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ABSTRACT 

 Forty-five years of daily precipitation data at the Hubbard Brook Experimental 

Forest were studied to better understand climate scale changes and spatial precipitation 

patterns in high precipitation events. Mean annual precipitation has increased 11%, 

entirely as a result of an increased frequency of >30 mm day-1 events, and the highest 

precipitation events (>50 mm day-1) are 78% more common than they were 45 years ago 

suggesting a potential increase in flood frequency. 

 In high precipitation events with a southerly, low-level wind, precipitation was, on 

average, higher in the center of the valley and the lowest near the mountain ridges. 

Easterly wind events demonstrated an increase in precipitation toward the west with no 

relationship to elevation. Five new precipitation gauges were installed within a ~2 km 

latitudinal gap in the existing ombrometer network in the lowest elevations of the 

Hubbard Brook valley. These gauges observed precipitation for six months between June 

and November 2015, and were used in addition to the existing network of gauges to 

better understand precipitation patterns. 

 Stable water isotopes were used to investigate the location and impact of low-

level orographic clouds in augmenting precipitation. Isotopic ratio measurements (ẟ18O 

and ẟD) of rainwater were taken in six high precipitation events with a southerly wind. 

Precipitation and ẟ18O data agree on the influence of low-level moisture directly 

impacting the precipitation amount, with an increase of heavy isotope content 

corresponding to higher precipitation amounts.  

 Three mechanisms of orographic enhancement of precipitation are discussed. 
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The lifting of stable, moist air over the southern ridge of HBEF is advected downstream 

some distance as condensation occurs and cloud water is washed out. The distance the 

orographic cloud drifts prior to becoming washed out depends on the horizontal wind 

speed and the pre-existing rain rate. Shear-induced turbulence may also be a common 

mechanism for enhanced precipitation in the White Mountains, as many high 

precipitation events exhibit blocked or retarded flow at the surface with rapidly 

increasing wind speeds above. Overturning cells are expected in the 750-1200 m ASL 

layer above the Hubbard Brook valley according to theory, enhancing condensation and 

augmenting precipitation through coalescence as it descends into the valley. This 

mechanism works in conjunction with the third mechanism, moisture flux convergence, 

which increases cloud water content over and upstream of the White Mountains.  

 

 

 

 

 

 
 
 



 

Chapter 1: Introduction and Background 

 

Project Description 

The purpose of this thesis is to improve the understanding of spatial precipitation 

patterns during high precipitation events (hereafter referred to as HPEs) in the Hubbard 

Brook Experimental Forest (HBEF) (Fig. 1.1). A better understanding of the spatial 

precipitation patterns in HPEs at HBEF may be applicable to precipitation patterns in the 

greater White Mountain National Forest (WMNF) (Fig. 1.2). The WMNF is an ~75-km x 

75-km cluster of higher summits in northern New Hampshire and part of the Appalachian 

Mountains. The White Mountains are characterized by several successive mountain 

ranges and isolated features with summits ranging from 800–1917 m ASL. Individual 

mountain features differ in mountain width and length, orientation, shape and structure 

(e.g., ridgeline, isolated peak). A study of one mountain-valley-mountain feature within 

the WMNF with a high density of rain gauges will offer insight into how precipitation 

may be distributed among similar features in the WMNF or other mountain ranges, where 

installation and maintenance of rain gauges is logistically challenging. 

Increasing our knowledge of spatial precipitation distribution in HBEF and the 

WMNF will be beneficial for its societal and environmental impacts. The Merrimack 

River (M) and Saco River (S) watersheds have their headwaters in the WMNF, which 

directly impact the population centers of Plymouth, NH (M), Concord, NH (M), 

Manchester, NH (M), Nashua, NH (M), Lowell, MA (M), North Conway, NH (S), and 

Biddeford, ME (S). The Androscoggin River (A) and Connecticut River (C) also have 

tributaries in the WMNF, which directly impact Berlin, NH (A), Gorham, NH (A), 
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Lewiston, ME (A), Springfield, MA (C), and Hartford, CT (C). Flooding events can also 

flush nutrients, such as nitrogen and aluminum, from the soils, decreasing stream and 

river water quality and potentially impacting forest growth.  

The network of precipitation gauges currently distributed throughout the WMNF 

region is insufficient to accurately estimate how much precipitation enters its watersheds. 

This network consists of ASOS/AWOS stations, New England Pilot Project (NEPP) sites, 

Road Weather Information System (RWIS) stations, HBEF gauges, privately-operated 

Mount Washington Observatory, and Community Collaborative Rain, Hail, & Snow 

Network (CoCoRaHS) sites and their spatial distribution is poor. Many sites are on the 

outer edge surrounding the WMNF, with large gaps in the center of the region. Perhaps 

more limiting is the elevational distribution of sites, as most are located in valleys. 

Orography can substantially modify precipitation amount and distribution on spatial 

scales the size of the mountains and valleys, however the understanding of this 

phenomenon in the White Mountains is limited. Therefore, a relatively high density of 

rain gauges is needed to understand precipitation patterns and processes in this region. 

Background 

When moist air is forced to lift beyond its lifted condensation level, clouds will 

form. After some time, if the lift continues, hydrometeors will begin to form through one 

or more processes (e.g., collision-coalescence, Wegener-Bergeron-Findeisen). Once the 

force of gravity on the growing hydrometeors exceeds the upward force exerted by the 

lift, the hydrometeors will fall to the earth as precipitation. If the air parcel is unstable, 

the lift may continue and intensify far up into the troposphere until the air parcel reaches 
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stable air. Unstable lift is referred to as convection, and, depending on the degree of 

instability, can have vastly ranging effects on precipitation amount. For instance, deep 

convection will typically result in more precipitation than shallow convection.  

Synoptically-forced ascent can be triggered by surface convergence around a 

center of low pressure. When this type of synoptic-scale lift occurs in the moist, 

destabilized air ahead of a shortwave trough, a broad shield of precipitation can form. In 

the absence of convection, this precipitation will be lighter than convective precipitation 

and have relatively constant intensity. A second form of synoptically-forced ascent is 

present in baroclinic systems, where a stratified fluid has a pressure gradient non-parallel 

to its density gradient. Within baroclinic systems, cold, warm and occluded fronts may be 

formed, all of which lift relatively warmer air over relatively colder air.  

The broad, synoptic-scale precipitation can be modified by convection, as 

discussed above, and by orography. Mountains and hills present a third form of lift, 

referred to as orographic lift, where horizontally driven air is forced up and over the 

terrain. In general, when air is forced over terrain, precipitation is intensified at higher 

elevations, resulting in precipitation patterns that typically increase with increasing 

elevation up to a certain height (Hill 1881; Salter 1918; Henry 1919).  For instance, 

Mount Washington Observatory, located on the summit of the highest peak in the WMNF 

(1,917 m), has a mean annual precipitation of 2,460 mm, while, according to the National 

Centers for Environmental Information (NCEI 2016), valleys surrounding the WMNF 

observe ~1,000 mm annually. The difference in mean annual precipitation amount is a 

result of the orographic modification process and while an increase in precipitation with 
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increasing altitude is typical in the mid-latitudes (Lauscher 1976a), the relationship is not 

that simple for most real mountain ranges. Henry (1919) suggested that the orientation of 

the mountain barrier with respect to the mean wind and the inclination of the barrier play 

key roles in the redirection of airflow and therefore the amount of precipitation. Sawyer 

(1956) added the importance of air mass characteristics, microphysical processes in the 

cloud and the evaporation of falling drops, and synoptic-scale pressure patterns, which 

determine wind speed and direction. 

Air can flow over or around a mountain depending on the ratio of kinetic energy 

to potential energy, or Froude number. The potential energy is the energy exerted by 

gravity, which must be overcome in order to push an air parcel up the barrier a certain 

height; the kinetic energy is directly related to the mean velocity of air approaching the 

barrier perpendicularly. In this simplified concept, if kinetic energy exceeds potential 

energy the air will flow over rather than around the barrier.  

The potential energy varies with stability; in an unstable environment the potential 

energy is zero and any kinetic energy will result in lift over the barrier. However, for a 

neutral or stable environment, the potential energy must be surpassed by the kinetic 

energy, otherwise air will be directed around the mountain, or blocked, where it rises 

until the kinetic energy is exhausted and then remains static. In more stable 

environments, higher wind speeds are needed to lift a slab of air over a barrier. 

Additionally, for stable environments, when the air reaches the crest of the mountain, it 

then begins to descend down the lee-side, whereas for unstable environments, the air will 

continue to be lifted. Lee-side descent and evaporation in stable environments typically 
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result in higher increases in precipitation with elevation on the lee-slope (Salter 1918). 

For neutral environments, lifting over a barrier can release potential instability where 

shallow convection is common. Therefore, mountain shape and orientation can be a 

strong determinant of whether air will be forced over or around the barrier. Mountains 

that are shorter and longer will be more likely to push air over the top when the wind 

flow is perpendicular to the orientation of the mountain. 

Revisiting the example of higher mean annual precipitation on Mount Washington 

with respect to surrounding valleys, data from Lauscher (1976a) suggests that, as a 

feature in a mid-latitude mountain range, Mount Washington should have the highest 

annual precipitation within the WMNF, and precipitation amount should decrease down 

to sea-level. Counter-intuitively water content in the atmosphere decreases rapidly with 

height. However, in the mid-latitudes wind speed increases with height, which 

compensates for the lack in water content. Stronger wind speeds mean a higher kinetic 

energy, which can effectively lift a thicker slab of air over a mountain, in turn causing 

more condensation and precipitation. In the tropics, where the easterly trade winds 

decrease in velocity with height, the precipitation tends to decrease with height (Lauscher 

1976a). These relationships demonstrate how critical wind speed is in causing increased 

precipitation amounts. 

As a general rule of thumb in the mid-latitudes, when a baroclinic system 

impinges on a mountain range, precipitation intensifies as air is lifted over the mountains 

and the highest amounts generally fall on the summit or upwind side (Carruthers and 

Choularton 1983; Medina et al. 2005; Houze and Medina 2005). Windward or summit 
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precipitation maxima are at least the most frequent for tall and wide mountain ranges. Tor 

Bergeron’s work in orographic precipitation was perhaps some of the most influential 

surrounding smaller mountains and hills. Bergeron (1965) first introduced the seeder-

feeder mechanism as means of redistributing low-level moisture and enhancing 

precipitation. A conceptual model of the seeder-feeder from Browning and Hill (1981) is 

provided in Figure 1.3. The seeder-feeder mechanism is comprised of a pre-existing, 

synoptically-forced seeder cloud from which seeding precipitation descends, and is 

augmented by a feeder cloud, a separate low-level cloud that is produced when moist, 

low-level flow is forced up and over a hill and cools to form condensate (Browning and 

Hill, 1981). For low and narrow hills, the seeder-feeder mechanism may the most 

effective way of orographic enhancement of precipitation, since accretion of cloud water 

onto pre-existing raindrops is more efficient than autoconversion processes (Zängl 2007).  

Wind speed is a significant factor in the seeder-feeder mechanism. First, a 

stronger wind speed will effectively lift a deeper layer of air, which then condenses into a 

deeper feeder cloud and augments precipitation amount through washout from the seeder 

cloud. Hill et al. (1981) found that wind speed was closely related to the orographically 

enhanced rate of precipitation (Fig. 1.4). Second, local precipitation maxima in the 

seeder-feeder for hills with a half-width greater than 10 km occur on the windward side, 

while for half-widths less than 10 km the maxima occur on the summit or leeside due to 

wind drift (Carruthers and Choularton 1983). For example, a 0.6 mm radius drop falling 

at 4-5 m s-1 can travel 6-7 km as it descends through a 1500 m cloud with 20 m s-1 wind 

speeds. Carruthers and Choularton (1983) came to a few other conclusions including: 
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wind drift moves the position of the maxima downwind and reduces the enhancement 

over short hills (L < 10 km), due to drifting hydrometeors becoming spread over a larger 

area, and enhancement increases with increasing pre-existing rain rate from increased 

washout of cloud droplets. 

 Pedgley (1970) studied mountains in northwest Wales and suggested that 

precipitation maxima over mid-latitude mountain ranges are closely related to 

“smoothed” topography. Thus gauges in small valleys within a mountain complex may 

record totals similar to surrounding ridges. However, large valleys tend to set up their 

own wind patterns that can lead to widely different distributions of precipitation. In 

contrast, Zängl (2007) found that for pronounced precipitation maxima in a valley, the 

relevant orographic enhancement occurs over an upstream mountain ridge and is simply 

advected downstream.  

 Zängl (2007) proposed two mechanisms as to how a negative height gradient of 

precipitation might occur, so that a valley between two ridges may systematically observe 

more precipitation. The first process is from airflow penetrating into the valley, and a 

melting layer between the ridge level and valley level, leading to an increased rate of 

precipitation due to accelerating fall speeds of melting hydrometeors over the valley. This 

mechanism would not be very common at HBEF because the ridge is only 500 m above 

the valley. The ensuing downslope would then induce evaporation of hydrometeors 

(Salter 1918; Colle 2004), unless a lee-side cold-air pool was present (Zängl 2005). 

However, a cold-air pool would decrease the possibility of a melting layer, reducing the 

likelihood of this mechanism at HBEF. The second requires a deep orographic cloud and 
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an elevated maximum in precipitation rate that is then advected downstream into the 

valley. The model used by Zängl (2005) also suggests that a rapid change in wind speed 

with height can result in local precipitation patterns, because they can favor convergent or 

divergent hydrometeor trajectories.  

 According to Medina et al. (2005), a shear layer is a persistent and characteristic 

feature of mid-latitude baroclinic systems passing over a mountain barrier. The shear 

layer is composed of blocked or retarded flow at low-levels and stronger cross-barrier 

flow above, and generally slopes upward toward mountain crest. Houze and Medina 

(2005) concluded that the shear layer can produce overturning cells that enhance 

condensation and allow for immediate washout from falling hydrometeors. These 

findings have been centered on higher mountain ranges (i.e., Alps, Cascades), but may 

apply to the lower summits of the White Mountains. 

 Convective systems can add even more complexity to understanding precipitation 

in rugged terrain. Flow convergence in the lee of isolated peaks can trigger quasi-

stationary multi-cell convective systems under favorable conditions, which can lead to 

extreme precipitation totals (Cosma et al. 2002; Anquentin et al. 2003). However, once 

convective systems impinge on a subsequent mountain range, little is understood because 

the systems are usually accompanied by strong, unique, micro-scale circulations that 

complicate the orographic lifting process. 

 

 

Hubbard Brook Experimental Forest (HBEF) 
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 Hubbard Brook Experimental Forest is a 3,160-hectare reserve located in the 

southwestern corner of the WMNF, owned and managed by the USDA Forest Service 

Northern Research Station (Figs. 1.1 and 1.2). HBEF is a bowl-shaped orographic feature 

with a narrow opening on the east side where the Hubbard Brook exits and eventually 

flows into the Pemigewasset River, the main tributary of the Merrimack River. Elevation 

ranges from 222 m in the opening on the eastern edge to 1015 m at the summit of Mount 

Kineo on the western edge (Fig. 1.5). A south-to-north cross section through the 

longitudinal center of HBEF comprises the mountain-valley-mountain feature, with max-

min-max elevations of 903 m, 364 m, and 769m, respectively. 

Long-term ecological research has been conducted at the HBEF since its 

establishment in 1955. An increasing number of rain gauges were installed between 1965 

and present day, which now totals 24. The ombrometer network is split into two main 

areas, 11 gauges span a portion of the south-facing slope (Fig. 1.6a), and 12 gauges are 

located on part of the north-facing slope (Fig. 1.6b), as well as one at the Pierce Lab 

(Headquarters; HQ) (Fig. 1.5). The vertical distribution of the rain gauges is 253-903 m. 

Long term trends in mean annual precipitation show an increase of +9.5 ± 2 

mm/decade over the last century in the northeast US, with the largest increases in fall and 

spring (Hayhoe et al. 2007). However, no seasonal trends in precipitation at HBEF were 

found to be statistically significant (Campbell et al. 2011). Statistically downscaled 

climate projections at HBEF suggest higher winter precipitation and slightly decreasing 

summer precipitation (Campbell et a. 2011). Mean annual precipitation is also predicted 

to increase, however vary substantially under low (7%) and high (14%) emissions 
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scenarios, and precipitation trends in general are typically difficult to predict (Rustad et 

al. 2012) due to natural interannual to decadal-scale forcing and variability. Lastly, both 

the intensity and frequency of extreme precipitation events have increased over the past 

century in the Northeast (Rustad et al. 2012), and the frequency of days with >50 mm of 

precipitation increased significantly in a watershed of the HBEF between the 1950s and 

2005 (Hamburg et al. 2013). 

A linear increase in mean annual precipitation with elevation at HBEF was found 

by Federer et al. (1990), with an increase of 41 mm [100 m]-1. Two exceptions to the 

pattern occur: rain gauges 3 and 6 consistently observed about 100 mm less annual 

precipitation than expected for their elevation. Federer et al. (1990) and Bailey et al. 

(2003) suggested that since both gauges are located ~20 m below the south-facing ridge, 

and since the prevailing wind direction is northwesterly, that those gauges would be 

located in a region of flow separation and thus subject to abnormal wind conditions. 

However, during days with precipitation, the wind direction is often from the south or 

east and it is possible that strong winds impacting the exposed gauges is altering the 

catchment of precipitation. When precipitation drifted by strong winds encounters a rain 

gauge, the flow forcing around the gauge reduces the amount of rain that is collected; this 

phenomenon is termed undercatch. It is also possible that during precipitation events with 

strong winds that some of the hydrometeors are carried up and over the ridgeline from 

terrain-forced ascent. The issue of undercatch is not observed at rain gauge 9, which is 

~40 m below the south-facing ridgeline, nor on any rain gauges on the north-facing slope 

(Federer et al. 1990; Bailey et al. 2003). Undercatchment at rain gauges 3 and 6 was still 
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present in the most recent hydrometeorological study (Bailey et al. 2003). The current 

study does not address this ongoing issue, since the catchment of one or two rain gauges 

will not significantly alter the spatial precipitation pattern at HBEF.  

Bailey et al. (2003) observed a similar elevation dependent mean annual 

precipitation trend as Federer et al. (1990). On both slopes the elevational difference 

between the highest and lowest rain gauges is ~300 m. On average, the highest gauge on 

the south- (north-) facing slope receives 70 mm (40 mm) more than the lowest gauge, 

annually. In addition, mean annual precipitation increases with respect to longitude, 

where the westernmost rain gauge on the south-facing slope receives on average 100 mm 

more than its easternmost counterparts. The longitudinal increase is greater along the 

south-facing slope than on the north-facing slope (Bailey et al. 2003).   

Stable Isotopes 

 Stable isotope fractionation, specifically of oxygen (𝛿18O) and hydrogen (𝛿D) in 

rain water has been used to study the source of water in precipitation (Scholl et al. 2007; 

Pfahl et al. 2012). Lighter isotopes preferentially evaporate during non-equilibrium 

conditions (i.e., RH<100%) due to their higher diffusivity and the water vapor is more-

fractionated (more negative isotope ratios), with respect to Standard Mean Ocean Water 

(SMOW = 0‰). During condensation in cloud production, heavier isotopes preferentially 

condense first, leading to a more-fractionated (isotopically depleted) precipitation as the 

cloud ages and when moving upward through a cloud (Dansgaard 1964). 

Heavy isotope content generally decreases with elevation via two main processes. 

First, heavy isotope content in precipitation decreases with condensation temperature 
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(Dansgaard 1964), and since temperature typically decreases with height in baroclinic 

systems, it can be used as a proxy for cloud height. Therefore, terrain at higher altitudes 

is subjected to more-fractionated precipitation from higher clouds. The second process is 

evaporation of precipitation as it falls to the ground (Dansgaard 1964). In drier systems, 

this is a significant process as precipitation is subjected to more evaporation from the 

cloud bottom down to the surface for lower elevations. As the precipitation descends, 

lighter isotopes evaporate preferentially, resulting in a less-fractionated (less negative 

isotope ratios) precipitation coming in contact with the surface.  

Evaporation and other non-equilibrium phase change fractionating processes can 

be quantified using deuterium excess (d) in water samples. The smaller atomic mass of D 

compared to 18O allows for relatively faster fractionation of D. The resultant deuterium 

excess can be calculated as d = 𝛿D – 8(𝛿18O) (Dansgaard 1964). d provides a single value 

for a water source that provides evidence of evaporation and other non-equilibrium phase 

changes (Green et al. 2015). 

The fractionation of stable isotopes in precipitation vary through the different 

stages of a baroclinic system. It was found that high isotope ratios were present in the 

pre-frontal, heavy precipitation phase of an east coast winter storm, followed by more 

isotopically depleted precipitation in the cold air on its backside (Pfahl et al. 2012). 

Advection of cold and warm air in conjunction with progressive removal of heavy 

isotopes by precipitation, and microphysical effects played a significant role in the large-

scale pattern observed (Pfahl et al. 2012). Such large-scale gradients will not be observed 
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at HBEF due to its limited size. However, differential precipitation amount pre- and post-

frontal within HBEF may still have an affect on fractionation. 

Comparison of stable isotopes of precipitation and orographic cloud water for the 

island of Maui show that precipitation heavily influenced from orographic clouds is 

isotopically enriched, while precipitation from synoptic-scale processes are generally 

much more depleted (Scholl et al. 2007). It was also found that precipitation on the 

leeward side of the mountain was significantly isotopically enriched compared to the 

windward side, due to a larger fraction of source precipitation from orographic clouds 

(Scholl et al. 2007). Precipitation samples from HBEF will not be as easily separated into 

orographic or synoptically produced water as Scholl et al. (2007), since pure 

orographically-forced precipitation does not occur often at HBEF. However, in events 

where synoptically-forced precipitation is enhanced by orographic clouds, it may be 

possible to trace orographic cloud water by identifying isotopically enriched samples. 

Long-term (1968-2010) records of isotopic values of precipitation at HBEF show 

positive trends in d and declines in 𝛿18O and 𝛿D, potentially from a greater contribution 

of precipitation from arctic air masses – more storm tracks from the north (Puntsag et al. 

2006). On the seasonal scale at HBEF, 𝛿18O exhibits seasonal high values (-15‰ to 0‰) 

and in the summer and seasonal low values (-25‰ to -5‰) in the winter with some 

synoptic deviations, while d showed minimal seasonality and more stochastic variation 

than 𝛿18O (Green et al. 2015).  

 

Project Goals 
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 The goals of this project are to quantify long-term precipitation trends and spatial 

variability of HPEs at HBEF and understand the processes driving these patterns. Spatial 

precipitation patterns in HPEs will be examined to determine their relationship to local 

topography and wind speed and direction, and how they compare to the typical increase 

in precipitation with increasing elevation observed in the mid-latitudes. Vertical profiles 

of stability and wind speed will be used to study their effects on precipitation distribution, 

and to potentially identify the location of an orographic cloud. Stable isotope content of 

precipitation will be used to gain a better understanding of the source water contribution 

of orographic clouds in the total precipitation observed at HBEF in HPEs.  

 There are numerous ingredients useful for forecasting major flooding events (e.g., 

precipitation amount, soil saturation, existing stream flow), which are all important to 

provide accurate forecasts. An objective of this thesis is to improve the understanding of 

the orographic processes impacting precipitation amount. A more comprehensive study 

can build from the results herein to assess each HPEs potential for flooding, which should 

include soil saturation, and stream flow data. 
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Figure 1.1. Map of HBEF relative to Northern New England. Stars indicated where 30-

year precipitation climatologies were compared. See Fig. 1.2 for location of Mount 
Washington (MWO). 

 

 
Figure 1.2.  HBEF and the encompassing WMNF. Red line indicates the lateral 

boundaries of HBEF as in Figure 1.5. Blue cylinders indicate valley precipitation gauge 
locations used in this study (See Appendix A). Canterbury (CAN) and Concord (CON) 

are located 25 km and 40 km south of Sanbornton (SAN), respectively (not shown). 
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Figure 1.3.  Simplified conceptual model of the seeder-feeder mechanism from Browning 

and Hill (1981). 
 
 
 
 

 
Figure 1.4.  The effect of wind speed at 600 m on orographic enhancement in the lowest 
1500 m for eight cases in south Wales (modified from Hill et al. 1981, as shown in Barry 

2008). 
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Figure 1.5. HBEF’s 25 gauge ombrometer network (elevational range: 253–903m ASL). 

Yellow circles (filled and open) indicate locations of temporary CoCoRaHS type rain 
gauges deployed between June and November 2015. Red circle indicates the Soil Climate 
Analysis Network (SCAN) site operated by the Natural Resource Conservation Service. 

Pierce Lab is referred to as HQ. 
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Figure 1.6.  Zoomed in view of (a) south- and (b) north-facing precipitation gauges. 
Black circles indicate standard rain gauge; red circles indicate weighted rain gauges. 

Elevation is contoured in feet. 
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Chapter 2: Preliminary Research 
 

Data and Methods 

The Hubbard Brook Experimental Forest (HBEF) was chosen to study spatial 

distribution of precipitation because of its relatively high spatial resolution of 

precipitation gauges (Figs. 1.5 and 1.6). The GPS coordinates, elevation, and type of each 

existing gauge is located in Table 2.1. All rain gauges are located in clearings that are 

maintained to uniform standards so that no adjacent obstruction extends higher than 40º 

from the rain gauge (Federer et al. 1990; Bailey et al. 2003); rain gauges are now 

maintained in clearings of 45º to canopy (Halm, personal communication, 2015). All 

gauges are equipped with wind shields and are mounted with their tops at 2.5 m. Both 

standard and weighted gauges have 8-inch openings and are topped off with a light oil to 

prevent evaporation, and by antifreeze in the winter to melt the snow. All sites with 

weighted gauges are accompanied by standard gauges. Weighted gauge data are recorded 

automatically and each standard gauge is measured once per week and prorated using 

daily precipitation from weighted gauges. Weighted gauge data are not used directly in 

precipitation datasets because they are less accurate; instead they are used to estimate 

daily contributions to weekly, standard rain gauge, precipitation (Federer et al. 1990). 

 In addition to rain gauges, sites 1, 6, 10, 14, 17, 19, 23, and 24 have temperature 

and humidity sensors. Wind speed and direction measurements are taken at HQ, site 1 

and at a ~10-m tower on the summit near rain gauge 17, referred to as Kineo tower. 

HBEF has further infrastructure including soil sensors and weirs, which are not 
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thoroughly considered in this study, but are extremely important when assessing the 

potential for flooding and erosion during each high precipitation event (HPE).  

 A separate weather station located in HBEF is the Soil Climate Analysis Network 

(SCAN) site, operated by the Natural Resource Conservation Service (NRCS) (Fig. 1.5). 

This station records air temperature, humidity, wind, precipitation, and other variables 

that will be used to complement the HBEF network in this study.  

Daily precipitation data were obtained from 17 rain gauges at HBEF for a 45-year 

period from 1969 to 2013. These data were averaged spatially and temporally for each 

gauge to calculate annual trends in precipitation amount. Since more rain gauges were 

added after 1969, a total of 21 rain gauges were used to calculate a more recent 30-year 

climatology (1984-2013). Additional climatologies for Hanover, Concord, Berlin, and 

Whitefield, NH were used in this study to compare mean annual precipitation to HBEF 

(NCEI 2016). Information about those sites can be found in Appendix A, and Figures 1.1 

and 1.2. 

Wind components from the NOAA 20th Century Reanalysis dataset (ESRL 2016) 

were used to compute daily mean 950-hPa and 900-hPa wind speed and direction at 

HBEF by using the point nearest to the forest (44.00º N, -72.00º W). These wind 

components were averaged in order to estimate the mean flow impacting the middle to 

upper elevations of HBEF. 

Hourly composite radar data were used to separate each event into three 

categories: convective, stratiform, and stratiform with convective elements (NCEI 2016). 

Convective precipitation falls from cumulus and cumulonimbus clouds and is generally 



 

  21 

intense with sharp gradients in reflectivity. Stratiform precipitation comes from 

nimbostratus clouds and falls at relatively constant rates throughout a large area. This 

study considered a stratiform event to be that which precipitation is wide-spread and 

generally less intense than convective cases, and did not portray high spatial variability 

associated with cells or lines of convection above 50 dBZ as indicated by the Gray, 

Maine radar (KGYX). When a large precipitation shield was present, with areas of 

reflectivity greater than 50 dBZ, the event was considered stratiform with convective 

elements. The evaluation was completed for the 57 HPEs that occurred after 1995, when 

radar data were available. 

Discussion of Results  

 Different gradients in mean annual precipitation with elevation have been 

observed at HBEF. Federer (1990) concluded that there was an average increase in mean 

annual precipitation with elevation of approximately 41 mm [100 m]-1 from HQ to RG17 

between 1969 and 1986. The same analysis performed with a recent 30-year dataset 

(1984-2013) and an additional 3 rain gauges (RG19, RG20, RG21), shows a lesser 

increase of approximately 32 mm [100 m]-1 (black line in Fig. 2.1). If HQ is removed 

from the linear regression, the precipitation increase reduces to 23 mm [100 m]-1 (not 

shown). Since HQ is located outside the main orographic bowl of HBEF, it is beneficial 

to remove it from the analysis to better understand mean annual precipitation patterns for 

the rest of the Hubbard Brook valley. Furthermore, when investigating the north- and 

south-facing slopes individually, notably lesser increases with elevation are observed. 

The north-facing slope increases approximately 6 mm [100 m]-1 and the south-facing 
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slope 17 mm [100 m]-1 (Fig. 2.1). The linear regression lines in Figure 2.1 suggest that 

within HBEF at the same elevation (253 m) of Headquarters (HQ), a greater mean annual 

precipitation than HQ would be observed on each slope. Extrapolating the north-facing 

slope suggests a mean annual precipitation of 1475 mm at 253 m, a 16.1% increase over 

HQ. Similarly, the south-facing slope suggests a mean annual precipitation of 1382 mm 

at 253 m, an 8.9% increase over HQ. In comparison to valley sites that surround the 

WMNF, the data indicates that the Hubbard Brook valley received significantly greater 

(>25%) mean annual precipitation for similar elevations 1981-2010 (Fig. 2.1). The 

difference is likely attributable to orographic enhancement of precipitation occurring over 

HBEF, including the lower elevations of the valley. 

 Mean annual precipitation at HBEF was calculated as an average of all 24 gauges 

for a 45-year period (1969-2013), as shown in Figure 2.2. Mean annual precipitation has 

increased 150 mm (11%) throughout the period, at a similar rate to surrounding valley 

population centers (e.g., Hanover, Berlin) (Wake et. al. 2014). Nearly 100% of this 

increase in mean annual precipitation at HBEF can be attributed to the increase in 

frequency of events with greater than 30 mm day-1; all thresholds of events greater than 

30 mm are increasing (Fig. 2.3). Daily precipitation events with greater than 50 mm are 

becoming more frequent at the fastest rate, and are 78% more common in 2013 than they 

were in 1969 (Fig. 2.3) in general agreement with the 2014 National Climate Assessment 

of the top 1% of precipitation events becoming 71% more common for the Northeast 

between 1958 and 2012 (NCA 2014). HPEs with >50 mm day-1 will be investigated 

because they are the most likely to produce flood or flash flood conditions. It is also 
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crucial to better understand the spatial precipitation patterns in these events to better 

predict watershed catch and flooding in the region. 

Convective events can have spatial precipitation patterns that exhibit high spatial 

variability within the scale of HBEF with little or no relation to orography. These 

convective events are subject to different dynamical and microphysical processes than 

stratiform events and therefore are predominantly disregarded in this study. Figure 2.4 

shows a subset of 57 cases (1998-2013) which were separated into categories of 

stratiform, convective, and stratiform with convective elements.  

The monthly distribution of HPEs shown in Figure 2.4 has a minimum of zero 

observed in February, which is unsurprising for the Northeast as air masses are generally 

the coldest, and unable to hold much moisture at this time of the year. The maximum 

frequency for HPEs is observed from August through October, when air masses are 

generally the warmest and most capable of transporting and precipitating significant 

moisture into the region.  

 An assessment of HPEs over the last 30 years produces a precipitation pattern 

dissimilar to the annual mean. Figure 2.5 shows that there is no increase in mean 

precipitation with elevation for either slope; instead there are slight decreases of 0-1 mm 

[100 m]-1. Spatial distribution of precipitation at HBEF is more closely related to 

latitudinal and longitudinal distance rather than elevation.  

Of the 78 HPEs between 1984 and 2013, 53 (68%) had an average barrier depth 

(950-900 hPa; ~500-1000 m ASL) southerly wind direction (135˚-225˚), 15 (20%) had 

easterly winds (45˚-135˚), and 2 (3%) had a southeasterly wind direction (135º). 
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Therefore, southerly or easterly wind directions (45º-225º) were present for 91% of HPEs 

at HBEF.  

The latitudinal dependence of mean precipitation for events with southerly winds 

<10 m s-1 is shown in Figure 2.6a. Mean precipitation is near equal for all gauges except 

for HQ, with a slight maximum suggested over the valley of HBEF (43.94º-43.95º) by the 

linear regression lines. Figure 2.6b demonstrates how the apparent pattern is amplified 

substantially when wind speeds are >10 m s-1. Linear regression lines suggest that the 

valley precipitation maxima would be 10-15% more than on the adjacent ridges. 

Increases in the valley maximum over HQ also increase from ~15% to ~30%. The 

location of the precipitation maxima is likely shifted to the north in southerly wind events 

with stronger winds (>10 m s-1), but a gap in the ombrometer network in the lowest 

elevations prevents this assessment. 

The longitudinal dependence of mean precipitation for events with easterly winds 

<10 m s-1 is shown in Figure 2.7a. Mean precipitation increases towards to the west, with 

a maximum around -71.74º, becoming lesser the further west. Figure 2.7b shows how the 

pattern is amplified and shifted west for wind speeds >10 m s-1. Mean precipitation 

increases substantially towards the west with a maximum around -71.77º or further, as the 

western edge of the ombrometer network is in the general vicinity of the suggested 

maximum. Increases over HQ intensify from ~30% to ~50% with the increase in wind 

speed. The strong increase in precipitation to the west in easterly wind events is likely the 

driver in the longitudinal dependence on mean annual precipitation observed by Bailey et 

al. (2003).  
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 Precipitation at rain gauge 3 is the largest negative deviant from the linear 

regression in southerly, strong wind (>10 m s-1) events (Figure 2.6b). However, 

according to Figure 2.6, this undercatch is only an issue at rain gauge 3. Therefore, the 

general inverse relationship of precipitation and elevation is a result of orographic 

enhancement. If the pattern were due to undercatchment, which is a factor of wind speed, 

there would likely be a strong relationship with elevation regardless of wind direction, as 

wind speeds typically increase with height in baroclinic systems. Instead, it was found 

that the spatial distribution of observed precipitation in easterly wind events presents a 

pattern similar to southerly wind events, simply rotated 90º in concert with the shift in 

wind direction (Fig. 2.6; Fig. 2.7). 

Storm type of HPEs changes from mainly convective in August to stratiform in 

October. Most HPEs are generally stratiform (79%), but 49% of all HPEs have some 

form of convective activity. The spatial precipitation pattern of HPEs with southerly 

winds for stratiform, stratiform with convective elements, and convective cases, are 

shown in Figures 2.8, 2.9, and 2.10, respectively. Convective cases do not show a spatial 

precipitation pattern consistent with the mean (Fig. 2.6), however, generally stratiform 

events with convective elements appear to retain the pattern. 

The latitudinal precipitation gradient for each slope in south wind events with 

respect to wind speed is shown in Figure 2.11. The combination of positive values on the 

north-facing slope and negative values on the south-facing slope indicate a valley 

precipitation maximum. As wind speed increases, both the north- and south-facing slopes 

receive a greater increase in precipitation closer to the central location of HBEF (more 
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positive and more negative, respectively), demonstrating that the pattern is amplified with 

stronger winds. The r2 values of 0.125 for the north-facing slope and 0.397 for the south-

facing slope quantify the variability that exists in the relationship (Fig 2.11). When winds 

are below ~7 m s-1, very few events have a valley maximum, however, when wind speeds 

exceed ~7 m s-1, nearly all of the events have a valley maximum. This trend suggests that 

the orographic modification process that leads to the valley maxima may not be occurring 

or occurring at a much smaller magnitude at HBEF when low-level wind speeds are <5 m 

s-1. The relationship may be altered by convective events, which do not show the valley 

maxima pattern (Fig. 2.10). 

The average location and magnitude of the precipitation maxima in southerly 

wind events cannot be confidently discerned due to the ~2 km gap in the ombrometer 

network between the north- and south-facing slopes (e.g., Fig. 2.6a). Linear regression 

lines fit to the data cross at ~43.9425˚ N, suggesting the potential location of an average 

precipitation maximum, surprisingly, around the lowest point in the valley. Since this 

pattern is amplified under strong winds, it is important to understand how much 

precipitation is falling into the lower portion of the valley to fully understand 

precipitation patterns in HBEF and how it may impact stream flow. Therefore, there is a 

need to install rain gauges within the ~2 km gap to advance our understanding of the 

spatial distribution of precipitation in HPEs at HBEF. 
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Table 2.1. GPS location, elevation, and gauge type for all permanent precipitation gauges 
at HBEF (Fig. 1.3). 

 
Rain	  Gauge	   Latitude	  (°)	   Longitude	  (°)	   Elevation	  (m)	   Type	  

1	   43.952025 -71.724893 480 Weighted 

2	   43.954922 -71.726985 556 Standard 

3	   43.958582 -71.728192 701 Standard 

4	   43.955085 -71.720740 564 Standard 

5	   43.959295 -72.718338 654 Standard 

6	   43.957192 -71.734841 727 Weighted 

7	   43.953547 -71.733206 611 Standard 

8	   43.951135 -71.728885 510 Standard 

9	   43.955740 -71.741849 769 Standard 

10	   43.953524 -71.739908 693 Weighted 

11	   43.950174 -71.734575 543 Standard 

12	   43.927512 -71.766147 616 Standard 

13	   43.920515 -71.769218 771 Standard 

14	   43.920765 -71.765529 733 Weighted 

15	   43.923222 -71.761022 775 Standard 

16	   43.916479 -71.766798 858 Standard 

17	   43.918974 -71.758209 903 Standard 
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Table 2.1. (Cont.) 
 

Rain	  Gauge	   Latitude	  (°)	   Longitude	  (°)	   Elevation	  (m)	   Type	  

19	   43.929249 -71.759264 596 Weighted 

20	   43.923853 -71.757418 782 Standard 

21	   43.922459 -71.752610 807 Standard 

22	  (HQ)	   43.943986 -71.701245 253 Weighted 

23	   43.927056 -71.746899 668 Weighted 

24	   43.919606 -71.750390 817 Standard 

25	   43.922130 -71.742986 814 Standard 
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Figure 2.1.  Mean annual precipitation at each gauge versus elevation at HBEF between 
1984 and 2013. Linear regression lines: black for all HBEF sites, blue for north-facing 

sites, and red for south-facing sites. Regional Valley sites (asterisks) are Concord 
(150.5m), Hanover (183.5m), Whitefield (327.4m), and Berlin (353m). 

 

 
Figure 2.2.  Annual precipitation at HBEF (1969-2013). 
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Figure 2.3.  Change in frequency of precipitation events from 1969 to 2013 by 10mm 

increments. 

 
Figure 2.4. Frequency of >50 mm events per month and their associated storm type in a 

19-year climatology (1995-2013). 
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Figure 2.5.  Mean precipitation for all days where >50 mm was observed between 1984 

and 2012. 
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Figure 2.6.  Mean precipitation for southerly events when wind speeds are  

(a) <10 m s-1 and (b) >10 m s-1. 
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Figure 2.7.  Mean precipitation for easterly events when wind speeds are  
(a) <10 m s-1 and (b) >10 m s-1. 
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Figure 2.8.  Mean precipitation in stratiform events >50 mm and a southerly wind 

direction. 

 
Figure 2.9.  Same as Figure 2.8 for stratiform events with convective elements. 
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Figure 2.10.  Same as Figure 2.8 for convective events. 

 
Figure 2.11.  Latitudinal precipitation gradient for the north (blue) and south (red) –facing 
slopes for south wind events with greater than 50 mm daily precipitation. Positive values 
indicate precipitation maxima on the north side of the respective slopes. Solid triangles 

show cases that suggest valley maxima. 
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Chapter 3: Field Campaign 

 

Motivation 

 Previous studies of orographic precipitation have used various methods to 

investigate precipitation processes. Popular tools for studying orographic enhancement of 

precipitation include ground based S-band and C-band radar (Yu and Cheng 2008), 

vertically pointing S-band radar and wind profilers (Houze and Medina 2005), and 

airborne Doppler radar (Geerts et al. 2000). Modeling efforts have included linear theory 

models of orographic precipitation (Barstad and Smith 2004), the fifth generation 

Pennsylvania State University-National Center for Atmospheric Research Mesoscale 

Model (MM5) (Zangl 2007), and the Weather Research and Forecasting model (WRF) 

(Smith et al. 2010).  

The above approaches are somewhat limited for HBEF and the WMNF. The 

closest WSR-88D radar to HBEF is located ~115 km away in Gray, Maine (KGYX), 

placing the lowest tilt angle (0.5º) beam ~2 km ASL. About 80% of orographic 

enhancement occurs in the lowest 1500 m (Hill et al. 1981), suggesting that even the 

lowest tilt angle from KGYX would overshoot orographic effects over HBEF. A 

vertically pointing S-band radar is located in Plymouth, NH (~20 km south of HBEF), 

however considering that the radar is removed from the WMNF and more specifically 

HBEF, it is unlikely that this radar would offer data valuable to an assessment of HBEF 

precipitation. 

A previous modeling study used the WRF-ARW to simulate snowfall in the White 
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Mountains has shown some potential for numerical models as a tool in studying 

orographic precipitation in this region (Cann and Kelsey 2014). The model accurately 

simulated snowfall amount for a six locations within and surrounding the White 

Mountains. However, it was concluded by the authors that more precipitation gauges 

must be deployed to better verify the model in order to have confidence in its ability to 

reproduce accurate precipitation patterns. A logical progression of a future modeling 

study of orographic precipitation would be first observing the spatial precipitation 

patterns with precipitation gauges in HBEF and the encompassing WMNF, and then 

simulate HPEs with a computer model (e.g., WRF-ARW) at high horizontal and vertical 

resolution. This approach would utilize the models ability to give high resolution data 

where it is not logistically possible within the WMNF. 

Methods 

 Precipitation gauges were deployed into the ~2-km latitudinal gap in the HBEF 

ombrometer network in order to measure elevational precipitation gradients in HPEs 

resulting from meso-γ- to micro-scale wind patterns. Matthew Cann and Dr. Eric Kelsey, 

with the assistance of Forest Service employee Ian Halm, Plymouth State University 

graduate students and volunteers completed the field campaign. In May 2015, Ian Halm 

completed the weekly precipitation measurements for HBEFs north-facing slope (RG12-

25), accompanied by Cann and Kelsey (Fig. 1.3). RG1, and SCAN on the south-facing 

slope, and HQ were also visited on this trip. The standard HBEF measurement process, as 

well GPS coordinates, elevation, slope angle and grade, and surface growth were 

documented for each rain gauge. 
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 Potential sites for new rain gauges within HBEF were identified using satellite 

imagery. The largest canopy openings were determined to be a beaver pond and a blow-

down area in the western portion of the forest. However, for logistical reasons and 

because they fell outside of the longitudinal extent of the existing ombrometer network, 

these locations were excluded. 

The Hubbard Brook provided the largest canopy openings for unobstructed 

catchment of rainfall in the ~2-km gap, and its proximity to Hubbard Brook Road 

allowed easy access to install and maintain rain gauges. An approximately 3-km section 

of the Hubbard Brook from its northernmost point where Paradise Brook enters to the 

where the Hubbard Brook Road intersects the brook, was hiked to site exact locations for 

new rain gauges. GPS coordinates, elevation, depth of brook, gauge height above current 

water level, potential anchor points, surface conditions, and canopy opening width and 

orientation including angles to canopy were all documented for every location that met an 

arbitrary minimum decency for a rain gauge site. Photos were taken of where the gauge 

would be located, anchor points, up and downstream, and POV canopy angles for each 

potential site. A total of 8 sites were labeled site 1-8, and documented for further 

assessment. 

The sites were compared and chosen based on latitude, angles to canopy, and 

surface conditions with respect to potential destruction from elevated brook levels. A total 

of 4 new rain gauge sites were chosen in the brook, and a fifth location was chosen at a 

fork in the Hubbard Brook Road (Fig 1.3, Table 3.1). These five gauges along with the 

SCAN site provide latitudinal coverage for the ~2-km gap with no more than 0.5 km 
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latitudinal distance between gauges. 

 Additional gauges were selected to be co-located at RG1, RG19 and HQ to 

compare precipitation catchment between the different gauges. These sites were chosen 

because they are lower elevation gauges located near the 2-km gap, they have both 

weighted and standard gauges, and they contain other meteorological instrumentation 

(Fig 1.3). A rain gauge was co-located at HQ to verify lesser precipitation amounts with 

respect to the rest of HBEF (Fig. 2.6, Fig. 2.7). New rain gauges located at brook and 

road sites have some altitude angles to canopy (herein called canopy angles) higher (up to 

75º, Table 3.1) than the standard maintained at HBEF gauges (45º). To account for any 

reduced catchment of precipitation at new rain gauge locations due to higher canopy 

angles, two additional gauges were placed each at RG1 and RG19 with 55º and 65º 

angles to canopy, directly south of the permanent rain gauge (Fig 3.1). Additional 

measurements from these gauges offered insight into loss of catchment from canopy 

interception and from perturbations in the mean wind that may be applied to the new rain 

gauge sites in the form of canopy angle bias corrections. Since permanent HBEF gauges 

are of different type and opening width, the co-located gauges are also useful for 

corrections due to loss from other factors including wind, evaporation, and wetting. These 

corrections will allow for a more uniform and consistent dataset. 

 Twelve 4-inch Stratus RG202 rain gauges (Cans) were installed at HBEF on 1 and 

3 June 2015. Cans 1, 2, and 10 were mounted next to existing rain gauges 1, 19, and 22 

(Fig. 3.2, Fig. 3.3). Cans 3, 4, 9, 11, and 12 were mounted on land sites using 2”x4”x96” 

posts dug into the ground (Fig. 3.2, Fig. 3.4, Fig. 3.5). Cans 5, 6, and 8 were installed at 



 

  40 

brook sites using 2’x3’ platforms with 2”x4”x72” posts (Fig. 3.6, Fig. 3.7, Fig. 3.8). Can 

7 was attached to a fallen tree extending across the brook (Fig. 3.9). The posts of Cans 5, 

6, and 8 were tied to trees on either side of the brook and boulders were piled onto the 

bases for extra support. Can 1 was placed on the perimeter fence at HQ in Figure 3.10 in 

the same manner as Cans 2 and 10. 

 Between measurements, the Cans were filled with ~5 mm of vegetable oil to 

eliminate evaporation. The Can mountings were checked during each measurement and 

re-leveled if necessary to provide the most accurate precipitation readings. Measurements 

were made before and after 15 mm or greater events as indicated by Weather Prediction 

Center (WPC) quantitative precipitation forecasts (QPF) and forecasts by Cann. 

 For several HPEs beginning 20 July 2015, precipitation samples were collected in 

15 mL Nalgene plastic bottles for stable isotope analysis. Sampling was always taken 

from the outer cylinder to insure that oil was preventing evaporation from the sample at 

all times, since once 25 mm of precipitation has accumulated, the oil and precipitation 

begins to spill over the top of the inner cylinder, which leaves the inner cylinder 

unprotected by oil. Samples were taken by dumping the oil from the top of the Can and 

pouring in the underlying precipitation into bottles. All samples were frozen at -20 ºC in a 

freezer at Plymouth State University within ~3 hours of sampling.  

 Precipitation samples were analyzed for stable isotopes of Oxygen and Deuterium 

by using the LC-PAL and DLT-100. Samples of 0.15 mL were processed for 𝛿18O and 

𝛿𝐷, and Deuterium excess (Eq. 3.1) was calculated for each sample.  

𝑑 = 𝛿D − 8 ∗	  𝛿*+O     (3.1) 
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Stable isotope data were then compared with respect to precipitation amount, elevation, 

and latitude for each event.  

Additional Datasets 

 Precipitation data observed at HBEF were compared to valley sites in and around 

the WMNF to determine the orographic enhancement. The maximum precipitation at 

HBEF was divided by the average of all other sites for the events total precipitation. 

Location of these sites can be found in Figure 1.2 and in Appendix A. 

 Storm total precipitation data from the NCEP Stage IV precipitation analyses were 

examined for HBEF and surrounding locations for the 19-20 November 2015 event 

(NCEP 2016). The analyses are generated from a multi-sensor (radar + rain gauge) 

network, manually QCed and gridded at 4-km spatial resolution. The NCEP Stage IV 

precipitation analyses were chosen for this study since they are among the highest spatial 

resolution of available products. QPE analyses may become less accurate in areas of 

limited radar and rain gauge data, such as complex terrain, where both datasets may be 

sparse. 

Wind data from 12-km NAM analyses (NCEP 2016) were used to approximate 

low-level wind speed and direction for each event. 950-900 hPa winds were averaged for 

a point over HBEF when precipitation was falling. These data were used to discern wind 

direction in each event and the wind speed was used for quantifying orographic 

enhancements. 

A rawinsonde was launched in the Hubbard Brook valley to better understand the 

vertical profiles of wind and stability during a HPE. The rawinsonde was launched at 
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approximately 0600 UTC on 20 November 2015 (19-20 Nov 2015 HPE) because wind 

speeds at 925 hPa and 850 hPa were likely at their maximum according to NAM and GFS 

forecasts (NCEP 2016). Composite reflectivity ranged from 20-40 dBZ over HBEF at the 

time of the launch. The instruments reported data up to an elevation of ~800 hPa before 

wind data were lost (other data continued to ~700 hPa). The data were used to calculate 

several metrics of stability including Brunt-Väisälä frequency (Eq. 3.2), Froude number 

(Eq. 3.3), and Richardson number (Eq. 3.4).  

𝑁 =	   𝑔
𝛳𝑣

𝜕𝛳𝑣
𝜕𝑧

0.5
     (3.2) 

𝐹𝑟 = 𝑈
𝑁ℎ      (3.3) 

𝑅; = 	  
𝑔
𝛳𝑣
𝜕𝛳𝑣
𝜕𝑧

𝜕𝑢
𝜕𝑧

2
+	   𝜕𝑣𝜕𝑧

2     (3.4)  

Where for Eq. 3.2, g is gravity, 𝛳? is the surface virtual potential temperature, 𝜕𝛳? is the 

change in virtual potential temperature over some depth, 𝜕𝑧. In Eq. 3.3, U is the mean 

wind speed in the layer perpendicular to the mountain barrier, and h is the height of the 

barrier. And in Eq. 3.4, 𝜕𝑢 and 𝜕𝑣 are the mean zonal and meridional winds over some 

depth, 𝜕𝑧. The depth used in calculations for vertical profiles of N and 𝑅; were dependent 

on the frequency of measurements by the rawinsonde (every 2 measurements constitute a 

layer).  

 Data from the seven co-located gauges discussed above were examined to 

determine a relationship between catchment and angle to canopy, and differences 

between 8-inch and 4-inch gauges. Mean-bias, mean-absolute-error and root-mean-
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squared-error were calculated for 7 events, for which precipitation was greater than  

30 mm.  

𝐵𝑖𝑎𝑠 =
(𝑁−𝑃)𝑛

𝑖=0
𝑛      (3.5) 

𝑀𝐴𝐸 =	   𝑎𝑏𝑠 𝑁−𝑃𝑛
𝑖=0

𝑛      (3.6) 

𝑅𝑀𝑆𝐸 =
(𝑁−𝑃)2𝑛

𝑖=0
𝑛 	      (3.7) 

The HQ gauge was omitted from the calculations for the 29-30 September event where 

the HBEF data differed substantially (38%) from the co-located gauge. This difference 

may have been the result of a leak in the HQ gauge, since there are a number of 

consecutive events where HQ was underrepresented in precipitation amount with respect 

to the co-located gauge. 
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Table 3.1.  GPS coordinates, elevation and angles to canopy for eight cardinal directions 
for the five new gauge sites. 

 
Rain	  Gauge	  (Can)	   5	   6	   7	   8	   9	  

Latitude	  (°)	   43.944933 43.942262 43.939130 43.934669 43.933418 

Longitude	  (°)	   -71.720591 -71.721570 -71.722659 -71.731901 -71.768440 

Elevation	  (m)	   364.2 363.1 373.7 438.3 541.3 

N	  Angle	  to	  Canopy	  (°)	   45 30 46 69 52 

NE	  Angle	  to	  Canopy	  (°)	   65 52 40 62 29 

E	  Angle	  to	  Canopy	  (°)	   58 54 56 55 30 

SE	  Angle	  to	  Canopy	  (°)	   59 41 37 61 51 

S	  Angle	  to	  Canopy	  (°)	   54 25 55 50 43 

SW	  Angle	  to	  Canopy	  (°)	   45 59 33 55 15 

W	  Angle	  to	  Canopy	  (°)	   60 57 58 38 42 

NW	  Angle	  to	  Canopy	  (°)	   66 36 47 75 45 
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Figure 3.1. Rain gauge schematic with existing 8” rain gauge with wind shield in gray, 
and new 4” Cans in blue. Black arrows show mean wind direction and turbulent eddies 

resulting from canopy. 
 

 
Figure 3.2.  Co-located Cans 2, 3, and 4 at 45º, 55º, and 65º to canopy, respectively, at 

RG1. 
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Figure 3.3.  Co-located Can 10 at RG19. 

 
 

 
Figure 3.4.  Can 9 at the fork in the Hubbard Brook Road. 
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Figure 3.5. Co-located Cans 11 and 12 at 55º and 65º to canopy, respectively, at RG19. 

 
 
 
 
 
 
 
  
 
 
 



 

  48 

 
 
 

 
 

 

 
Figure 3.6.  Can 5 in the Hubbard Brook 
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Figure 3.7. Can 6 in the Hubbard Brook. 

 

 
Figure 3.8. Can 8 in the Hubbard Brook. 
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Figure 3.9.  Can 7 secured to a fallen log in the Hubbard Brook. 
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Figure 3.10.  Co-located Can 1 (not shown) was located along the perimeter fence at HQ. 
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Chapter 4: Results 
 

Heavy Precipitation Events 

 A total of 13 events met the minimum threshold of 15 mm precipitation during 

the June to November 2015 field campaign (Table 4.1). Ten events exceeded 30 mm and 

are examined more thoroughly because of their greater potential as flood threats. As 

previously discussed, purely convective precipitation systems do not appear to have any 

strong relationships to orography in HBEF. Therefore, the 23 June convective event was 

not considered in this study, however, the 18-20 July precipitation event was investigated 

because of the extremely high precipitation amount observed (>100 mm). Spatial 

precipitation patterns were investigated for the remaining 9 events, which are highlighted 

in bold in Table 4.1. 

The co-located 4-inch gauges at 45º received on average 2.45% less than 8-inch 

gauges (Table 4.2). Overall catchment between 4-inch and 8-inch gauges was the closest 

at RG1 (-0.44%), followed by RG19 (-3.12%) and HQ (-3.69%). Since the amount of 

error varied event to event, and rain gauge to rain gauge, this error is likely attributable to 

local wind and canopy effects on catchment, since no systematic error was observed. The 

55º and 65º to canopy gauges showed smaller biases and lower MAE and RMSE than the 

45º gauge (Table 4.2) and on average recorded 1.06% and 1.30% less precipitation than 

the corresponding 8-inch gauges, respectively. 

Two bias corrections were made to homogenize the HBEF rain gauges and the 

new Cans. First, a bias correction between co-located 45º 4-inch gauges and 8-inch 
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gauges was made to eliminate bias between all 4- and 8-inch gauges. The second bias 

correction was made as a result of different catchment with respect to canopy angle, since 

the Cans closer to canopy (55º, 65º) received precipitation amounts that were closer to the 

8-inch verification gauge. This bias adjusted to the average precipitation observed for all 

angles to canopy, so that the resulting precipitation value was representative of the 

average catchment for a Can with 45º-65º angles to canopy. An individual percentage 

adjustment was made for each event due to different catchment differences for each event 

(Table 4.1). The percentage adjustments were closer in the 29-29 October and 19-20 

November events, after which the deciduous trees had shed their leaves, which may 

account for the stronger agreement between 4- and 8-inch gauges. 

During the field campaign, it was noticed that the SCAN site precipitation 

amounts were always suspiciously different (-46% to +24%) than nearby Forest Service 

rain gauge 1 (RG1). To test our hypothesis that the SCAN site rain gauge was measuring 

improperly, a 4-inch rain gauge was co-located with the SCAN site for the 19-20 

November precipitation event, where it was found that the SCAN site received over-

catchment of precipitation with respect to the 4-inch gauges by 8.1%. This correction was 

made to the SCAN site data for all events and the resulting data depicted more realistic 

gradients of precipitation amount with latitude. However, this correction is based on one 

event and therefore a statistically robust measure of bias and it cause needs further 

attention. 

Due to the 4-inch gauge recording 40% more precipitation than the 8-inch at HQ, 

and the 8-inch gauge recording ~10% more than the 4-inch (45º) rain gauges at RG19 for 
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the 18-20 July 2015 event, no bias corrections were made (raw data were used to analyze 

this event). It is unclear what caused this difference in data. 

Stratiform 

 The mean precipitation at each gauge for three (11 Aug; 28-29 Oct; 19-20 Nov) 

stratiform high precipitation events (HPEs) where winds were southerly and averaged 

over 5 m s-1 are shown in Figure 4.1. In comparison to the location of the inferred 

precipitation maximum in Figure 2.5, the average precipitation maximum appears to be 

shifted northward towards the lower elevations of the south-facing slope. This pattern 

may be a result of strong wind speeds causing the rain to drift farther north before coming 

into contact with the terrain. For instance, the precipitation maximum is centered over the 

valley for the 11 August event (Fig. 4.2), but is shifted northward for the 19-20 

November event (Fig 4.3), where mean barrier level wind speeds were 8.3 m s-1 and 12.0 

m s-1, respectively. 

Stratiform HPEs with southerly winds greater than 5 m s-1 observed 15-20% 

higher precipitation in the valley than on the adjacent ridges (Fig. 4.1). The 28-29 

October event (12.2 m s-1) suggests a valley maximum, despite three gauges in the valley 

observing relatively less precipitation (Fig. 4.4). The 28-30 September event was the only 

stratiform HPE where weak winds (4.3 m s-1) were present. Winds were initially from the 

south, and gradually turned counter-clockwise to northerly by the end of the event, 

consistently averaging less than 5 m s-1. This event observed 10-15% more precipitation 

on the ridges than in the valley (Fig. 4.5). It should also be noted that precipitation was 

generally higher on the eastern half of the north-facing rain gauges, which may have been 
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a result of increased vertical motions when winds were light and easterly during this 

event. 

There was a surprising result in the easterly wind events, 28 June (9.0 m s-1) and 1 

July (10.3 m s-1). Precipitation in easterly wind cases show that the valley rain gauges 

(black points in Fig. 4.6) receive the same or more precipitation as high elevation gauges 

located to the north and south. This pattern suggests that the wind in easterly cases is not 

funneled up the valley, but rather lifted over stable air in the valley. These two events 

show a gradual increase in precipitation amount to the west, maxima occurring between -

71.75º and -71.76º longitude, and then a steeper decline in precipitation farther to the 

west.  

Rain gauges 23 and 24 collected the highest precipitation in easterly wind events 

(Fig. 4.6), which may be caused by the steep terrain immediately to the east of those 

gauges enhancing uplift. Rain gauges 23 and 24 also collected anomalously higher 

precipitation in southerly wind events (Fig. 4.1), which may be the result of a low-level 

easterly wind component present in the predominantly southerly wind regime (e.g., 

south-southeasterly wind). It is also possible that these rain gauges collect more 

precipitation due to better collection efficiency, possibly because of their sheltered 

location along the Cascade Brook (Fig. 1.3). 

Figure 4.7 is an adaptation of Figure 2.13, where only stratiform events are shown 

and data from the four 2015 HPEs are included (11 Aug, 29-30 Sep, 28-29 Oct, and 19-20 

Nov). Removing the convective events, which often have high spatial variability within 

HBEF, substantially increases the correlation of wind speed and precipitation gradient (r2 
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values of 0.375 and 0.499 for the north- and south-facing slopes, respectively). The four 

2015 events fall along the linear regression lines in Figure 4.7, which suggests that for 

winds near 10 m s-1 or more, the precipitation maxima are much more likely to occur in 

the valley and not on the ridges and the elevational precipitation gradient increases. Weak 

wind events (<5 m s-1) do not support strong orographic enhancement and therefore do 

not exhibit this pattern.  

Convective 

 The single convective event where precipitation exceeded 50 mm was a series of 

convective showers on 18-19 July culminated by an intense downpour late on 19 July. 

Over 75 mm of precipitation fell in just over an hour and over 100 mm was totaled in a 3-

hour period. The highest precipitation fell on the south-facing slope from a training 

system from the west-northwest. Radar data shows the training system originating on the 

lee-side of Mount Mansfield, in the Green Mountains of Vermont. It is possible that this 

convective system was the result of continuous lee-side convergence under favorable 

conditions to induce convection for an approximately 3-hour period. Precipitation amount 

for this event shows an increase down the south-facing slope before a steep decrease near 

the bottom of the valley toward the north-facing side of HBEF (Fig. 4.8).  

The stable isotope data shows little variability despite a steep gradient in 

precipitation (Fig. 4.8), suggesting that orographic cloud moisture did not play a 

significant role in the precipitation amount. Instead it is likely that since convective 

events are well vertically distributed, the source moisture came from a wide range of 

cloud heights and therefore washed out any differences between low and high clouds. 
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Despite, little to no orographic component in this event, it is important to study 

convection in complex terrain since the high precipitation associated with this event was 

responsible for the highest stream flow observed during the field campaign, which was 

the cause of a slope failure along a bank of the Hubbard Brook, and the loss of two Cans, 

5 and 8. 

Stable Isotopes 

Stable isotopes were sampled in 6 events, 5 of which were stratiform (11 Aug, 29-

30 Sep, 8-9 Oct, 28-29 Oct, and 19-20 Nov), and one convective event (18-19 July). 

Figures 4.2 through 4.4 and Figures 4.8 through 4.22 show the ẟ18O, ẟD, and Deuterium 

excess for each event that precipitation was sampled.  

Two events (11 Aug and 19-20 Nov) had valley precipitation maxima (>10% 

more than adjacent ridges) and both exhibited less-fractionated ẟ18O where precipitation 

amount was greater (Fig. 4.2; Fig. 4.3). The difference in fractionation with latitude is 

greater in the 11 August event and will be discussed more later. It is important to note that 

the higher wind event (19-20 Nov) exhibited a precipitation maximum shifted northward 

toward the bottom of the south-facing slope (~43.95º), and the heaviest isotope content 

shifted to the same location with respect to the 11 August event (~43.94º). These data are 

strong evidence that source water from low-level (orographic) condensation are causing 

the precipitation maxima. As the rain from synoptically induced (isotopically depleted) 

cloud fall through the orographic cloud, the precipitation intensity increases via collision-

coalescence and the precipitation becomes isotopically-enriched from the warmer 

orographic cloud water. These heavier, enriched raindrops are likely causing the co-
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located of ẟ18O maxima and precipitation maxima in the valley. 

Two events (8-9 Oct and 28-29 Oct) had similar precipitation (<10% difference) 

in the valley and on the ridges, and were less-fractionated in the valley (Fig. 4.9; Fig. 

4.4). These events did observe slightly less precipitation in the valley than expected, and 

the heavier isotope concentrations suggest that evaporation may have been the leading 

cause. There is a kinetic fractionation effect that occurs from the lower diffusivity of 

HD16O relative to HN18O and HN16O. This effect results in HN16O being more enriched in 

the vapor phase during evaporation and thus lower d in the condensate (rain) (Merlivat 

1978; Jouzel and Merlivat 1984). The effect of evaporation is apparent in d for the 8-9 

October, 28-29 October, and 11 August events, where lower values of d coincide with 

areas of lesser precipitation in the valley where rain drops have a longer fall time for 

evaporation to alter d (Fig. 4.10, Fig. 4.11, Fig. 4.12). 

During the 29-30 September event, more precipitation (>10%) fell on the ridges 

than in the valley and had less-fractionated ẟ18O toward the ridges (Fig. 4.13). This 

pattern is in opposition to the general pattern suggested by Dansgaard (1964), where 

heavy isotope concentrations decrease with increasing altitude. It is possible that 

orographic clouds were present only over the ridges and not over the valley, and weak 

winds (4.3 m s-1) were insufficient to cause the rain to drift into the valley. In Figure 4.13, 

HQ shows stable isotopes of ẟ18O with similar fractionation as near the ridges, but 

precipitation similar to the valley. This discontinuity in the pattern may be due to HQ 

being located outside of the main topographic features, thus different phenomena 

occurring. For instance, its lower elevation most likely resulted in further evaporation 



 

  59 

(lower d in Fig. 4.14) that was not observed in the main valley, which would provide the 

less-fractionated ẟ18O.  

Fractionation of 𝛿D was less clear than 𝛿18O, showing three events with a distinct 

pattern relating to latitude and precipitation amount. The 28-30 Sep (Fig. 4.15) case 

shows less fractionated 𝛿D toward the ridges where precipitation was the highest. The 8-

9 Oct (Fig. 4.16) case shows relatively similar ẟD for an event where precipitation was 

near equal in the valley and on the ridges.  

The 18-19 July convective event had a steep precipitation gradient, but 𝛿18O 

shows no relationship with precipitation amount (Fig. 4.8), and ẟD (Fig. 4.17) and d (Fig. 

4.18) shows high variability and no strong relationship with precipitation. This was an 

expected result because convective systems are dominated by strong vertical motions that 

can mix condensate and ice that form across a long Rayleigh distillation curve and 

substantial turbulence that can result in a wide range of water pathways. Figures 4.19 

through 4.22 show ẟD for 11 August, 28-29 October, 19-20 November, and d for 19-20 

November. 

Figure 4.23 shows the relationship between ẟ18O and elevation at HBEF. Black 

linear regression lines show how heavy isotope content decreases with increasing 

elevation in the events where precipitation maxima occurred in the valley or was 

generally the same throughout HBEF. The red linear regression lines show the opposite 

trend, where notably in the 29-30 Sep, weak wind, stratiform event, the heavier isotope 

content was observed at higher elevations, perhaps due to an orographic cloud not present 

over lower elevations.  



 

  60 

Data for a rain gauge located in Plymouth, New Hampshire (20 km south of 

HBEF) is included in the data for events that occurred between September and 

November. Plymouth was chosen as a location that would likely not observe as much 

precipitation augmented from an orographic cloud as HBEF, yet the influence of an 

orographic cloud from the surrounding hills and mountains is not ruled out at this 

location. ẟ18O at Plymouth is generally more fractionated than the value indicated by the 

linear regression line, of which Plymouth was a weighted member. The exception is for 

the 19-20 November event, however, in this event Plymouth recorded nearly as much 

precipitation as HBEF and the presence of orographic enhancement cannot be ruled out. 

The 19-20 November event had other additional isotope readings at Waterville Valley, 

Campton Campground, and on the Kancamagus Highway as shown in Figure 4.23.	  

All linear regression lines that show heavier isotope concentration at lower 

elevations (black lines in Fig. 4.23) have similar slopes, except for the 11 August event.  

There are at least three possibilities that can explain why this event has a steeper slope. 

First, the orographic cloud may simply be thicker over the valley during this event and 

therefore receive a larger contribution from the orographic cloud. Secondly, there may 

have been weaker static stability during this event, which would mean relatively cooler 

condensation temperatures at certain heights than in more statically stable events. The 

Gray, Maine sounding for the 11 August event showed a moist adiabatic lapse rate 

through the troposphere (not shown). Some of the late season storms (Sep-Nov) were 

dominated by intense warm-air advection over a cooler surface, which resulted in a near 

isothermal layer in the lowest few kilometers. This would reduce the lapse rate, and 
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possibly the stable isotope fractionation with elevation. The black linear regression lines 

in Figure 4.23 suggest that ẟ18O varies from 2-8 ‰ km-1 elevation.  

19-20 November Event 

 A rawinsonde was launched at ~0600 UTC 20 November 2015 in the Hubbard 

Brook valley to better understand the vertical profiles of wind and stability during a HPE. 

The data in the lowest 2000 m were plotted in Figure 4.24, a sufficient depth to 

investigate orographic processes that may enhance precipitation (Hill et al. 1981). The 

temperature profile shows a shallow temperature inversion below 500 m that is followed 

by a stable layer that extends vertically to ridge height (900 m) with a lapse rate of 4.25 

ºC km-1. Between 1000 m and 1200 m is a layer with a moist adiabatic lapse rate (5.92 ºC 

km-1), which identifies a region where moist air is likely being lifted, expanding in lower 

ambient pressure, and condensing into an orographic cloud. This ~200 m saturated layer 

could represent an orographic feeder cloud, augmenting precipitation at HBEF. Above the 

moist adiabatic layer is a near isothermal layer that extends up to ~1600 m, the maximum 

elevation of the ridges downstream. A strong temperature inversion exists for ~200 m up 

to 1800 m where the profile becomes moist adiabatic up to the tropopause (not shown). 

The moist adiabatic region above 1800 m is likely the synoptically lifted layer, or seeder 

cloud, from which hydrometeors fall, descending through the feeder cloud and are 

deposited in the Hubbard Brook valley. The profile is nearly saturated through the lowest 

2000 m, with the driest air just above the surface where relative humidity is as low as 

96%, meaning that little to no evaporation of hydrometeors is occurring at this stage of 

the baroclinic system. 
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 The wind direction near the surface is northeasterly where it is likely influenced 

by turbulence or blocked flow that is redirected through the Hubbard Brook valley. 

Between 500 m and 700 m the wind direction is easterly and southeasterly as it appears to 

be funneled through the valley and potentially exiting out a gap in the western ridge of 

HBEF with elevation around 600 m. Wind speeds increase with elevation from around ~3 

m s-1 to 12 m s-1 at ridge height, and then reach a local maximum of 17.5 m s-1 above the 

ridge at 1050 m. This local wind speed maximum above ridge height may be due to air 

that is being lifted and compressed over the southern ridge of HBEF or associated with an 

eddy. Wind directions then become southerly and increase up to >30 m s-1 around 1850 

m.  

These profiles show stable, moist air in the lowest 2000 m with decoupled 

easterly flow across the valley and an extremely strong shear layer where wind speeds 

increase nearly 30 m s-1 in ~1 km. Figure 4.25 shows vertical profiles of Brunt-Väisälä 

frequency (N), wind components, and Richardson number 𝑅; . Layers of 𝑅; < 0.25 

indicate areas where turbulence can be produced from intense shear despite the strong 

stability. According to the vertical profile of Richardson number, turbulence is present 

throughout the profile, but especially in a few large sections between 750 and 1200 m 

ASL, a layer that is likely strongly influenced by the 900-1000 m ridges in HBEF. Brunt-

Väisälä frequency values are also below zero in the 750-1250 m layer and indicate local 

instability caused by lift and/or turbulent mixing where enhanced precipitation is likely. 

Meridional wind speeds were examined for the 19-20 November event to better 

understand where precipitation enhanced by an orographic cloud will reach the surface. 
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Hydrometeor drift was calculated using a range of fall speeds from drizzle (2 m s-1) to 

heavy rain (9 m s-1) and true meridional wind speeds for a maximum origin height of 

1500 m (Fig. 4.27). For a drizzle-sized raindrop (0.5 mm) originating at 1500 m ASL 

over the southern ridge of HBEF, it would likely become grounded on the south-facing 

slope. In comparison, a large raindrop (>5 mm) would travel ~100 m before becoming 

grounded. A widely varying size distribution would therefore have a substantial impact 

on precipitation distribution. 

Stability was analyzed in the lowest 1500 m AGL by calculating the Froude 

number. Within the Hubbard Brook valley (960-925 hPa) the Froude number was 0.127, 

suggesting blocked or retarded flow, which is indicated by the ~0.5 m s-1 wind flowing 

east to west up the Hubbard Brook valley channel. Blocking, or partial blocking, was also 

evident from the taller summits downstream in the WMNF as indicated by a Froude 

number of 0.615 in the layer up to the top of the inversion. 

Orographic Enhancement   

Another goal of this study is to relate wind speed and orographic enhancement of 

precipitation over HBEF as a whole. Hill et al. (1981) studied 8 cases in south Wales and 

related wind speed with the enhanced precipitation rate (Fig. 1.4). The relationship 

appears to be linear with the exception of the strongest wind case, which presents an 

exponential regression.  

Maximum daily precipitation from HBEF was compared to daily precipitation 

from a Davis tipping-bucket rain gauge at Plymouth State University for stratiform HPEs 

(>50 mm) from 1998 to 2013 (circles in Fig. 4.27). Additionally, two easterly wind 
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stratiform HPEs (>30 mm), and four southerly wind stratiform HPEs (>40 mm) from the 

2015 field campaign were compared to the tipping bucket (triangles in Fig. 4.27). 

The factor of orographic enhancement increases linearly with wind speed for both 

southerly and easterly wind events. However, the enhancements are much greater for 

southerly wind events (54% more precipitation for 10 m s-1 increase in wind speed) than 

easterly wind events (30% more precipitation for 10 m s-1 increase in wind speed). Lesser 

orographic enhancements in easterly wind events may be related to the more complex 

terrain to the east of the sites than to the south.  

The correlation between orographic enhancement and southerly wind speed is 

r=0.51, and for easterly wind speed r=0.40. These correlations quantify the relationship 

between wind speed and orographic enhancement, which purposefully discount other 

factors such as stability. It is unclear if considering stability (e.g., Froude number) would 

strengthen the above correlations. This study did not calculate Froude number for this 

subset of historical events due to a lack of data. 

 A similar analysis between wind speed and orographic enhancement was 

completed using HBEF maximum daily precipitation and daily precipitation at Lebanon, 

NH (Fig. 4.28). Lebanon was chosen because it is farther from the WMNF (Fig. 1.2), and 

as another valley site for comparison. Additional comparisons from the 2015 field 

campaign were made between HBEF maximum event precipitation the average event 

precipitation among local valley sites: K1P1, Boyd, Ashland, Woodstock, Sanbornton, 

Laconia, and Lafayette, located in Figure 1.2 and in Appendix A (triangles in Fig. 4.28).  

The linear regression in Fig. 4.28 is fit well by both southerly and easterly events. 
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The regression line suggests that a 10 m s-1 increase in wind speed will increase 

orographic enhancement by 91%, and is well correlated (r=0.72). When wind speeds 

reach near 15-20 m s-1 the enhancement can be two- or three-fold, which has serious 

impacts on the potential for flooding. 
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Table 4.1.  Raw event total precipitation (mm) observed at each rain gauge for events >15 
mm, storm type (S – Stratiform; C – Convective; S/C – Stratiform with convective 

elements), low-level wind direction, and catchment-difference (between 4” and 8” rain 
gauges) bias adjustment. Events highlighted in bold were investigated in this study. 

 
Event Date Type Wind 

Dir. 
1 2 3 4 5 6 

8-9 June S/C S 34.3 45.0 44.7 44.7 39.1 40.1 
15-16 June S/C S 25.4 32.3 31.8 32.3 29.5 29.1 
20-21 June S S 25.2 25.4 25.2 25.2 22.1 22.6 

23 June C S 36.6 33.5 33.0 33.3 33.3 34.8 
28 June S E 29.2 35.3 34.5 34.0 32.8 32.5 

1 July S/C E 34.3 38.6 38.4 38.1 37.1 37.3 
18-20 July C W 105.9 130.6 130.1 130.3 -999 114.1 

11 Aug S S 43.7 54.1 54.1 54.1 51.3 50.3 
10-11 Sep S/C N 25.1 26.2 -999 27.2 26.7 26.4 
29-30 Sep  S S 91.2 96.5 97.2 97.8 94.2 91.4 

8-9 Oct S S 31.5 31.8 32.2 32.5 32.3 32.0 
28-29 Oct S S 36.1 43.4 42.7 43.2 41.1 41.1 
19-20 Nov S S 45.7 51.8 51.6 51.3 51.3 51.6 

                 

 
Event Date 7 8 9 10 11 12 Mean Adjustment 

8-9 June 40.9 45.2 33.8 42.7 43.7 43.2 41.5 N/A 
15-16 June 28.5 27.9 26.7 28.3 27.9 27.9 29.1 N/A 
20-21 June 22.9 23.6 24.9 22.9 23.4 23.1 23.7 N/A 

23 June 36.6 39.6 39.6 40.9 40.6 40.4 36.5 N/A 
28 June 32.5 34.5 34.5 35.5 35.3 35.3 33.6 +3.4% 

1 July 37.9 40.6 37.9 39.4 39.9 40.1 38.4 +4.4% 
18-20 July 112.3 -999 107.2 105.9 107.4 108.0 116.0 N/A 

11 Aug 51.3 53.9 50.0 50.8 52.1 51.6 51.7 +2.6% 
10-11 Sep 25.9 29.2 -999 28.7 29.7 29.0 27.4 N/A 
29-30 Sep  91.7 96.3 -999 9.8 101.9 102.1 96.2 +2.5% 

8-9 Oct 31.8 31.2 -999 31.2 31.8 31.2 31.9 +4.2% 
28-29 Oct 41.1 42.9 44.2 45.2 46.5 45.7 42.8 -1.5% 
19-20 Nov 52.8 51.8 45.7 46.7 47.0 47.2 49.7 0.0% 
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Table 4.2. Mean-bias (Bias), mean-absolute-error (MAE), and root-mean-squared-error 
(RMSE) for all co-located rain gauges (45º - RG1, RG19, HQ; 55º - RG1, RG19; 65º - 

RG1, RG19). 
 

Angle to Canopy Bias (mm) MAE (mm) RMSE (mm) 

45º -1.14 1.57 2.05 

55º -0.61 1.32 1.81 

65º -0.67 1.26 1.70 
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Figure 4.1.  Mean precipitation observed at each gauge for all stratiform high 

precipitation events (>40 mm) with a southerly wind (11 Aug, 28-29 Oct, 19-20 Nov), 
greater than 5 m s-1. Black line represents relative elevation of each gauge. 

 
Figure 4.2.  Precipitation and ẟ18O for the 11 August 2015 event. 
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Figure 4.3.  Precipitation and ẟ18O for the 19-20 November 2015 event. 

 
Figure 4.4.  Precipitation and ẟ18O for the 28-29 October 2015 event. 
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Figure 4.5.  Precipitation observed at all gauges during the 29-30 September 2015 event. 

Black line represents relative elevation of each gauge. 

 
Figure 4.6.  Mean Precipitation for field campaign events >30 mm precipitation and 

easterly winds. 
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Figure 4.7.  Latitudinal precipitation gradient for the north (blue) and south (red) -facing 

slopes for south wind events as a function of wind speed. Positive values indicate 
precipitation maxima are likely occurring in the center of the valley. Filled circles (8) are 

for four >40 mm events in 2015 with southerly winds. 
 

 
Figure 4.8.  Unadjusted precipitation and ẟ18O for the 18-19 July 2015 event. 
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Figure 4.9.  Precipitation and ẟ18O for the 8-9 October 2015 event. 

 
Figure 4.10.  Same as Fig. 4.9 for deuterium excess. 
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Figure 4.11.  Same as Fig. 4.4 for deuterium excess. 

 
Figure 4.12.  Same as Fig. 4.2 for deuterium excess. 
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Figure 4.13.  Precipitation and ẟ18O for the 29-30 September 2015 event. 

 
Figure 4.14.  Same as Fig. 4.13 for deuterium excess. 
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Figure 4.15.  Same as Fig. 4.13 for ẟD. 

 
Figure 4.16.  Same as Fig. 4.9 for ẟD. 
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Figure 4.17.  Same as Fig. 4.8 for ẟD. 

 

 
Figure 4.18.  Same as Fig. 4.8 for deuterium excess. 
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Figure 4.19.  Same as Fig. 4.2 for ẟD. 

 
Figure 4.20.  Same as Fig. 4.4 for ẟD. 
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Figure 4.21.  Same as Fig. 4.3 for ẟD. 

 
Figure 4.22.  Same as Fig. 4.3 for deuterium excess. 
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Figure 4.23.  ẟ18O with respect to elevation for all events where precipitation was 
sampled. 

 
Figure 4.24.  Vertical profiles of air temperature, dewpoint temperature, wind speed, and 

direction from the 0600 UTC 20 November 2015 HBEF sounding.  
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Figure 4.25.  Vertical profiles of Brunt-Väisälä frequency, wind components (solid line is 
u component and dashed line is v component), and Richardson number derived from the 

0600 UTC 20 November 2015 sounding. 

 
Figure 4.26.  Potential hydrometeor drift at various descent speeds – drizzle to heavy 
rain. Meridional drift is calculated using meridional wind through the vertical profile 

shown in Fig. 4.25. 
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Figure 4.27.  Impact of wind speed on the factor of orographic enhancement for  

>50 mm stratiform precipitation days in HBEF. Circles represent precipitation factored 
with Plymouth State University’s tipping-bucket in Plymouth, NH. Triangles represent 

events from the 2015 field campaign. 
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Figure 4.28.  Impact of wind speed on the factor of orographic enhancement for  

>50 mm stratiform events in HBEF. Circles represent precipitation factored with KLEB 
ASOS in Lebanon, NH. Triangles represent events from the 2015 field campaign factored 
with the mean precipitation observed at valley sites shown in Fig. 1.2 and in Appendix A. 
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Chapter 5: Discussion 
 

It is first very important to discuss the impacts that wind speed may be having on 

catchment at HBEF. Wind data from the Kineo tower (near RG17) show that mean wind 

speeds during the 19-20 November event were around 3 m s-1 and with gusts as high as 

10 m s-1. While a peak gust could have an impact on precipitation catchment at a rain 

gauge, the mean wind speed is slow enough that it has little to no effect on the catchment 

according to Michelson (2004). Further, the Kineo tower is at ~10 m and the rain gauges 

are all at 2.5 m and will be sheltered from the wind by the surrounding trees. Therefore, it 

is believed that strong wind speeds are not reducing catchment in any substantial manner, 

except at rain gauge 3 where it has been long observed (Federer et al. 1990; Bailey et al. 

2003). 

 During the June to November 2015 field campaign, two southerly wind events (11 

Aug and 19-20 Nov) exemplified the valley precipitation maxima that was suggested by 

the climatology of data in Figure 2.5. The 19-20 November and 11 August events were 

the second and third highest precipitation stratiform events during the field campaign. 

Southerly wind events that produced total precipitation <40 mm did not exhibit the same 

pattern. Therefore, it is important to understand increased valley precipitation as it affects 

the highest precipitation events, which pose the greatest threat to flooding. Furthermore, 

this pattern is amplified under strong winds and heavy precipitation, making it a critical 

factor in spatial precipitation distribution and amount in the most extreme events.  

The one event (29-30 Sep) that produced high precipitation (>50 mm), and 
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precipitation maxima on the ridges was associated with wind speeds less than 5 m s-1, 

increasing the confidence that only high precipitation events (HPEs) with strong wind 

speeds observe the valley maxima at HBEF. This event likely received some orographic 

enhancement on the ridges, but not a substantial amount, since the maximum ridge 

precipitation at HBEF was less than 10% more than adjacent valleys (Fig. 4.30).  

While events with weak winds (<5 m s-1) can pose a threat to flooding, they offer 

fewer challenges in understanding the spatial distribution of precipitation amount in 

complex terrain. As shown by Figures 4.29 and 4.30, while wind speeds are weak, 

orographic enhancements over HBEF were less than 50% compared to Plymouth and 

Lebanon, NH. This makes quantitative precipitation estimation (QPE) in complex terrain 

much easier, since precipitation amounts will vary relatively little from nearby valleys 

where an abundance of precipitation measurements are available. However, when winds 

speeds reach and exceed 10 m s-1 through the barrier depth, the orographic enhancement 

can range anywhere from 50% to over 200% at HBEF. Strong winds can provide 

substantially more precipitation over complex terrain and complicate QPEs. Given that 

HPEs with strong winds (>10 m s-1) are more likely to have greater orographic 

enhancements and also exhibit large spatial variability within HBEF, it is essential to 

understand where the precipitation maximum will fall and the magnitude of the 

maximum to better forecast stream flow.  

 While the two easterly wind events were not the main focus of this study, they 

provided invaluable data. Both of the easterly wind events held an observable easterly 

pattern, which perhaps increased precipitation under the same process as southerly 
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events. Each showed precipitation over the valley to be near equal to that at the ridges 

with the same longitude. This evidence supports the claim that wind speeds were not 

affecting the catchment in southerly wind events at higher elevations, because if true, 

then the ridges would have significantly less precipitation than the valley in easterly cases 

as well. In addition, the enhanced precipitation in the valley matching that of the ridges 

show that the airflow is lifted over the entire valley even though the gap in topography on 

the eastern edge of HBEF is relatively large. These data support the conclusion by 

Pedgley (1970), that precipitation maxima over mid-latitude mountain ranges are closely 

related to topography that can be enlarged in effect, by low-level stable air filling the 

mountain valleys.  

 Higher precipitation amounts coincided with heavier isotope concentrations in 

three events. However, it must be considered that the highest elevation where stable 

isotopes were sampled was 600 m, approximately halfway between the valley and the top 

of the ridge. The elevational gradient of fractionation up to the ridges is unknown, but 

will be assumed to be the same those in the valley for some of the following conclusions. 

The 11 August event had the precipitation and heavy isotope content maxima near the 

center of the valley, and the 19-20 November event, with stronger southerly winds, 

resulted in pushing both maxima northward up the south-facing slope. This pattern 

suggests that the isotopically heavier orographic cloud extended farther downstream 

before being washed out via collision-coalescence by precipitation during the 19-20 

November event. 

In the case of higher precipitation and heavier isotope content in the valley, the 
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orographic cloud is anchored upstream of the southern ridge of HBEF, and due to high 

winds, the cloud is advected some distance downstream before becoming washed out. 

This results in more moisture from the orographic cloud being deposited downstream in 

the valley (Fig. 5.1a). 

The 29-30 September event, where the precipitation maximum and the heaviest 

isotope content were observed on the ridges, is an interesting exception to the typical 

southerly wind pattern. If the vertical profile was saturated and clouds existed, rain 

falling from ridge height to the bottom of the valley should coalesce with progressively 

isotopically heavier cloud droplets all the way to the ground, resulting in less-fractionated 

water in the valley, not the ridges. If the vertical profile was not saturated, ensuing 

evaporation, which favors the lighter isotopes, would still result in less-fractionated water 

at lower elevations. Thus, the only way to observe heavier isotope content on the ridges is 

from a greater influence from an orographic cloud near ridge elevation. Therefore, the 29-

30 September event, being one of weak winds, is likely still observing orographic 

enhancement, however only over the ridges where a thinner layer of air is lifted to its 

condensation level over the topography, and the orographic cloud water is unable to be 

advected downstream before becoming washed out (Fig. 5.1b). 

In the 19-20 November event, an ~200 m layer was potentially lifted by the 

terrain to the south and created a saturated layer (Fig. 4.24). If that layer produced an 

orographic cloud that augmented precipitation, those hydrometeors could be advected 

downstream towards the south-facing slope where the highest precipitation was recorded. 

However, with an origin height of 1200 m, even drizzle would only drift ~1.6 km before 
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becoming grounded (Fig. 4.26), not sufficient to reach the south-facing slope. 

Furthermore, the orographic cloud is not able to produce precipitation by itself, and 

instead augments precipitation falling from seeder clouds. These raindrops may become 

quite large and break apart upon descent, creating a large dropsize distribution, with a 

wide range of fall speeds. Therefore, the augmented precipitation can be drifting 

anywhere between 100 and 1600 m, depending on the dropsize.  

An assumption is being made above that limits the potential drift of the 

hydrometeors. The air that is being lifted over the southern ridge of HBEF and producing 

a saturated layer requires some timescale to condense into cloud droplets, which are not 

washed out instantaneously by the seeding precipitation. In fact, it depends greatly on the 

pre-existing seeding precipitation rate – a heavier precipitation rate will wash out feeder 

cloud droplets faster. The seeding precipitation rate will vary throughout any baroclinic 

system, which will affect the potential orographic cloud drift. Especially with lighter 

seeder precipitation rates, the orographic cloud will tend to drift some distance (d) 

downstream before being washed out (Fig. 5.2). In the case of HBEF for the 19-20 

November 2015 event, the saturated layer created by the lift is likely drifting several 

kilometers while producing cloud droplets and becoming washed out by seeding 

precipitation. The cloud drift, rather than the hydrometeor drift is likely causing the 

valley precipitation maxima at HBEF. 

It would appear that the air lifted over HBEF does not descend down the lee-slope 

and into the valley, possibly due to strong stability and topographic sheltering of the 

valley. Instead, the data suggests that air ascends and descends more gradually as though 
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the mountain-valley-mountain feature and stable air within act as a larger single mountain 

feature as proposed by Pedgley (1970). However, some events did observe evaporation 

over the valley, which may be a result of down-sloping winds. 

The Froude number of 0.127 within the HBEF valley does not suggest that much 

air can be lifted over the subsequent ridge, to potentially form an orographic cloud and 

augment precipitation. However, no data of stability and wind speed exist immediately 

upstream of HBEF, so it is unclear what thickness of air would be lifted over the southern 

ridge to augment precipitation over the valley. Even if stability upstream of HBEF was 

similar to the valley, the wind speeds perpendicular to the barrier were likely much 

stronger because there is not a long barrier immediately upstream to shelter the air, cause 

turbulence, and decrease velocity. It is reasonable to believe that the upstream stability 

and wind speeds were appropriate to lift an ~200 m saturated layer, as suggested by the 

moist adiabatic lapse rate between 1000 and 1200 m ASL. However, it is crucial to 

launch a rawinsonde upstream of HBEF to accurately quantify the layer of air that would 

be orographically forced over the southern ridge of HBEF. The lifting of stable, moist air 

over the ridge may be primary mechanism of orographic enhancement at HBEF. 

The data support two additional mechanisms that may act to enhance precipitation 

at HBEF. The second mechanism for orographically enhanced precipitation is based on 

work by Houze and Medina (2005) and visualized in Figure 5.3. As indicated by 19-20 

November 2015 rawinsonde data, statically stable air was exposed to strong vertical wind 

shear as the decoupled, blocked flow attached to the topography interacted with the >30 

m s-1 winds at 2 km ASL. Profiles of Brunt-Väisälä frequency and Richardson number 
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showed a layer of relatively unstable and turbulent air between 750 and 1200 m ASL. 

Richardson number values <0.25 in this layer suggest that Kelvin-Helmholtz (KH) 

instability and KH billows would be present. These KH billows, or overturning cells, 

would feature lifting upstream, possibly enhancing the microphysical process of 

precipitation growth. A recent study by Medina and Houze (2016) found that KH billows 

may be a common phenomenon as statically stable, highly sheared baroclinic systems 

pass over mountain ranges. They found that KH billows over the Alps and Cascades have 

a 3-4 km horizontal extent and persisted for ~1.5 hours. This source of precipitation 

enhancement would not necessarily be limited to the mountains, as a strong shear layer 

could produce overturning cells along blocked flow far upstream of the mountains. This 

could be confirmed by a Doppler on Wheels (DOW) positioned upstream or at the along 

the southern foothills of the White Mountains. 

This turbulent process was likely a contributor to enhancement in the 19-20 

November case. As the flow overcame the southern ridge of HBEF, strong turbulence 

over the valley started to develop, reaching a climax before the northern ridge started to 

impinge upon the overturning cells. This is reflected by the precipitation amount, 

increasing northward from the southern ridge, and reaching a maximum just before the 

terrain starts to elevate again. Kineo tower data also suggests strong turbulence as mean 

winds were 3 m s-1 and maximum winds were over 10 m s-1. Events with KH may be 

common for the WMNF during HPEs, since the stratiform HPEs are most common in 

September and October when surface temperatures begin to cool, and strong warm-air 

advection aloft may produce a statically stable, highly sheared environment. 
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A final mechanism is proposed in Figure 5.4, and likely operated in conjunction 

with the turbulent mechanism. As flow is blocked at low-levels by the mountains, it 

forces the more unstable upstream air to rise over it, resulting in a gradual, isentropic lift 

that may begin far upstream of the actual terrain. Blocked flow and turbulent flow also 

slow the air ahead of the mountain range, causing flow convergence of saturated air, or 

moisture flux convergence. Since the air is already saturated, moisture flux convergence 

leads to an oversaturation of air, providing condensation and precipitation. Figure 5.4 

shows precipitation along a north-south transect as air approaches the White Mountains. 

Precipitation amount increases steadily from 29 mm in Concord, NH, to 53 mm at HBEF.  

After the air is lifted isentropically over blocked flow within the valleys, 

subsidence occurs downstream of the mountains and effectively dries out the once 

saturated air, greatly reducing precipitation amount. This “rain shadow” effect is observed 

in Littleton, NH, where precipitation totaled 16 mm in the event (Fig. 5.4). The error in 

the NCEP Stage IV QPE shows the broader scale of this mechanism and highlights the 

need for a better understanding of this process in forecasting and estimating precipitation 

amount (Fig. 5.5). Precipitation was much higher just south of, and immediately over, the 

White Mountains than in other areas, the extent to which was underestimated 

substantially by the analysis. Areas north of the mountains observed much less 

precipitation and amounts were generally over-predicted. It is interesting to note the 

much lower precipitation over Vermont, which may have been the result of a 

strengthening system as it moved east, but also due to the north-south orientation of the 

Green Mountains, which would not block southerly flow as effectively, and instead 
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channel it northward. 

 Data from the 2015 field campaign support all of the above mechanisms for 

orographic enhancement of precipitation. The turbulence mechanism agrees with the 

correlation between wind speed and orographic enhancement as higher wind speeds 

would induce more shear instability and turbulent overturning cells, as well as increased 

convergence as the air is slowed prior to overcoming the mountain range. Increased wind 

speed also plays a direct role in the lift of stable, moist air over the terrain, as stronger 

winds would induce stronger forced ascent over the southern ridge of HBEF. Although 

not captured in this study, there may be HPEs at HBEF where some potential instability 

due to the forced ascent is realized, which may further add to precipitation enhancement 

due to orographic lift. The events where potential instability may be dominant would be 

more common in the meteorological summer. As the transition to autumn occurs and 

surface temperatures decrease, the strong warm-air advection aloft associated with most 

HPEs will lead to a statically stable environment where potential instability is much less 

common. Instead, typical conditions during the cool-season favor the turbulence and 

blocking mechanisms or orographic lift of stable air. 
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Figure 5.1.  Schematic diagram of relative stable water isotope fractionation and 
corresponding relative precipitation amount (P). A high wind event where the 

precipitation maximum is located in the valley is shown in a) and a weak wind event with 
a ridge precipitation maximum is shown in b). 
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Figure 5.2.  Schematic diagram for seeder-feeder mechanism at HBEF. The length “x” is 
the distance downstream the orographic cloud is advected before becoming washed out 

by the seeding precipitation from the synoptically-forced cloud. 
 
 

 
Figure 5.3.  Schematic diagram for precipitation enhancement by turbulence generated by 

vertical wind shear. Modeled after Houze and Medina (2005).  
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Figure 5.4.  Schematic diagram of upstream flow being lifted over blocked flow during 

the 19-20 November 2015 event. Numbers show total precipitation amount (mm) at 
Concord (CON), Canterbury (CAN), Sanbornton (SAN), Ashland (ASH), Plymouth 

(PLY), HBEF, Lost River (LRV), and Littleton (LIT), NH. 
 
 

 
Figure 5.5.  NCEP Stage IV precipitation for northern New England totaling the 19-20 

November 2015 event (background colors). The size of the overlaid circles shows relative 
precipitation amount to other gauges. Red (blue) circles show where the radar 

underestimated (overestimated) the precipitation amount compared to the gauge 
observations. The circle with a green outline is the SCAN site at HBEF. 
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Chapter 6: Conclusions and Future Work 

 

Overview 

 The potential for valley precipitation maxima in southerly wind events was 

investigated with the addition of five new rain gauges at HBEF valley locations. A valley 

precipitation maxima was generally found in events that totaled over 50 mm, when winds 

averaging near 10 m s-1 or greater were present through the mountain depth. The location 

of the maxima can be shifted northward, up the south-facing slope, when winds are 

sufficiently strong.  

 In easterly wind events the precipitation varies with respect to longitude with little 

or no dependence on elevation. Precipitation data suggests that air is lifted over HBEF on 

a broader scale, and precipitation maxima may be located in the longitudinal center of 

HBEF when winds are les than 10 m s-1, or farther to the west, out of rain gauge 

coverage, when winds are stronger. More rain gauges in the western half of HBEF should 

be installed to observe easterly events with more confidence. 

The current sampling distance of precipitation is at higher spatial resolution than 

needed to sufficiently study precipitation amount at HBEF. If rain gauges were chosen to 

be removed or relocated, a simple analysis of precipitation data could be done to 

determine a sufficient distance to which new rain gauges should be installed. One 

approach would be a Barnes type interpolation analysis, where a wide range of 

precipitation events would be tested with the gradual removal of rain gauge data, to 

determine gauges that can be interpolated with little error. It would be logical to keep 
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precipitation gauges at upper, lower, and horizontal boundaries in place, to retain 

accuracy of interpolation. 

 Stable isotope fractionation in collected rain suggests the influence of enhanced 

low-level condensation or orographic clouds in a number of events. ẟ18O appeared to 

vary proportionately with low-level condensation, showing a signal in all six stratiform 

events where samples were taken. The data exhibited three main patterns between 

precipitation and ẟ18O. First, higher precipitation in the valley than on the ridges with 

enriched isotopes suggest that the greatest contribution to moisture from the orographic 

cloud is occurring over the valley by moisture advected from upstream. In the events with 

relatively homogenous precipitation amounts, but slightly lesser amounts over the valley 

form from the same scenario as above, however the d suggests that precipitation over the 

valley evaporates to some extent before becoming grounded, resulting in slightly less 

total precipitation. Finally, the event where the precipitation maximum and enriched 

isotopes were observed on the ridges, is likely from orographic cloud moisture near the 

ridges that is washed out before it has time to be advected downstream by relatively weak 

winds. 

 The spatial distribution of precipitation from the seeder-feeder mechanism is 

strongly influenced by the horizontal wind speed, the pre-existing precipitation rate 

(Carruthers and Choularton 1983), and drop-size distribution. The horizontal wind speed 

and pre-existing (seeder) precipitation rate will dictate how far the feeder cloud will be 

advected before becoming washed out. Weak winds and high rainfall rates will act to 

wash out the feeder cloud most rapidly, and concentrate the location of enhanced 
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precipitation at high elevations. Strong winds and lighter seeding rates will cause the 

feeder cloud to drift farther downstream before becoming washed out and distribute the 

enhanced precipitation over a larger area, reducing the maximum potential precipitation 

(Carruthers and Choularton 1983). However, stronger winds would be able to lift a 

thicker layer of moist air than weaker winds and it is unclear what these individual 

controls have on an event-to-event basis, especially in terms of total volume received 

across HBEF. 

To better understand the processes controlling orographic modification of 

precipitation in HBEF, stable isotopes analyses should be performed on rainfall samples 

taken on valley-to-ridge transects to validate assumptions made herein. Deuterium excess 

offered insight into the evaporation process that lead to less precipitation in the valley 

than expected in a number of events, and is vital in understanding the below-cloud effects 

on precipitation in the WMNF. 

Stable isotope data showed that ẟ18O and was the best metric to use when 

investigating the potential presence of a orographic cloud, with all events showing a 

maximum (least-fractionated) near the latitude where the orographic cloud would most 

likely form. 

 The understanding of precipitation in high precipitation events (HPE) at HBEF 

has been improved by this study, and the study must be expanded to the encompassing 

WMNF to compare results. Each mountain-valley feature in the WMNF is unique in 

height, width, shape, and orientation, and upstream terrain influences that individually 

contribute to how the feature will influence airflow. For instance, in a given event, the 
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taller and wider Waterville valley will likely have a different precipitation distribution, 

and may be subject to it’s own wind patterns as suggested by Pedgley (1970). Regardless, 

more precipitation gauges should be deployed to a wider range of elevations, mountains, 

and valleys in the WMNF for HPEs, to better understand spatial distribution of 

precipitation for other topographical features. Stability must also be assessed upstream, 

within, and downstream of the mountains to better understand its role in orographic 

modification of precipitation. For instance, high stability or blocked flow can 

significantly influence the location and intensity of upslope flow. 

 The three possible mechanisms for precipitation enhancement at HBEF found by 

this study are: 1) moist, stable lift over the broader topographic feature created by stable 

air in the valley; 2) turbulent overturning cells in high vertical shear environments; and 3) 

moisture flux convergence, especially in blocked, or retarded flow. All three of these 

mechanisms may be operating together at different magnitudes, and it is important to 

better understand their individual contributions. These mechanisms may be more directly 

applied to other similar mountain-valley-mountain features on the same scale in the 

Green Mountains of Vermont, or the Catskills in New York, for example. Each 

mechanism may be more loosely applied to different features in the WMNF, and used as 

a “first guess” in determining what precipitation processes may be occurring. 

 The correlation with wind speed may be the most useful in quantifying higher 

precipitation amounts in the greater WMNF region without precipitation gauges. For 

instance, when wind speeds are 10 m s-1 or more, precipitation in the mountains is usually 

1.5 to 2 times greater than the data dense valleys to the south. As wind speeds approach 
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20 m s-1, as much as 3 times more precipitation may be expected in some mountain 

locations. This relationship is a great starting point for improving flood forecasts.  

 The above mechanisms of orographically enhanced precipitation could be verified 

using a DOW, ceilometers, and radiosonde launches by providing profiles of stability, 

wind, cloud layers, and KH billows. These techniques would provide more confidence 

for the mechanisms discussed and could offer insight to which are more dominant and 

their evolution during each event. 

 Although only briefly discussed in this study, convective precipitation is 

extremely important to flash flood forecasts and erosion in the mountains, and strategies 

to improve these forecasts should also be taken. Complex terrain has the ability to 

quickly funnel extreme precipitation into small streams and rivers, and lead to serious 

erosion. Additionally, ~50% of all HPEs between 1998-2013 had convective elements, 

which warrants a separate study on the role of convective precipitation at HBEF and the 

WMNF. 

 Since precipitation events over 50 mm (either stratiform or convective) are not 

particularly frequent and the sample size in this study is rather low, HPEs should be 

continually monitored in the future to increase the sample size of this study and to 

increase statistical robustness and confidence. This would ideally occur as a long-term 

(several years), less intensive field campaign that would target observations only during 

the highest precipitation events (>50 mm). 

Modeling 

 Given the limited observational tools in the WMNF, modeling is an alternative to 
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studying the processes at play in HPEs. However, in order to have much confidence in 

the models, observations must be taken for each proposed model simulation. These 

observations would include: rawinsonde launches for temperature, humidity, wind, and 

stability profiles, automated precipitation gauges, radar data from the DOW, and data 

from the mesonet surface stations operated by the Mount Washington Observatory. The 

model results can be used to investigate the mechanisms that cause orographic 

modification of precipitation. In the likely event that the model has some significant 

errors, the potential for studying the model physics and improving the code is a 

possibility.  

 A WRF-ARW simulation of a winter storm in the White Mountains has shed some 

light on how the model should be operated (Cann and Kelsey 2014). It was found that an 

800 m horizontal resolution is too coarse to resolve the topographic features of the White 

Mountains and finer resolution should be used along with a LES as in Chu et al. (2014). 

Bulk Microphysics schemes that performed well for precipitation amount in this region 

were the New Thompson scheme, and the Morrison and Milbrant-Yau double moment 

schemes. Though computationally expensive, it is suggested that a multi-moment scheme 

be used when simulating precipitation processes, especially in complex terrain (Milbrandt 

et al. 2010; Igel et al. 2015). The Yonsei University boundary layer scheme was the better 

of two PBL schemes used in the study, but both over-mixed the boundary layer and 

underestimated low-level winds. Further analyses must be done in order to determine 

what model setup is best for studying HPEs in the WMNF, especially since the mountains 

have vastly different characteristics than the Cascades, Rocky Mountains, and Alps, 
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where much of the previous research has been completed.  

Concluding Remarks 

 An increase in observations in the WMNF would be extremely beneficial in the 

near future to further evaluate spatial distribution of precipitation, especially since HPEs 

are becoming more frequent at a rapid rate. Once more precipitation gauges have been 

deployed and a sufficient collection of data has been acquired, modeling will be a logical 

next step to expand our understanding of the precipitation processes in the WMNF. 

Additionally, stable water isotopes of precipitation have shown the potential for use in 

identifying orographic cloud water contribution to enhanced precipitation. It is 

recommended that future precipitation observations in the WMNF be tested for isotopic 

content as they provide unique evidence about the dominant processes. This thesis offers 

insight on precipitation patterns and long-term trends in precipitation at one location in 

the WMNF. Additional studies of other topographic features will strengthen this research, 

and the understanding of orographic precipitation in the WMNF as a whole. 
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APPENDIX A 

List of Additional Stations 

LOCATION LATITUDE 

(º) 

LONGITUDE 

(º) 

ELEVATION 

(M) 

TYPE 

CONCORD (CON) 43.204200 -71.502560 101 ASOS 

CANTERBURY (CAN) 43.372130 -71.609391 169 RWIS 

SANBORNTON (SAN) 43.492305 -71.599282 220 RWIS 

ASHLAND (ASH) 43.710376 -71.650856 179 RWIS 

PLYMOUTH (1P1) 43.777135 -71.755973 154 ASOS 

LEBANON (LEB) 43.626626 -72.308294 171 ASOS 

WOODSTOCK (WOD) 43.969974 -71.675044 207 RWIS 

LOST RIVER (LRV) 44.037228 -71.784632 553 RWIS 

LAFAYETTE (LAF) 44.142642 -71.682980 539 RWIS 

LACONIA (LAC) 43.572530 -71.424141 163 ASOS 

PLYMOUTH (PLY) 43.756836 -71.690216 180 CoCoRaHS 

LITTLETON (LIT) 44.327078 -71.871710 266 RWIS 

MT. WASHINGTON 

(MWO) 

44.270387 -71.303307 1917 MWObs 

KANCAMAGUS (KAN) 44.026177 -71.494801 863 CoCoRaHS 

WATERVILLE (WAT) 43.966205 -71.514006 478 CoCoRaHS 

CAMPTON (CAM) 43.873351 -71.625624 226 CoCoRaHS 
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APPENDIX A (Cont.) 

LOCATION LATITUDE 

(º) 

LONGITUDE 

(º) 

ELEVATION 

(M) 

TYPE 

HANOVER (HAN) 43.708159 -72.279842 144 ASOS 

WHITEFIELD (HIE) 44.365078 -71.548925 321 ASOS 

BERLIN (BML) 44.574722 -71.173917 344 ASOS 
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