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Abstract 

Light rainfall is the baseline input to the annual water budget in mountainous 

landscapes through the tropics and at mid-latitudes.  In the Southern Appalachians, the 

contribution from light rainfall ranges from 50-60% during wet years to 80-90% during 

dry years, with convective activity and tropical cyclone input providing most of the 

interannual variability. The Southern Appalachians is a region characterized by rich 

biodiversity that is vulnerable to land use/land cover changes due to its proximity to a 

rapidly growing population.  Persistent near surface moisture and associated 

microclimates observed in this region has been well documented since the colonization 

of the area in terms of species health, fire frequency, and overall biodiversity. The 

overarching objective of this research is to elucidate the microphysics of light rainfall 

and the dynamics of low level moisture in the inner region of the Southern 

Appalachians during the warm season, with a focus on orographically mediated 

processes. The overarching research hypothesis is that physical processes leading to and 

governing the life cycle of orographic fog, low level clouds, and precipitation, and their 

interactions, are strongly tied to landform, land cover, and the diurnal cycles of flow 

patterns, radiative forcing, and surface fluxes at the ridge-valley scale. The following 

science questions will be addressed specifically: 1) How do orographic clouds and fog 

affect the hydrometeorological regime from event to annual scale and as a function of 
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terrain characteristics and land cover?; 2) What are the source areas, governing 

processes, and relevant time-scales of near surface moisture convergence patterns in the 

region?; and 3) What are the four dimensional microphysical and dynamical 

characteristics, including variability and controlling factors and processes, of fog and 

light rainfall? The research was conducted with two major components: 1) ground-based 

high-quality observations using multi-sensor platforms and 2) interpretive numerical 

modeling guided by the analysis of the in situ data collection. Findings illuminate a high 

level of spatial – down to the ridge scale - and temporal – from event to annual scale - 

heterogeneity in observations, and a significant impact on the hydrological regime as a 

result of seeder-feeder interactions among fog, low level clouds, and stratiform rainfall 

that enhance coalescence efficiency and lead to significantly higher rainfall rates at the 

land surface. Specifically, results show that enhancement of an event up to one order of 

magnitude in short-term accumulation can occur as a result of concurrent fog presence. 

Results also show that events are modulated strongly by terrain characteristics including 

elevation, slope, and land cover. These factors produce interactions between highly 

localized flows and gradients of temperature and moisture with larger scale circulations. 

Resulting observations of DSD and rainfall patterns are stratified by region and altitude 

and exhibit clear diurnal and seasonal cycles.  
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1. Introduction  

1.1 Motivation 

Orographic precipitation at high elevations disproportionately contributes to the 

water budget in regions of complex terrain (Immerzeel et al., 2010). In the Southern 

Appalachian Mountain Region (SAMR), which contains the headwaters of four major 

river basins, providing freshwater resources for over 20 million people, light rainfall has 

been shown to represent, on average, 60% of the annual rainfall input, increasing up to 

80-90% during the fall and winter seasons (Prat and Barros, 2010a). This region was 

chosen as the site for the first Global Precipitation Mission (GPM) ground validation 

field campaign, the Integrated Precipitation and Hydrology Experiment (IPHEx), after 

the launch of the GPM core satellite in February 2014. 

Synthesis of a seven-year (fall 2007 – present) dataset of high elevation 

precipitation in this region shows that interannual variability of rainfall tends to occur in 

terms of the amplitude and frequency of heavy precipitation events, whereas light 

rainfall provides the year-to-year baseline freshwater resources (Wilson and Barros, 

2014). Strong synergies among mountain microclimates and vegetation cover are evident 

in the context of the decline of over 90% of the mature Fraser fir, among other tree 

species, since the balsam woolly adelgid was first detected in the SAMR in the 1950s 

(Amman and Speers, 1965; Linzey, 2008). Fir canopy is particularly adept at harvesting 

cloud water and light rainfall. Contraction of fir canopy has allowed more direct 
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sunlight to reach the forest floor, leading to increased soil surface temperatures, lower 

soil moisture, and lower streamflows, which have been detrimental to many of the 

bryophytes, ferns, and invertebrates endemic to the Southern Appalachians (Smith, 

1984). The same effects are expected with the more recent decline of hemlock, a 

streamside species currently being decimated by the invasive hemlock woolly adelgid 

(Vose et al., 2013; Webster et al., 2012). Changes in the spatial and temporal distribution 

of low cloud, fog, and light rainfall due to climate variability and change can therefore 

cascade from the forest stand to the hillslope and watershed scale, leading to increased 

stresses on ecosystems and increased vulnerability. Exploratory model simulations to 

assess climate change impacts suggest that a decrease in light rainfall associated with 

warmer temperatures causes a larger disruption in watershed hydrology than does a 

decrease in the amplitude of the diurnal cycle of temperature associated with global 

warming (Barros et al., 2011).  

The Southern Appalachian Mountain Region (SAMR) was chosen as the testbed 

for this study for several reasons.  The SAMR includes a National Park (GSMNP; Great 

Smoky Mountains National Park) and is recognized as a United Nations Educational, 

Scientific and Cultural Organization (UNESCO) World Heritage site and Biosphere 

Reserve due to its high levels of biodiversity in both flora and fauna (in particular, the 

GSMNP is home to a number of tree species equaling the number found in the entire 

continent of Europe and the highest number of salamander species in the world), and 
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due to the undisturbed sections of forest still found in the park that are some of the 

oldest on mountains globally. More importantly, this region was the core domain for 

IPHEx (Barros et al., 2014), which enabled the collection of comprehensive rainfall 

observations. 

The SAMR, historically subject to much anthropogenic influence, is also 

vulnerable to risks due to land use and land cover change, as well as climate change. 

The southeastern United States continues to experience rapid population growth. 

Urbanization, specifically sprawling, which is particularly destructive, is projected to 

increase in this area by over 100% (Terando et al., 2014). Regionally, the population in 

the south is increasing faster than anywhere else in the country (US Census Briefs, 2011).  

While it is true that there are undisturbed sections of forest still remaining in remote 

regions of the protected GSMNP and National Forests, it is also true that the GSMNP is 

the most visited in the country (it had double the visitors of the runner-up, Grand 

Canyon National Park, in 2014 (NPS, 2015)), likely not only because of its natural beauty, 

but also because of its proximity to large population centers.  Much of the region, 

including parts of what later became the GSMNP, was logged in the early 1900s with 

little thought of sustainable forest management practices (Smith and Linnartz, 1980) and 

no longer supports the level of biodiversity found in virgin forests. Also, due to a pest 

introduced from Asia in the early 1900s, many of the old-growth chestnuts died off and 

the canopy structure has undergone a resultant shift (Stephenson et al., 1993). Air 
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pollution from relatively distant urban areas has resulted in damage to high elevation 

forests and degradation to soils by acidic precipitation (NPCA, 2004; Linzey, 2008; NPS, 

2010; Spira, 2011; among others).  

Using the Thornthwaite (1948) scheme, the SAMR can be classified, depending 

on such spatial factors such as exposure and elevation, anywhere between humid 

mesothermal and perhumid mesothermal/microthermal (Shanks, 1954). The most 

biodiverse spots in the SAMR are cove forests, where coves are defined by Whittaker 

(1956) as “bottoms of V-shaped valleys with flowing streams.” Cove forests are 

characterized by very high relative humidity and high soil moisture, experience 

moderate temperatures and wind, and with dense canopy cover and persistent fog are 

in deep shade for much of the year (Spira, 2011). As reported by the Southern 

Appalachian Assessment in 1996, more than 3.1 million acres in their study region fits 

this category, of which about 1 million acres are within the TN, NC, GA and SC 

Mountains and 300,000 acres are within western NC (see Figure 1). Note the spatial 

organization of mapped cove forests nested against the hillslopes, contouring primary 

and tributary valley walls and running up against the ridges at valley heads. 
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Figure 1: (left) Map of cove forests (shown in red) in the study region, along 

with in situ instrumentation. Purple dots indicate rain gauges in the long-term 

network; circles with black dots indicate disdrometer and rain gauge stations 

deployed during the Integrated Precipitation and Hydrology Experiment Extended 

Observing Period in 2013-2014. Cove forest data were obtained from the NC GAP 

project (USGS, 2011). (right) Zoomed in views of the inner mountain region (top) and 

gap region (bottom) illustrate different densities of cove forests. 

Overall, the region experiences the highest precipitation rates in the country east 

of the Rockies (i.e., excluding the Pacific Northwest (Linzey, 2008)). The SAMR also 

reports the highest precipitation gradient in North Carolina (see Figure 2), where the 

moist regions get several times the precipitation of the drier areas. The installation 

beginning in 2007 of a high-density, high-elevation tipping bucket rain gauge network 

has enabled understanding of the small-scale spatio-temporal variability along 

altitudinal gradients and within distinct sub-regions of the SAMR (Prat and Barros, 
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2010a,b; Wilson and Barros, 2014; among others). This network, as well as Intensive 

Observing Periods (IOPs) conducted in different seasons within the study region since 

2008 with MicroRain Radars (MRRs) and optical disdrometers, helped to lay the 

groundwork for the carefully targeted field observations conducted during IPHEx. 

 

Figure 2: Average annual precipitation as reported by the North Carolina State 

Climate Office (Figure from the NC State Climate Office website). 

The GSMNP is historically famous for experiencing persistent cloud and fog at 

low levels near the peaks and in the valleys (hence the name the “Smoky” mountains). 

From Whittaker (1956): “Series of summer thunderstorms advancing along the ridge and 

banks of cloud in the canyons are familiar sights in the mountains.” The Cherokee 

Native Americans referred to it as the shaconage, meaning place of the blue smoke 
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(Linzey, 2008). Many studies have documented persistent cloud immersion at high 

elevations in these forest ecosystems (Johnson and Smith, 2006 and 2008; Reinhardt and 

Smith, 2008; Berry and Smith, 2012 and 2013; among others), and the risks associated 

with the climate change induced rising of cloud base and reduction of fog frequency that 

is already evident in nearby regions (Richardson et al., 2003) are being assessed (Culatta 

and Horton, 2014).  

Because of its strong diurnal cycle and impact on surface wetness conditions, the 

spatial and temporal distribution of fog, low cloud, and light rainfall plays an important 

role in modulating the surface energy budget by affecting surface emissivity, surface 

temperature, surface latent and sensible heat fluxes, and therefore net radiation. For 

instance, Fridley (2009) reported that below-canopy temperatures of different 

topographic positions less than 500 m apart in the GSMNP can vary by 4°C even after 

accounting for elevation differences (i.e. lapse rate), which is approximately the expected 

increase of anthropogenic warming for the entire region by 2100 (IPCC, 2013).  Highly 

heterogeneous micro-hydroclimates associated with strong surface wetness and 

temperature gradients are essential to the sustainability of biodiversity in mountainous 

landscapes.  

The overarching objective of this proposal is to elucidate the microphysics of 

light rainfall and the dynamics of low level moisture (clouds and fog) in the inner 
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region of the Southern Appalachians during the warm season, with a focus on 

orographically mediated processes.  

Light rainfall imposes particular measurement challenges on both ground-based 

and satellite-based detection and estimation of rain rates. The challenges are aggravated 

in regions of complex orography due to the difficulty in separating terrain effects from 

the rainfall signal close to the surface in the case of radars (e.g. Prat and Barros, 2010b; 

Nakagawa et al., 2010).  For example, errors in light rainfall estimates from the Tropical 

Rainfall Measurement Mission Precipitation Radar 2A25 product, version 7, in the 

Southern Appalachians are caused by 3-dimensional variation in the microphysics; non-

uniform beam filling effects and uncertainty in bright band detection; and resolution 

and ground clutter (Duan et al., 2015).  

In summary, there are two major motivations for this work. First, this region and 

others like it around the world are valuable hot spots of biodiversity, and will be 

vulnerable to any alterations caused by climate change or other anthropogenic influence. 

These risks need to be better understood in order to be able to provide any meaningful 

protections for this area and other similarly vulnerable regions globally (Hawaii, Costa 

Rica, Andes, the Himalayan foothills, among others). Second, the use of remote sensing, 

especially with space-based sensors, is the key to understanding and monitoring 

precipitation at the global scale. A process-based understanding of precipitation events 
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is essential to improve rainfall retrievals from remote sensing instruments such as radar 

or satellite.   

 

1.2  Research Objectives, Science Questions and Hypotheses 

The specific research objective of this proposal is to improve the characterization 

of the spatial and temporal variability of low-level precipitation and cloudiness in 

mountain landscapes, which is critical to accurately model and monitor the surface 

water budget, and ultimately the regional water cycle. 

The overarching research hypothesis is that physical processes leading to and 

governing the life cycle of orographic fog, low-level clouds, and precipitation, and their 

interactions, are strongly tied to landform, land cover, and the diurnal cycles of flow 

patterns, radiative forcing, and surface fluxes at the ridge-valley scale. The following 

science questions and hypotheses will guide the research plan: 

SQ1: How do orographic clouds and fog affect the hydrometeorological regime 

in the Southern Appalachian Mountain Region (SAMR) as a function of terrain 

characteristics (e.g. exposure, slope, ridge-crest geometry, orientation, elevation) and 

landcover, from the event to the annual scale? Can preferential formation areas for fog 

and low cloud be identified and how are these related to moisture convergence patterns 

and terrain features? 
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Hypothesis 1: A dominant mechanism for orographic enhancement in this 

region is enhanced coalescence due to the presence of high concentrations of very small 

drops in fog and low cloud facilitating enhanced coalescence efficiency. Preferential 

areas for fog and light rainfall are tied to landform, which explains the observed spatial 

variability in the diurnal cycle of rainfall in the absence of synoptic forcing. 

SQ2: What are the source areas, governing processes, and relevant time-scales of 

near surface moisture convergence patterns in the SAMR? What is the relative 

contribution of evapotranspiration from local forests vis-à-vis long-range transport? 

How do the interactions among local, mesoscale, and synoptic controls work given 

different antecedent atmospheric and hydrologic conditions? 

Hypothesis 2: In the absence of large-scale circulation, evapotranspiration is a 

moisture source for fog and cloud, dominating over mesoscale advection. In particular, 

evapotranspiration provides the baseline diurnal moisture to the region, with seasonal 

variability. Relevant time-scales are on the order of hours and depend on terrain 

modulated flow characteristics. 

SQ3: What are the four dimensional microphysical and dynamical characteristics 

of fog and light rainfall in the SAMR? What is the intra-annual spatial variability of the 

diurnal cycle of fog on altitudinal gradients, and what are the controlling factors and 

processes? 
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Hypothesis 3: Diurnal cycles of drop size distributions, which vary spatially 

across sub-regions of the SAMR with different terrain characteristics, and seasonally 

with moisture availability and strength of radiative forcing, drive the corresponding 

observed variations along altitudinal gradients in precipitation intensity, duration, and 

accumulation. 

 

1.3 Approach 

In situ observations are used in order to assess spatial and temporal variability, 

in particular along ridgelines and in different sub-regions of the SAMR. Intensive 

observing periods were conducted to assess spatio-temporal variability of drop size 

distributions (microphysics) and the vertical structure of the atmosphere in particular 

within 2 km of the surface. Instruments used for this purpose include: 1) optical 

disdrometers, which measure the size and velocity of individual particles and provide 

information on the drop size distribution at point locations; 2) MicroRain Radars, which 

are vertically pointing 24 GHz frequency-modulated continuous-wave radars that 

measure backscatter intensity at 30 range gates that can be set at resolutions ranging 

from 35 m to 150 m; and, 3) tipping bucket rain gauges, which measure precipitation 

intensity and accumulation at point locations with resolutions ranging from 0.1 mm to 

1.0 mm per tip. The IPHEx Extended Observing Period (EOP) in particular will be 

leveraged with its higher density of equipment during 2014. Since the IPHEx Intensive 
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Observing Period (IOP), a mobile fog observing platform has been deployed in valleys 

in the inner mountain region and these observations will be used to address SQ3 in 

detail. This platform includes a Passive Cavity Aerosol Spectrometer (PCASP), optical 

disdrometer, tipping bucket rain gauge, and weather station for measuring 

meteorological variables. It is always collocated with an MRR and has also been 

collocated with a Pluvio weighing rain gauge, a 3-channel microwave radiometer, and 

during the IPHEx IOP, a comprehensive aerosol measurement suite and W- and X- band 

radars among other instruments. 

Interpretive modeling studies using an explicit microphysical rainshaft model 

and the Advanced Research Weather and Forecasting Model (WRF) were conducted to 

assess the findings from observational studies. The rainshaft model numerically solves 

the stochastic collection-breakup equation and thus describes the evolution of raindrop 

spectra in warm rain (Prat and Barros, 2007). The model uses a semi-Lagrangian 

formulation (the DSD is updated using the vertical streamlines for each bin, and then 

modified with coalescence-breakup mechanisms) and is discretized with a fixed-pivot 

technique (Kumar and Ramkrishna, 1996), which is significant since this approach 

allows for conservation of two moments (in this case, number and mass). The model, 

described in more detail in Chapter 2, is capable of elucidating the microphysical 

mechanisms behind different events at the small scale. WRF is a state of the art 

mesoscale numerical atmospheric research model that solves the three-dimensional, 
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fully compressible, non-hydrostatic Euler equations, using terrain following (eta) 

vertical coordinates and Arakawa C-grid staggering in the horizontal (Skamarock et al., 

2008). WRF will be used to explore the dynamics of moisture convergence patterns at the 

near surface and other three dimensional questions, in particular addressing the life 

cycle and sources of near surface low cloud and fog (SQ2). Details are presented on 

individual research studies in Chapters 2-4.  

 

1.4 Dissertation Outline  

First, observations in this region were carefully analyzed, including the high 

density rain gauge network shown in Figure 1, as well as observations during the IOPs 

conducted during the warm season with MRRs, disdrometers, and rain gauges. The 

explicit microphysical model mentioned in Chapter 1.3 was used to explore the low level 

enhancement observed by the radars and corroborated by intensities and accumulations 

observed by rain gauges and disdrometers on the ground.  

Since simulations with the explicit microphysical model found that low level 

cloud and fog acting as “feeder” within the seeder-feeder mechanism is a driving force 

behind low level enhancement, the next question involved investigating the dynamics 

behind the presence and evolution of the low level cloud and fog in the area. First, fog 

collectors (Juvik and Nullet 1995) were deployed to supplement the observational 

network. In addition, IPHEx provided an opportunity to collect datasets from the 
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aerosol to the precipitation scale throughout the SAMR. To investigate the dynamics of 

the cases in question at high resolution in the near surface, the Advanced Research 

Weather and Forecasting Model (WRF) was employed to perform simulations of specific 

case studies, with the objective of determining the origin and evolution of local 

moisture.  

WRF continued to be used to conduct simulations to comprehensively 

understand the life cycle of low cloud and fog in a variety of different synoptic 

conditions. Also addressing this question, analysis of observations informed the design 

of targeted field experiments for fall 2015 using the mobile fog observing laboratory 

deployed originally during IPHEx. WRF was also used specifically to quantify the 

contribution of evapotranspiration to low cloud and fog in the absence of large-scale 

forcing and investigate the interaction between local and larger scale circulation 

patterns.  

The dissertation will adhere to the following outline: first, in Chapter 2, a 

description of a study done to address SQ1 will be presented. This study is published in 

the Journal of the Atmospheric Sciences (Wilson and Barros, 2014). Chapter 3 will present a 

study addressing the first part of SQ2. This study is published in Journal of Hydrology 

(Wilson and Barros, 2015). In Chapter 4, a study addressing SQ2 and SQ3 will be 

presented. This study is in preparation for publication. Chapter 5 will present a 

summary of research results and future recommendations. 
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2. Orographic enhancement via low-level seeder-feeder 
interactions  

Quantitative estimation and modeling of precipitation remains elusive, partly 

due to the lack of complete understanding of microphysical processes governing the 

evolution of hydrometeor distributions in the troposphere from droplet formation to 

rainfall (Testik and Barros, 2007; Rennó et al., 2013).  Current rainfall monitoring systems 

generally rely on indirect estimation from microwave radiometer (passive) and radar 

(active) measurements (Hou et al., 2001; Tapiador et al., 2011).  Satellite-based radars 

have significant difficulty in the detection of light rainfall, particularly at high temporal 

resolution (Huffman et al., 2007), and in complex terrain (Prat and Barros, 2010a; Duan 

et al., 2015).  Rainfall estimation is an inverse and ill-posed problem that requires 

fundamental knowledge of the space-time distribution of hydrometeors in the 

atmosphere in addition to the indirect microwave measurement proper, which is 

typically unavailable or only partially available. Therefore, simplifying assumptions are 

required.  For warm rain, such assumptions include steady state, height independence of 

the raindrop size distribution (DSD), and limited, if any, dependence of the DSD on 

storm regime (Iguchi et al., 2000; Seto et al., 2013). Simulations from numerical weather 

prediction models in a data-assimilation framework can address some of these 

assumptions, but severe limitations remain due to time-scale disparities between 

observations and model simulations and model errors, including the incomplete 

representation of microphysical processes (Hou and Zhang, 2007).  



 

16 

In the case of radar observations, the reflectivity to rain rate (Z-R) relation varies 

significantly in space and time with the DSD (Battan, 1973 and Raghavan, 2003 list over 

100 empirical relationships), but for practical reasons and due to the lack of confidence 

in their general applicability, estimation algorithms tend to rely on just a few (Tokay et 

al., 2009). The application of these Z-R relations also assumes steady state DSDs constant 

with height, although there is strong evidence that: i) differences exist in functional form 

between the DSD measured at the surface and that measured aloft (Uijlenhoet, 1999); 

and ii) the DSD time-to-equilibrium is often longer than the evolution of rainfall systems 

and the measurement time-scale (Prat and Barros, 2009). One objective of this research is 

to illuminate the physical mechanisms behind the temporal and vertical evolution of 

warm rain DSDs in complex terrain, leading to improved estimation algorithms.  

In mountainous regions globally, light rainfall and fog are critical for freshwater 

sustainability (Bruijnzeel et al., 2011; Klemm et al., 2012). In the Southern Appalachians, 

which experiences a persistent fog regime, observations made by a high density 

raingauge network, represented by the purple circles in Figure 1, indicate that light 

rainfall (rain rates less than 3 mm hr-1 at five-minute time-scales) at ridgelines represents 

30-50% of total annual precipitation based on 2007-2013 records. Average monthly 

accumulations from light (heavy) rainfall are plotted in Figure 3.  
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Figure 3: Average monthly inputs from (a) rain rates less than 3 mm hr-1 and (b) 

rain rates greater than or equal to 3 mm hr-1 as observed by the rain gauge network 

during the observation period 2007-2013. Rain rates were computed at 5- min time 

scales. Each bar represents one gauge, and from left to right they move east to west. 

There is higher variability in the amounts received from heavy rainfall, while the 

amounts from light rainfall and its diurnal cycle (not shown) remain stable throughout 

the year, and indeed from year to year.   

Generally, two types of fog occur in the Southern Appalachians: valley fog, a 

type of radiation fog that can reach mid/high elevations, and upslope fog, a type of 

advection fog often present in mountainous regions that can happen at night or during 
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the day depending on mountain-valley winds. Surface observations indicate that the 

observed diurnal cycle of light rainfall is intertwined with the observed diurnal cycle of 

fog occurrence, with mid-day peaks concurrent with valley fog, and evening peaks 

concurrent with radiation fog. 

Valley fog forms when air at high elevations begins to cool and sink after sunset; 

it then becomes saturated and forms dense fog or cap clouds that dissipate with solar 

forcing after sunrise. Upslope fog is caused by warm, moist air being pushed upward 

over land surfaces where it condenses. It can be differentiated from radiation fog by time 

of occurrence and by its movement.  Daily mid-day upslope fog occurs along ridges in 

the inner region of the Southern Appalachians from late fall through early spring, and 

its presence is consistent with the diurnal peak of rainfall in the region.  Detailed 

analysis of the time-series of rainfall data shows that in valley and sheltered ridge 

locations, there are intermittent periods of very intense rainfall, especially in the warm 

season, concurrent with dense fog and/or cap clouds, that cannot be explained based on 

the prevailing storm regime.  Furthermore, Prat and Barros (2010a) showed that the 

right-hand side of observed valley DSDs is “heavier” than that of DSDs in adjacent 

ridges for the same event, suggesting enhanced drop coalescence between ridge and 

valley locations.  On the other hand, during such events there are no significant 

differences among the reflectivity profiles obtained from paired MicroRain Radars, 

suggesting that the rainfall enhancement is taking place primarily in the vertical 



 

19 

direction, and is not an artifact of lateral advection of heavier rainfall. In this study, we 

investigate the hypothesis that interactions between seeder stratiform rainfall and local 

feeder fog and low level clouds anchored to landform explain the observed 

enhancement of rainfall intensity and duration.  We build on previous research pointing 

to the importance of coalescence processes in non-convective rainfall in this region 

(Barros et al., 2008; Prat and Barros, 2010b), and in mountainous regions with persistent 

near-surface cloudiness generally (e.g. Bergeron, 1960, and many others). 

 

2.1 Microphysics Overview 

Raindrop populations are described by statistical drop size distributions (DSDs) 

fit to histograms of observed drops organized by class size.   Two of the DSD functional 

forms most often used are the negative exponential: 

    deNdN  0)(      (2.1.1) 

which can be characterized by two parameters (slope (Λ) and intercept (N0)), and 

the gamma: 

    dedNdN  
0)(      (2.1.2) 

where the three parameters are respectively slope (Λ), intercept (N0) and shape 

(μ). Negative exponential distributions are a subset of gamma distributions (i.e. μ=0). 

The Marshall-Palmer distribution, historically the most commonly used DSD, is a 

negative exponential distribution with a fixed intercept value and a slope dependent 
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upon rain intensity, based on drops collected for a limited range of rain rates (1 to 23 

mm hr-1; Marshall and Palmer, 1948). Because the negative exponential distribution does 

not resolve completely either very large or very small drops, Ulbrich (1983) proposed 

the gamma distribution, which is used widely in operational retrieval algorithms such as 

the Tropical Rainfall Measurement Mission Precipitation Radar (TRMM PR) (Iguchi et 

al., 2000). Other researchers found the gamma distribution to be the best fit in terms of 

how it represented coalescence growth, drop evaporation, and the number 

concentration (Willis, 1984), how well the fitted distributions could replicate observed 

rain rates and other DSD moments (Atlas et al., 1984; Tokay and Short, 1996; Mallet and 

Barthes, 2009) though exhibiting regime dependence (Cho et al., 2004). 

 

2.1.1 Warm Rain Microphysics 

After cloud droplets are large enough to be stable, and depending on drop 

number concentration, collisional drop-drop interactions are the primary mechanism of 

DSD evolution in space and time (Srivastava, 1978).  Collision outcomes are determined 

by the magnitude of collision kinetic energy related to drop diameter (Testik and Barros, 

2007; Barros et al., 2008; Testik et al., 2011). Other mechanisms affecting the DSD include 

aerodynamic breakup, advection and redistribution by air motion, and phase changes 

(evaporation/condensation). Low and List (1982) parameterizations, updated by 

McFarquahar (2004), have been the primary source for collision-based interactions 
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between drops in models of raindrop population dynamics.  Testik et al. (2011) and 

Straub et al. (2010) investigated the sensitivity of coalescence efficiency to the collision 

Weber number.  Furthermore, Testik et al. (2011) analyzed the data from Barros et al. 

(2008), and established the physical basis for a new parameterization of break-up type 

and bounce described by Prat et al. (2012). They showed that explicit consideration of 

bounce (collisions where both drops retain the same size before and after the collision) 

can significantly influence the DSD especially in the small diameter range of the drop 

spectrum. 

The DSD dynamics model (Prat and Barros, 2007; Prat et al., 2012) used in this 

research has been used successfully in the past to independently reproduce DSD 

observations and integral parameters (e.g. Prat et al., 2008; Prat et al., 2010b).  Previous 

modeling studies indicating that coalescence moving very small drops to the mid-size 

drop region is the dominant microphysical mechanism driving DSD evolution in light 

rainfall are particularly relevant (Prat and Barros, 2009). Specifically, collisional 

interactions among drop populations in different regions of the size spectrum, that is 

seeder (right) and feeder (left) populations, can act to significantly enhance coalescence 

at very fast time scales.  These seeder-feeder interactions, also referred to as Bergeron 

processes, were first proposed by Bergeron (1960) to explain orographic enhancement of 

rainfall in Sweden.  Subsequently, a large number of studies in humid mountainous 

regions and the mid-latitudes (northern Europe, UK, Japan, etc) attributed orographic 
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rainfall enhancements of 1-2 orders of magnitude to Bergeron processes (see Barros and 

Lettenmaier, 1994; Cotton and Anthes, 1989 for detailed literature reviews). 

  

2.1.2 Fog Microphysics 

In the literature, fog is often quantitatively described by bulk measures such as 

total accumulation over relatively long time-scales (ecology) or visibility (aviation, air 

quality).  When fog droplets are measured directly, the most common instrument used 

is some version of a particle spectrometer (Gonser et al., 2012; Frumau et al., 2011; 

Hering et al., 1987; others). These instruments have measurement limitations; the 

smallest drop size that can be detected is generally around 5 μm, and the largest ranges 

from 40-200 μm. Other instruments used include photoelectric particle counters 

(Eldridge, 1960), high speed cameras (Okuda et al., 2009), special collectors (Straub and 

Collett, 2002), and forward scattering spectrometers (García-García et al., 2002, Gultepe 

et al., 2009).   

Here, we are particularly interested in observational studies that report on fog 

DSD properties.  A  literature review including studies in the Swiss Alps (Müller et al., 

2010), eastern Canada (Gultepe et al., 2009; Walmsley et al., 1996), Japan (Okuda et al., 

2008 and 2009), Germany (Bendix et al., 2005), the US (Eldridge, 1960; Hering et al., 

1987), Taiwan (Gonser et al., 2010), Costa Rica (Frumau et al., 2011), Mexico (García-
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García et al., 2002), and in the laboratory (Straub and Collett, 2002) is summarized in 

Table 1.  

Table 1: Characteristics of fog as reported in the literature. LWC is in units of 

g/kg; Effective D is in units of μm; Nt is in units of cm-3; and N0 is in units of cm-3 μm-1. 

If not written out, fog types are “A”,”R”,”O” for advection, radiation, and orographic 

respectively. 

Ref. Location Obs 

Period 

Type Instrument LWC  Effective 

D  

Nt  N0   

Eldridge, 

1960 

MA, USA 23 Oct & 

18 Nov 

1958, 

2100-2200 

EST 

-- Photoelectric 

particle 

counter 

0.039-

0.4  

-- 812-

4670 

116-

3960 

Pinnick et 

al., 1978 

West 

Germany 

Feb 1976, 

local 

times mid 

morning 

R Light 

scattering 

aerosol 

counter 

.0004-

0.45 

8-12 -- 103 

Hering et 

al., 1987 

CA, USA Jun 1983 -- Optical 

particle 

counter 

.02-

0.2  

18-28  -- -- 

Walmsley 

et al., 

1996 

Quebec 15-17 Jul 

1993, 

0330-1130 

EST 

A Fog collector Est., 

0.07 -

.10 

-- -- -- 

García-

García et 

al., 2002 

Mexico  Winter 

1991, 1993 

“norte” Forward 

scattering 

spectrometer 

0.1-

.03 

10-20  100-

300 

10-102 

Gultepe 

et al., 

2009 

Eastern 

Canada 

Nov 2005-

Apr 2006; 

Jun 2006; 

Jun 2007 

-- MODIS 0.3-1  7-20 102 -

103 

10-102 

Okuda et 

al., 2008 

Japan 20 Jun-10 

Jul 2005 

Sea fog Particle 

counter 

-- 18-131 -- Up to 

103 

Okuda et 

al., 2009 

NE Japan Jun 30-Jul 

27, 2006, 

overnight, 

early 

morning 

-- Digital 

camera/ 

stroboscope 

0.1-

0.27  

-- 49-

197 

-- 

Bendix et 

al., 2005 

Germany Winter 

2001/2002 

-- -- -- -- -- -- 
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Gonser et 

al., 2012 

Taiwan, 

montane 

cloud 

forest 

Jul 2009 O Optical 

droplet 

spectrometer 

-- Peak at 

10-15  

-- -- 

Müller et 

al., 2010 

Swiss 

Alps 

Oct 2005 -- Model Up to 

0.8  

10  -- -- 

Frumau 

et al., 

2011 

Santa 

Elena, 

Costa 

Rica, 

cloud 

forest 

Feb-May 

2003 

-- Passive fog 

collectors, 

cloud droplet 

spectrometer 

0.1-

0.3 

15 -- -- 

Kunkel, 

1982 

Otis AFB Jun-Jul 

1980 

A Optical 

particle 

spectrometer 

0.1-

0.4  

Peak 

around 

10-30 

 102 

 

Please note that, following conventions in the literature, the units of fog DSD 

properties describe the droplets in terms of μm and cubic centimeters, in contrast with 

raindrop DSDs described using mm and cubic meters.  In general, the average diameter 

reported by these studies is between 10-20 μm. Fog droplets as large as 200 μm were 

observed (Okuda et al., 2008), but this is rare; usually the maximum diameter lies in the 

50-100 μm range.  There is large variability in the number concentration of the smallest 

drop sizes (10 to 103 cm-3 μm-1), and the order of magnitude for the total number 

concentration varies between 102 and 103 cm-3. The reported Liquid Water Content 

(LWC) is generally between 0.03-0.4 g kg-1. This indicates that studies reporting the N0 

value to be as high as 103 cm-3 μm-1 also reported fog DSDs composed almost entirely of 

very small droplets.   Other critical information to understand fog dynamics (e.g. 

duration and temporal evolution) is not reported.  Nevertheless, due to the lack of fog 

observations beyond visibility in the Southern Appalachians, we rely on these previous 
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studies to specify physically reasonable fog DSDs in the model simulations that are 

consistent with low level reflectivity observations from vertically pointing radars 

(VPRs). 

 

2.2 Explicit Microphysical Column Model Description 

This study uses a column (rainshaft) model to simulate drop-drop interactions in 

the liquid phase during three case studies in the region of interest during periods that 

are well observed by ground instrumentation. A brief description of this model follows, 

but an exhaustive description can be found in Prat and Barros (2007) and Prat et al. 

(2012). The governing equation solved by this model is the general continuous transport 

equation (stochastic collection equation-stochastic breakup equation; SCE-SBE). It is 

discretized using a grid independent number and mass conservative scheme (Kumar 

and Ramkrishna, 1996). The resulting discrete equation over the ith discrete interval is 

given by:  
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where Ni(z,t) is the total number density of drops in the ith class size (cm-3): 
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 The terms on the right side of Equation 3 describe the coalescence-breakup 

dynamics. From left to right, the terms represent the gains resulting from coalescence; 

losses from coalescence; gains from breakup; and losses due to breakup.  The 

representative volume of the ith size range is noted by xi. The collection kernel (Ci,j) is the 

product of the coalescence efficiency (Ecoali,j: Low and List, 1982) and the gravitational 

collision kernel (Ki,j: Pruppacher and Klett, 1978). Each of these kernels have been 

updated in order to incorporate results from Barros et al. (2008) and Testik et al. (2011). 

The breakup (Bi,j) and collection kernels are complementary (i.e., Bi,j=1-Ci,j). The 

parameters η (coalescence contribution) and κi,j,k (breakup contribution) are derived 

from the number-mass conservative discretization scheme. Specifically, η is the 

contribution to the drop population located at the ith interval due to coalescence of 

drops of volume (xj) and (xk). When a drop of volume (υ=xj+xk) is created by coalescence 

and its size falls between two grid points (xi) and (xi+1), the newly created drop is 

distributed proportionally to both adjacent grid points (xi and xi+1) so that both number 

and mass are preserved (Prat and Barros, 2007). Similarly, the term κi,j,k is the 

contribution to drop population located at the ith interval due to collisional breakup of 

drops of volume (xj) and (xk). The parameter κi,j,k is a function of the fragment 

distribution function P(υ,xj,xk), where P(υ,xj,xk)dυ is the number of drops having volume 

in the range (υ) to (υ+dυ) obtained from the collisional breakup of two drops of volume 

(xj) and (xk).  
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The overall fragment distribution function includes the three types of breakup 

(filament, sheet and disc) identified by McTaggart-Cowan and List (1975). The 

occurrence of each type of breakup and the number of drops created by a collisional 

event follows Low and List (1982) modified with results from Testik et al. (2011) and 

Prat et al. (2012). The fragment distribution function P(υ,xj,xk) for each type of breakup is 

derived from the parameterization proposed by McFarquhar (2004) that provides 

expressions for the parameters (height, standard deviation and modal diameter) of the 

Gaussian and lognormal functions constituting the fragment distribution for each type 

of breakup. The term κi,j,k is integrated over every bin category via routines specifically 

written for generalized Gaussian and lognormal distributions (Prat and Barros, 2007). 

The overall fragment distribution is obtained from the weighted contribution of each 

type of breakup.  

The irregularly discretized grid used in this study covers a diameter range from 

0.01 to 6.2 mm over 60 bins, and combines a geometric grid (d<=0.1 cm) with a regular 

grid (spacing=0.02 cm, d>0.1 cm) in order to accurately capture the location of peaks in 

the small drop diameter range, the tail of the DSD in the large drop diameter range, and 

minimize numerical diffusion (Prat and Barros, 2007). The moments of the DSD are 

expressed by: 
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where mi is the characteristic mass (g) of the ith class category. The term CC is a 

conversion coefficient dependent on the integral properties considered. Moments of 

interest include the drop number concentration M0(z,t) (k=0; CC=1; cm-3), the liquid 

water content LWC(z,t) (k=1;CC=106; g m-3), and the radar reflectivity factor Zmm6m-3(z,t) 

(k=2; CC=1012[6/(π ρ)]2 with ρ=1 g cm-3; mm6 m-3 or dBZ) with Z(z,t)=10 log Zmm6 m-3(z,t). 

The rain rate is given by 
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where Vi(ms-1) is the drop fall velocity for a drop of the ith bin category (Atlas et 

al., 1973) and Vair(z) is the mean air velocity at the height (z) that includes updrafts-

downdrafts with appropriate sign conventions (+ toward the ground).  

The numerical approximation of the SCE-SBE is achieved using a semi-

Lagrangian formulation with a vertical resolution of 10 meters and a time step of 1 

second. At each time step the distribution of drops inside the rainshaft is updated based 

on the vertical positions for each drop size class and then the DSD spectra is modified by 

the coalescence-breakup mechanisms described above. 

 

2.3 Data 

Intensive observation periods (IOPs) were conducted on the Cataloochee Ridge 

in the Pigeon River Basin (2011-12, Ridge 1 - R1 (P3 in the map in Figure 1)) and in 
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Madison County at a ridge (2011-12, Ridge 2 - R2 (P1 in the map in Figure 1)) and in a 

valley (2012, Valley 2 - V2 (P8 in the map in Figure 1)).  

 

Figure 4: (top) Map of the study region shown in context of the southeastern 

United States; (bottom left) MicroRain Radar (MRR) locations during the period 

October 2011-November 2012, along with the rain gauge network in the Pigeon River 

Basin as shown in Figure 1; and (bottom right) zoomed-in schematic of the R1 

supersite (distances not to scale), including RGs [RG-Tower (RGT)], P1 (PARSIVEL-1 

disdrometer), P2s (PARSIVEL-2 disdrometers), a WXT (Vaisala weather station, 

version 510), and MRRs. All instruments in the supersite were recording from May to 

June 2012. See Table 2 for a description of the instrument and location abbreviations. 
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Figure 4 shows sensor locations during the observing periods, including a 

schematic of R1 during a period of cross calibration in late spring 2012. A list of the 

instrumentation with deployment dates is presented in Table 2. Instruments include: 

tipping bucket rain gauges (RGs) and a Vaisala automatic weather station (WXT) with 

an acoustic rainfall sensor that measure rainfall intensity at 0.1 mm resolution, and 

optical disdrometers and Micro-Rain Radars (MRRs) with sensitivity down to 0.01 mm 

hr-1.  

Table 2: Instruments deployed in the 2011-2012 field season, with 

abbreviations used throughout the chapter. In the location column, the second 

identifier in parentheses corresponds with the station’s location in Figure 1. 

Instrument Dates Location 

Rain Gauge 113 (RG) 16 Jul 11 – 13 Nov 12 Marshall Ridge (R2, P1) 

Rain Gauge 115 (RG) 18 Jun 12-18 Nov 12 Madison County ABTech (V2, P8) 

Rain Gauge 100 (RG) Entire 11-12 period Purchase Knob (R1, P3) 

Rain Gauge 100T (RGT) Entire 11-12 period Purchase Knob (R1, P3) 

Parsivel 1 (P1) 23 Mar 12-9 Jun 12 Purchase Knob (R1, P3) 

Parsivel 2 (P2) 18 May 12-9 Jun 12 Purchase Knob (R1, P3) 

Parsivel 2 (P2) 18 May 12-17 Jun 12 Purchase Knob (R1, P3) 

Micro Rain Radar (MRR) 22 Oct 11-9 Jun 12 Purchase Knob (R1, P3) 

Micro Rain Radar (MRR) 22 Oct 11-17 Jun 12 Purchase Knob (R1, P3) 

Weather Station 510 (WXT) 22 Oct 11-9 Jun 12 Purchase Knob (R1, P3) 

Weather Station 510 (WXT) 10 Jun 12-13 Nov 12 Marshall Ridge (R2, P1) 

Weather Station 510 (WXT) 8 May 11-2 Oct 11 Marshall Ridge (R2, P1) 

Micro Rain Radar (MRR) 10 Jun 12-13 Nov 12 Marshall Ridge (R2, P1) 

Micro Rain Radar (MRR) 18 Jun 12-13 Nov 12 Madison County ABTech (V2, P8) 

Micro Rain Radar (MRR) 8 May 11-2 Oct 11 Marshall Ridge (R2, P1) 

Micro Rain Radar (MRR) 5 May 11-8 Jun 11 Purchase Knob (R1, P3) 

Parsivel 1 (P1) 10 Jun 12-13 Nov 12 Marshall Ridge (R2, P1) 

Parsivel 2  (P2) 10 Jun 12-13 Nov 12 Marshall Ridge (R2, P1) 

Parsivel 2  (P2) 18 Jun 12-13 Nov 12 Madison County ABTech (V2, P8) 
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The MRRs observe 30 vertical levels in the atmosphere with range gate 

resolution ranging from 35-150m; 150m resolution was used here. The MRRs operate at 

24 GHz (K-band) using the frequency modulated continuous wave principle. The fall 

velocity of hydrometeors leads to a Doppler shift in the received frequency in addition 

to the range frequency shift. The fall velocity is the first moment of the Doppler spectra 

and the DSD is determined using the relationship between spectral reflectivity and 

single particle backscattering cross section (Metek, MRR Physical Basics, 2012). The main 

limitation in this retrieval is that it does not account for wind (horizontal or vertical) at 

any scale. 
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Figure 5: Average vertical profiles shown for the MRRs. Note the difference in scale 

on x-axis for the average values (left) vs. the maximums (right). 

Averaged and maximum vertical profiles for each MRR location are presented in 

Figure 5, computed for each gate. The lower bound for the observed reflectivity was 15 

dBZ. The largest differences are between the two ridge locations R1 and R2. R1 is located 

in the inner mountain region, while R2 and V2 are located in an open mountain pass. 

The reflectivity profile observed at R1 is characterized by a sharp decrease in reflectivity 

at altitudes higher than approximately two km AGL. The reflectivity profile in the 

mountain pass ridge (R2) has a greater vertical extent with consistently high reflectivity 

values at all levels. The differences between the two high elevation ridges are higher 

than the differences between the valley and ridge location in the mountain pass. In the 
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latter, as expected, the valley location (V2) observes the bright band at a higher altitude 

AGL than the ridge, corresponding to the elevation difference between R2 and V2. This 

effect is clearer in the average profile than in the maximum. The valley also exhibits a 

steeper change of reflectivity with height than the ridge, and the ridge values are 

consistently higher. The maximum reflectivity profiles are similar, with the ridge 

showing slightly higher reflectivity values at low to mid-levels than the valley.  

 

Figure 6: CFADs for the 2011-2012 field season. 

Contoured frequency with altitude diagrams (CFADs, see Yuter and Houze, 

1995), created by computing percentages of occurrence for reflectivity values over 15 

dBZ at each gate, show the same differences between R1 and R2 in 2011 (Figure 6). R2 

CFADs show higher reflectivity values throughout the column while R1 shows a steeper 
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gradient from the lower to higher elevation values and a clearer, lower bright band 

signature. Low level processes dominate at R1, and reflectivity values generally do not 

exceed 20 dBZ above two km AGL. In 2012, observations are available from R1 during 

May and June and from R2 and V2 during June and July. At R1, the observations from 

2012 are similar to those in 2011. The values observed during 2012 are slightly higher 

than those in 2011, but the general pattern is still apparent. Reflectivity values are higher 

in the lower levels of the atmosphere, and above about two km AGL they drop off 

significantly. Incidentally, in this region satellite rainfall products often significantly 

underestimate precipitation (Prat and Barros, 2010b). In the R2/V2 plots, the shift in 

bright band location about 500 meters higher in the atmosphere at the valley location is 

shown; the milder decline with reflectivity and height at the ridge corresponds to the 

vertical profiles in Figure 5. 

The microphysical structure of DSDs observed at the surface by optical 

disdrometers during 2012 was also explored.  
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Figure 7: Time series of observations made at the sites during the 2012 IOP.  

Time series of DSDs observed by the disdrometer are plotted in three dimensions in 

Figure 7 to show the variability in distributions with time, in addition to diurnal 

patterns. A diurnal cycle is observed with some droplets recorded each day. Longer, 

more intense events exhibit broader distributions. 

Note the differences between the DSDs observed by the Parsivel disdrometer at 

R2 and V2. V2 shows a diurnal pattern of small drop observations in significant 

numbers. We hypothesize that this indicates the presence of fog in the valley, whereas at 

R2, fog is not a dominant feature. Interestingly, the observations at R1 in the inner 

mountain region show similar characteristics to those at V2 despite the elevation 
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difference. One significant event that occurred in R2/V2 during this time period was 

enhanced at the valley location by the presence of fog, as observed by the VPR. 

Tokay et al. (2013) conducted a careful measurement characterization study that 

revealed strong artifacts associated with the underestimation of the number of small 

drops by Parsivel disdrometers. This underestimation for drops smaller than 0.76 mm 

had a pronounced effect on the parameters of gamma-fit DSDs. Evidence of 

overestimation of midsize and large drops is also presented. We will refer to these 

findings again during the conclusions for this study. At this point, it is important to 

emphasize that the study by Tokay et al. suggests that the Parsivel observations 

presented here are underestimates of actual fog DSDs, and therefore the number 

concentrations of mid-day fog detected at V2 should be higher, corresponding to higher 

LWC. 

Two microphysical parameters of particular interest are mass spectrum 

parameters: mean mass weighted diameter (Dm) and its standard deviation (σm), 

respectively the center of mass for LWC and the width of the distribution’s shape. These 

are more physically meaningful variables than the slope, shape, and intercept 

parameters, which are mathematical in nature (Haddad et al., 1996). However, they are 

still related to those mathematical parameters. The relationship between Dm and σm 

follows a power law: 

    



m Dm
      (2.3.1) 
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Dm and σm values corresponding to disdrometer DSDs observed each minute are 

presented in Figure 8.  

 

Figure 8: Mass weighted drop spectra parameters related during the 2012 IOP. 

Here P2 indicates the PARSIVEL2 model and P1 indicates the PARSIVEL1 model. 

There were about 2000 (1000) minutes of drop size observations available for 

each instrument at R1 (R2/V2). All minutes that surpassed the minimum detectable rain 

rate of the disdrometers were included in the plots. The first fit shown was found using 

over 29,000 minutes of two dimensional video disdrometers (2DVD) measurements 

during several different NASA Ground Validation (GV) experiments (Williams et al., 
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2014). The remaining fits were found using corresponding data points from each 

disdrometer. At R1 and V2, the fit is very similar to what was found in Williams et al., 

despite the difference in geographic location and in instrumentation, suggesting the 

robustness of this fit. The α and β parameters found in that paper as well as in the 

R1/R2/V2 observations are reported in Table 3.  

Table 3: Fits found for each plot shown in Figures 8 and 9. Hours are in local 

daylight time. 

Location Period Sensor Minutes  α (95%) Β (95%) 

OK April-June 2011 2DVD 5175 0.30 1.33 

AL Dec 2009-Oct 

2011 

2DVD 20954 0.29 1.43 

ON Dec 2011-Mar 

2012 

2DVD 972 0.32 1.50 

Finland Sep-Dec 2010 2DVD 2454 0.27 1.53 

P3 May-June 2012 P1/P2 6153 0.29 (0.28, 0.29) 1.50 (1.49, 1.53) 

P1 June-July 2012 P2 1056 0.31 (0.30, 0.31) 1.62 (1.57, 1.67) 

P8 June-July 2012 P2 1099 0.31 (0.31, 0.32) 1.48 (1.44, 1.53) 

P1 0-3 June-July 2012 P2 141 0.26 (0.24, 0.27) 1.99 (1.86, 2.12) 

P1 12-15 June-July 2012 P2 180 0.33 (0.32, 0.35) 1.58 (1.47, 1.68) 

P1 15-18 June-July 2012 P2 262 0.33 (0.31, 0.34) 1.40 (1.30, 1.51) 

P1 18-21 June-July 2012 P2 331 0.30 (0.29, 0.30) 1.84 (1.74, 1.93) 

P8 0-3 June-July 2012 P2 178 0.31 (0.29, 0.33) 1.45 (1.32, 1.58) 

P8 12-15 June-July 2012 P2 178 0.32 (0.31, 0.34) 1.72 (1.56, 1.87) 

P8 15-18 June-July 2012 P2 240 0.32 (0.31, 0.33) 1.49 (1.41, 1.57) 

P8 18-21 June-July 2012 P2 315 0.30 (0.29, 0.31) 1.71 (1.62, 1.80) 
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At R2, the fit diverges from that found in past GV experiments and at R1 and V2.  

These observations highlight the spatial variability in this region, and in particular the 

large differences between ridges in the inner mountain region and in the mountain pass. 

In the R2/V2 plot, note the difference between P2-1 (located at an elevation of about 1200 

m) and P2-2 (located at an elevation of about 500 m). The R2 values exhibit higher 

variance than V2, and indeed any of the other field experiments, for a given drop 

diameter. The sample size for this period was limited to just a few significant 

precipitation events, so a caveat is that this difference may be related to particular 

properties of the events observed. 

There are a much larger number of smaller Dm values reported at R1 than at 

either R2 or V2. The density of the Dm occurrences in the R2/V2 plot stays consistent up 

to about 2 mm, compared to 1.5 mm at R1.  It is not clear whether part of this difference 

is reflected in the different seasons (late spring vs. early summer) in which the 

disdrometers were deployed, or if the difference is primarily the result of spatial 

variability and hydrometeorological regime. In addition, there is more spread in the 

points observed at R1 than at R2/V2. This is probably the result of the limited sample 

size of precipitation events recorded at R2/V2 during the observation period. The 

presence of more different types of rain events would likely increase the variability in 

the Dm-σm relationship. 
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The Dm-σm observations were organized in several different ways in order to 

highlight the variations, including a separation based on rain intensity (3 mm hr-1 and 5 

mm hr-1 were used as thresholds), and a separation based on time of the observation. 

Figure 9 presents plots for selected three-hourly periods at R2/V2.   

 

Figure 9: The 2012 observations are split into different times of the day when 

there were statistically significant numbers of observations to analyze. R2/V2 

corresponds to P1/P8 on the map in Figure 1. 

A three hour period was included if it observed at least 100 rainy minutes. This figure 

shows that the highest Dms, and the smallest variation with location, occur during the 

1200-1500 LT period. This is consistent with mid-day peaks in fog that translate into a 

concurrent diurnal cycle of rainfall. The range of Dm is largest during 0000-0300 and 

1500-1800 LT. The early morning hours at R2 show the highest variation with increasing 
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Dm. Despite the limited number of precipitation events that occurred during this period, 

the observations contain information about the timing and frequency of rainfall 

occurrence and the shape of the DSD at different times of day. 

 

2.4 Model Setup: Boundary Conditions and the Seeder Feeder 
Mechanism 

The MRR observations were used to provide initial and boundary conditions for 

three case studies chosen from the observation periods conducted in 2011 and 2012. At 

the initial time, DSDs estimated from MRR reflectivity observations were imposed at 150 

meter resolution in the vertical column. The top boundary condition changed with time 

as in real rain events, and was updated every 60 seconds. The model was run as 

described in Chapter 2.2, with temporal resolution of 1 second and vertical spatial 

resolution of 10 meters.  

Top Boundary Condition (TBC) - The pre-processing done on the reflectivity field 

observed by the MRR proceeds as follows. First, a top boundary condition (TBC) is 

chosen. This is straightforward in stratiform precipitation, when a clear bright band is 

present. We follow Fabry and Zawadzki (1995) to determine the height of the bottom of 

the bright band from the MRR measurements as the level at which the reflectivity is at 

least 20% lower than the maximum reflectivity. Simulations are conducted below the 

bright band to ensure that ice microphysics will not play a significant role. When a clear 
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bright band cannot be identified, the TBC reflectivity threshold is changed to 10%, and 

the TBC height is constrained to be above 1 km AGL. In both cases, the boundary 

condition moves when the algorithm finds a new TBC that is stable for at least five 

minutes. 

Next, the TBC reflectivity is used to derive a DSD. There is not a unique mapping 

between the reflectivity value obtained by the MRR and the DSDs used for initial and 

boundary conditions; indeed, this is an intrinsic part of the problem this research is 

trying to address. In order to use the reflectivity values observed by the MRR, the initial 

DSD is fit with a negative exponential distribution for simplicity. 

 After this initialization, the model explicitly determines how the DSD evolves. 

The intercept parameter is chosen based on the reflectivity value and is allowed to vary 

between 8000 and 80000 m3 mm1, with higher values correspond to higher reflectivity. 

The slope parameter is then computed and the resulting DSD is evaluated against the 

input reflectivity. This operation is repeated iteratively until the reflectivity values 

converge, with an error threshold of 0.001%. This procedure is repeated each time the 

TBC is reinitialized (every 60 seconds) to capture the impact of observed reflectivity 

changes according to the best fit.  

Since analysis of the events observed by the MRRs and disdrometers indicated 

that the seeder-feeder mechanism, here understood as the layer of fog or cap cloud 

between the ground surface and a specified height representing its depth, can represent 
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an important contribution to rainfall intensity and overall accumulation, a methodology 

was developed to include a representation of this mechanism in the model.  

Seeder-Feeder Mechanism (SFM) – It is important to note that quantitative 

observations of fog intermittency and turbulence in our study region were not available 

at the time this study was conducted. Therefore, we do not have specific values 

observed in the field to include in the simulation of realistic precipitation events, and 

instead typical values from the literature are used to guide the simulations. These fields 

are highly significant in terms of their influence on the results, and with that in mind, 

future field campaigns are underway with the goal of recording these observations (see 

Chapter 5 for details). 

First, sensitivity studies were conducted to determine the most appropriate N0 

value for the fog distributions in the model; based on the literature, the choice was made 

in the range 0.0004 and 0.04 cm-3 μm-1. These values are orders of magnitude below the 

higher N0 values reported in the literature, because the lowest diameter bin edge 

represented by the model grid is 10 μm. This is generally the average diameter of 

observed fog (see Table 1), and so the N0 in the model must correspond to the 

approximate number concentration of that size droplet. The fog distribution is allowed 

to reach a maximum diameter of either 130 μm or 50 μm, depending on time of day and 

fog duration.  LWC is used as a model constraint as either a percentage of the seeder 

rainfall or by itself using the values found in the literature for guidance (ranging 
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between 0.006 to 0.06 g kg-1 throughout the fog column to represent different stages of 

fog development as per the reflectivity measurements). As expected, this constraint has 

a much greater effect than N0 on the observed change in reflectivity and rain rate, when 

the fog evolution was modeled by itself (see Figure 10b and Table 4). This is because of 

the very small size of the drops associated with larger N0.  Higher order moments are 

much more sensitive to large drops and do not change appreciably with changes in 

small drop concentration. Idealized steady state simulations with the collection equation 

assuming a collision efficiency of 100% indicate that the relative increase in mass of 

small raindrops (diameter < 0.3 mm) falling through homogeneous fog layers (fog drop 

diameter ~ 30 µm) can be as high as 50% for a fog LWC of 0.06 g kg-1 (not shown).  

Although this is an upper bound given that breakup effects are neglected, the sensitivity 

analysis indicates that for the range of drop sizes at the number concentrations shown in 

Figure 10b, significant increases in rainfall intensity and accumulation can be expected 

even with fogs of relatively low LWC. 

Simulations were also conducted to investigate how a static distribution of 300 m 

depth of fog (or cap cloud) evolves in the presence of a constant-reflectivity precipitating 

cloud above as boundary condition.  
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Figure 10: Results of sensitivity tests conducted after adding the seeder-feeder 

mechanism to the rainshaft model. For details on simulations in (b), see Table 4. 

Table 4: Details on simulations plotted in Figure 10b. IC stands for initial 

conditions and BC for boundary conditions. DSDeq is the equilibrium DSD; D Range 

is the diameter range of the distribution. LWC is in units of g/kg; D is in units of μm; 

and N0 is in units of cm-3 μm-1. 

Sim # 

(Fig 10b) 

IC: N0 IC: LWC IC: D 

Range 

BC: N0 BC: 

LWC 

BC: D 

Range 

Min to 

DSDeq 

1 0.004 0.0002 10-50 0.004 0.00002 10-50 21 

2 0.004 0.0002 10-50 0.004 0.0002 10-50 28 

3 0.004 0.0002 10-50 0.004 0.002 10-50 119 

4 0.004 0.0002 10-130 0.004 0.00002 10-50 8 

5 0.004 0.0002 10-130 0.004 0.0002 10-50 8 

6 0.004 0.0002 10-130 0.004 0.002 10-50 8 

7 0.0004 0.0002 10-130 0.0004 0.00002 10-50 8 
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8 0.0004 0.0002 10-130 0.0004 0.0002 10-50 8 

9 0.0004 0.0002 10-130 0.0004 0.0005 10-50 8 

10 0.004 0.005 10-50 0.004 0.00002 10-50 21 

11 0.004 0.005 10-50 0.004 0.0002 10-50 21 

12 0.004 0.005 10-50 0.004 0.002 10-50 22 

13 0.004 0.005 10-50 0.004 0.005 10-50 41 

14 0.004 0.02 10-130 0.004 0.00002 10-50 8 

15 0.004 0.02 10-130 0.004 0.0002 10-50 8 

16 0.004 0.02 10-130 0.004 0.002 10-50 8 

17 0.0004 0.02 10-130 0.0004 0.00002 10-50 7 

18 0.0004 0.02 10-130 0.0004 0.0002 10-50 7 

19 0.0004 0.02 10-130 0.0004 0.005 10-50 7 

 

Nonlinear changes in reflectivity were found in the lower levels (see Figure 10a) 

with increases in values of up to 20% with boundary condition reflectivity up to 30 dBZ, 

and then decreasing for higher values. This corresponds with the reflectivity values 

observed by the MRR, and yields rain rates and accumulations on the same order as the 

observations made by ground instrumentation (RGs and disdrometers). Thus, whereas 

non-raining fog or cap clouds may not be detectable in isolation by radars, when 

interacting with an upper level source, they act as the Bergeron feeder population to 

accelerate coalescence leading to enhanced precipitation, and thus explaining the 

observed reflectivity increase at low levels.  Note that seeder-feeder interactions become 

dominated by break-up when seeder rainfall rates are high (reflectivities > 30 dBZ, 

convective systems), and thus the orographic enhancement of rainfall by Bergeron 

processes is regime-dependent. 
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2.5 Rainshaft Column Model – Case Studies 

In this section, the output of dynamic simulations of three distinct rain events is 

compared in space and time with integral parameters observed by the MRRs, and in 

time with integral parameters observed at the surface by the RGs, disdrometers, and 

WXT. The discretized DSDs produced by the model are compared with those observed 

by optical disdrometers through analysis of their mass spectrum parameters. Maximum 

accumulations, rain rates, duration, and other parameters from each event are 

catalogued in Table 5.  

Table 5: Selected characteristics for case studies. 

Loc Start 

(LDT) 

End 

(LDT) 

Max 

Rain 

(mm) 

Max 

Rain 

(mm hr-1) 

Fog LWC  

(g kg-1) 

Fog N0  

(cm-3μm-1) 

Fog  

Dmax 

(μm) 

R1/P3 26-May-

11 1717 

26-May-

11 2117 

40 (RG) 118 (RG) 0.06, 0.006, 

0.021 

0.004 50 

R2/P1 26-May-

11 1809 

26-May-

11 2239 

21 

(MRR) 

38 (MRR) -- --  

R1/P3 29-May-

12 1845 

29-May-

12 2015 

21 

(WXT) 

90 (WXT) 0.06, 0.006, 

0.021 

0.004 50 

R2/P1 11-Jul-12 

1300 

11-Jul-12 

1600 

50 

(WXT) 

140 (P2) -- --  

V2/P8 11-Jul-12 

1300 

11-Jul-12 

1600 

72 (RG) 95 (RG) 0.06, 0.006, 

0.021 

0.004 50 

 

Please note that the fog DSD characteristics are reported in units of μm and cubic 

centimeters as opposed to mm and cubic meters, following the literature conventions 

when discussing fog. 
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2.5.1 Case Study One 

The first case examined occurred on 26 May 2011, during a frontal passage along 

which convection arose in the early evening. The model was used to simulate the event 

at R1 and R2. The squall line reached R1 first. Although rainfall intensity was higher at 

R1, more intense reflectivity values were recorded at R2, consistent with the passage of 

embedded convective cells at that location. The ground instruments available for this 

case were MRRs (R1 and R2), a WXT (R2) and RGs (R1). At R1, the active depth of the 

atmosphere during the storm was shallower than at R2 by about 500 meters. At both 

locations, this event lasted for about four hours, with just under an hour delay in event 

onset at R2.  R2 did not experience any additional forcing at low levels. 

The reflectivity profile for the May 26, 2011 event observed at R1 shows a strong 

reflectivity gradient with decreasing altitude, corresponding with rainfall measurements 

at the surface. Therefore, it is hypothesized that the SFM is critical, and it was included 

in the model simulations.  The event was simulated at R1 for a four hour period, from 

1717 to 2117 LT. The SFM was included with timing and intensity corresponding to the 

reflectivity profiles. A depth of 300 m was assumed to be constant throughout the event. 

During the period 1727 to 1752 LT, the characteristics of the DSD used for the SFM were: 

LWC=0.002 g m-3; N0=0.004 cm-3 μm-1 (where the N0 corresponds to the lowest bin in the 

model grid for a diameter of 10 μm); Dmax = 50 μm. From 1925 to 2005 LT, the 

characteristics of the SFM DSD were the same, except LWC=0.0007 g m-3 based on 
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reflectivity.   For the remainder of the simulation, LWC=0.0002 g m-3 while the other 

parameters again remained the same. The top boundary condition was 1500 meters 

AGL. The three different specified fog DSDs each remained constant throughout the 

period that they were in effect, to simulate the raindrops falling through a relatively 

stable layer of fog. The fog layer was adjusted to the LWC described above during peaks 

in low level reflectivity, based upon the idealized fog simulations shown in Figure 10.   
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Figure 11: Observations and Model Results for Case 1 with the Rainshaft 

Model 
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Results for R2 (Figure 11) show the best agreement with the rain rate reported by 

the MRR at the range gate 600 m AGL. The WXT was the only surface instrument 

available during this event. There is reason to question the validity of the WXT’s reports 

in this instance, since it underreports the daily total as compared to nearby Community 

Collaborative Rain, Hail & Snow Network (CoCoRahs) gauges also at high elevations; in 

addition, generally the WXT overestimates rainfall as compared to other surface 

instrumentation (Case 2 in this study; Braten et al., 2013; Lanza et al., 2010). For this 

reason, we will accept in this case the MRR rain rate estimates as closer to the ground 

truth with which to compare model output. Nonetheless, both MRR and WXT data are 

included in the plots.  

The R1 simulation including the seeder feeder mechanism (Model–SFM) at the 

initial time corresponding to the increase in reflectivity at lower levels significantly 

improved the model output as compared to the ground truth, considered in this case to 

be the ensemble of surface observations from rain gauges (see Figure 4 for the distance 

between the MRR and the RGs). Results (Figure 11) show good agreement between the 

simulated and observed reflectivity throughout the four hour period, with almost all of 

the error concentrated in the duration of the first low level peak. The rain rates show this 

behavior as well.  Note the dramatic change in rainfall intensity between the simulations 

with and without the SFM.  The total accumulation reported by Model-SFM is between 
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the totals reported by the RGs and within the instrument uncertainty. When the 

simulation was run without SFM, errors were on the order of 80%.  

 

2.5.2 Case Study Two 

To assess how robust the SFM is at the R1 location, the same methodology was 

applied to a similar event that occurred the following year, on 29 May 2012.  This event 

was meteorologically similar to the 2011 event. It happened during the same time of the 

day (early evening), and the overall synoptic structure of the storm environment was 

similar, including the prior day’s temperature, relative humidity, and wind profile. Both 

cases exhibit the same type of reflectivity signature in terms of the slope and magnitude 

of the vertical profile. The 2012 event had a slightly smaller total accumulation of rainfall 

and shorter duration (~25 mm and 1.5 hours) than the 2011 event (~35 mm and 4 hours), 

although its maximum rain intensity was higher than Case 1.  

Instrumentation available for ground validation during Case 2 included three 

optical disdrometers, a WXT, and two RGs (see Figure 4 for a schematic). The Parsivels 

observed lower rain rates and accumulations than the RGs, particularly during the 

period 1900-1915 LT. The highest intensities for all sensors correspond to the maximum 

low level reflectivity observed by the MRR just before 1930 LT. The Parsivels are used as 

the most reliable measurement for rain rate in this case. Most interestingly for our 
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purposes, the presence of fog for over one hour before the rainfall event onset was 

confirmed with an onsite webcam (Figure 12).  

 

Figure 12: Webcam images (local time) for 29 May 2012 at P3. 

Based on the available data, fog with an N0 of 400 cm-3 μm-1, Dmax of 50 μm, and a 

LWC of 0.0002 g kg-1 was specified. During the peaks of low level reflectivity, the fog 

characteristics changed; from 1859-1907 and 1951-1956 LT the fog LWC was 0.0007 g kg-

1; and 1908-1925 LWC was 0.002 g kg-1 based on the reflectivity profiles. The simulation 

was run from 1845 to 2015 LT, and the SFM was activated in the lowest 300 meters.  
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Figure 13: Observations and results for Case 2 with the Seeder-Feeder 

Mechanism added to the model. 

As in the 2011 case, results for this case show significant increase (and 

improvement compared to observations) in rainfall rate and rainfall accumulation 

(greater than 50%) when the SFM is included with appropriate timing during the event 

(see Figure 13, Model-SFM). The dynamic evolution of the fog DSD improves the 

accuracy of the simulation during peak rainfall observations at the surface. Indeed, the 

time-varying LWC of the fog DSD is essential to capture the temporal variability in 

observed rainfall intensity.  However, it is important to recall the actual dynamics of fog 

formation and advection, including turbulence, which would explain the temporal 

variability in LWC (here inferred indirectly from the reflectivity profile) and the fog 
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DSD itself, are not directly represented in the model.  It is essential to begin taking 

observations of fog DSDs to improve our understanding of these processes and how 

they are organized by the terrain in order to generalize model applicability. In the case 

of generic remote sensing retrievals, it will be necessary to understand and map the 

regimes of the SFM without benefit of low level reflectivity information for individual 

cases. 

 

2.5.3 Case Study Three 

The 2012 event simulated at R2 and V2 occurred in the early afternoon on 11 July 

2012, and was part of a larger, longer-duration precipitation event due to a frontal 

passage with enhanced convection on 10-11 July 2012. The reflectivity plots in Figure 14 

indicate high reflectivity values throughout the atmospheric column at the ridge. In the 

valley, which is about 12 km from the ridge, the reflectivity gradient is steeper, and 

stronger values are observed near the surface. The bright band at the valley is located 

500 meters above the bright band at the ridge due to the difference in topographic 

elevation (3500 m AGL and 3000 m AGL respectively), and its magnitude is higher at the 

ridge. The event was simulated during the period 1300-1600 LT at both ridge and valley 

locations. Event onset in the valley was about 45 minutes prior to that at the ridge. The 

highest reflectivity values and rain accumulations in the valley occur around 1400 LT, 

and at the ridge closer to 1430 LT. At each location, disdrometers, MRRs, and RGs were 
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available. The highest intensities are observed in the valley with accumulations that 

significantly (~30 mm) exceed those at the ridge. In both locations, the rain gauge, which 

is susceptible to undercatch, observes higher accumulations than the disdrometers. The 

simulation at V2 includes low level forcing throughout the depth of the valley (500 

meters), with N0 of 400 cm-3 μm-1, Dmax of 50 μm, and LWC of 0.0002 g kg-1. The LWC 

was 0.0007 g kg-1 during the periods 1330-1400 and 1530-1545 LT. During the highest 

peak, 1401-1430 LT, the LWC increased to 0.002 g kg-1, again inferred from low level 

reflectivity. No SFM was observed at R2. 
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Figure 14: Observations and model results from Case 3, with the seeder-feeder 

mechanism included in the valley. 

Model results at the ridge (R2) show good agreement between modeled and 

observed rainfall (Figure 14). The model reports a rainfall total between the 

accumulations of the RG and the disdrometer. There is significant spread among rainfall 

estimates from various surface instruments (>10 mm over the three hour period), with 

the differences seen throughout the event. Model results at the valley show good 
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agreement for overall accumulation during the event; again, note the difference in peak 

rainfall time and rainfall rates between Model and Model-SFM simulations. The 

improvement against simulations without the SFM was greater than 50%. 

Regarding the MRR observations, cases where the SFM was included show the 

greatest agreement with the first MRR gate, at 150m AGL. This gate is normally 

considered to contain a great deal of attenuation error, but in the case studies here when 

the SFM is important, it correlates not only with model results but also with other 

surface observations. In cases where the SFM is not an important contributor to the 

rainfall event, the MRR based estimates are correlated with surface rainfall at the 600m 

gate, corresponding to previous findings (Prat and Barros, 2010a). 

 

2.6 Discussion of Column Model Case Study Results 

Integrated analysis of model simulations and observations in the Southern 

Appalachians demonstrate how seeder-feeder interactions can play an important role in 

the orographic enhancement of rainfall in landscapes characterized by persistent fog and 

cap clouds locked to topography. The high frequency of light rainfall throughout the 

year, in particular between 11 and 4 PM during the cold season on the ridgelines of the 

inner mountain region even in the absence of mesoscale forcing, suggest that 

interactions among advection fog and low level clouds are a persistent regional feature.  

Warm season observations during the passage of precipitating weather systems show 
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much higher rainfall rates in the inner ridgelines and in valleys than what would be 

expected from an inspection of co-located vertical reflectivity profiles.  Illustrative case 

studies examined here occurred during early evening and midday hours in May and 

July of 2011 and 2012.   

A look at the results in terms of the relative importance of coalescence and 

breakup for selected minutes during two of the simulations is provided in Figure 15.  
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Figure 15: Relative coalescence and breakup contributions as a function of drop 

diameter are shown for selected times in Case 2 (left) and Case 1 (right). 

Both R1 cases consistently show that coalescence dominates breakup; 

additionally, as expected coalescence results in a net increase of larger drops. At R2 in 

2011 and 2012, the magnitude of breakup dominates over coalescence. Gains from 

coalescence are still seen in the larger/mid-size drop region. Thus, coalescence is the 
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dominant mechanism of DSD evolution in cases when there are interactions between the 

two distinct seeder and feeder drop populations.  Breakup is dominant in cases with 

more convective characteristics and higher rainfall intensities throughout the column.   

A survey of the underlying microphysics synthesized in terms of Dm-σm 

relationships, based on model output at one minute intervals and at several levels near 

the surface (ranging from 10-500 m AGL) is presented in Figures 16 for Case 1 (the same 

data for Cases 2 and 3, not shown here, are presented as well in Wilson and Barros 

(2014), but they show the same trends).   

 

Figure 16: Assessment of mass-spectrum parameters for Case 1, modeled and 

observed. 

The data show that, in general, model DSDs exhibit higher variability (width of 

distribution) for a given Dm than the disdrometer observations. However, when the 
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simulated DSDs are binned as though the simulated rainfall was observed by the 

Parsivel disdrometer – i.e., with a much coarser resolution, there is better agreement 

between the observations and the model output. Note that the signature of the fog DSD 

in the model results has much smaller Dm values, though σm is about the same. Recall the 

findings reported by Tokay et al. (2013) regarding small drop bins for diameters below 

0.76 mm with the Parsivel, implying that with greater measurement accuracy the 

disdrometer based Dm-σm observations would move to the left with respect to Dm, which 

is consistent with our results. Nevertheless, Dm-σm parameters may not ultimately be the 

best way to describe the contribution of fog or cap clouds because of the very high 

number concentrations of very small drops. Detailed observations of fog microphysics in 

the pre-storm environment are imperative to determine the best methods for analysis. 

Recent research has pointed out the importance of relating different drop size 

distribution parameters to one another in order to help reduce degrees of freedom in 

retrieval algorithms (e.g., Williams et al., 2014; Zhang et al., 2003). Through analysis of 

DSD observations and the use of an explicit dynamical raindrop population model, the 

microphysical processes leading to the evolution of physically meaningful parameters 

describing the DSD, such as the mass spectrum mean diameter and standard deviation, 

as well as integral parameters related to the DSD such as rain rate and reflectivity, help 

us to understand the vertical structure of the atmosphere particularly within 2 km of the 

ground surface. These results corroborate previous work suggesting the dominance of 
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coalescence processes when rain rates <20 mm hr-1 (Prat and Barros, 2009). Our 

conclusions support using place-based regime-dependent DSDs (the mass spectrum 

parameters in particular, or some other parameters to be determined using fog 

observations) to inform retrievals instead of matching a functional form of the 

distribution depending on certain conditions. 

A key contribution of this study is to illustrate and explain via modeling the 

importance of seeder-feeder interactions between stratiform rainfall systems and local 

low level clouds and fog, and how these processes active within 2 km of ground level 

can have profound impacts on rain intensities and accumulations at the surface.  

Enhanced coalescence is the key pathway that can explain observed DSDs as well as the 

rainfall rates measured by collocated RGs. These processes are not unique to the 

Appalachians, and are expected to dominate in cloud forests, mid-mountains, and 

coastal regions around the world where there is persistent fog or low level cloudiness 

locked to landform (e.g., Barros, 2013). In cases with significant low level moisture 

influence, it was also found that the MRR gate corresponding with the surface rainfall 

changed. During rainfall events without significant low level influence, the rain rate 

reported by the rain gauges at the surface is correlated best with reflectivity at 600m 

above the surface (Prat and Barros, 2010a). When there is significant low level influence, 

rain gauges observations are best correlated with reflectivity at 150m and 300m. 
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Yet, a great gap remains in our understanding of the full range of microphysical 

processes and interactions that govern precipitation processes from cloud condensation 

nuclei activation to raindrops. In particular, the role of turbulence and hydrodynamic 

interactions on the efficiency of collision-coalescence processes in cloud and fog 

evolution is relevant here.  Impacts of turbulent air on DSD have been brought up in 

papers such as Vaillancourt and Yau (2000), in particular the effect on the collision rate. 

Pinsky et al. (1999), Pinsky et al. (2007), Franklin (2007), and Pinsky et al. (2008) showed 

that turbulence and hydrodynamic interactions positively affect collision efficiency (i.e. 

turbulent conditions enhance seeder-feeder interactions), and Alfonso et al. (2013) 

investigated the impact of turbulence on the time scale of gelation, and thus warm 

rainfall development. Furthermore, the impact of intermittency in the spatial field has 

also been shown to be highly significant (Pinsky et al., 2000; Kostinski and Shaw, 2005). 

Nevertheless, detailed observations of the dynamics and microphysics of fog and low 

level clouds that are essential to characterize the feeder DSDs, including turbulence, are 

largely unavailable.  This research therefore highlights a pressing need for quantitative 

measurements and observations of fog and low level clouds, their diurnal cycle and 

their dynamic evolution in the presence of different storm regimes. Recording 

appropriate observations so that we are able to perform detailed analysis of all 

contributing physical processes is the focus of ongoing and future research (see Chapters 

3-5 for details). 
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These results prompted the following study to investigate differences in moisture 

convergence patterns that are necessary to support fog and low-level cloud formation 

under distinct synoptic forcing.  The next chapter describes how we make use of the 

Advanced Research version of the Weather Research and Forecasting Model (WRF) 

Version 3.5.1 as a virtual laboratory toward improving our understanding of the physics 

in moist atmospheric processes in the SAMR that should be transferable elsewhere. 
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3. Landform controls on low level moisture convergence 
and the diurnal cycle of warm season orographic rainfall  

The hydrometeorology of the Southern Appalachian Mountain Region (SAMR), 

which is characterized by moderate topography and complex landforms with wide 

cross-valleys and nested systems of ridges and valleys in the inner region, is typical of 

middle mountains (defined as mid-sized mountains with altitudes between 500-2000m) 

in humid climates.  Light rainfall and fog play an important role in the water budget of 

the Southern Appalachians. Light rainfall in particular has been shown to contribute 

significantly to the total precipitation depending on characteristics such as season, year, 

and rain rate threshold, through in situ measurements taken since 2007 in the Pigeon 

River Basin (PRB, see map in Figure 1; Prat and Barros, 2010a; Wilson and Barros, 2014; 

Figure 17 in this chapter).  In terms of fog, Wilson and Barros (2014) (described in 

Chapter 2) used a stochastic raindrop population dynamics model and showed that fog 

and low level clouds in this region act as a significant modifier to the classical notion of 

orographic enhancement of rainfall with elevation through the seeder-feeder 

interactions that explain higher rainfall rates at low elevations in the inner mountain 

valleys, and specifically early morning and daytime valley rainfall maxima.  The seeder-

feeder process, first proposed by Bergeron (1950, 1965, 1968) and further described by 

Cunningham (1951) among others (for a comprehensive review see Barros and 

Lettenmaier, 1994), describes a mechanism by which higher level clouds precipitate and 

provide “seed” for the lower level orographic clouds, which act as the “feeder” and, 
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through their additional moisture and droplet concentration interacting with the falling 

rain droplets, result in precipitation enhancement. This work aims to examine lower-

tropospheric moisture convergence under different synoptic conditions to investigate 

whether it is sufficient to support low level cloud formation consistent with the reverse 

orographic enhancement mechanisms seen in Wilson and Barros (2014).   

For this purpose, the WRF model will be used to simulate two multi-day events 

for weak (July 9-12 2012) and strong (May 12-16, 2014) synoptic forcing. The underlying 

hypothesis is that persistent low level convergence patterns are required locally for the 

development of the layered heterogeneous vertical structure of condensate and 

hydrometeors required by the seeder-feeder mechanism, and that the spatial variability 

of precipitation in regions of complex terrain, and in particular the reverse orographic 

enhancement effect in inner mountain valleys, can be explained by the space-time 

patterns of moisture convergence that result from the modification of the prevailing 

synoptic circulations by the terrain.  The numerical model will function as a virtual 

laboratory toward improving our understanding of the physics in moist atmospheric 

processes in the SAMR that should be transferable elsewhere. 

Cloud immersion is an important water source for Southern Appalachian 

ecosystems (Berry et al., 2014; Culatta and Horton, 2014; among others). One of the 

potential global consequences of climate change is the raising of cloud base/reduction of 

low cloud over land (Anderson et al., 2011). For instance, more than a decade ago, loss of 
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forest species was already being attributed to an observed reduction in low level 

cloudiness in Costa Rica (Foster, 2001; Pounds et al., 1999), and urbanization has recently 

been shown to cause a decrease in fog frequency and an increase in cloud ceilings in 

California (Williams et al., 2015). Some studies suggest that cloud base height is already 

increasing in the SAMR (e.g. Sun et al., 2007), but this is uncertain (Richardson et al., 

2003). Therefore, any potential increases in cloud base height or decreased fog presence, 

whether cause by climate change related drying or by the growing population of the 

southeast US (Terando et al., 2014; US Census Briefs, 2011), present a threat to regional 

biodiversity and ecosystem sustainability. This is a critical part of the motivation to 

understand important processes helping to regulate vulnerable ecosystems. Specifically, 

it is important to quantify and fully understand the diurnal cycle of freshwater input 

and consequently the water budget, as well as the diurnal cycle of low level clouds that 

in turn strongly affects the diurnal cycle of radiative forcing.  Another implication of 

explaining the reverse orographic effect in the inner mountain region is to improve 

predictability of localized heavy rainfall that results in risks to life and property through 

hazards such as landslides, debris flows, or flash flooding (e.g., Wooten et al., 2008; Tao 

and Barros, 2013 and 2014). 

This chapter is organized as follows. Analysis of the observations, including a 

description of instrumentation used, will be presented in section 3.1. Section 3.2 reviews 

previous like-minded modeling work conducted using WRF as a preamble to presenting 
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the specific WRF model configuration and grid set-up used for this study, including 

sensitivity studies conducted to select a suitable microphysical parameterization for this 

work. In section 3.3, detailed analysis of the model simulations for the two events are 

presented. Conclusions will be discussed in section 3.4. 

 

3.1 Observations 

3.1.1 Instrument Description  

The instruments that have been used to measure low level moisture and rainfall 

in situ at high elevations and to conduct studies throughout ridges and valleys in the 

region include: tipping bucket rain gauges, at resolutions ranging from 0.1 mm to 1.0 

mm; METEK Micro Rain Radars (MRRs), at range gate resolutions ranging from 35m to 

150m; fog collectors; and PARSIVEL optical disdrometers. Data from other instruments, 

including microwave radiometers and 2-dimensional video disdrometers, are also 

available during selected time periods but those listed in the previous sentence are the 

sensors on which this chapter will focus. The rain gauges and disdrometers record many 

of the characteristics of a precipitation event at the ground, from the microphysical scale 

to the rainfall depth, the fog collectors provide information about the horizontal 

advection of cloud water and presence of stationary fog, and the MRRs provide 
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information on the vertical structure of the event. A brief description of each of the 

instruments follows.  

The rain gauges use a tipping bucket mechanism in order to measure rainfall 

accumulations. Each time the bucket tips, the datalogger records a date/time stamp 

down to the second. Limitations with this instrument include the time drift in the 

dataloggers making the time stamp inexact, and the documented difficulty of tipping 

bucket rain gauges at very high rain rates (it is not possible to measure the rain during 

the time the bucket mechanically takes to tip), in very low rain rates (where there might 

be accumulation beneath the instrument’s resolution, and where the date/time stamp 

might not be helpful in terms of when the rain was falling (over what duration)), and in 

windy conditions (Sevruk and Nespor, 1998; Mekonnen et al., 2014; among many 

others). 

The MRRs operate at 24 GHz (K-band) using the frequency modulated 

continuous wave principle. The fall velocity of hydrometeors leads to a Doppler shift in 

the received frequency in addition to the range frequency shift. The fall velocity is the 

first moment of the Doppler spectra. The DSD is determined using the relationship 

between spectral reflectivity and single particle backscattering cross section (METEK, 

2012). A key limitation in this retrieval is that it does not account for wind (horizontal or 

vertical) at any scale. Other limits result from the sampling volume (profile only) and 

measurement resolution (gate depth). 
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Detailed description of the fog collectors, manufactured by Professor James Juvik 

of the University of Hawaii, can be found in a Comment by Juvik and Nullet (1995, 

Section 2). Briefly, louvered cylinders collect lateral moisture from fog and then the 

water drips through a funnel and a vinyl tube into a covered tipping bucket rain gauge. 

There is an inverted cone over the top of the cylinder to block vertical rain from entering 

the gauge. Limitations to this sensor are similar to those discussed for the rain gauges, in 

particular the uncertainty in the timing of the actual fog water collection as represented 

by the tips of the bucket. 

The PARSIVEL disdrometer uses a laser beam between the two heads of the 

instrument to measure particles. When precipitation particles pass through the laser 

beam, the portion of the beam that is blocked is used to measure the diameter of the 

particle. Velocity is determined using the duration of the blocking of the beam. The 

PARSIVEL disdrometer can reliably measure liquid particles with diameters between 

0.25 and 5 mm. The PARSIVEL disdrometers have been shown to have limitations on 

the measurement of very small particles and under windy conditions (Angulo-Martínez 

and Barros, 2014; Tokay et al., 2014), although the more recent PARSIVEL2 is an 

improvement most notably in this respect. 
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3.1.2. Observations and Analysis 

General observations taken during an intensive observing period during 2014 

will be analyzed here in order to provide a sense of the diurnal cycle of fog and rain in 

the warm season, as well as an overall characterization of the microphysical and vertical 

structure of the atmosphere in this region. Observations specific to the case studies will 

be discussed in rigorous detail in Section 3.3. 

MRRs were located along altitudinal gradients in the inner mountain region (IR), 

in the open gap of the French-Broad river valley (OG), and on the southeastern slopes 

(see map in Figure 1). The longest observation periods are available for the first two 

regions. 

The PARSIVEL disdrometers were located in a dense array during 2014 with 

selected observations available for certain locations (IR and OG) before that (e.g. 2008-

2013).   Previous work (Prat and Barros, 2010a; Angulo-Martínez and Barros, 2015; and 

Wilson and Barros, 2014) reported on the latter.  Here, we focus on 2014 observations 

during the Integrated Precipitation and Hydrology Experiment (IPHEx, Barros et al., 

2014).  PARSIVELs model 1 and model 2 were used. Some were paired so that we could 

assess the differences between the two instruments. The disdrometers were always 

paired with tipping bucket rain gauges. The important point about their differences is 

that under similar operating conditions PARSIVEL1 generally underestimates the 

number of very small drops compared to PARSIVEL2 (Angulo-Martínez and Barros, 
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2015). Both PARSIVEL1 and 2 may overestimate midsized drops. These limitations are 

important to keep in mind when considering the microphysical parameters such as mass 

weighted mean diameter and standard deviation computed from these observations. 

To illustrate the interannual variability of the water input to this region at the 

watershed scale, the average rain gauge totals for five different years are presented in 

Figure 17 (3 mm h-1, using a 5 minute window surrounding each tip to compute the rain 

intensity, as in Chapter 2).  

 

Figure 17: Average rain gauge totals for different regions in the long term rain 

gauge network. 

Basic statistics were calculated for different regions in the SAMR (Figure 1): the 

western ridges of the Pigeon River Basin, the inner mountain region, and the seven 

gauges in the southeastern part of the watershed. The averages and standard deviations 

for gauges location in each area were plotted and show spatial variability along 

ridgelines with the precipitation amounts increasing from the southeast to the 
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northwest. As mentioned in the beginning of this chapter, the contribution of light 

rainfall to the yearly precipitation total can be up to 40% (see 2009 and 2010 in 

particular), with percentages reaching 60% regularly during certain season and higher 

(80-90% in the fall and winter season) during dry years. Intra-ridge variability is also 

much higher in the heavier rainfall amounts than in the light. For the heavier rainfall, 

within ridge variability is the highest in the inner mountain region, where the landform 

is most complex. 

In Figure 18a, data taken by two fog collectors deployed on a western ridge (P4) 

and in the IR (P3) during June, July, and August 2014 are presented.  

 

Figure 18: (a) Diurnal cycle of rain vs. fog frequency at two different locations 

in the SAMR. (b) Accumulations from the fog collector and the rain gauge are 

presented for June 2014 on the western ridge. 

Occurrence frequency is calculated to reveal the diurnal cycle, and can be represented as 

follows for each respective gauge at P3 and P4, where b is the number of tips: 
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The data reveal clear morning fog and afternoon rain peaks for the P3 location in 

the inner mountain region. At P4, which is a location frequently inside the cloud deck, 

there is an overnight/early morning fog peak. The rain frequency curve does not show 

an afternoon rain peak as in P3. At P4, the contribution of fog water to total 

accumulation is very high, in fact on the same order of magnitude as the rain reported 

by the rain gauges at that location (Figure 18b). At this location during this study, 

throughfall was not considered – only horizontal capture and vertical rainfall measured 

at an open site collocated with existing National Park Service air quality and 

meteorological instrumentation. 

To assess microphysical characteristics, mass spectrum parameters of the drop 

size distribution observed by the optical disdrometers were calculated. The 

disdrometers recorded observations at 10 second intervals throughout their deployment.  
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Figure 19: Average mass weighted mean diameter and standard deviation 

observed during June 2014 at ridge and valley locations in the inner mountain region. 

In Figure 19, the diurnal cycle of mass weighted mean diameter and its standard 

deviation are presented for selected altitudinal gradients (P3, P9 and P22 during June 

2014; P9 and P22 are valley locations). The two valley locations are different in that low 

clouds were observed more frequently than fog at P22, whereas fog was a common 

occurrence at P9. Still, there are clear differences in the diurnal cycle of both the mass 

weighted mean diameter and its standard deviation. The mass weighted mean diameter 

is computed as follows: 
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These parameters are a useful characterization of the drop size distribution 

because they provide information on how the liquid water content is distributed 

through the number concentration. Figure 19 shows a shift in the peak mass weighted 

mean diameter value from the valley at P22 in the morning, to the afternoon at the ridge 

(P3). At P9, the diameter stays relatively constant throughout the day, although it 

follows the pattern of P3 more closely than P22, perhaps relating to the higher frequency 

of fog presence observed there. The standard deviation follows the same pattern, 

showing that as the mass of the drop size distribution increases or decreases, so does the 

breadth. These variables follow a power law relationship with each other (Williams et 

al., 2014; Equation 2.3.1 in this document). 

Last, the MRRs provide observations of the vertical profiles of reflectivity as a 

function of time. The radars record observations every 10 seconds. Analysis was done 

using one minute averaged data.  The MRR profiles are presented using a version of 

contoured frequency with altitude (CFAD) diagrams (Yuter and Houze, 1995), where all 

incidences of reflectivity values over a threshold (20 dBZ in this case) are included. 

When there are values at that gate over the minimum threshold, their frequency of 

occurrence at each gate is plotted. Contours are shown for every 1% change. In Figure 

20, CFADs are shown for four MRRs making observations along altitudinal gradients in 
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the IR (P3 – ridge, and P22 – valley) and OG (P1 – ridge, and P8 – valley). While the 

increase in reflectivity values at near-surface range gates on the MRR is often attributed 

to attenuation, previous work has shown that in this region the lower range gates 

(within 300m of ground level) can correspond best with rain rates observed by 

independent collocated instruments (rain gauges and disdrometers; Wilson and Barros, 

2014). 

 

Figure 20: CFADs for selected locations during the IPHEx IOP. 

In the CFADs presented  here of observations taken during IPHEx (May-June 2014), note 

that P22, the valley location in the IR, was set up at a higher vertical resolution, with one 

gate every 50 m beginning at 50 m AGL, whereas the other sensors are spaced every 100 
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m beginning at 100 m AGL. Two major differences are illuminated in the plots between 

the open gap ridge and valley observations (P1 and P8 respectively). First, there is a 

higher frequency of low level reflectivity greater than 40 dBZ in the OG valley location 

(P8) than in the open gap ridge location (P1). Second, the valley location also exhibits a 

“nose” of higher frequencies in the low level gates between 30-40 dBZ. P3, the ridge 

location in the IR, shows similar behavior to that found in previous work (Wilson and 

Barros, 2014) with a sharp decrease just above 2 km AGL (the “active depth” of the 

atmosphere in the inner region), and a steep increase at the lowest levels. At P22, the 

reflectivity gradient is less steep than the corresponding ridge. These observations are 

consistent with the frequent light rainfall measured in the inner mountain region, and 

the vertical gradient indicates low level enhancement of rainfall through the seeder-

feeder mechanism when synoptic or meso-scale cyclones pass by. This difference in 

characteristics along the altitudinal gradients is a function of the very different 

surrounding terrain of these two areas, with P3 and P22 in an area of highly complex 

terrain and nested valleys, and P8 and P1 in the open gap, configured within the French 

Broad river valley in such a way to not be affected so strongly by blocking particularly 

when winds are northwesterly. 

The microphysics, diurnal cycle, variability, and vertical structure of low level 

enhancement in the Southern Appalachians, using observations made over an extended 

observing period during 2014 and a long term high density tipping bucket rain gauge 



 

80 

network show the same signature seen during the 2012 Intensive Observing Period (IOP; 

Wilson and Barros, 2014). The enhancement of rainfall through the input of low level 

moisture in this region is an important contribution to the water budget overall, due to 

its effect on precipitation events documented by Wilson and Barros (2014), and as seen 

in particular in the vertical structure profiles. The hypothesis is that low level moisture 

convergence into the inner region is necessary to form the fog banks and low level 

clouds that augment synoptic scale rainfall, indicating that the space-time hot-spots of 

moisture convergence should directly correlate with areas experiencing reverse 

orographic enhancement. Furthermore, it is expected that these areas of persistent 

convergence will be modulated strongly by the terrain, and therefore will vary from 

event to event depending on the wind modification by topography. 

 

3.2 WRF Description 

Previous work (see Chapter 2) has shown that processes active within 2 km of 

ground level can have profound impacts on rain intensities and accumulations at the 

surface. Wilson and Barros (2014) used an explicit raindrop population dynamics 

column model (Prat and Barros, 2007), which simulates drop-drop interactions in the 

liquid phase, to illustrate and explain the importance of seeder-feeder interactions 

between synoptic rainfall and localized low level moisture. Enhanced coalescence is the 

key pathway that can explain observed DSDs as well as the rainfall rates measured by 
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collocated RGs and disdrometers. In addition, MRR observations of the vertical profile 

of radar reflectivity show changes when low level enhancement is present. Specifically, 

during rainfall events with/without significant low level influence, the surface rain rate 

reported by the rain gauges and disdrometers at the surface correlates best with 

reflectivity at 600m/150 and 300m above the surface (Prat and Barros, 2010a; Wilson and 

Barros, 2014).  

Those results prompted this study to investigate differences in moisture 

convergence patterns that are necessary to support fog and low-level cloud formation 

under distinct synoptic forcing.  For this purpose, we make use of the Advanced 

Research version of the Weather Research and Forecasting Model (WRF) Version 3.5.1 to 

simulate one of the 2012 multi-day events from previous work (9-12 July) with well 

documented low level enhancement of rainfall under weak synoptic forcing in the 

French-Broad River valley (cross- mountain open gap region), as well as a 2014 storm 

(14-15 May, simulation conducted from 12-16 May) that occurred during the IPHEx IOP 

and corresponded to strong synoptic forcing. Daily weather maps created by the 

National Center for Environmental Prediction Weather Prediction Center 

(www.wpc.ncep.noaa.gov/dailywxmap) are provided for each of the cases in Figures 21 

(Case 1) and 22 (Case 2) to indicate the frontal locations and pressure variations over the 

region during the simulations. 

http://www.wpc.ncep.noaa.gov/dailywxmap
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Figure 21: Daily weather maps for the July 2012 Case (Case 1) are presented to 

help describe the synoptic situation. 
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Figure 22: Daily weather maps for the May 2014 Case (Case 2) are presented to 

help describe the synoptic situation. 

Not surprisingly, many studies have detailed the importance of wind fields in 

cases of orographic modification of precipitation processes (e.g. Kunz, 2011; Yuter et al., 

2011; Smith et al., 2009). WRF does have documented issues with producing accurate 

near surface wind fields particularly in areas of complex terrain, with overestimation in 

valleys and underestimation at ridges (Jiménez and Dudhia, 2012). Hanna and Yang 

(2001) list various sources of near surface wind errors in the lower atmosphere, 

including that random turbulent processes are not appropriately represented in the 

models, errors exist in subgrid terrain/land use, and the underestimation of vertical 
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temperature gradients in the lowest 100m overnight can make the boundary layer less 

stable than observed. In addition, compensating for this effect with more vertical levels 

does not necessarily correct the problem for specific variables, primarily because of the 

necessarily coarse terrain representation in WRF, although boundary layer mesoscale 

structures can improve with increased vertical resolution (e.g., Zhang et al., 2013), and 

horizontal resolution too, particularly in regions of complex terrain and in terms of 

realistic structures if not timing (Mass et al., 2002).  

In the context of fog forecasting, van der Velde et al. (2010) found that high 

vertical resolution is required for modeling fog formation and growth, and for the 

maintenance of lifted fog after it becomes a low level stratus deck. Small scale details in 

wind fields and turbulence parameterization are highly important in these processes. 

Hu et al. (2014) assessed WRF’s ability to forecast advection fog and found more 

sensitivity to initial conditions of potential temperature and horizontal wind 

components than moisture related variables such as mixing ratio. This led to the 

conclusion that turbulent mixing and moisture advection are major factors contributing 

to formation of fog, at least in their case study of an event in February 2007 in North 

China.   

In addition, the orographic seeder-feeder mechanism has been studied with the 

WRF model before; Viale et al. (2013) found that in the Andes, orographically enhanced 

rainband updrafts associated with cold fronts interacting with orographically enhanced 
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midlevel stratiform clouds caused larger precipitation rates upstream. When the 

simulation was run with the Andes’ peaks at lower elevations, they found that the 

extreme height of the Andes was necessary in this situation to cause stronger lifting, 

slower movement, and generate the vertical structure necessary to enhance rainfall.   

For this study, the standard WRF terrain representation at 30 arc-seconds that 

matches closely with the grid resolution in Domain 3 is used – however, in the study 

reported in Chapter 4, the terrain representation is modified. Specifically, higher 

resolution terrain is upscaled (testing was conducted using standard WRF methods as 

well as fractal upscaling following Bindlish and Barros (1996)) to preserve the 

topographic complexity. 

 

3.3 WRF Setup 

The simulations were conducted on the Yellowstone system (Computational and 

Information Systems Laboratory, 2012), which is one of the National Center for 

Atmospheric Research (NCAR)’s supercomputers, using Advanced Research WRF 

Version 3.5.1 (Skamarock et al., 2008), and designed based on previous experience from 

WRF simulations of Tropical Storm Ivan in the SAMR for selecting physical 

parameterizations as well as to specify initial and boundary conditions (Sun and Barros, 

2012 and 2013). WRF solves the three-dimensional, fully compressible, non-hydrostatic 

Euler equations, using terrain following (eta) vertical coordinates and Arakawa C-grid 
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staggering in the horizontal. The physical parameterizations used for the simulations 

are: Milbrandt and Yau (2005a,b) double moment microphysics, the Kain-Fritsch 

cumulus parameterization scheme in the first two domains (Kain, 2004), the Rapid 

Radiative Transfer Model (RRTM) longwave radiation scheme (Mlawer et al., 1997), the 

simple cloud interactive short wave radiation scheme (Dudhia, 1989), the unified Noah 

land-surface model (Tewari et al., 2004), the Mellor-Yamada-Janjic (MYJ) planetary 

boundary layer scheme (Janjic, 1994), and the Eta similarity theory surface layer scheme 

(Janjic, 1994). Initial and boundary conditions are specified using the National Centers 

for Environmental Prediction (NCEP) Final Operational Global Analysis (FNL; Kalnay et 

al., 1996). Briefly, these data are produced every six hours on 1° x 1° grids from the 

Global Data Assimilation System (GDAS). Data are available at 27 levels including the 

surface. Available forcing datasets have a variety of different strengths and weaknesses, 

and going to higher resolution is not always advised. We have chosen this forcing 

dataset based on the testing reported in Sun and Barros (2012), where NCEP FNL was 

reported to capture storm structure and evolution in this region more accurately than 

North American Regional Reanalysis (NARR), even though NARR is at higher 

resolution. 

The numerical domain (Figure 23) consists of three one-way nests defined on a 

Lambert conformal projection.  
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Figure 23: Domains used in the WRF simulations. 

The first two nests are at a 1:3 grid resolution ratio and the second and third are at a 1:4 

resolution ratio. The grids are at resolutions of 15, 5, and 1.25 km. The horizontal grid 

sizes used in the 3 nests are 147x121, 267x288, and 552x552, with 60 vertical grid levels, 4 

soil layers and model top at 50 hPa. The numerical domain was designed after Sun and 

Barros (2012 and 2013) to minimize the effect of the steepness of the terrain, and to 

minimize the potential damping by lateral boundary conditions. Based on simulations 

conducted over the Andes in Sun and Barros (2015), the model is designed with 60 

vertical grid levels instead of 50 in order to be able to resolve the vertical structure in 

particular at the lower levels, within the relevant first 2 km above ground level as 

discussed earlier. Other tests were conducted with the 50 standard levels and then by 

doubling the standard levels (both including seven layers in the lowest kilometer). 

Finally, 60 levels with a higher density in the lowest kilometer was used. Instead of 7, 
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there are 14 layers in the lowest 1 km above the ground in our scheme. The goal of this 

study is to focus on processes occurring in the near surface, so it is necessary to have this 

part of the atmosphere well represented in the model. Model spin-up is done for 6 h for 

each case. 

 Based on previous work (e.g., Erlingis and Barros, 2014), the MYJ, a local PBL 

(Planetary Boundary Layer) parameterization was selected with the objective of better 

capturing the spatial heterogeneity of low level structure associated with topography 

and land cover. Other studies have found that the MYJ produces a colder (more stable), 

moister PBL than other schemes (Sun and Barros, 2013; Hu et al., 2010), that local closure 

schemes such as the MYJ tend to reproduce stable atmospheric conditions better than 

non-local while the opposite is true for unstable conditions (Shin and Hong, 2011), and 

that the MYJ performed the best of five PBL schemes in reproducing deep convective 

cores over India (Madala et al., 2014). These contrasting results from different studies 

indicate that the choice of PBL scheme depends largely on the characteristics of 

individual cases and what processes each set of simulations is primarily concerned with 

studying. 

In the inner mountain region, the presence of fog and low level cloud during the 

July 2012 event was confirmed independently via a webcam located at P3 and 

maintained by the National Park Service. In order to explore which microphysical 

parameterization leads to model simulations best able to capture the space-time 
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evolution of low level moisture fields and condensation in the SAMR, we ran a 

sensitivity study for the first ten hours (after the 6 hours of spin-up) of the simulation of 

Case 1 (July 2012) in D03 (the entire simulation was reproduced in D01 and D02). The 

parameterizations that were tested consider at least five hydrometeor classes in addition 

to water vapor in WRF version 3.5.1: Goddard (Tao et al., 1989), Thompson (Thompson 

et al., 2008), Milbrandt (Milbrandt and Yau, 2005a,b), Morrison (Morrison et al., 2009), 

WRF Double Moment 6 class (Lim and Hong, 2010) and WRF Single Moment 6 class 

(Hong and Lim, 2006). Figure 24 shows mixing ratio profiles for rainwater (QR, dashed 

lines) and cloudwater (QC, solid lines) below 2 km for selected times along altitudinal 

gradients in the IR (P3 and P22) and the open gap region (P1 and P8, see Figure 1 for 

locations).  
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Figure 24: Comparison of low level cloud and rain water mixing ratio profiles 

for various microphysical schemes in the WSF July 2012 case. 
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The actual terrain elevation and the corresponding grid-point elevation in the WRF grid 

are provided for the locations plotted here in Table 6, organized by location number 

(Figure 1).  A detailed discussion of each microphysical scheme can be found in the 

literature cited above.  

Table 6: Actual and WRF grid point elevations for selected points in the study 

region. 

Location Name 

(Map in Fig 1) 

Latitude Longitude Actual 

Elevation (m) 

Grid Point 

Elevation (m) 

P1 35.885678 -82.584475 1188 661 

P3 35.586100 -83.072530 1493 483 

P4 35.562248 -83.497359 1956 377 

P8 35.804619 -82.660369 598 478 

P21 35.568237 -83.025073 788 516 

P22 35.517690 -83.100550 777 384 

 

The simulations with the Goddard and Milbrandt schemes were able to 

consistently exhibit low level clouds and the general observed patterns of cloudiness as 

well as early morning rainfall (e.g. P22) in the case of Milbrandt. For futher guidance, 

simulated precipitation fields were compared against Stage IV radar-rain gauge 

estimates (Seo, 1998; comparisons not shown). Finally, the Milbrandt scheme was 

selected for this study as it was determined that using the Goddard microphysics 

scheme significantly overestimated precipitation for the two events studied here.  
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3.4 WRF Case Studies 

This section is structured as follows: first, both cases are described in terms of 

their local observations and overarching synoptic structure. Then, the WRF simulations 

are examined focusing on low level wind and moisture convergence patterns.   Note that 

the point is not to provide one more assessment of the model simulations in terms of 

precipitation timing and amounts in the SAMR which has been done (e.g. Sun and 

Barros, 2012, 2013), but rather to focus on the mechanisms by which low level moisture, 

a precursor of fog and low level cloud formation, is produced or delivered within the 

inner mountain region. Details are provided below, but some of the main differences in 

the two cases are stronger synoptic forcing in Case 2; higher accumulations and 

intensities in Case 2; and overnight/early morning timing of storm arrival in Case 2 

compared with midday timing in Case 1. 

 

3.4.1 Case Study One 

9-12 July, 2012: The precipitation event of interest was described in detail in 

Section 2.5.3. The main point about that event for this study is that the synoptic forcing 

was relatively weak, with a stationary front, and localized, diurnal forcings were 

stronger in this case. Here, WRF was run for Domain 1 over a 3 day period beginning at 

July 9 at 0000Z. Domains 2 and 3 begin on July 9 at 0600Z, thus allowing a 6 hour period 

for model spin-up. Figure 25 shows observations for the entire simulation period for the 
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rain gauges, and the day in question for the MRR. See Figure 14 for a zoomed in view of 

the observations.  

 

Figure 25: Case 1 observations from Micro Rain Radars (right) and rain gauges 

(left) are presented here. MicroRain Radar observations are shown for the day of most 

intense precipitation in the open gap region. Rain gauge accumulations are shown for 

the entire simulation period, for the open gap and the inner mountain region. The 

black line in the MRR observations represents the level at which observations stop 

during Case 2 (Figure 26). 

3.4.2 Case Study Two 

12-16 May 2014 This case was also associated with a frontal passage; however, 

this time, a strong cold front passed through the region quickly, and included both 

convective and stratiform rainfall. This case occurred during the IPHEx IOP (Barros et 
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al., 2014), and thus there is a large amount of ground-based data available to analyze this 

event.  As the event progressed, the precipitation developed into a squall line. A strong 

short wave moving out ahead of the main upper level trough caused the precipitation 

behind the line to move more quickly out of the area than expected considering the slow 

moving cold front. After the squall line, the regional atmosphere temporarily dried out 

before scattered low level showers formed on the lee side of the mountains (upper level 

support remained). The case was simulated in WRF from 0 Z on 12 May (06Z for D02 

and D03) to 0Z on 16 May. 13 May included diurnal afternoon isolated showers in the 

mountains. The main difference between Case 2 and Case 1 is that Case 2 was much 

more strongly synoptically forced, whereas in Case 1 there was a stationary front but the 

diurnal, localized forcing outweighed the weak synoptic forcing. In both cases there 

were rainfall accumulations exceeding 30 mm. 



 

95 

 

Figure 26: Observations from rain gauges and MicroRain Radars for the Case 2 

(as in Figure 25). 

As shown in the observations (Figure 26), in the eastern region the strong 

reflectivity gradient towards the surface in the valley (P8), and stronger convective 

activity at the ridge (P1) are not present as they were in Case 1. Note that the bright band 

is not visible at either location due to the finer resolution and consequently reduced 

profiling depth of the MRR range gates (reflectivity profiles are available up to 1050 m 

AGL).  In the rainfall totals, the strong low level enhancement feature associated with 

the presence of low level moisture in Case 1 is absent in the open gap region. The rainfall 
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rates at the valley location (P8) are higher than at P1, but the difference is small, and 

rainfalls totals are much lower than in Case 1 for that area. There is no evidence of deep 

fog in this case in the open gap. However, the situation is different in the IR. 

Unfortunately, the MRR at the ridge (P3) was not functioning during this event due to a 

broken cable. However, the reflectivity profile in the valley (P22) does show the low 

level enhancement signature similar to the eastern region in Case 1. In addition, strong 

rainfall enhancement is apparent in the IR through the rainfall totals at P21 and P22 

(valleys) compared to P3 (ridge). 

 

3.5 WRF Simulations: Results and Discussion 

In analyzing the WRF simulation output, we will focus on the lowest 500 m 

above ground level (the lowest 10 levels simulated with the model). Cross sections that 

will be used throughout the analysis in this chapter are marked in Figure 27.  



 

97 

 

Figure 27: Cross sections over Domain 3 that will be used in future figures in 

this chapter. The Pigeon River Basin is outlined in black. 

B-B’ is a northwest-southeast slice down the valley in the Pigeon River Basin. C-

C’ is oriented along the main axis of the SAMR (SW-NE) and spans the IR and the OG 

(i.e. P1 and P8). D-D’ cuts northwest to southeast across the ridgelines in the Pigeon 

River Basin where the long term rain gauge network is located.  To assess the output of 

the simulations, precipitation timing/onset is compared to in situ rain gauges, and then 

the information from WRF regarding the structure of the near surface in terms of 

moisture convergence and winds will be presented. 
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3.5.1 Precipitation Timing/Onset 

First, rainfall results across D-D’ are presented for Case 1 (July 2012) and Case 2 

(May 2014) in Figure 28. One of the metrics used to determine how well WRF was able 

to resolve the simulated events was how the rainfall event progressed across the 

domain, that is, the march of the storm. To assess this, we present a time (y-axis) versus 

cross section (x-axis) plot showing rain accumulations in contours. This is a modified 

version of a time-longitude plot first described by Hovmöller (1949) and the diagrams 

will henceforth be referred to as Hovmöller diagrams (HD).  Please note that Hovmöller 

diagrams should be read with time progressing from top to bottom. On the x-axis, the 

cross-section reads left to right (west to east). 
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Figure 28: Modified HDs of rain accumulation across D-D' (left column), along 

with accumulations for each case from the rain gauges (right column). Case 1 is on the 

top row and Case 2 is on the bottom row. 

In Case 1 (Figure 28, top), instead of frontal-associated rain propagating along 

the cross-section, scattered showers are present throughout the entire area. Precipitation 

is not widespread across the whole area or consistently moving in one direction. In this 

case, the model is within the hour of rain gauge initiations at all ridges and thus, 

comparatively, it does a much better job of matching with observations in terms of 
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precipitation timing. WRF rainfall begins between 1030 and 1330 LT throughout the D-

D’ cross section, and most rain gauges report rain beginning between 1200-1300 LT. 

However, there is no consistent spatial pattern or organization between the terrain 

features and rainfall. In Figure 28, cumulative precipitation at top right, rain gauges 

across all ridgelines report precipitation at different times within the midday period of 

initiation.  

In contrast, in the strongly synoptically forced Case 2, WRF precipitation onset is 

delayed (see Figure 28, HD at bottom left) as compared to the observations by about 4 

hours. Nevertheless, the temporal and spatial progression across the Pigeon River Basin 

followed that of the observations (see Figure 28, cumulative precipitation on bottom 

right). The plots present rain gauge accumulations, with each ridge represented by the 

first gauge in that region to report rainfall. There was significant variability within the 

different ridgelines as to precipitation onset; however, the progression clearly began in 

the southeast gauges and proceeded to the west. WRF captures that variability in good 

agreement with the observations.  

 

3.5.2 Assessing topographic modulation of low level moisture 
structure 

The contribution of convergence to the moisture availability in the inner SAMR 

can be estimated from the moisture budget, expressed as: 
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              (3.5.2.1) 

where the left hand side is the change in precipitable water (W) over the column; on the 

right hand side the first term is the contribution from terrestrial evapotranspiration (E), 

the second term represents moisture divergence ( MF , where dpvq
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, q = the 

water vapor mixing ratio, Hv =the horizontal wind, and p= pressure) calculated from 

model output, and the third term is rainfall (R). The vertical integration in the second 

term is computed based on beta factors, after Trenberth (1991). Figure 29 shows the 

contribution of each of the terms in Equation 3.5.2.1, as a time series averaged over the 

Pigeon River Basin in the inner mountain region.  
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Figure 29: This figure shows the time series for each term in the moisture 

budget for (a-d) the morning of 12 May 2014 and (e-h) the morning of 15 May 2014. In 

plots (a and e) and (d and h), solid lines indicate the entire column, dashed lines 

indicate integration below 2 km, and dotted lines indicate integration below 500 m. 

Results are shown for Case 2 from nighttime through early morning on 12 May and 15 

May to contrast the moisture budget evolution for two very different synoptic 

environments. The integrations of precipitable water and moisture convergence over 

different heights (whole atmospheric column, under 2 km, and under 500 m) show the 

relative contribution of the low levels depending on the synoptic environment. The 

precipitable water tendency and the moisture convergence terms are of the same order 
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of magnitude under dry conditions on 12 May, whereas rainfall is a dominant term on 

15 May. However, the vertical structure is very different during the night on 12 May 

consistent with nocturnal stratification of the atmosphere, which is not present on 15 

May due to strong synoptic forcing. Note the increasing contribution of 

evapotranspiration to the moisture budget after sunrise on 12 May, which is very weak 

into mid-morning on 15 May after the frontal passage due to the persistence of rainfall. 

The results from Domain 3 shown in Figures 30-33 illustrate how the topography 

modulates flow and affects the moisture profile of the low levels in the atmosphere.  
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Figure 30: Model simulation output for Case 1, with columns from left: Spatial 

wind speed and direction plots for Domain 3 (left column), B-B' cross sections with 

vertical velocity in colors and squared saturated Brunt- Väisälä frequency contours  

(with a step of 0.0001 s-2, and the zero contour shown with a thicker line) and outlined 

hatch marks to represent the presence of cloud water hydrometeors, identified with a 

threshold of 0.02 g/kg; B-B’ HDs of vertically integrated water vapor within 500 m of 

ground level; B-B’ HDs of vertically integrated moisture convergence within 500 m of 

ground level. 

First, in Figure 30, horizontal winds at the lowest model level (10 m) and the 

vertical structure of the squared moist Brunt-Väisälä frequency (
2

mN ), cloud water, and 

vertical winds along B-B’ at 1200 LT, and the Hovmöller diagram of vertically integrated 

water vapor in the lower 500m AGL are presented for each day simulated in 2012 
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(9/10/11 July across rows a/b/c, respectively). Recall that terrain representation in WRF is 

different than that in reality and will cause some discrepancies from the observations for 

this event. The Brunt-Väisälä frequency is also known as the buoyancy frequency, and is 

a quantity that is used to assess stability. The purpose of using the moist version of the 

quantity is to make sure to include the effect of phase changes and latent heating that go 

along with vertical displacements in a moist atmosphere. It is calculated by: 
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               (3.5.2.2) 

where g is gravitational acceleration, vL  is the latent heat of vaporization, pc  is the 

specific humidity at constant pressure, dR is the gas constant for dry air, sq is the 

saturated mixing ratio computed from WRF output of relative humidity and water 

vapor mixing ratio, wq is the vapor and liquid mixing ratio (here calculated by 

combining the mixing ratios for water vapor, cloud water, and rain water),  is the ratio 

of the dry air gas constant to the water vapor gas constant,   is potential temperature, 

and T  is the environmental temperature, z is the height, and 
2

mN  has units of s-2.  This 

method for calculating the moist Brunt-Väisälä frequency was derived in Durran and 

Klemp (1982).   

In the IR, the rainfall is higher on 9 July than it is on 11 July (see Figure 25). 

Notice the drying of the lower atmosphere in the B-B’ cross section with increased 
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stability and reduced vertical motion as time progresses (central panels).  The times 

plotted in the HD are 0600-1400 LT to focus on the early morning to mid-day transition 

that is important in this case.  In each plot, the gradient from southeast to northwest is 

wetter to drier, and the water vapor content increases at low levels as the day progresses 

on the 9th and 10th.  The time for the horizontal wind field plots in the first column and 

the vertical cross sections of vertical velocity, cloud water, and 
2

mN  in the second 

column is at noon local time each day. The wind fields begin with predominantly 

westerly/southwesterly flow entering the region of interest. On 10 July, the wind fields 

are beginning to transition to those shown on 11 July, where colder and drier air begins 

to move into the region from the N-NE. Vertical velocity fields in the middle column 

show couplets with the strongest flow generally on the southeast side of the peaks. The 

effect of the terrain as a barrier to horizontal surface winds and an obstacle forcing 

stronger vertical motion is shown in each subplot for this weakly synoptically forced 

case. Observed patterns on 9 July is associated with the westerly/southwesterly flow 

locally. 
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Figure 31: Cross sections B-B’ for Case 2, with columns as in Figure 30: (a) 

shows 12 May 2014, with cross sections at 0800 local time and HDs from 0200 to 1000 

local time, and (b) 15 May 2014, at the same times of day. 

Along the same southeast/northwest cross-section in Case 2 (May 2014), the 

strong synoptic forcing is illustrated in Figure 31 through a comparison of the air motion 

and moisture fields between 12 May, before the cold front entered the region, and 15 

May, where 0800 LT is in the midst of the event. The relevant HD time interval in the 

May 2014 case is 0200-1000 LT. The squall line passing through the region of interest is 

easily traced in the wind field plot as well as in the HDs of low level moisture 

convergence and water vapor.  

On 12 May, the moisture convergence patterns are very organized and follow the 

terrain patterns. Note that in general the water vapor concentrations in Case 2 are much 

lower than during Case 1.  The 
2

mN  values on the two dates shown here for Case 2 
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illustrate the presence of two distinctly different regimes between days along the cross 

section, where on the 12th to the east there is a deep and well mixed layer that becomes 

increasingly unstable to the west with a large near-surface gradient, although the values 

are all positive indicating an overall statically stable atmosphere. The pattern on 15 May 

does not change very much in the lower 2 km but also exhibits a stronger gradient to the 

northwest, in addition to much stronger vertical velocities. On 15 May, the atmosphere 

is strongly driven by the overall dynamics of the frontal passage, where on 12 May it is 

controlled by the thermodynamics (especially note the differences in the concentration 

of the moist Brunt- Väisälä frequency contours and the strength of the vertical motion 

between these two dates). The blocking effect of the terrain is again clear in the 10m 

horizontal wind plots on 12 May, as well as the winds funneling through the inner pass 

between the French-Broad and the Pigeon river basins. Southerly low level flow at the 

beginning of the simulation to the west of the mountains contrasts with quiet conditions 

on the eastern side of the mountains, and becomes strongly westerly on 15 May. In 

general, corresponding with the frontal passage, 10m wind speeds are much higher on 

the 15th.  

While in both cases flow and moisture patterns are organized around the terrain 

during most of the simulation, in Case 2 the disruption associated with the front is 

significant in all fields shown. This indicates that the synoptic forcing overcomes the 

local terrain modulation, even as the terrain and antecedent moisture (i.e. on 12-14 May) 
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may also play a role in the reverse orographic enhancement observed by in situ sensors; 

specifically, where valleys in the inner mountain region report significantly higher 

accumulations than ridges (Figure 26). The difference in accumulations prior to the 

frontal passage late on 14 May is on the order of 40 mm, or up to 4 times as much 

precipitation. 

 

Figure 32: Cross sections C-C’ for Case 1, with columns from left: HDs of 

vertically integrated moisture convergence under 500m; cross-sections of vertical 

velocity (colors) with squared saturated Brunt- Väisälä frequency contours (with a 

step of 0.0001 s-2, and the zero contour shown with a thicker line) and outlined hatch 
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marks to represent the presence of cloud water hydrometeors, identified with a 

threshold of 0.02 g/kg; HDs of vertically integrated water vapor under 500m. Row (a) 

shows 9 July, (b) 10 July, and (c) 11 July 2012. Cross sections are at 1200 local time and 

HDs go from 0600 to 1400 local time each day. The red box indicates the part of the 

cross section passing through the inner region (left) and the open gap (right side of 

the box).  

Along the C-C’ northeast to southwest cross section that traverses the Pigeon 

River Basin as well as the open gap region, Figure 32 shows an increase in the 

organization of moisture convergence patterns in the eastern, open gap region (the right 

side of the red box overlaid on the plots). Even when these patterns are most disrupted 

on 9 July after 1200 LT in the HDs of low-level moisture convergence and water vapor, 

co-organization with the terrain is still apparent. On the 9th, the water vapor 

concentration shows a peak at midday and a maximum towards the northeastern end of 

the cross section, while that same section is the driest on 11 July. Similarly to Figure 30, 

stability increases as the days pass (as shown by the move to higher 
2

mN  values – note 

the negative contours near some peaks on 9 and 10 July, and the increase in structure 

(number of contour lines) as the days pass), and the atmosphere becomes drier.  Again 

note that compared to Case 2, the low level vertical structure of the atmosphere is 

heavily complex and tied to the terrain. 
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Figure 33: As in Figure 32, for Case 2, with row (a) showing 12 May and row (b) 

showing 15 May 2014. 

The C-C’ cross sections (Figure 33) in Case 2 on 12 May show the terrain-

following moisture convergence organization that is seen in Case 1. However, as seen in 

Figure 31 in the B-B’ cross section, on 15 May those patterns are severely disrupted by 

the strong squall line passing through from the southwest to the northeast over six 

hours. The vertical velocity couplets of mountain waves are significantly stronger on 15 

May in the morning during the storm, and cloud formation is simulated in the northeast 

sector of the cross-section. Note the relative uniformity in the 
2

mN  values, especially 
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away from the very near surface, throughout both cross sections, as well as the 

difference in strength of the vertical velocity and moisture convergence values.  

In this case, the strength of the squall line passage at most locations, and 

specifically the open gap, was such that any enhancement provided by low level 

moisture was not significant as a percentage of the overall rainfall accumulation and 

intensities. However, as seen in the observations presented in Figure 26, there was still 

significant enhancement of rainfall at low elevations in the inner region valley as 

compared to the adjacent ridge. Nevertheless, in these more strongly forced synoptic 

events, it is more challenging to see the low level, highly heterogeneous landform effects 

at the resolution at which the model was run in this case. Higher resolution simulations 

are needed in order to better resolve the terrain and quantify its effect. 

Persistent patterns of moisture convergence at low levels seen in the model 

simulations for both cases are consistent with low level cloudiness and fog affecting 

precipitation intensities and accumulations both under weak and strong synoptic 

forcing conditions, although the model did not always produce the observed low level 

cloudiness in particular in areas where the terrain complexity was least well 

represented.  The moisture convergence patterns follow the peaks and valleys as 

represented by WRF terrain, with landform effectively controlling the timing and spatial 

structure of convergence hot-spots, as seen in the Hovmöller diagrams presented in 

Figures 30-33.     
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The results in the inner mountain region, where the terrain is least well 

represented by the WRF grid, should be improved with higher resolution simulations 

both horizontally and vertically.  The contrasting behavior of the inner region and open 

gap between the two case studies suggests that there is a characteristic time-scale of 

persistent organized moisture convergence associated with fog formation that is 

dependent upon local environmental conditions such as stability and availability of 

cloud condensation nuclei (CCN). The presence of low cloud and fog was not 

successfully simulated in all areas, as expected due to both the imperfect terrain 

representation in particular in the complex inner mountain region, as well as the 

limitations in the model parameterizations to deal with processes occurring at very high 

resolution; however, moisture build-up that is a necessary precursor takes place at the 

hypothesized locations. Based on these two case-studies, the inner region more 

consistently and strongly experiences persistent convergence patterns regardless of the 

strength of synoptic scale circulations and cyclonic activity, while the open gap is more 

effectively ventilated during conditions of strong synoptic forcing (note the contrast in 

updraft strength between the cases). This conclusion is reached because the effect of 

these low level patterns is apparent in the mountain pass only in the case of weaker 

synoptic forcing, where in the inner mountain region it is observed in both the weak and 

strong synoptic cases. The daytime-nighttime import and export of low level moisture 

may also play a role but is not examined here. Ultimately, this time-scale should be 
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determined by cloud formation processes, including CCN availability and local 

microphysical processes. Data relevant to address this question were collected during 

IPHEx and will be analyzed in detail in the future.  Fundamentally, the simulations 

support the hypothesized link between altitudinal (ridge-valley) precipitation gradients 

and horizontal heterogeneity in the vertical structure of low level clouds and 

precipitation. In particular, the reverse orographic enhancement denoted in the inner 

nested mountain valleys is formed and strengthened through landform controls on local 

moisture convergence, where the patterns of low level moisture convergence are shown 

in Figures 30-33. 

The results from this study also illuminate further questions and suggest other 

methods with which to extend our investigation and understanding of processes in 

these and other regions. Work will be described in the next chapter that is focused on 

improving the terrain representation in this region, testing using standardized WRF 

methods and using fractal methods (Bindlish and Barros, 1996) to upscale high quality 

high resolution terrain data (30 m) to 1 km resolution. Analysis of all the ground-based 

observational data available from wider network of disdrometers and rain gauges 

during the IPHEx campaign has provided new insights as well and will be discussed 

subsequently.  
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4. Orographic land-atmosphere interactions in the inner 
mountain region during the warm season: Case studies 
from the IPHEx IOP. 

Prat and Barros (2010), Wilson and Barros (2014), Angulo-Martinez and Barros 

(2015) and Duan et al. (2015) documented evidence of diurnal cycles of precipitation in 

the Southern Appalachians with strong seasonality and mountain-valley gradients that 

can be related to the spatial and temporal variability of precipitation microphysics. 

Wilson and Barros (2014,  hereafter WB14) documented a robust diurnal cycle of light 

rainfall associated with low level cloud (LLC) and fog immersion in the absence of 

synoptic scale forcing in the warm season. They also elucidated the role of enhanced 

coalescence processes at low elevations due to seeder-feeder interactions between 

stratiform LLC and fog on the intensification of valley rainfall up to one order of 

magnitude and resulting in the reverse orographic effect in the inner mountain region 

examined by Wilson and Barros (2015, hereafter WB15). Observations of lateral 

precipitation presented by WB15 also suggest a strong diurnal cycle of LLC and fog 

immersion on the western ridges peaking in the early morning independently of storm 

activity, and which is out of phase with that in the inner region valleys that peaks in the 

early afternoon (Figure 18b in Chapter 3). For the relatively dry season of 2014, during 

IPHEx, immersion rainfall at Clingman’s Dome (location P4 in Figure 18) exceeded 60% 

of the total monthly rainfall accumulation, which is a clear indication of its importance 

in the regional water cycle and especially for the sustainability of forest ecosystems. 
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The Southern Appalachian Mountain region has been classified as a perhumid 

temperate rainforest (Shanks, 1954) with areas of temperate mountain cloud forest 

(Reinhardt and Smith, 2008). Perhumid climates are the wettest climate class 

(Thornthwaite, 1948), although there is some controversy over this amidst varying 

definitions of the Southern Appalachian forests, since the region is warmer than 

temperate rainforests generally and it is considerably drier during the summer. 

Nevertheless, significant precipitation (up to 25% of annual) falls during the driest 

quarter (WB14), and the rainforest-like characteristics in the Southern Appalachians 

appear in island-like form throughout the forested mountains (DellaSala et al., 2011), 

where the “islands” are the cove forests described in Chapter 1.  Albeit at lower 

elevations, these cove forests exhibit many similarities to cloud forests under persistent 

LLC and fog immersion in the tropics.  

Atmospheric moisture convergence and classical orographic modulation of the 

Lifting Condensation Level (LCL) are the essential processes governing the diurnal cycle 

of cloud formation in high-elevation cloud forests. For example, in the tropical Andes, 

even as evapotranspiration amounts to a small fraction of precipitation during the wet 

season, it plays a critical role in low-level entropy gradients which control convective 

instability and upslope moisture convergence at regional scale (Sun and Barros, 2015a). 

Elsewhere, evapotranspiration (ET) can also be an important local moisture source on a 

highly localized scale in mountain regions, with patterns modulated by the joint 
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distribution of topography and vegetation (Dyer, 2009; Bhushan and Barros, 2007; 

among others). Mountain circulations drive variations in the diurnal cycle of aerosol as 

well, with resulting consequences on moist processes (Shrestha et al., 2010).  From the 

point of view of moist processes, activated CCN and high moisture availability, either 

transported from a remote source or locally produced, are two requisites to maintain the 

levels of cloudiness and precipitation observed in the Southern Appalachians. The focus 

here is on moisture availability. 

The role of high topography and plateaus as elevated heat sources on the one 

hand and obstacles to air flow on the other, including blocking at multiple spatial scales 

conditional on environmental stability, has long been studied in the case of massive 

mountain ranges, such as the Himalayas, the Andes, and the Rockies (e.g. Smith, 1979; 

Wallace, 1983). The scaling signature of topographic forcing on the spatial and temporal 

organization of cloudiness (and precipitation) in large mountains has been well 

documented (Barros et al., 2004; Giovannettone and Barros, 2008 and 2009).  Studies like 

those described above have consistently found that moisture convergence, cloudiness, 

and precipitation patterns are tied in fundamental ways to terrain effects on low level 

flow and near surface processes throughout all seasons, but that these specific ties can 

vary significantly depending upon geography and prevailing synoptic-scale patterns, 

among other effects, i.e., the processes driving precipitation patterns are the same but 

their relative roles change depending upon highly localized landform characteristics.  
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Spatial patterns in moisture budget terms such as evapotranspiration and rainfall are 

highly influenced by circulations from continental to local scales (e.g. Sun and Barros, 

2014 and 2015).  At the ridge-valley scale, Wagener et al. (2015) found that mass 

transport can be up to four times more efficient across valleys than over flat terrain, and 

is strongest for deep and narrow valleys.   

In the case of mid-mountains such as the Southern Appalachians (Clark, 2009), 

where old, forested, rugged topography with moderate elevations and horizontal 

topology characterized by a grid of long higher ridges roughly aligned along the SW-NE 

direction and shorter lower elevation SE-NW ridges interrupted by wide gaps (e.g. 

higher order tributaries of the Upper Tennessee) and enclosed basins (e.g. the Pigeon 

River Basin) in between, detection and attribution of specific modes of variability to 

terrain forcing is very challenging due to the complexity of interacting flow features in 

the lower troposphere. Furthermore, terrain elevations (below 750 hPa) are not large 

enough to establish significant heating anomalies and, in the warm season in particular, 

large-scale circulation and regional environmental conditions are not favorable to 

blocking. The fluid mechanics’ analog of mid-mountains’ interactions with large-scale 

circulation is that of flow past an immersed object, which results in flow separation, or 

mechanical decoupling of the boundary layer from free atmosphere flows due to the 

establishment of an adverse pressure gradient near the ground (Oke, 1978).   Local 

boundary layer development depends on the topography as well as the immersion flow 
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characteristics.   Near the land-atmosphere interface, this mechanical decoupling is 

strongly modulated by the diurnal cycle of radiative forcing as well as thermodynamics. 

Climatologic evidence of the orographic decoupling effect (Whiteman, 2000), and 

especially its signature on point observations of air temperature at the ridge-valley scale 

(e.g. Daly et al., 2009) is amply documented in the literature. Here, high resolution 

simulations conducted with ARW-WRF will be relied upon to detect the orographic 

decoupling effect in the Southern Appalachians at the mountain-range scale, and to 

investigate its role in the diurnal cycle of moisture availability in the lower troposphere. 

WB15 showed that patterns of moisture convergence in weak and strong synoptic 

forcing conditions are modulated by the terrain and result in moisture convergence 

“hot-spots” that provide one potential pathway leading to fog formation and low level 

enhancement of precipitation associated with events passing through the region.   

In this work we investigate the mechanisms of orographic land-atmosphere 

interactions associated with observed patterns of low level enhancement important in 

warm rain events in the Southern Appalachians (WB14) through simulation of selected 

hydrometeorological regimes during IPHEx. The objective is to understand the relative 

importance of terms in the moisture budget (i.e., moisture convergence, 

evapotranspiration), and how terrain modulates flow locally depending upon different 

large scale conditions. First, an analysis of observed drop size distribution characteristics 

across the region will be presented, showing different patterns along altitudinal 
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gradients depending upon local terrain. Then, WRF simulations will be presented to 

assess diurnal flow patterns and moisture in different warm season cases. 

 

4.1 Methodology 

4.1.1 Observations 

Observations from the larger disdrometer and rain gauge network deployed 

during the IPHEx field campaign were analyzed in detail, in particular during the warm 

season, in order to assess patterns of spatial variability. For detailed descriptions of the 

instruments, how they work, and their limitations, please see Chapters 2 and 3. Analysis 

of drop size distributions observed by instruments during the warm season (May – 

September, 2014) illuminated organization along altitudinal gradients and by sub-region 

within the area of interest. Figure 34 shows total number concentrations separated by 

region. See Table 7 for more specific information on site locations. In addition, a spatial 

map showing the sub-region location of the disdrometers is available in Figure 1. 
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Figure 34: Total number concentrations as reported by Parsivel disdrometers at 

different locations, averaged during rainy periods over the entire warm season (May – 

Sep) 2014. 

In the southern and eastern regions, the highest elevation station (P18 and P11 

respectively) reports significantly more droplets throughout the diurnal cycle than the 

other stations, suggesting orographic effects. However, the western and inner regions 

display different characteristics. The western region also has a station (P4) that is more 

than 1 km higher than the other three gauges, but P4 does not always report a much 

higher total number concentration than the others except for late at night (21-24 local 

time period). The inner region has several stations above 1.5 km, and all except P17, 
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which is an isolated mountain towards the southern region boundary, do not show the 

behavior seen in the south and eastern region. Figure 35 allows a look at this from a 

different perspective; the diurnal cycle of higher moments – the mass-weighted mean 

diameter and its standard deviation (see Chapter 3 for a comprehensive description of 

this variable; specifically Equation 3.1.2.2). 

 

Figure 35: Diurnal cycle of mass weighted mean diameter (Dm) and its standard 

deviation during the warm season for different subregions. 

In combination with Figure 34, Figure 35 shows that, in the southern and eastern 

regions, the highest elevation gauges with the highest total number concentrations also 

have the lowest mass weighted mean diameters, indicating a large number of small 
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drops. In the inner region, this relationship with elevation is not so clear, reflecting the 

complex geometry of nested ridges and valleys in this region, and the enhanced 

coalescence in rain events with frequently occurring low level cloud and fog. The latter 

is reflected by the distribution showing an increasing number of larger drops (a higher 

Dm) at the surface as measured by the disdrometers. In the western region, the highest 

elevation gauge does show the lowest mass weighted mean diameter and standard 

deviation, but did not show the same very high total number concentration. This 

location is frequently inside the cloud deck and has observed higher water input from 

horizontal capture than from vertical rain (see Figure 18b in Chapter 3). The discrepancy 

may be the result of many of the drops being too small for the disdrometers to see, and 

can be resolved in the future with targeted studies at that location using the mobile 

observing platform.  

Table 7: Locations for all “P” stations with Parsivel disdrometers and rain gauges. 

Model indicates whether a PARSIVEL1, 2, or both were located at the station. Region 

is “E” for east; “I” for inner; “W” for west; “S” for south. See Figure 1 for locations. 

Station Model Latitude Longitude Elevation Region 

P1 1 35.885789 -82.584286 1188 E 

P2 1&2 35.616300 -82.56505 646 E 

P3 1&2 35.586157 -83.072477 1493 I 

P4 2 35.558240 -83.494937 1956 W 

P5 1 35.686108 -83.500819 595 W 

P6 1 35.664548 -83.590374 634 W 

P7 1 35.778874 -83.214296 528 W 

P8 2 35.804689 -82.660401 598 E 

P9 2 35.517746 -82.965553 794 I 
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P10 1&2 35.306469 -83.201963 690 I 

P11 1 35.758625 -82.271059 1897 E 

P12 1&2 35.083265 -82.870649 575 S 

P13 1 35.195054 -82.876221 863 S 

P14 1 35.373104 -83.506194 589 I 

P15 2 35.441441 -83074138 992 I 

P17 1 35.470258 -82.797558 1380 I 

P18 2 35.315374 -82.871927 1720 S 

P19 2 35.576834 -82.775736 954 I 

P20 2 35.464401 -83.113492 1860 I 

P21 1 35.568237 -83.025073 788 I 

P22 2 35.517690 -83.100550 777 I 

 

 From these observations along with the longer term observations of rainfall, 

vertical structure, and microphysics available in this region and discussed in detail in 

the references mentioned at the beginning of this paper, a schematic of the characteristic 

regional processes was developed (Figure 36). 
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Figure 36: Schematic of primary warm season hydrometeorological regime in 

subregions of the Southern Appalachians. 

These observed patterns, particularly in the inner mountain region, will be 

assessed in the following discussion of WRF simulations. The WRF simulations make 

use of the Milbrandt microphysics scheme based upon sensitivity studies conducted in 

Chapter 3. Briefly, Milbrandt is a double-moment bulk microphysics scheme that uses 

the assumption of a gamma distribution (see Equation 2.1.2 in Chapter 2) and predicts 

number concentration and mixing ratio for six different hydrometeor types (cloud 

water, cloud ice, liquid water, snow, graupel, and hail; Milbrandt and Yau, 2005a). The 

cases described here take place in the warm season and with the exception of the frontal 

passage, are controlled largely by warm rain processes. More detail will be provided 

during discussion of the case studies that will follow in section 4.2. 
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4.1.2 WRF Simulations 

To conduct this investigation into the local vs. long range input of moisture and 

diurnal cycles of near surface flow in this region, the Advanced Research Weather 

Research and Forecasting Model version 3.5.1 is used as a numerical laboratory 

(Skamarock et al., 2008). Simulations were conducted, as in Chapter 3.3, on the 

Yellowstone system (Computational and Information Systems Laboratory, 2012). WRF 

version 3.7 was recently released; however, for consistency the simulations were 

conducted using version 3.5.1. The reasoning behind this is that often bugs are found 

when new versions are just released; for example, when attempting to update the 

simulations with WRF version 3.6.1 to run the simulations described in Chapter 3, 

problems in the Milbrandt microphysics scheme caused the runs to become unstable, 

and so the decision was made to stay with 3.5.1 at that time. The problems were 

reported to the WRF technical team and a note was released along with version 3.7 that 

the Milbrandt scheme should be avoided in version 3.6, but to avoid similar problems of 

this nature and to be consistent, the simulations described in this chapter use version 

3.5.1, the same version with which the previous study was completed.  

All simulations conducted in this paper use guidance from the conclusions in 

WB15, in particular the emphasis on the importance of having accurate terrain 

representation. Here, we use three one-way nested domains, at 9, 3, and 1 km 

respectively (Figure 37). The domains used are slightly smaller than those in Chapter 3. 
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The sizes of the domains are respectively: 190x190; 352x352; and 355x355. Since moving 

to higher resolution, the goal was to use computing resources efficiently as long as 

results were not adversely affected. Tests on the May 2014 frontal case showed that the 

new domains were acceptable. 

 

Figure 37: Domain setup for the investigation in this chapter. Domain 

resolution is at 9, 3, and 1 km respectively. 

As in Chapter 3, care was taken to ensure that the boundaries did not cut across 

the steepest terrain. Terrain representation was modified instead of using the standard 

WRF 1 km terrain, which can be problematic in complex terrain with smoothing causing 
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valleys to be at higher elevation and ridges to be lower. Since the simulation is run at 1 

km, some of these effects are unavoidable. However, to minimize them, in these 

simulations 30 m terrain available from the USGS Digital Elevation Model (Dollison, 

2010) was upscaled using the fractal techniques described in Bindlish and Barros (1996). 

This was done in order to preserve important terrain features, in particular high peaks 

and slope. These features can be extremely important in highly localized circulations 

and transport (Barros et al., 2004; Wagner et al., 2015). The fractal aggregation method 

developed by Bindlish and Barros (1996), in order to preserve the fractal dimension and 

spatial structure of the original data, uses a surface with the same fractal dimension and 

roughness factor of the DEM as a weighting function. The method was tested for 

datasets in California and Pennsylvania with different source and output dataset 

resolution for each, and was shown to preserve essential spatial structure of the 

elevations and orographic gradients in the datasets. In addition, this method has been 

tested more recently by the Swiss Met Office and is now in operational use there (Barros, 

2015, personal communication). Figure 38 shows a comparison of a subset of Domain 3 

containing the region of interest, with the 1.25 km smoothed terrain from Chapter 3 

(WB15) alongside terrain at 1 km resolution using the fractal upscaling method. Figure 

38 also includes cross-sections that will be used to present results later in this study. 
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Figure 38: Comparison of the different terrain used during testing of the fractal 

upscaling methodology. From left: 1.25 km terrain using standard WRF and 1 km 

terrain using fractal upscaling. Cross-sections that will be used later in the chapter are 

shown on both with labels on the full D03 at left. 

As higher resolution simulations become more computationally feasible, 

discussion has been ongoing in the literature regarding at what resolution physics 

parameterizations are reliable and at what resolution processes may be explicitly 

resolved. Hong and Dudhia (2012) concluded that at least in the case of the planetary 

boundary layer, the existing parameters work well for grid spacing down to 

approximately 300-500 m. In these simulations, the parameterizations used will be 

mostly the same as those reported in Chapter 3: Milbrandt microphysics (Milbrandt and 

Yau, 2005a, b; after sensitivity studies conducted in Chapter 3 (WB15)); Noah land 

surface model (Ek et al., 2003); Kain-Fritsch cumulus parameterization turned on in the 
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first domain only (Kain, 2004); RRTM longwave radiation (Mlawer et al., 1997); and the 

Dudhia shortwave scheme (Dudhia, 1989). The simulations use different planetary 

boundary layer schemes with their associated surface layer schemes, which will be 

described in more detail in Section 4.2. The simulations contain 60 vertical levels, with 14 

levels in the lowest kilometer, following Sun and Barros (2015a), and Wilson and Barros 

(2015). Simulations were conducted with 6 hour spinup in the first domain.  

 

4.2 Analysis 

The analysis section is organized in three parts. The first part will describe the 

case studies. The second part will describe the region’s sensitivity to physical 

parameterizations of the planetary boundary layer as evidenced by the three cases 

simulated in this work. The third part will provide analysis of the results in context of 

what they illuminate about physical processes in this region: in particular, the diurnal 

cycle of ridge-valley flow and its interactions with larger scales, and the role of 

landscape characteristics in modulating precipitation events. 

 

4.2.1 Case Studies 

The three case studies presented here were chosen to represent different types of 

interactions between large scale and localized circulations over the warm season in 2014. 

The cases were all chosen during the Intensive Observing Period of the Integrated 
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Precipitation and Hydrology Experiment (Barros et al., 2014) which was held during 

May 1 – June 15, 2014 in the Southern Appalachians in support of the Global 

Precipitation Measurement Mission (Hou et al., 2014). The reason behind choosing three 

events during this short period was to leverage the high density network of ground 

observations. This study will make use of, in particular, observations from PARSIVEL 

disdrometers models 1 and 2 (Tokay et al., 2014, 2013) and tipping bucket rain gauges 

(see Figure 1). In future, the analysis should also take advantage of the large scale 

ground based radars and other observing systems, including aircraft.  

The first case was modeled and analyzed in detail in Chapter 3 (WB15) and so 

will not be dealt with extensively here. Briefly, a large scale synoptic cyclone moved in 

from the west after a dry period of about one week. See Figure 26 for MRR and rain 

gauge observations from this case. Figure 39 shows Dm calculations, with one minute 

averages of 10s drop size distribution calculations, from the inner region disdrometer 

network during Case 1.  
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Figure 39: Observations of Dm (time-series) made by the disdrometer network during 

Case 1. Station locations can be found visually in Figure 1 and are also listed in Table 

7. The black colors indicate gauges over 1km in elevation; the red are below. 

Note that some locations in the inner mountain region observed rainfall on each 

day of the simulation. The frontal passage happened over the 14-15th of May and 

recorded observations at all stations. During the frontal passage, the higher elevation 

locations observe larger Dm values, in particular at the beginning of the event. The 

opposite happens during the lighter rainfall events occurring on the previous days.  

The second case begins just one day after the first case. It occurs during a “quiet” 

period without the presence of high magnitude large scale forcing. Overall flow with 
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upper level support was northwesterly. With mostly dry air entering the region of 

interest, showers were scattered during this period and based on local forcing, and in 

the beginning of the period, the presence of a shortwave from the southwest. After the 

18th, a high pressure system was in place over the region. Figure 40 shows observations 

from this case, in particular photographs of foggy conditions in the inner mountain 

region in the left column in both the morning and evening. Rainfall totals in the wider 

IPHEx domain did not exceed 10 mm over the simulated period, and in the inner region 

(pictured) they did not exceed ~5 mm.  
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Figure 40: Observations during Case 2: At left, photographs taken with local 

times at location P3 (see Figure 1) in the inner mountain region showing localized low 

level cloud and fog; at right, rain gauge accumulations and Dm observations from 

disdrometers in the IPHEx network inner region (see Figure 1). 

The third case is 30 May – 6 June 2014. Fog and some rainfall were documented 

in the region of interest during this period (Figure 41). Flow was from the south at upper 

levels, moving to westerly by the end of the simulated period. This case also does not 

involve strong large scale forcing as in Case 1, but the atmosphere was in general much 

more humid than in Case 2. 
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Figure 41: Photographs of observed low cloud and fog taken at P3 in the inner 

mountain region (see Figure 1 for location), with local times for Case 3. Right column 

shows rain gauge accumulations and Dm observations for stations in the inner 

mountain region. 

To summarize the characteristics of the three cases described in this section, a 

summary table is presented for easy reference (Table 8). 
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Table 8: Distinctive characteristics of the three modeled cases 

Case (2014) Regional Flow Microphysics Notes 

1: 12-16 May Westerly Higher Dm Light rainfall daily, frontal 

passage 

2: 17-22 May Southwesterly Low Dm Dry weather interrupted by 

one light rainfall caused by 

short-wave propagation, 

inner region fog observed 

3: 30 May-6 June Southwesterly/ 

Southeasterly 

Wide Spread Inner region fog observed, 

light rainfall events 

associated with daytime 

shallow convection 

 

4.2.2. Sensitivity to Physical Parameterizations 

Land use and land cover (vegetation) highly influence the spatial variability of 

surface fluxes in mountainous headwater catchments (Tao and Barros, 2013; Flerchinger 

et al., 2010), where the complexity of the terrain also impacts the vegetation. 

Additionally, mountainous terrain also frequently has high spatial variability in the 

lapse rate, both seasonally, diurnally, and based on location (windward or leeward side 

of the slope), and this has can have a significant impact on the water budget (Tao and 

Barros, 2014, 2013; Minder et al., 2010). Some of the potential issues with using planetary 

boundary layer (PBL) schemes include challenges with having overly smooth or weaker 

gradients. For example, Jiminez and Dudhia (2012) found that winds are overestimated 

in valleys/plains and then underestimated at mountaintops. The resulting weaker 

gradient can have a significant effect on subsequent processes. 
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Brief descriptions of the three PBL schemes used in each of the simulations are 

provided next, and a summary of simulations performed is provided in Table 9. All 

simulations use the new domains and fractally upscaled terrain. 

Table 9: Simulations conducted in this study. 

Case Study PBL Scheme Surface Scheme MP Scheme Fog Dep. 

1: 12-16 May 2014 MYJ Eta Milbrandt No 

1: 12-16 May 2014 MYNN Eta Milbrandt No 

1: 12-16 May 2014 MYNN Eta Milbrandt Katata 

1: 12-16 May 2014 YSU MM5 Milbrandt No 

1: 12-16 May 2014 MYJ Eta Goddard 4Ice No 

1: 12-16 May 2014 MYNN Eta Goddard 4Ice No 

1: 12-16 May 2014 YSU MM5 Goddard 4Ice No 

2: 17-21 May 2014 MYJ Eta Milbrandt No 

2: 17-21 May 2014 MYNN Eta Milbrandt No 

2: 17-21 May 2014 YSU  MM5 Milbrandt No 

3: 30 May-6 Jun 2014 MYJ Eta Milbrandt No 

3: 30 May-6 Jun 2014 MYNN Eta Milbrandt No 

3: 30 May-6 Jun 2014 YSU  MM5 Milbrandt No 
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The reasoning behind testing three different PBL schemes is that stability, 

planetary boundary layer height, surface fluxes, and low level thermodynamic states 

and fluxes calculated by the different schemes help to determine the formation of fog 

and low level cloud.  The three schemes were chosen because the first two (MYJ and 

YSU) are widely used and have been widely tested; and the third scheme (MYNN) was 

explicitly designed in order to improve problems with the MYJ and was tested with an 

advection fog event (although not in complex terrain).  

First, the Mellor-Yamada-Janjic scheme (MYJ, Janjic, 1994) is a local closure 

scheme of order 1.5. Its closure constants are determined from neutral data, where 

turbulent energy production and dissipation are balanced. The heat and moisture flux 

equations have a counter-gradient term so that counter-gradient fluxes from large 

eddies can be represented. All governing equations are not reproduced here (see Mellor 

and Yamada, 1982). However, the prognostic TKE equation is expressed as follows: 
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where l is the master length scale, Sq is a dimensionless constant (0.20), Ps is the 

shear production of turbulent energy term, Pb is the buoyancy production term, and is 

the dissipation. An analysis of the equations in Sun and Barros (2014) reminds one that 

while the MYJ scheme is called “local”, meaning that its tendency calculations are 

dependent upon values only at immediately adjacent heights, it does use an integration 

throughout the boundary layer in order to determine the master length scale and thus is 
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not strictly local. Instead of being prescribed, its eddy diffusivity is dependent upon the 

master length scale, turbulent kinetic energy, wind shear, and buoyancy. 

The Mellor-Yamada Nakanishi Niino (MYNN Level 2.5, Nakanishi and Niino, 

2006) scheme was developed as an improvement over the MYJ. Specifically, its closure 

constants are updated using a database of LES simulations in a variety of conditions. 

Other improvements include explicit representation of total water content and liquid 

water potential temperature in condensation physics and a new equation for the master 

mixing length that is a function of three independent length scales (the surface layer, 

turbulent layer, and buoyancy).  

The Yonsei University (YSU, Hong et al., 2006) scheme is a nonlocal scheme of 1st 

order with explicit entrainment. In order to compute the turbulent diffusion, non-local 

eddy diffusivity coefficients are used. The equations for all prognostic variables are 

expressed by (Equation 4 from Hong et al., 2006): 
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   4.2.2.2. 

where Kc  is the eddy diffusivity coefficient,  h is the PBL height and γc is the 

counter-gradient term. The last term on the right hand side is the flux at the inversion 

layer including an asymptotic entrainment flux. The profile for the eddy diffusivity is 

prescribed parabolic and its maximum and mean values are proportional to h. 

Multiple studies have been done to compare the various PBL schemes offered 

within WRF. Erlingis and Barros (2014) found that MYJ is much more sensitive to the 



 

140 

land surface than YSU over the relatively smooth terrain of the Southern Great Plains. 

Moist and cold biases have been reported in the MYJ scheme in various regions from the 

southeast Pacific, to Texas, to Europe (e.g. Jousse et al., 2015; Hu et al., 2010; García-Díez 

et al., 2013). However, García-Díez et al. (2013) also found a warm bias in the MYJ 

during the winter season in Europe. Cohen et al. (2015) tested a total of 5 different PBL 

parameterizations , and found that low level lapse rates are often steeper and smaller in 

YSU than in MYJ and MYNN, and that while all the schemes overestimate mixed layer 

convective available potential energy, YSU does so the most. At the 1 km Domain 3 

resolution used in this study, YSU has been shown to perform the best at resolving 

transport; however, MYNN can show superior results with higher vertical resolution 

(Shin and Dudhia, 2016). It is clear through a review of the literature that it is important 

to carefully consider what is known about the area and meteorological regime during 

the period of simulation in order to construct the optimal setup for the model 

simulation, and that sensitivity tests are often warranted.  

While none of the schemes reproduced observed structures perfectly, we found 

that MYNN and YSU represented observed low level cloud and fog structures better 

than MYJ, when tested during the times of day where fog was most frequently observed 

in Cases 2 and 3 (~10 am, ~6-8 pm local time). However, there were not significant 

differences noted in these cases between MYNN and YSU. A comparison among several 

microphysical schemes was conducted in WB15 and the differences between the 
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microphysical schemes were greater than found between the PBL schemes. For this 

study, simulations were also conducted with the three PBL schemes using an updated 

version of Goddard microphysics (4-ICE (Tao et al., 2016)) but those simulations tended 

to severely overestimate precipitation in the region of interest and are not shown here.  

The overall goal of the simulations is to provide an interpretative basis for 

understanding the physics as observed by the in situ network. In particular, the 

simulations will be used to address SQ2, i.e. to investigate 1) the vertical structure of 

microphysics represented by the model, 2) the contribution of evapotranspiration in the 

presence of different large-scale circulation patterns, and 3) interactions between local, 

and large scale circulations, in particular, the spatial features of orographic decoupling. 

Organization along altitudinal gradients at the scale the model can represent, such as 

larger ridges and valleys, will be discussed in these contexts. 

 

4.2.3. Results of WRF Simulations 

First, surface processes represented in the model were assessed. Figure 42 shows 

three of the surface energy budget terms (sensible heat flux; latent heat flux; and ground 

heat flux) computed by the Noah land surface model.   
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Figure 42: A-A’ HDs of sensible, latent, and ground heat fluxes from two cases; 

Top Row: Case 1; Bottom Row: Case 3. See Figure 38 for the location of the cross-

section. 

The effect of land cover in particular is clear here. The significant change in the 

ground, sensible, and latent heat fluxes corresponds to a change in MODIS vegetation 

type category from forest to urban in cross-section A-A’ (Case 1 and 3 shown).This is 

important as it also illuminates the discrepancy in land cover data used at this 

resolution, where land cover is almost always classified as “forest” in the Pigeon River 

Basin in particular, and thus misses important small scale urban environments and their 

large effect on the surface fluxes in sign, magnitude, or both. In addition, the “forest” 

classification implies thresholds that are not necessarily valid for all the myriad types of 

forests, including cove forests, in this region that may present very different, highly 

localized patterns of each of these terms. The strength of the frontal passage on 14-15 

May is striking in the surface energy budget terms (left column; Figure 42, just as it was 

in the moisture convergence pattern in WB15). When looking to assess the surface fluxes 

represented by the different PBL schemes, fluxes were similar among all of the schemes. 

In each case, the Noah land surface model was used. The lack of difference in the surface 

fluxes in the output may point to some limitations in the connectivity during the 

coupling of the land surface model to the surface layer and PBL schemes. That is, 

important differences in PBL dynamics do not appear to affect the surface fluxes, and 
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incoming shortwave radiation is the only apparent significant control of the land-surface 

energy budget. 

However, looking at the PBL evolution along with the LCL and cumulative 

rainfall shows marked differences in the PBL heights calculated for the different 

schemes. The PBL height calculation is different between each of the schemes, and 

results in a very different structure for each. Specifically, the YSU scheme uses the bulk 

Richardson number to identify the first neutral level, which is the first guess for the PBL 

height. After this identification, it adjusts the height based on the level where the 

entrainment flux terms of heat, moisture, and momentum are at a minimum. MYJ uses 

the prognostic TKE variable to provide a threshold (0.1 m2s2; Janjic, 2002) where the PBL 

is identified. MYNN uses the prognostic TKE threshold method when the boundary 

layer is stable (under 400m) but uses a method based on potential temperature 

difference when the boundary layer is not stable. This method looks for the level at 

which the potential temperature is over 1.5 K (over land) greater than the minimum 

potential temperature inside the initial calculation of the boundary layer.  Between the 

three schemes, MYNN usually had the deepest PBL and MYJ the shallowest. The PBL 

height calculation is important as it is then used in other calculations in the PBL scheme, 

and it is also passed to other physics packages, so these differences may contribute to the 

large differences in accumulated rainfall among other parameters.  
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Figure 43 shows the evolution of the boundary layer height, lifting condensation 

level, cumulative rainfall, and maximum rainfall intensity for the three different 

schemes in Case 1 across the D-D’ cross section (see Figure 38). Here, as mentioned 

above, MYJ simulated the shallowest boundary layer, and the MYNN the largest. Note 

that there were anomalies in the YSU boundary layer such as that seen overnight on 15 

May during the frontal passage, where the boundary layer height is unrealistically high 

for that time. 

 

Figure 43: Hovmöller diagrams along the D-D’ cross section (see Figure 38 for 

location) showing the evolution of, from left, the planetary boundary layer height; 

lifting condensation level; accumulated rainfall; maximum (black) and minimum 
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(red) rain intensity along the cross section for the three PBL schemes tested, from top, 

MYJ; YSU; MYNN. 

 

Also, Figure 43 illustrates the difference in rainfall magnitudes and spatial 

patterns between the three schemes. The timing is about the same in each and is delayed 

onset compared to the observations (see Chapter 3.5.1 for details). The third column 

shows rainfall accumulations throughout the simulations, so when the color changes, 

that signifies that rain was simulated at that location along the cross section. The fourth 

column shows the maximum rainfall intensity observed anywhere in the cross section 

throughout the simulation. The red line is the minimum rainfall intensity, so when it is 

nonzero, it is raining at all gridpoints in the cross section. The MYNN scheme reports 

the strongest rainfall intensities during the frontal passage but weaker intensities than 

MYJ or YSU in the event earlier in the simulation. To assess whether the presence of 

moisture has the potential to explain some of the difference in rainfall, Figure 44 shows 

Hovmöller diagrams for water vapor along C-C’ for all three cases and schemes.  
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Figure 44: C-C’ HDs of water vapor integrated below 2 km for the three 

different cases. Rows are Case 1, 2, and 3; columns are MYJ, MYNN, and YSU. See 

Figure 38 for cross-section location. 

YSU shows the highest amounts of vertically integrated water vapor; however, 

the differences between the schemes for this variable are again minimal.   This figure is 

also presented to illustrate the overall drier environment in Case 2 compared with any 

day in Case 1 or 3. YSU and MYNN both reproduced some of the vertical structure that 

is observed in the inner mountain region better than MYJ (primarily in low level 
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hydrometeor presence as in the microphysical scheme assessment in Chapter 3), but 

because of the inconsistency seen in the PBL heights, MYNN results will be the focus in 

the remainder of this study.  Figure 45 shows the evolution of the PBL height, LCL, and 

rainfall, as in Figure 43, for Cases 2 and 3 using MYNN results. 

 

Figure 45: As in Figure 43, columns 1-3, for Cases 2 (top row) and 3 (bottom 

row). 

On rain-free days and areas, there are clear patterns across the cross-sections for 

PBL height, potentially associated with the cross-section’s path across ridgelines on the 
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west side of the PRB (see Figure 38). The LCL HD is presented with the same scale as the 

PBL height for easy identification of times when the LCL is less than or equal to the PBL 

height. The solid pink color is shown when the LCL is higher than 2 km above ground 

level, and there is a much stronger diurnal cycle shown in the drier case (Case 2, top 

row). The PBL height is frequently above or equal to the height of the LCL, in particular 

during Case 3, and at specific locations along the cross section, so modulated by the 

terrain where there are higher PBL heights over the valleys (see Figure 49 for a terrain 

profile).  

To assess the model’s representation of processes along altitudinal gradients, the 

moisture budget is examined next with special attention to differences in precipitable 

water tendency and moisture convergence terms at different heights in the lower 

troposphere. Specifically, the grid points in and around the PRB were stratified into 

three elevation categories: 500-1000m, 1000-1500m, and greater than 1500m (Figure 46). 

There were also some grid points below 500m (99), but those were all in the upper left 

corner of the domain subset shown in Figure 46 and were not plotted. These categories 

correspond to 2675, 1606, and 235 grid points respectively in the inner mountain region.  
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Figure 46: Terrain masking showing grid points with, from left, 500-1000m 

elevation; 1000-1500m elevation; and greater than 1500m elevation. 

Figure 47 shows moisture budget terms, where averages were calculated for all 

grid points in the elevation class within the box around the Pigeon River. Note that the 

basin averaged rainfall is one order of magnitude higher in Case 1 than in the others, 

and the precipitable water tendency is doubled. The drier Case 2 shows half the 

moisture convergence of the other two cases. The figure also shows the decrease in 

evapotranspiration as grid point elevation increases in Case 2 and Case 3, and not 

during the frontal passage. The moisture convergence patterns change dramatically 

depending upon grid point elevation. In all cases, there is stronger low level 

convergence and upper level divergence. In Case 2, note the day-to-day differences with 

the higher elevation points showing the strongest peaks in both convergence and 

divergence on different afternoons. This also happens in Case 1 and 3 on the dry days – 
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note May 12, 13 for divergence peaks, and higher elevation grid points in particular 

showing convergence peaks corresponding to rainfall in Case 3. 

 

 

 

Figure 47: Moisture budget time series for Cases 1-3 (L to R), averaged over 

different elevation classes within the Pigeon River Basin (Figure 45). For the 

precipitable water tendency (top row) and moisture convergence (bottom row), 

averages are vertically integrated below 500m above ground level. The black line 

indicates grid points between 500-1000m, the red line indicates grid points between 

1000-1500m, and the blue line indicates grid points above 1500m in elevation. 

 

The same exercise was conducted with vertical integration of the precipitable 

water tendency and the moisture convergence within 2 km above ground level, 

separated by elevation class. Precipitable water (not shown) was similar to the 500m 
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integration. However, there were interesting differences in the moisture convergence. In 

Figure 48, the differences in the diurnal cycle by elevation class are no longer visible. 

The elevation at the grid point has less of an effect when more of the atmosphere is 

considered. The differences are now concentrated more on periods of rainfall. This 

correlates with the hypothesis of orographic decoupling with terrain controls being 

confined closer to the ground. 
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Figure 48: As in the bottom row of Figure 47, but moisture convergence 

vertically integrated within 2km AGL. As in Figure 47, the legend is black (500-

1000m), red (1000-1500m), blue (>1500m).  

Next, times during the rainy sections of the simulations will be assessed. Here, 

the mass-weighted mean diameter as calculated through the two moments provided by 
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the Milbrandt microphysics scheme (number and mixing ratio) will be presented, and its 

vertical structure assessed in the context of the physics that are known about this area. 

The mass-weighted mean diameter is necessarily different here than in the calculations 

shown in previous chapters (Equation 3.1.2.2) as specific information on the exact 

distribution of the drops is not known. The equation used to compute the mass-

weighted mean diameter as output from the model is: 
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     4.2.3.1 

where air density (  ) is computed using pressure and temperature outputs from 

WRF, c = 310
6


 ,  d = 3, and q and NT are mixing ratio and total number concentration 

output by the Milbrandt scheme (Milbrandt and Yau 2005a).  

Figure 49 shows Dm observations made at the surface by disdrometers in the 

inner mountain region, along with vertical Dm computed from WRF for the frontal case 

(i.e. Case 1). The bottom row shows the maximum rainfall intensity observed in the cross 

section over the period of interest, and the observations of rainfall intensity and Dm 

made by the Parsivel disdrometers. Recall that the timing of peak rainfall in this case 

was several hours off (see Chapter 3.5.1 for a more detailed discussion).  
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Figure 49: D-D’ cross sections showing Dm and vertical velocities (dashed lines 

are negative and the zero line is bold) during the rain event on 15 May. 

Maximum/minimum (black/red) rainfall intensities over the cross section are plotted 

at bottom left. Rain intensities and Dm observed at the surface by disdrometers are on 

the bottom right. 

In Case 1, there are some visible patterns of larger Dm towards the surface that 

can be linked to the heavier rainfall traces in the eastern side of the HD (Figure 43), that 

is evidence of hydrometeor sedimentation, but in general uniform Dm values are 

predicted through the vertical profiles shown in Figure 49.   In this case, the synoptic 
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forcing outweighs any major local effects. The largest values output by the model with 

the lowest level at 10m are approaching 2mm, which are about half of the values 

reported by the disdrometers for the corresponding stage of the storm. Note that the 

timing error of the simulated front is such that the simulated storm crosses the region in 

the early norming of May 15, whereas in reality it crossed region in the evening of May 

14th under significantly different stability conditions in the lower 2km of the atmosphere 

as will be further discussed later. 
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Figure 50: As in Figure 49 for selected times during Case 2. 

In Case 2 (Figure 50), modeled Dm values are much lower at about 0.5 mm than 

in Case 1. LLC was observed in Case 2 (Figure 40), and the values estimated from the 

surface disdrometers, while much lower than Case 1, are around 1 mm for this event. 

The model overestimates rainfall along the cross section for this event by about double 

the rainfall intensity at the peak. Timing was not an issue in this case as it was in Case 1. 

The model simulations show no evidence of hydrometeor stratification near the surface, 

or alternatively the significant increase in Dm expected from enhanced coalescence due 
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to seeder-feeder interactions as in WB14.   This begs the question of whether the 

microphysical parameterization can represent accurately drop—drop interactions for 

warm rainfall or this is simply the result of not forming multilayered LLC that are 

observed in the middle of the basin.  

In Case 3 (Figure 51), the increase of Dm with proximity to the terrain is most 

visible. In the western ridges where the rain is heavier due to classical orographic 

enhancement, and where the model does successfully produce low level cloud, the 

increase is much larger. This illustrates that when the model is able to capture realistic 

cloud structure, the processes are better represented. 
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Figure 51: As in Figure 49, but for Case 3. 

The analysis of the vertical structure of microphysics produced by the model has 

shown that the failure to capture enhanced coalescence processes documented in WB14, 

and thus the reverse orographic enhancement discussed in WB15, is related to its 

difficulty in forming the low level cloud in the inner mountain region in places other 

than the western ridges – when this formation is modeled successfully, the microphysics 

scheme does a much better job reproducing closer to observed Dm values albeit there is 
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no significant vertical structure of Dm values aloft, showing a potential lack of sensitivity 

in the microphysics scheme at least for warm rain processes.   Nevertheless, WRF is 

showing evidence, from microphysical patterns to precipitation patterns, at the scale it 

can resolve, of the hypothesized mechanisms at work in this region (Figure 36, WB14 

and 15). 

Next, the focus will be elucidating the diurnal cycle of moisture convergence 

during drier days (i.e. days with weak large-scale forcing). Figures 52-54 show the 

evolution of one of those days for Case 1 to illustrate some common features found in all 

the simulations, and to express the general diurnal cycle of this geographically enclosed 

inner mountain basin toward synthesis.   
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Figure 52: Spatial plots of the Pigeon River Basin area (and all of Domain 3, at 

bottom right). Top row from left to right: lowest model level vertical velocity; 500m 

vertical velocity; 1km vertical velocity; evapotranspiration. Bottom row, left to right: 

water vapor vertically integrated beneath 500m AGL; cloud water vertically integrated 

beneath 500m AGL; lowest model level temperature; Domain 3 horizontal wind 

fields. All vertical velocity plots include horizontal wind vectors. 
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Figure 53: As in Figure 52, for 09:00 local time on 13 May 2014. The larger wind 

field at bottom right is replaced by shortwave radiation at the surface. 
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Figure 54: As in Figure 53, for 15:00 local time on 13 May 2014. 

During the night (Figure 52), weak horizontal winds and very strong sinking 

motion aligned with the ridges near the surface brings mass into the valley (potentially 

significant water vapor and aerosol loading – here the flow is southwesterly, meaning it 

is coming from the Upper Tennessee).   Cold air pooling is enhanced by nocturnal 

radiative cooling to trap the air mass inside the basin.   Corresponding outflow is not 

simulated; rather, once solar forcing begins during the day, increased impact of terrain 

forcing is seen in the spatial organization of vertical velocity especially at 500m (about 

the height of the boundary layer in the beginning of the day) and above a shift in 

orientation of the vertical waves from west-east at night to SW-NE during the day.   
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Note that when clouds form along the boundaries of the basin, in particular the western 

ridges, evapotranspiration is largely suppressed with decreases of one order of 

magnitude compared to surrounding cloudless areas.  Cloud formation beneath 500m is 

tied to the terrain here. Since this case is marked by southerly flow, characteristic of the 

warm season in the region, at the resolution used here WRF simulates LLC most 

frequently on the western boundary of the basin.  Other days exhibit the same diurnal 

cycle, showing transport into the basin during the night followed by solar forcing 

activating the additional mass during the day, plus basin contributions from valley 

evapotranspiration.  
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Figure 55: Case 2 winds for 20 May 2014. The top row shows vertical velocities 

along with horizontal wind vectors at the lowest model level, 500m AGL, and 1km 

AGL (L to R), at 03:00 local time. The second row shows vertical velocities at 15:00 

local time at the same heights. At right, vertically integrated cloud water below 500m 

is shown for 09:00 local time. 

In Figure 55, which shows nighttime and daytime vertical velocity contours at 

different levels, strong sinking is again seen after moisture crosses the ridges at the 

western boundary of the basin. At higher levels in the atmosphere, the flow becomes 

increasingly westerly (not shown). The overall flow on this date was again 

southwesterly with a marked decrease in horizontal wind speed in the inner mountain 

region, up to 500m AGL, showing the influence of the low-level terrain modulating the 



 

166 

flow propagation. In this case, during the night the vertical velocities at 500m and 1000m 

are already showing some organization along the western ridges, which gets much 

stronger as the day goes on. This once again corroborates the description of local flows 

controlled by the large-scale influence of solar forcing from above and terrain at the 

surface, organizing the flow patterns into bands perpendicular to the boundary of the 

basin and along ridgelines crossing the basin. 

 

Figure 56: As in Figure 55, but for Case 3. The times are top row – 00:00 local 

time; second row – 15:00 local time, and the cloud water plot is at 09:00 local time. All 

plots are for 4 June 2014. 

The pattern on June 4, a day simulated during Case 3, also shows this same 

overarching pattern with mass transport occurring across the western boundary (Figure 
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56). However, there is strong directional shear between the 500m and 1km AGL vertical 

velocities overnight. The vertical velocity patterns formed after the onset of solar forcing 

on this date are perpendicular to the boundary at the 500m level but then change 

orientation at the 1km level. Recall that this case was much wetter in the region than 

Case 2 during and antecedent to the simulation. 

Thus, WRF is simulating a diurnal cycle in this basin that is controlled largely by 

nighttime local-scale transport and mountain ridge-valley flows, and daytime solar 

forcing.  This diurnal cycle includes transport of mass into the basin during the night, 

and harboring of that mass until sunrise begins. The inner basin is heated, triggering 

lateral valley-ridge and roll circulations that organize the vertical velocity fields around 

the landform, which leads to convective activity in the afternoon with strong vertical 

motions and patterns of cloud formation strongly correlated at low levels (within 500m 

of ground level) with terrain.   A conceptual synthesis of the key governing mechanisms 

at descending scales (meso-α; ~200-2000km; meso-β; ~20-200 km; meso-γ; 2-20 km) is 

depicted in Figure 57.    
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Figure 57: Conceptual depiction of the mechanisms explaining the diurnal 

cycle of moisture convergence in the Pigeon River Basin consistent with observed 

LLC and fog in semi-closed basins (topographic bowls) in the Southern Appalachian 

Mountains, at different scales. Far left figure modified from Clark, 2009. 

Evapotranspiration is at least one order magnitude lower than moisture 

convergence, and therefore its contribution to rainfall through recycling is negligible as 

in the Andes (Sun and Barros, 2014).  Like in the Andes, it is a source of low level 

instability which, along with solar forcing, plays an important role in the diurnal cycle of 

the planetary boundary layer and contributes to the demise of orographic decoupling in 

the daytime.   
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Figure 58: Clockwise from bottom left: Modified Froude number (F*) over the 

F-F’ cross section across Domain 3; vertical velocity at the lowest model level with 

horizontal wind vectors; horizontal winds at 500m AGL; and horizontal winds at 2km 

AGL. The F-F’ cross-section is plotted in the latter three spatial plots. Plots are for 20 

May 2014 at 3 am local time. 
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Figure 59: As in Figure 58, at 6 pm local time on 20 May 2014. 

Figures 58 and 59 show the vertical structure of horizontal wind fields, surface 

vertical velocities, and the west-east vertical cross-section of the square of the Froude 

number in the broader Southern Appalachians regions respectively at  0700 UTC (~ 3 

AM LT) and 2200 UTC (~ 6 PM LT) on May 20, 2014.  The vertical cross-section of F* 

(F*(x,z)  = U2/(z2Nm2), where U is the RMS of the zonal wind speed, Nm is the moist 

Brünt-Väisäla frequency, and z is the model level height) compares the zonal kinetic 

energy with local potential convective energy.  Very low F* values indicate increased 

local stratification, and values approaching zero indicate the development of a 
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stagnation zone and potential flow separation. These stagnation zones have been 

studied extensively in the literature and found to be important in controlling local 

circulations, modulate long time-scale development of rain shadows, and affect 

interactions of fronts and other synoptic scale patterns with the terrain (Hunt et al., 1997; 

Smolarkiewicz and Rotunno, 1989 and 1990; Galewsky, 2009).   Negative F* values are 

indicative of local instability.  At night, ubiquitous alignment of strong downdrafts with 

ridge features at all scales and independent of orientation (zonal or latitudinal) is 

apparent (Figure 58, top left panel).  However, there is a strong contrast between the 

horizontal winds on the Valley and Ridge and Appalachian Plateaus region to the left of 

the Southern Appalachian Mountains (SAMR) proper and the SAMR, with marked 

slow-down and near arrest at and below 500m AGL in the SAMR consistent with the 

nighttime cold air pooling noted earlier. This contrast is well captured by the vertical 

cross-section of F*, with stable conditions everywhere except over the western ridges of 

the SAMR where it approaches near-stagnation conditions at low levels  (< 500 m) and 

separation with propagation of internal gravity waves between 500m and 2km above as 

evidence of orographic decoupling.  During daytime (Figure 59), solar forcing triggers 

upward motion (top left panel) that results in the formation of vertically propagating 

waves with strong horizontal flows, deeper PBL and widespread moist instability in the 

SAMR. 
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4.3 Conclusions and Discussion 

The simulations conducted here illustrate the importance of terrain 

characteristics on flow patterns, conducive to favorable conditions for formation of low 

level convergence and divergence zones that are persistent with diurnal cycles 

independently of large-scale forcing.   Results point to the potential role of 

topographically forced lifting and a low LCL in combination with the diurnal cycle of 

mass transport into the basin providing the fuel for the formation of LLC and fog, 

organized via mountain-valley flows after the onset of solar heating, when larger scale 

moisture transport is weak or absent at low levels and, or limited to higher levels in the 

atmosphere, as in Case 2 (schematic shown in Figure 57).  

At nighttime, in the absence of large-scale forcing, moisture convergence patterns 

are dominated by orographic decoupling, trapping cold air at low levels below the 

envelope topography. During the day, this effect disappears and the low level 

circulation is controlled by solar forcing, landform and moisture availability.  

A look at the surface energy budget shows that care still needs to be taken to 

ensure an accurate representation of land use and land cover, which would provide a 

very different lower boundary condition to the PBL scheme in question, in both sign and 

order of magnitude, as shown in Figure 42. While none of the PBL schemes was able to 

produce the observed vertical structure of low cloud and fog in the inner mountain 

region at all observed times, the MYNN and YSU schemes outperformed MYJ and did a 
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reasonable job given the resolution of land cover here, by reproducing low level cloud 

tied to the ridges at the western boundary in particular. In combination with an 

improved land use/land cover data set such as that created for the terrain, results should 

be more realistic and useable to understand processes at even smaller scales.  

In an assessment of the vertical structure of the microphysics, Dm values 

computed with the model did not show the expected increase towards the surface along 

the D-D’ cross section in accordance with the pre-event presence of low cloud and fog 

and resulting enhancement of coalescence observed, but was able to reproduce this 

effect to some degree at locations where low cloud was simulated (the western 

boundary). This is not entirely unexpected given the model’s resolution impacting the 

spatial patterns of low cloud and fog. If data assimilation runs were made that, for 

example, implemented their placement a priori, with observations from the inner 

mountain region cloud radar and microwave radiometer data available during IPHEx, 

this is expected to be clearer. However, even with this said, the model did not reproduce 

the expected vertical stratification that would be seen during warm-rain processes 

generally, and the representation of these processes in the model can potentially be 

improved. 

However, even within the limits of these model simulations, the impact of low 

level processes – evapotranspiration patterns, terrain-driven flow patterns and diurnal 

cycle, and resulting formation of low level cloud and fog, was simulated. It is expected 
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that conducting simulations at higher resolution and with more realistic land cover will 

show additional levels of space time variability – i.e. the preferential areas where this 

moisture converges, along with longer range transport from locations such as the Gulf of 

Mexico or the southeast, and frontal systems, serve to nourish and sustain richly 

biodiverse areas like cove forests that thrive on persistent immersion in fog and LLC.  
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5. Summary and Conclusions 

In this section, the major research findings and contributions will be outlined, 

and limitations and suggestions for future work will be discussed. 

  

5.1 Research summary 

The main goal of the research presented in this dissertation was to elucidate the 

role of low level moisture in the hydrometeorological regime of the Southern 

Appalachians and similar mountainous regions worldwide throughout all relevant 

spatio-temporal scales. This work presents a methodology for using an improved 

understanding of these important physical processes to iteratively improve our 

quantitative understanding, i.e. ability to model these processes effectively, and to 

observe them meaningfully and accurately in order to assist weather prediction, natural 

hazard forecasters and responders, water managers, and global climate modelers. 

There has been a tremendous amount of work done on orographic precipitation 

processes (for a review, see Barros and Lettenmaier, 1994). Mountains provide an 

outsized percentage of the population with their freshwater, whether through snowpack 

and meltwater or other inputs. There is also a large body of work on fog, although to 

date this work has primarily focused on either fog’s danger as a hazard to transportation 

and other industry, or its impact on ecosystems (see the review paper Gultepe et al., 

2007). This work has provided the first assessment of the role of fog and low level cloud 
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in complex terrain in terms of modulating precipitation processes and its effect on the 

overall regional water budget. 

This work is motivated by two main points. First, this region is a valuable hot 

spot of biodiversity, and will be vulnerable to alterations, whether caused by climate 

change or other anthropogenic influence such as land use changes caused by growing 

populations. These risks need to be better understood in order to be able to provide any 

meaningful protections for this area and other similarly vulnerable regions globally 

(Hawaii, Costa Rica, Andes, the Himalayan foothills, among others). Second, remote 

sensing is the key pathway to understanding and monitoring precipitation at the global 

scale. A process-based understanding of precipitation events in different 

hydrometeorological regimes is essential to improve rainfall retrievals from remote 

sensing instruments such as radar or satellite, where observations are translated based 

upon physical relationships to quantities of interest.   

This work began out of analysis of observations taken by a high density, high 

elevation rain gauge network focused on one watershed, the Pigeon River Basin, in 

Haywood County, North Carolina. First, analysis showed that very light rainfall was an 

important baseline freshwater input for the region. Next, when assessing the vertical 

structure of the local atmosphere using MRRs, a clear signal of enhancement at low 

levels along with associated high rain intensities reported by collocated ground 

instruments was observed. When investigated with a raindrop population dynamics 
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column model, it was found that interaction between synoptic scale precipitation and 

pre-existing low level cloud and fog resulted in enhanced coalescence, which is thus one 

pathway that can explain the resulting impact on rain intensities and accumulations 

(Wilson and Barros, 2014; Chapter 2).  

Next, the four dimensional characteristics of these events and of 

hydrometeorology in this region generally were assessed using a state of the art 

mesoscale numerical weather prediction model, the Advanced Research Weather 

Research and Forecasting model (ARW-WRF). Use of this model to simulate case studies 

with different magnitudes of synoptic forcing supported the hypothesized link between 

altitudinal (ridge-valley) precipitation gradients and horizontal heterogeneity in the 

vertical structure of low level clouds and precipitation. In particular, the reverse 

orographic enhancement denoted in the inner nested mountain valleys is formed and 

strengthened through landform controls on local moisture convergence (Wilson and 

Barros, 2015; Chapter 3.  

Next, the representation of the region in the WRF model was improved in 

particular by using a fractal upscaling method to construct the terrain grid instead of 

one based primarily on smoothing.  This was done in order to preserve features like 

gradients and high peaks that can significantly affect near surface processes. After 

analysis was conducted on a large dataset of disdrometer and rain gauge observations 

provided through a major field campaign conducted during 2014, which showed 
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stratification of the DSD and associated moments by region and elevation, three case 

studies were identified with different circulation patterns, forcing strengths, and 

antecedent moisture conditions. These case studies were assessed using WRF with 

improved terrain and new domains, and it was found that local circulations and diurnal 

moisture transport patterns are essential for the baseline moisture input and formation 

of low level cloud and fog in this region (Chapter 4).  

Specifically, the science questions and hypotheses are restated below along with 

the findings. 

SQ1: How do orographic clouds and fog affect the hydrometeorological regime 

in the Southern Appalachian Mountain Region (SAMR) as a function of terrain 

characteristics (e.g. exposure, slope, ridge-crest geometry, orientation, elevation) and 

landcover, from the event to the annual scale? Can preferential formation areas for fog 

and low cloud be identified and how are these related to moisture convergence patterns 

and terrain features? 

Hypothesis 1: A dominant mechanism for orographic enhancement in this 

region is enhanced coalescence due to the presence of high concentrations of very small 

drops in fog and low cloud facilitating enhanced coalescence efficiency. Preferential 

areas for fog and light rainfall are tied to landform, which explains the observed spatial 

variability in the diurnal cycle of rainfall in the absence of synoptic forcing. 
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Findings 1: Enhanced coalescence was found to be a mechanism by which fog 

and low level cloud magnified precipitation events in this region (Wilson and Barros, 

2014). Moisture convergence hot-spots, organized by landform, were identified using 

WRF simulations of specific case studies during the warm season in 2012 and 2014 

(Wilson and Barros, 2015). Zones of persistent moisture convergence are necessary to 

provide the fuel for formation of low cloud and fog. 

SQ2: What are the source areas, governing processes, and relevant time-scales of 

near surface moisture convergence patterns in the SAMR? What is the relative 

contribution of evapotranspiration from local forests vis-à-vis long-range transport? 

How do the interactions among local, mesoscale, and synoptic controls work given 

different antecedent atmospheric and hydrologic conditions? 

Hypothesis 2: In the absence of large-scale circulation, evapotranspiration is a 

moisture source for fog and cloud, dominating over mesoscale advection. In particular, 

evapotranspiration provides the baseline diurnal moisture to the region, with seasonal 

variability. Relevant time-scales are on the order of hours and depend on terrain 

modulated flow characteristics. 

Findings 2: As a baseline, moisture transported into the inner mountain region 

on a diurnal basis from nearby regions (in the warm season, primarily from the 

southwest or southeast) is a fundamental driver for the fuel for low cloud and fog. Large 

scale synoptic patterns (i.e. fronts) can suppress this. Spatial patterns of flow, PBL and 
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LCL height patterns, and moisture budget terms over the region illustrate the effect of 

orography on the boundary layer through the mechanical effect of the terrain on the 

atmosphere, which dominates overnight, transitioning toward the large scale effect of 

diurnal solar forcing during the day. (Chapter 4; Wilson and Barros, 2016, in 

preparation). 

SQ3: What are the four dimensional microphysical and dynamical characteristics 

of fog and light rainfall in the SAMR? What is the intra-annual spatial variability of the 

diurnal cycle of fog on altitudinal gradients, and what are the controlling factors and 

processes? 

Hypothesis 3: Diurnal cycles of drop size distributions, which vary spatially 

across sub-regions of the SAMR with different terrain characteristics, and seasonally 

with moisture availability and strength of radiative forcing, drive the corresponding 

observed variations along altitudinal gradients in precipitation intensity, duration, and 

accumulation. 

Findings 3: Diurnal cycles of drop size distributions, rainfall, and fog collection 

indicate spatio-temporal variability in this region organized by vegetation, altitudinal 

gradient, and region (position relative to prevailing flow – i.e. differences between 

western, eastern, inner, and southern mountains). (Wilson and Barros, 2014; Wilson and 

Barros, 2015; Wilson and Barros, 2016). 
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5.2 Major research findings 

Through using in situ and space-based observations, as well as modeling studies 

of varying complexity, my research has shown the following: 

 Light rainfall, defined as under 3 mm/hr over a 5 minute window, 

provides the baseline freshwater input to the Southern Appalachians, and 

heavier rainfall is where most of the interannual variability comes from. 

 The presence of low level cloud and fog in the Southern Appalachian 

mountains can have a significant impact on precipitation events in both 

intensity and accumulation when interacting with larger scale 

circulations. 

 Enhancement of coalescence during interactions between large scale rain 

and pre-existing low level cloud is one pathway by which observed DSDs 

can evolve and produce rainfall rates and accumulations as recorded by 

rain gauges and disdrometers. 

 Terrain characteristics such as land cover, orientation to prevailing flow, 

and antecedent hydrologic conditions modulate the way in which the 

local scale conditions interact with larger scales. 

 Nighttime moisture input from adjacent regions to the valleys of the 

inner mountain region shown via strong vertical velocity patterns 

provides the fuel for persistent fog and low cloud occurring at ridges.  
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 Local, diurnal, ridge-valley circulations regulate the flow of moisture 

from the valleys to the ridges. Moisture convergence and 

evapotranspiration patterns link to the terrain and so do resulting cloud 

and low level fog. 

 At nighttime, in the absence of large-scale forcing, moisture convergence 

patterns are dominated by orographic decoupling, trapping cold air at 

low levels below the envelope topography. During the day, this effect 

disappears and the low level circulation is controlled by solar forcing, 

landform and moisture availability. 

 Observed diurnal DSD variation is strongly organized by altitudinal 

gradient and region, as a result of the processes described above. 

 

5.3 Limitations and recommendations for future work 

The limitations in this work stem largely from uncertainties in modeling due to 

subgrid variability and problems with accurate representation of elevation and land 

cover. Uncertainty due to the forcing data used for initial and boundary conditions not 

representing atmospheric conditions accurately at the necessary resolution can also 

propagate through the model simulation (Kuligowski and Barros, 1999). In the 

simulations described in Chapters 3 and 4, the forcing dataset was chosen based upon 

work done by Sun and Barros (2012) in the same region. However, this same assessment 
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should be done for these cases to confirm the efficacy of the forcing data in very 

different synoptic situations. Furthermore, as computing resources increase capacity and 

code is improved for efficiency and accuracy, simulations at higher resolutions can be 

conducted, with higher resolution atmospheric forcing data and higher resolution 

representations of land cover and terrain.  

In addition to using more realistic representations of land cover, terrain, and 

meteorological conditions, simulations at high enough resolution can explicitly capture 

processes which are now parameterized. The advantages and disadvantages (mainly in 

terms of computing time and resources) of large-eddy-simulation model runs can be 

explored with an eye to targeted simulations based upon the findings in studies to date 

described in Chapters 3 and 4. 

Along with addressing limitations in the modeling, improvements can be made 

in the observational dataset.  More observations are still needed with the mobile fog 

observing platform, which was fully outfitted in the summer of 2015, in the different 

regions of the Southern Appalachians identified through analysis of observations during 

the IPHEx campaign. During the fall of 2015, observations were taken along the western 

ridges, but warm season aerosol and fog observations in the inner, southern, and eastern 

regions are expected to result in additional insights.  

In addition to filling in data gaps, other data that were collected during these 

case studies can be used to inform both the simulations and the interpretations. 
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Assessment of other days during the IOP can help to understand the persistence of these 

patterns in the warm season. Additional work should be done to assess fundamental 

processes during different seasons, i.e. winter, when prevailing flow conditions are very 

different and are frequently affected by highly localized processes making them difficult 

to predict (Miller, 2012; Perry et al., 2010). 

Along with higher resolution simulations and additional observations, the next 

major step for investigating the life cycle of the hydrometeorological regime here must 

include a comprehensive investigation of aerosol processes and how they affect the 

formation and evolution of the low level moisture. For example, it has been shown that 

both biogenic and anthropogenic aerosol play important roles in the aerosol composition 

of the southeast region generally (Goldstein et al., 2009). Anthropogenic aerosols in the 

southeast, particularly sulfates, are expected to decrease as a result of new regulations. 

How will other aerosol react to this and how will the overall composition change, as 

well as the overall number concentrations? Aerosols have very different characteristics 

in terms of hygroscopicity, chemistry, and lifetimes. How might changing aerosol 

composition affect the current low level cloud and fog regimes and thus precipitation? 

How do aerosol concentrations and their diurnal and seasonal cycles lead into the 

observed diurnal and seasonal cycles of low cloud and fog? What fraction of aerosol are 

local vs. the result of larger scale transport? These questions are extremely important for 

a comprehensive understanding of precipitation processes in the southeast US. Remote 
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sensing has the potential to be a key observing system for aerosol as well, with sensors 

in the GPM constellation and others being used successfully to measure concentrations 

of various trace gases and pollutants in the atmosphere (Kaufman et al., 2002). The same 

methodology of integrating targeted in situ ground based measurement of aerosol 

concentration with assessment of aerosol concentrations from space-based sensors, in 

combination with interpretive modeling studies, should provide insight. 
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