 1-way simulations, should be interpreted in the context that precipitation 

processes are first being resolved in the coarsest domain, with no feedback from higher 

resolution nests which may better capture these processes. 

 However, this effect is significantly reduced in the case of YSU simulations (not 

shown), which only show small sensitivity to total storm rainfall but no sensitivity to 

timing. That is, the strong non-local mixing characteristics of the YSU PBL 

parameterization effectively diffuse the low level thermodynamic heterogeneities 

associated with land-surface conditions.  
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Table 1: WRF simulations performed for the traditional sensitivity 

experiments. 

Simulation Name PBL  Land Cover 

MYJ-HET MYJ USGS 

MYJ-ADG MYJ All domains grassland 

MYJ-D3G MYJ D03 Grassland 

MYJ-D3S MYJ D03 Barren/Sparsely 

Vegetated 

MYJ-D3G-1way* MYJ D03 Barren/Sparsely 

Vegetated 

* Note: 1-way nesting 

MYJ-D3S-1way* MYJ D03 Barren/Sparsely 

Vegetated 

* Note: 1-way nesting 

YSU-HET YSU USGS 

YSU-ADG YSU All domains grassland 

YSU-D3G YSU D03 Grassland 

YSU-D3S YSU D03 Barren/Sparsely 

Vegetated 
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Table 2: Key surface parameters for homogeneous runs. 

Wrf_input 

Variable 

Description Grass 

Simulations 

Sand Simulations 

IVGTYP Dominant 

Vegetation 

Category 

Grassland (7) Barren/Sparsely 

Vegetated (19) 

ISLTYP Dominant 

Soil Category 

Silt Loam (4) Sand (1) 

LAI Leaf Area 

Index 

2.0 0.0 

VEGFRA Vegetation 

Fraction 

50 0 

SMOIS Volumetric 

Soil Moisture 

0.3, 0.32, 0.31, 

0.29 (top to 

bottom) 

0.1 (all layers) 

TSLB Soil 

Temperature 

298. 295, 293, 291 K (top to bottom) 

 

  



 

39 

 

Figure 4: Model domains with terrain height (m). D01 (outermost grid) has 12 

km horizontal grid spacing (122 x 122 grid cells); D02 (middle nest) has 4 km 

horizontal grid spacing (163 x 163 grid cells); D03 (innermost nest) has 1.333 km 

horizontal grid spacing (124 x 124 grid cells). 
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Figure 5: Land use type (top) and soil texture (bottom) for the innermost nest. 
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Figure 6: Average atmospheric thermodynamic profile (temperature red, dewpoint blue) for the third next from a) 12:00 

UTC, b) 15:00 UTC, c) 18:00 UTC, d) 21:00 UTC, and e) 00:00 UTC. MYJ-HET solid, YSU-HET dashed. 
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Figure 7: Average atmospheric thermodynamic profile (temperature red, dewpoint blue) for the third next from a) 12:00 

UTC, b) 15:00 UTC, c) 18:00 UTC, d) 21:00 UTC, e) 00:00 UTC, and f) 03:00 UTC. MYJ-HET solid, MYJ-D3G dashed. 
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Figure 8: D03 average vertical profile of CAPE and CIN for the YSU-HET and 

MYJ-HET simulations.  
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Figure 9: a) Hovemöller plot of sensible heat flux along A – A’’ for the YSU-

HET run. b) Sensible heat flux for the YSU-ADG run along A-A’’. c) Sensible heat 

flux along D – D’’ (36.1 N) for the YSU-HET run. d) Sensible heat flux heat flux along 

D – D’’ for the YSU-ADG run. The negative sign indicates that the flux is leaving the 

land surface.  [CDT=UTC-5hrs]. 
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Figure 10: As in Figure 9, but for latent heat fluxes.  
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Figure 11: Vertical velocity (w) along cross section D-D’ contoured every 0.25 

m/s. Solid contours represent upward vertical velocity. Dashed contours represent 

downward vertical motion. YSU-HET is shown in black, MYJ-HET is shown in blue.  
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Figure 12: Integrated vertical motion (shaded) for the lower troposphere 

(surface – 700 hPa) and the mid-troposphere (700 hPa - 400 hPa, contoured every 2 m/s 

where dashed contours indicate downward motion) at 1730 UTC for the (a) YSU-HET 

simulation and (c) the YSU-ADG simulation and at 1840 UTC for the (b) YSU-HET 

and (d) YSU-ADG simulation. 
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Figure 13: Sensible heat flux along 98.5 W from cross section A-A’ to D-D’.  
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Figure 14: Scatterplot of 0000 UTC CAPE values and entrainment Bowen ratio 

for D03 pixels containing the following soil texture and land use combinations: sand + 

grassland pixels (red), silt loam + dryland/cropland/pasture pixels and silt loam + 

grassland (green) for the MYJ-HET simulation. 
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Figure 15: YSU-HET Domain 3 average sensible (solid) and latent (dashed) 

heat fluxes and soil saturation (triangles) for sandy (red) and silt loam pixels (green) 

from 1200 UTC to 0000 UTC. 
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Figure 16: LoCo mixing diagram for sand + grassland (red), silt loam + 

dryland/cropland/pasture (blue), and silt loam + grassland pixels (green) for the YSU-

HET simulation. 
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Figure 17: Scatterplot of 0000 UTC CAPE values and surface Bowen ratio for 

sand + grassland pixels (red), silt loam + dryland/cropland/pasture pixels and silt loam 

+ grassland (green) pixels for the YSU-HET simulation. 
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Figure 18: LoCo mixing diagram for the YSU-D3S simulation (red) and YSU-

D3G simulation (green).  
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Figure 19: LoCo mixing diagram for the MYJ-D3S simulation (red) and MYJ-

D3G simulation (green). 
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Figure 20: Simulated base radar reflectivity for the MYJ-HET simulation at 

06:15 UTC as the storm is moving through the innermost domain. Vertical profiles 

along the marked cross section will be shown in Figure 21. 
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Figure 21: Along cross-section (shown in Figure 20) view of (a) vertical 

velocity, (b) equivalent potential temperature, (c) simulated radar reflectivity and (d) 

CAPE for MYJ-HET. 
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Figure 22: Left-domain averaged rainfall for MYJ simulations MYJ-ADG 

(blue), MYJ-D3G (red), MYJ-D3S (green) and MYJ-HET (gray). Observations from 

Stage IV precipitation data are shown in black stars. Right-domain averaged rainfall 

for YSU-ADG (blue), YSU-D3G (red), MYJ-HET (gray), and YSU-HET (green). 
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Figure 23: Schematic of slanted Hovemöller diagrams. Objects moving east of 

a 45 degree angle appear to move toward increasing numbers on the x-axis in the 

second figure and objects moving south of a 45 degree angle appear to move to the 

left. Objects moving on a 45 degree angle (dashed lines in the first figure) appear to 

move straight in the second figure. 
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Figure 24: Theoretical cold pool speed in the slanted Hovemöller diagram 

presented in Figure 23 for the a) MYJ-D3G, b) MYJ-D3S. c) MYJ-HET, and d) YSU-

D3G, e) YSU-HET, and f) YSU-D3S simulations. 
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Figure 25: Hovemöller plot of PBL height along D – D’ for a) MYJ-D3G, b) 

MYJ-D3S, c) YSU-HET. Panel d) shows the 0-3 km vertical wind shear vector at 1:00 

UTC for the MYJ-D3G (black) and MYJ-D3S (purple). The difference in the 

magnitude of the shear vector (D3G – D3S) is shaded, with warm colors representing 

stronger shear in the case of the D3S simulation. 
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Figure 26: Skew-T log-p diagrams for a) 00:00 UTC MYJ-D3S (dashed) MYJ-

D3S-1way (solid), b) 02:00 UTC MYJ-D3S (dashed) MYJ-D3S-1way (solid), c) 00:00 

UTC MYJ-D3S (dashed) MYJ-D3G (solid), and d) 02:00 UTC MYJ-D3S (dashed) MYJ-

D3G (solid). Profiles are averaged over the portion of D02 spanning 36.25 N 100 W to 

36.75 N 99.5 W. 
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Figure 27: CAPE for a parcel with properties averaged over the lowest 500 m at 

the times indicated for MYJ-D3S (left) and MYJ-D3S-1way (right) with 10-m wind 

vectors. 
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Figure 28: D03 averaged rainfall for MYJ simulations MYJ-D3S-1way (blue), 

MYJ-D3G (red), MYJ-D3S (green) and MYJ-D3G-1way (black). Observations from 

Stage IV precipitation data are shown in black stars. 
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4. “With and With” Simulations 

In Chapter 3, the results of ten simulations to test the effect of the land surface on 

a nocturnal mesoscale convective system in the SGP were presented. Homogenizing the 

initial conditions, the land use type, and soil texture separates the effect of 

heterogeneities due to land use and soil texture, but it is important to note that due to 

differences in other factors, such as incoming solar radiation and the wind field, can still 

allow some heterogeneity to develop. It was also shown that the integrated effect of the 

land surface over the course of the day can have downstream effects on the 

thermodynamic environment. Therefore, another approach is needed—one in which a 

greater degree of homogeneity can be maintained—to assess the contribution of land 

surface heterogeneities at short time scales. 

4.1 Methodology 

4.1.1 General Approach 

The model runs used in the second portion of this study follow the “with and 

with” (henceforth referred to as WAW) tendency budget framework of Krishnamurti et 

al. (1996) and Krishnamurti et al. (2004). In this type of evaluation, a control simulation 

is conducted using the full model physics and realistic land cover from the USGS 

dataset. Model restart files are produced at every forecast time step. These restart files 

are then used to spawn model runs to assess contributions from different 

parameterizations or different land use scenarios. The shorter child simulations are run 
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for one same timestep of the parent control simulation (in this case, 5 minutes), and the 

output from the child run is compared to the parent run at the end of the child run. 

Then, a new child run is reinitialized from the parent run, and the process continues 

until the end of the parent simulation. This framework is shown schematically in Figure 

29. Often, sensitivity experiments are conducted using a different parameterization or a 

different land surface and the model output is compared well into the model integration 

or at the conclusion of the run. However, this “with and without” approach as in the 

first part of this study does not account for the co-evolution of the highly nonlinear land-

atmosphere-ocean system. By using a “with and with” approach, the sensitivity of the 

model solution to parameterization and land use type can be examined in detail at 

different points throughout the simulation to elucidate at which point differences are the 

most apparent and the most critical.  

Table 3 shows the simulations that were conducted to examine the effect of the 

land surface and choice of boundary layer parameterization on nocturnal convection. 

The heterogeneous runs for the YSU and MYJ PBL parameterizations from the first part 

of the study were used as the control runs. These simulations are dubbed YSU-CTRL 

and MYJ-CTRL for the WAW part of the analysis. Two simulations were conducted to 

test the impact of boundary layer parameterization (PBL1 and PBL2), using the other 

parameterization for the child run. For example, the YSU-CTRL simulation was used to 

initialize child runs that used the MYJ parameterization. For each set of control 
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simulations, the innermost domain was covered with a homogeneous land surface in 

terms of temperature, soil moisture, land use type, and soil texture. The child simulation 

in this case used a homogeneous grassland land cover with representative, realistic in 

magnitude, surface properties as the initial conditions. The use of homogeneous land 

cover simulations should allow the separation of large-scale effects from those driven 

locally by the land surface and will localize these effects in time. 

For the simulations that used a homogenous grassland land cover, “realistic” 

time-evolving values of soil temperature and soil moisture for the four model soil layers 

were used. The average value of pixels covered by both grassland and silt loam was 

used as the value for these variables, and then the land cover properties were initialized 

using homogeneous land cover and uniform temperature values for the four soil layers 

in the Noah LSM. The plots for the soil temperature and soil moisture in the topmost soil 

layer are show in Figure 30-Figure 31.  

4.1.2 Spatial and Texture Analysis Tools 

Digital image processing techniques are useful when quantifying how different 

one image, or in this case, spatial field, is from another. Among the statistical tools used 

in texture analysis are the autocorrelation function, edginess per unit area, spectral 

power density function, and the co-occurrence probability distribution. Texture analysis 

provides a statistical way to distill certain properties of a three-dimensional field (two-

dimensional space and time) into a scalar value that can then be analyzed as to how it 
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evolves in time. Some useful measures are homogeneity, which measures the uniformity 

of an image, and contrast, which measures the local variations in an image or its 

“patchiness.” Such measures have been used as proxies for more complex processes in 

the climate system, such as the onset of the El Niño-Southern Oscillation (Barros and 

Bindlish 1999).  

The gray-level co-occurrence matrix measures the relative frequency with which 

a pixel with a certain brightness value i occurs a given distance away from a pixel d, in 

direction α, with another brightness value j. Mathematically, this is expressed as  

[ ]








=== jnmBilkAdBAdjip ),(,),(,,,),,,( αα  (6) 

where A and B are pixels located at (k,l) and (m,n) with brightness values i and j 

respectively. They are separated by some distance d in direction α. The matrix p 

therefore depends on the scaling used to create the grayscale matrices from a spatial 

field as well as on the direction and distance chosen.  

Homogeneity measures the frequency of brightness transitions in an image. 

Homogeneous images have very few brightness transitions and little spatial variability. 

Homogeneity is defined as (Haralick et al. 1973) 
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Contrast measures how many boundaries are present in an image. High contrast 

indicates the presence of gradients in the spatial field. Contrast is given by 



 

68 

∑ ∑∑
−

= =−= =









1

0 1 1

2 ),,,(
N

n nji

N

i

M

j

djipn α  (8) 

where N and M are the dimensions of the gray-level co-occurrence matrix and n 

represents the difference in the two brightness values.  

 Correlation measures how correlated a pixel is to its neighbor. Mathematically, 

this is given by 
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where σ represents standard deviation and μ is the mean, calculated in the row and 

column directions.  

Although not a measure of the texture of the image, the Root Mean Square 

Deviation (RMSD) is often used when comparing spatial fields. The RMSD is defined as 

[ ]

n
RMSD n

∑ −

=

2ˆ θθ

 (10) 

where θ denotes a variable, n is the number of observations, and the hat denotes the 

estimated value, in this case the value from the WAW simulation. The RMSD is a 

measure of the difference in two spatial fields of a given variable. The RMSD gives the 

difference (or, more commonly, the error when it is being used for verification purposes) 

between the control simulation and the WAW simulation.   



 

69 

4.2. Analysis of WAW simulations  

The utility of the WAW methodology is demonstrated in Figure 32, which shows 

contrast for the YSU-CTRL run and the YSU-GP simulation along different directions. 

The contrast in surface fluxes is larger during the day for the YSU-GP simulation when 

compared to the YSU-D3G run, regardless of which direction is considered. However, 

changing the direction affect these statistics, and the largest differences occur when 

pixels along the NE-SW direction. By referring to Figure 5, this result could be expected 

since soil texture bands run NW-SE. Regardless of direction, the homogeneity and 

contrast time series indicate that changing surface conditions every 5-minute time step 

ensures that the landscape is more homogeneous that allowing the model to continue 

integrating forward in time.  

Similarly, the textural measures are able to capture the properties of the surface 

to 700 hPa integrated vertical velocity fields (such as in Figure 12). In Figure 33, high a 

period of high contrast in the late afternoon, when vertical motion in the PBL is most 

active, is visible as well as large contrast in the storm environment. The lowest contrast 

can be seen in the E-W direction, along with rolls in the northern part of the domain 

align. Correlation in vertical velocity structures is also highest in the E-W direction.  

Time series of RMSD for surface fluxes and low level temperature and specific 

humidity are shown in Figure 34. These plots reflect the observations in the previous 

part of the study that the MYJ parameterization is more sensitive to the changes in land 
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cover when compared to the YSU parameterization. Differences in each field are most 

apparent during periods of insolation, and these differences subside in the hours 

immediately preceding storm propagation through D03. For other low-level variables, 

such as 2 m temperature and specific humidity, the contrast fields in YSU runs vary 

more according to direction while MYJ runs have more contrast depending on the 

simulation.  

Vertical velocity, analogous to Figure 11 is shown in Figure 35. It is apparent 

that, over the 5 minute time step that these child simulations are performed, the 

development of boundary layer structures such as eddies follows a very similar pattern 

in both the YSU-GP and the MYJ-GP with respect to their parent simulations, regardless 

of the type of land cover. This result suggests that the primary mechanism for the 

organization of the eddies is the large-scale environment. 

Hovemöller diagrams of differences in the sensible and latent heat fluxes (control 

run – grassland simulation) along the cross-sections shown in Figure 5 were constructed. 

These diagrams demonstrate that the largest differences in surface fluxes occur during 

daylight hours as expected. The largest differences occur where the most drastic shift for 

the USGS heterogeneous land cover to a uniform soil texture of silt loam and uniform 

land use of grassland occurs. For example, along D-D’, the maxima in the difference 

fields occur over pixels that were once water (Figure 36). Likewise, along C-C’ (between 

98.6 W and 98.8 W) there is similar behavior along a tract of savanna that was converted 
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into grassland. Along B-B’ and A-A’, the differences occur along the eastern parts of the 

cross sections where the land cover was changed to dryland/cropland/pasture and 

several soil texture changes occurred, respectively. When comparing the boundary layer 

parameterizations, again the YSU simulations generally show differences of a lesser 

magnitude when compared to simulations that used the MYJ PBL parameterization. 

Both sets of simulations showed that there was an increase in sensible heat flux and a 

decrease in latent heat flux when the land cover was repeatedly homogenized. The sign 

of these differences is purely dependent on the values for soil moisture and temperature 

used when imposing a homogeneous land cover. The differences due to land cover 

change are also apparent in the fields of MUCAPE (not shown).  

In the same way, differences in PBL height over the course of the simulation 

were examined. The results along cross section A-A’ in Figure 37 show dramatic 

differences in PBL height for the YSU parameterization at 5 minute time scales at the 

point of PBL collapse but much smaller differences over the course of the day. The 

differences present in the simulations using the MYJ parameterization are more varied 

at the point of PBL collapse, but large differences appear in the storm and post-storm 

environment. The differences with the YSU simulations are attributed to radiative 

forcing as the sun sets (Figure 38), with the largest differences first beginning the 

southeaster portion of the domain and progressing northwestward. 



 

72 

Lastly, differences in theoretical cold pool speed were compared (Figure 39). 

These differences reflect the differences in density potential temperature, which is a 

function of perturbation temperature and moisture in the cold pool. The subtle 

differences in the YSU case and the large differences in the MYJ case again underscore 

the differences in treatment of low level temperature and moisture between these two 

parameterizations, even when considering changes at a 5-minute time step.  
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Table 3: Naming conventions and run configurations for WAW simulations.  

Simulation 

Name 

Control 

Simulation 

PBL  Land Cover Soil Type 

YSU-CTRL --- YSU USGS USGS 

PBL1 YSU-CTRL MYJ USGS USGS 

YSU-GP YSU-CTRL YSU D03 Grassland D03 Silt 

Loam 

MYJ-CTRL --- MYJ USGS USGS 

PBL2 MYJ-CTRL YSU USGS USGS 

MYJ-GP MYJ-CTRL MYJ D03 Grassland D03 Silt 

Loam 
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Figure 29: Schematic diagram of “with and with” simulations. Adapted from 

Krishnamurti et al. (1996). 
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Figure 30: Top layer soil moisture time series for pixels containing silt loam 

soil and grassland land cover for the heterogeneous MYJ simulation (red) and YSU 

simulation (black). 
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Figure 31: Top layer soil temperature time series for pixels containing silt loam 

soil and grassland land cover for the heterogeneous MYJ simulation (red) and YSU 

simulation (black). 
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Figure 32: Contrast in the latent heat flux fields for the YSU-HET simulation 

(solid), YSU-D3G simulation (starred) and the YSU-GP simulation (dashed). Scaling 

for the brightness covariance matrix was -50 to 300 W/m2. Color indicates direction.  
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Figure 33: Contrast (left) and correlation (right) for the MYJ simulations (top) 

and YSU (simulations) bottom for the surface – 700 hPa integrated vertical velocity. 

Grayscale scaling limits are -150 hPa m/s to 150 hPa m/s. 

 



 

79 

 

Figure 34: Plots of RMSD for a) surface sensible heat flux, b) surface latent 

heat flux, c) 2 m specific humidity, and d) 2 m temperature. Results for the pair of 

MYJ simulations (MYJ-CTRL and MYJ-GP) are shown in blue and results for YSU are 

shown in red.  
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Figure 35: Vertical velocity (w) along cross section D-D’ contoured every 0.25 

m/s. Solid contours represent upward vertical velocity. Dashed contours represent 

downward vertical motion. YSU-CTRL is shown in black, YSU-GP is shown in blue. 
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Figure 36: Sensible heat flux along cross section D-D’ for the YSU WAW runs (top) and MYJ WAW runs (bottom). 

Differences between the respective ***-CTRL runs and the ***-GP runs are shown in the rightmost panels.  
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Figure 37: PBL height along cross section A-A’ for the YSU WAW runs (top) and MYJ WAW runs (bottom). Differences 

between the respective ***-CTRL runs and the ***-GP runs are shown in the rightmost panels. 
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Figure 38: PBL height for YSU-CTRL (left), YSU-GP (center) and the difference (YSU-CTRL – YSU-GP; right).  
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Figure 39: Slanted Hovemöller diagrams of theoretical cold pool speed for the YSU WAW runs (top) and MYJ WAW runs 

(bottom). Differences between the respective ***-CTRL runs and the ***-GP runs are shown in the rightmost panels 
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5. Conclusions 

5.1 Summary 

The overarching goal of this study was to investigate the question of S-P 

feedbacks in the SGP, specifically focusing on the strong nocturnal peak in the regional 

diurnal cycle of rainfall. To move toward this goal of connecting feedbacks on the 

climate scale with feedbacks at the mesoscale, a study in which the effects of land-

atmosphere interactions on nocturnal convection at the diurnal time scale was 

conducted. Nested simulations using the WRF model were conducted for an MCS which 

affected central Oklahoma in June 2007 during CLASIC. The MCS initiated in the second 

domain and moved southeastward across the CLASIC domain in west central 

Oklahoma. By the time the storm reached the innermost domain, it exhibited a mature 

leading line-trailing stratiform structure. Here, the specific research objective was to 

explore if and how daytime land-atmosphere feedbacks and day-night transition 

processes associated with land-surface conditions have on propagating convection in its 

mature stage rather than at the initial stages. 

To this end, sensitivity studies using homogeneous land cover, soil texture, and 

other vegetative, soil moisture, and temperature states (in all domains and then only in 

the innermost nest) and two different boundary layer parameterizations (MYJ and YSU) 

were conducted. One set of sensitivity simulations used land cover with a moist, 

homogeneous grassland and the other used dry, barren soil to benchmark the effect of 
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the land surface at two extremes. The purpose of using a homogeneous land surface was 

to separate the effects of the land surface from the effects of larger-scale forcing. 

Sensitivity to nesting was also investigated, which in effect isolated the innermost 

domain.  

A second part of the study used the “with and with” framework to assess 

differences in the evolution of the pre-storm and storm environments at 5-minute time 

steps. The utility of using image processing techniques to assess differences among 

simulations was also explored.  

5.2 Conclusions 

In the pre-storm environment, an analysis of the thermodynamic profiles shows 

an atmosphere primed for convection at the regional scale. In the late afternoon, 

convection initiated well to the north of the innermost domain and beings to propagate 

over the study region after nightfall, at which point differences in the contributions from 

land-surface heat fluxes were minimal. All simulations exhibited a time delay as 

compared to storm observations, with rainfall timing errors varying between 1 and 3 

hours for MYJ simulations and 3 hours for all YSU-based simulations. Timing 

differences were ultimately attributed to the following mechanisms: 1) daytime remote 

feedback through low-level advection and 2) feedbacks having to do with differences in 

PBL height and shear locally. 
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However, differences in how the pre-storm environment evolves are evident 

over different soil textures, but, due to wet conditions and the similarity of land cover 

types, not among different LULC categories in the simulations with realistic land cover. 

Differences in how the pre-storm environment evolves were evident over different soil 

textures for the case of the MYJ and YSU simulations with realistic land covers. Both 

simulations overestimated the total storm rainfall, but the timing error was smaller for 

MYJ. Indeed, the MYJ simulations exhibited strong sensitivity to land cover, with 

significant timing differences between the homogeneous grassland simulations and the 

homogeneous simulations with barren sandy soil, the former most closely resembling 

the observations. The YSU based simulations showed some sensitivity to land-surface 

conditions in terms of rainfall amount, but negligible sensitivity in terms of timing. 

Overall, more differences were seen between simulations with the two different 

boundary layer parameterizations and same surface conditions than between 

simulations which used a realistic homogenized land-surface. This underscores the 

importance of making appropriate choices of PBL parameterization when studying the 

coupled land-atmosphere system since drastic, unrealistic changes in land cover have 

nearly the same magnitude of effects. The difference between local-closure (MYJ) and 

non-local closure (YSU) strategies and how this affects PBL mixing appears to be the 

dominant control in term of location-specific feedbacks. Clearly even though different 

types of vegetation are associated with different surface roughness, and consequently 
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surface friction velocities, and eddy dispersion, these differences are quickly smoothed 

out in the YSU simulations which have deeper PBLs and strong low-level vertical shear.   

The thermodynamic pre-storm environment where the MCS originates shows 

changes consistent with the downstream advection of thermodynamic features 

associated with daytime land-atmosphere interactions for the various MYJ 

configurations by the low-level southeasterly afternoon winds. These changes affect the 

rates of convective development after sundown (e.g., accelerate: MYJ-D3G; slow down: 

MYJ-D3S). Thus, these results show that depending on the PBL parameterization, 

remote (downwind) daytime feedback effects of local processes on nocturnal 

development and propagation of the MCS can be significant. On the other hand, 

differences between simulations using different PBL parameterizations, but same land-

surface conditions are as large as differences among simulations for the same PBL 

parameterization, namely MYJ, using different land-surface conditions. This ambiguity 

prevents establishing a general cause-effect relationship independent of the model 

physics. Nevertheless, this compounded with the storm timing error for all simulations, 

and the fact that the smaller error was achieved when all three nest domains are covered 

by grass, suggests that the representation of surface frictional effects in both 

parameterizations needs to be revisited. Note that replacing large areas with a 

homogeneous land-surface is a dramatic step when exploring the effect of the land-
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surface on convection, and actual impacts of realistic land-cover changes are likely to be 

more difficult to trace. 

Finally, independent of the remote effects of daytime land-atmosphere 

interactions and PBL parameterization, analysis of storm structure shows simulations 

with the same timing error and similar storm propagation characteristics as described by 

cold pool dynamics, tend to present deeper boundary layers and stronger low level 

vertical shear in the pre-storm environment ahead of the cold pool.  

To elucidate the distinct roles of mesoscale transport and redistribution of low 

level instability (daytime remote feedbacks) and low level shear in the downwind pre-

storm environment (nighttime local feedbacks), which is to separate the nonlinear land-

atmosphere physical processes from PBL parameterization specific effects on simulated 

storm dynamics, requires addressing the phase delay of several hours in storm 

development and propagation between the observed and the simulated MCS. This can 

be tentatively attributed in part to model forcing (imperfect initial and boundary 

conditions; Sun and Barros 2012), and the representation of turbulence and mixing 

processes in the PBL parameterization. 

The effects of the land surface on the momentum budget of a MCS may also be 

relevant, though perhaps on smaller scales than the 1.3333 km grid spacing used in this 

study. It is also important to note that the final result of each simulation represents the 

total effect of the land surface as well as how different numerical schemes process the 
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differences originating as the lower boundary condition for the atmosphere. This means 

that, although the land surface was initialized to be homogeneous, heterogeneities in the 

temperature and moisture fields were allowed to develop and evolve. 

The second phase of experiments, which used the “with and with” framework of 

Krishnamurti et al. (1996) and Krishnamurti et al. (2004) as its basis, examined the 

contribution of the land surface in 5-minute steps, rather than as an integrated effect. 

The largest differences were found, as expected, during periods of insolation and at 

points within the domain where the land cover was changed dramatically (for example, 

from water to grassland). This framework, however, did prove very useful in identifying 

periods at which changes in the atmosphere may be most sensitive to differences in the 

low-level thermodynamic environment induced by the surface. These periods included 

the point of PBL collapse for the YSU parameterization and the convective environment 

in both cases. These results indicate that changes are occurring at a finer temporal 

resolution than the 5-minute bins considered here.  

Image processing techniques were also used to evaluate the contrast, 

homogeneity, and correlation within an image. Though sensitive to how the grayscale 

image was generated, these were successful in capturing differences in spatial fields in a 

more quantitative way. Analysis of the time series of such parameters along different 

directions in space showed that these measures could capture the variability in present 
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surface fluxes and the vertical velocity field, especially when considered perpendicular 

to features of interest such as soil texture bands and convective rolls.  

5.3 Recommendations for Future Work 

Even when homogeneous conditions are imposed for the entire simulation or 

imposed in a stepwise fashion as in the WAW simulations, it is still difficult to 

unambiguously attribute cause-and-effect between the atmosphere and the land surface 

due to the nonlinearity in the land-atmosphere coupled system. It is recommended that 

the results presented in Chapters 3 and 4 be tested for sensitivity to grid spacing. The 

differences observed in PBL height and cold pool speed in Chapter 4 warrant using a 

smaller restart time step in the WAW simulations for the points of PBL collapse and 

within the convective environment, where profiles of moisture and temperature are 

rapidly changing.  

It is also difficult to discern the frictional effect the land surface may have in the 

convective environment at the relatively coarse scale of 1.333 km, and a stronger focus 

on convective dynamics would require finer grid spacing. And additional extension 

could include the use of quasi-idealized simulations as in Mahoney et al. (2009), 

initializing a MCS using a warm bubble and an idealized synoptic environment. In such 

an experiment, a spin-up simulation without the warm bubble could be performed with 

realistic land cover to generate realistic variations in atmospheric structure due to land 

cover alone. Then the warm bubble could be introduced to promote deep moist 
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convection. Alternatively, to investigate the role that momentum exchange with the 

surface plays, the quasi-idealized experiments could be performed without the spin up 

and the homogeneous land use type could be altered in a series of experiments (for 

example, comparing an MCS over barren soil or open water with an MCS over a forest 

would be the extreme case). 

It should also be noted that the simulations performed here only consider one 

case. It is recommended that future work include such sensitivity testing on multiple 

cases with different convective modes and different synoptic set ups. Although large 

sensitivities to the land surface properties were not found in this case until extreme 

examples were tested, these properties may be more important in other cases. 
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