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ABSTRACT: Hydroclimatic variability has increased in recent decades across the southeastern
US, with more frequent droughts and heavy precipitation events. Among these extremes, past
research reveals that there is much variety in the synoptic-scale circulation that controls warm-
season precipitation. However, research has yet to examine the subtle variation between these cir-
culation patterns and their influence on hydroclimate variability. This is particularly the case in
the southern Appalachian Mountains, where topographic complexity mediates the relationship
between large-scale circulation and precipitation characteristics. In this study, we use a self-orga-
nizing map to classify and spatially visualize synoptic-scale circulation patterns over the south-
eastern US from 1979 to 2014. The patterns identified in the self-organizing map are linked with
daily precipitation characteristics in the region. Our results demonstrate that underlying topo-
graphic features have a marked influence on the hydroclimate, and this influence varies accord-
ing to the configuration of circulation. Greater frequencies of light precipitation are observed
across broad-scale regions of high elevation, to varying degrees, no matter which circulation pat-
tern is present. In contrast, precipitation frequencies along interior valleys and leeward slopes are
lower and largely limited to a subset of circulation patterns. This study demonstrates how shifts in
the large-scale circulation are likely to alter the occurrence of different types of warm-season pre-
cipitation events across mountain catchments.
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1. INTRODUCTION

Mountains are the water towers of the world, sup-
plying a large proportion of freshwater resources to
surrounding lowland regions (Messerli et al. 2004,
Viviroli et al. 2007). However, the hydroclimatology
of mountain regions remains poorly understood, par-
ticularly in the context of climate variability and
change (de Jong et al. 2009). Observations indicate
that drought and heavy precipitation have increased
throughout some mid-latitude regions during the last
century (Hartmann et al. 2013) and future projections
show a continuation of these trends to varying de-
grees (Christensen et al. 2013). Although research
has linked increased hydroclimatic variability with
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changes in atmospheric circulation (Li et al. 2011,
Diem 2013), our understanding of the synoptic pat-
terns and their influence on precipitation events in
mountain regions remains limited. Identifying the
primary circulation patterns that are associated with
different types of precipitation events, and revealing
how these vary across the complex terrain in moun-
tain regions, is therefore a vital component to
improve future model projections and provide pro-
cess-based evaluations of their performance.

The purpose of this paper is to understand how
large-scale circulation patterns control the occur-
rence of precipitation across widely varying topo-
graphic settings. We focus on the southern Appa-
lachian Mountains (SAM), a mid-latitude mountain
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region located in the southeastern US (SEUS),
which contains much hydroclimatic and topographic
variability.

1.1. Synoptic-scale circulation controls on
precipitation in mountains

Synoptic-scale circulation features exert a strong
control on daily precipitation by affecting the stabil-
ity of the lower tropospheric air column and directing
moisture transport across the SEUS. The most impor-
tant feature during the warm season is the North
Atlantic Subtropical High (NASH), a broad-scale
ridge of high pressure centered off the east coast
of North America (Kam et al. 2014). Though the
NASH is a semi-permanent feature from the surface
through the middle troposphere, its orientation and
movement influences the positioning of large-scale
ridge and trough patterns in the middle troposphere
across North America (Wang et al. 2010, Li et al.
2011). When the NASH is displaced to the northwest
of its climatological position, middle tropospheric
ridging is present across the SAM, resulting in
below-normal precipitation amounts (Diem 2013).
Likewise, displacement of the NASH to the southeast
of its climatological position is tied to the occur-
rence of troughing and above-normal precipitation
amounts. The duration of hydroclimatic regimes is
also related to the persistence of features, as a sta-
tionary pattern of ridging results in persistent dry
periods, while a stationary pattern of troughing
results in persistent wet periods (Diem 2006).

Synoptic-scale circulation features also influence
the spatial pattern of precipitation. During the warm
season, a moist atmosphere supports the develop-
ment of showers and thundershowers on many days
(Maddox et al. 1979), especially during the after-
noon and early evening. However, the direction of
low-level circulation and the positioning of features
in the middle troposphere dictate the extent of rain-
fall over an area. In some cases, thunderstorms are
organized into mesoscale convective systems (Dos-
well et al. 1996) that often weaken as they approach
and cross portions of the SAM. These systems can
occur immediately downstream (i.e. east) of a mid-
dle tropospheric short wave trough, and in the
region of northwesterly flow between a large
upstream ridge and downstream trough (Konrad
1997). In addition, spatial patterns of precipitation
are mediated by the geometry and orientation of
features in the local-scale topography (Lin et al.
2001).

1.2. Spatiotemporal patterns of precipitation

Precipitation in mountain regions is characterized
by much spatial variability. Most studies of oro-
graphic precipitation have utilized a relatively small
number of precipitation gauges. While they can pro-
vide statistically robust assessments at broad spatial
scales, station networks are plagued by coarse spa-
tial representation, especially in areas of topographic
complexity. The majority of rain gauges are located
in valleys or low-lying areas, and high elevations are
typically undersampled (Barry 2008), meaning that
the hydroclimatic regime in many mountain regions
remains poorly understood. The few studies that ben-
efit from a dense network of rain gauges (e.g. Prat &
Barros 2010) are often confined to local scales, limit-
ing the ability to extrapolate results over a broader
region. Regression-based studies seek to overcome
these limitations by incorporating geographic and
topographic parameters to predict precipitation on
varying slope aspects and elevations (Basist et al.
1994, Konrad 1996), but are also subject to the limita-
tion of station locations. Until recently, spatially grid-
ded and continuous precipitation fields based on
modeling approaches were unavailable. Multi-sen-
sor precipitation estimation and PRISM model analy-
ses drastically improved the daily representation of
rainfall in mountainous terrain, especially at local
scales (Daly et al. 1994, Zhang et al. 2011).

Precipitation in mountain regions is also character-
ized by much temporal variability. The hydroclimate
regime across the SEUS is changing, with longer and
more frequent dry periods found along with an in-
crease in heavy precipitation events (Labosier &
Quiring 2013). Several studies support this finding. Li
et al. (2011) found that summer rainfall variability in-
creased over the last 30 yr. Specifically, the frequency
of light (0.1-1 mm d7!) and medium (1-10 mm d?)
rainfall events decreased and coincided with an
increase in the frequency of heavy rainfall events
(>10 mm d™!) (Wang et al. 2010). Recent research sug-
gests that the increased rainfall variability is directly
influenced by both variations in atmospheric humi-
dity (Diem 2013), and changes in the location and
movement of primary circulation components, in-
cluding the NASH, over the SEUS (Li et al. 2012).

Hydroclimatic extremes and their impacts pose
risks for ecosystems and populations in the SAM. The
region serves as a valuable water tower for the SEUS,
and its headwater catchments supply freshwater to
several of the most rapidly growing metropolitan
areas, including Atlanta, Georgia, Charlotte, North
Carolina, and Knoxville, Tennessee (Kramer & Eisen-
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Hecht 2002, Ruhl 2005). Additionally, heavy rainfall
in mountain regions increases stormflow runoff and
flooding, especially in portions of the region where
surface mining and reclamation result in deforesta-
tion and soil compaction (Negley & Eshleman 2006).
The hydroclimate also regulates valuable ecosystem
services. The SAM is home to ecosystems that house
a variety of biologically diverse and endemic species.
Endangered red spruce-Fraser fir species in moun-
tain cloud forests (Reinhardt & Smith 2008) and
Plethodon salamanders (Caruso et al. 2014) are 2
examples of taxa that are particularly vulnerable to
future hydroclimatic changes.

Although much research addresses the broad
hydroclimatic trends across the SEUS, precipitation
variability in the SAM is still poorly understood at
daily time scales. The vagaries of wind direction and
its influence on the daily precipitation patterns re-
main unexamined in the SAM. In addition, research
has failed to address how the spatial patterns of daily
precipitation are manifested under the recent trend
towards increased hydroclimate extremes. The fol-
lowing research questions were used to guide this
study: (1) which synoptic patterns are tied to different
precipitation events in the SAM during the warm
season; and (2) among the identified patterns, what is
the spatial distribution of precipitation events across
the different physiographic regions of the SAM?

2. MATERIALS AND METHODS
2.1. Study area— Southern Appalachian Mountains

The SAM region is a mid-latitude mountain envi-
ronment in the SEUS with much hydroclimatic vari-
ability and topographic complexity. Although the
warm season, lower-tropospheric circulation prevails
from the southwest, it displays much day-to-day vari-
ability (e.g. from northwesterly to southeasterly)
(Konrad 1997, Diem 2006). The northwest portion of
the SAM is generally wetter under northwesterly
low-level flow due to orographic lifting. In the south-
east portion of the SAM, southerly to easterly low-
level flow encourages precipitation through oro-
graphic lifting or orographically mediated convection
(Parker & Ahijevych 2007, Rickenbach et al. 2015).
The direction of low-level flow thus influences
whether topographic features are exposed to mois-
ture advection from the Atlantic Ocean and Gulf of
Mexico or rain-shadowed (Konrad 1996).

Fig. 1 shows the 9 physiographic regions of the
SAM and the mean summer precipitation, derived

from PRISM precipitation estimates (2002-2014). (1)
The northwest slopes and plateau region (Table 1),
which includes the Allegheny and Cumberland
Plateaus, are located along the northwestern bound-
ary of the SAM. Although the region is generally
rain-shadowed from the typical moisture transport
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Fig. 1. Study area map of the southern Appalachian Mountain
(SAM) region depicting (A) elevation and (B) average sum-
mer precipitation, derived from PRISM (2002-2014). Impor-
tant physiographic features across the SAM are also high-
lighted, including (1) the Allegheny and (2) Cumberland
Plateaus, (3) New River Valley, (4) Tennessee Valley, (5) Great
Smoky Mountains, (6) Balsam Range, (7) Black Mountains,
(8) Blue Ridge Escarpment, and (9) Piedmont
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Table 1. Physiographic features in the southern Appalachian Mountains (SAM) are referred to according to a general reference
name. The physiographic features are grouped according to their index number, identified in Fig. 1

Index number Physiographic feature(s)

General reference name

1,2 Allegheny Plateau, Cumberland Plateau Northwest slopes and plateau
3,4 New River Valley, Tennessee Valley Intervening valleys

5,6,7 Great Smoky Mountains, Balsam Range, Black Mountains Interior highlands

8 Blue Ridge Escarpment Blue Ridge and foothills

9 North Carolina-Virginia Piedmont Piedmont

from the south and east, average summer precipita-
tion is roughly 400 mm. Konrad (2001) documented a
lower frequency of heavy rainfall events occurring in
this region (index numbers 1 and 2). (2) The interven-
ing valley region, which includes the New River and
Tennessee Valleys (index numbers 3 and 4), is loca-
ted farther towards the southeast and runs along the
interior of the SAM. The intervening valleys are rain-
shadowed and thus blocked from moisture advection
in nearly every direction. As a result, some portions
receive less than 254 mm of precipitation while the
adjacent ridgelines receive 400 mm. (3) The most
topographically complex area is the interior high-
lands region, which includes the Great Smoky
Mountains, Balsam Range, and Black Mountains
(index numbers 5, 6, and 7). This region receives a
greater amount of precipitation (>500 mm) as a result
of the elevation and topographic exposure. However,
it is also intersected by several major river valleys,
where seasonal precipitation totals are as low as
300 mm. (4) The Blue Ridge and foothills region
includes the Blue Ridge Escarpment (index number
8), which is highly exposed to very moist southerly
flow. As a result, it is the wettest region in the interior
SEUS (>600 mm) during the summer. (5) The Pied-
mont region (index number 9) is located southeast of
the escarpment along the southeastern boundary of
the SAM. Precipitation in this region is 300 mm on
average per season.

2.2. DATA

Daily 500 hPa geopotential height (GPH) and mean
sea level pressure (MSLP) data are extracted from
the European Centre for Medium-Range Weather
Forecasts (ECMWF) ERA-Interim reanalysis (Dee et
al. 2011). ERA-Interim is a global atmospheric reana-
lysis available from 1979 to present, which resolves
atmospheric and surface variables at ~80 km resolu-
tion across 60 vertical levels (Berrisford et al. 2009).
The reanalysis fields provide a multivariate, spatially

complete, and coherent record of atmospheric circu-
lation (Dee et al. 2011). Reanalysis datasets have
drastically improved due to the increased quality of
observational input data, and while they do not rep-
resent actual observations, they provide the most
accurate representation of historical states of atmos-
pheric variables (Dee et al. 2011).

In this study, synoptic features in the lower and
middle tropospheric circulation across the SEUS are
identified and related to patterns of precipitation.
500 hPa GPH and MSLP data were downloaded
across a quadrangle from 27.3°N to 40.8°N in lati-
tude and 91°W to 72°W in longitude. The spatial
domain includes much of eastern North America, as
well as portions of the Gulf of Mexico and the west-
ern Atlantic Ocean (Fig. 1). Data were obtained at 6 h
intervals and averaged every 24 h period for the
months June, July, and August over the period
1979-2014.

Daily precipitation data from PRISM are used to
identify hydroclimatic patterns in the SAM (Prism Cli-
mate Group 2015). The PRISM interpolation method
provides a spatially continuous, gridded raster surface
at 4 x 4 km resolution over the US. For each PRISM
day, observations from surface stations are weighted
in a regression model according to the regional phys-
iographic characteristics that influence precipitation
development. Multi-sensor precipitation estimates
(MPE) are also used in PRISM to refine precipitation
variations at finer scales (Daly et al. 2008). Although
PRISM provides a useful model for studies in moun-
tainous terrain, we recognize that each grid cell pro-
vides an average aerial estimate of precipitation.
Daily data were collected for this study from 2002 to
2014 for the months of June, July, and August.

2.3. IMPLEMENTATION OF THE
SELF-ORGANIZING MAP

In this study, atmospheric circulation patterns are
classified using a form of artificial neural network,
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called a self-organizing map (SOM). SOMs may be
used to explore the relationships between surface cli-
mate variables and atmospheric circulation, and
there are numerous examples with various applica-
tions in recent years (Lynch et al. 2006, Wise &
Dannenberg 2014, Gibson et al. 2016a). The SOM is
used in a similar manner to other synoptic classifica-
tion methods including manual or automated ap-
proaches, though the resulting classes are actually
theoretical patterns representing the data distribu-
tion and not composites of the actual data. These
classes are represented in a 2-dimensional array of
nodes that self-organizes through an iterative train-
ing process (Sheridan & Lee 2011).

Daily atmospheric circulation patterns are classi-
fied over the SEUS from 1979 to 2014 using a 3 x 4
SOM with 12 nodes. Since the number of nodes influ-
ences the variability of patterns in the array (Gibson
et al. 2016b), a4 x 4 and a 4 x 5 SOM with 16 and 20
nodes, respectively, are also trained to compare the
distribution of circulation patterns in different-sized
arrays (not shown). Horton et al. (2015) conducted a
similar analysis of extreme temperature patterns
using SOMs and determined the sensitivity of their
results to the number of nodes. Although the larger-
sized SOMs increase the number of circulation cate-
gories in the array, they reduce the amount of change
in the patterns from node to node. Circulation pat-
terns belonging to the same neighborhood of nodes
in the array are often indistinguishable, which limits
the ability to draw conclusions about the variability
between circulation patterns. The 3 x 4 SOM with 12
nodes, in contrast, increases variability between the
nodes and retains visually interpretable differences
in the circulation from node to node. Based on the
sensitivity tests, this study utilizes the 12-node con-
figuration of the SOM.

To emphasize patterns in the middle troposphere,
the SOM is trained using daily ERA-Interim 500 mb
GPH data over 36 summer seasons. The patterns ag-
gregated in the SOM space thus represent 3312 cir-
culation days over the SEUS. MSLP fields are then
composited by taking an average of the days as-
signed to each node in order to study the low level
flow. We determine the primary direction of the
moisture flux and integrated vertical transport in
each node by compositing the 500 and 850 mb U and
V components of the wind. The most frequently oc-
curring winds over the SAM are then displayed by
their magnitude and direction in the SOM. Two met-
rics are calculated to assess the temporal character of
the circulation in each node. (1) The frequency of
each circulation pattern is computed as the percent-

age of time that the identified pattern is present dur-
ing the summer. (2) To compare the duration of
nodes, we also calculate the persistence of each cir-
culation pattern. The persistence values are pre-
sented as a ratio that is determined by the number of
times a pattern's duration is 22 d divided by the total
number of times the pattern’s duration is 1 d. The fre-
quency metric is commonly applied in synoptic cli-
matology, yet it alone cannot provide a thorough
framework to evaluate the temporal attributes of cir-
culation patterns. The persistence metric thus pro-
vides a powerful addition to evaluate the influence of
synoptic-scale circulation on precipitation (Gibson et
al. 2016b)

In this study we employ a sequential training
scheme for the SOM. Circulation patterns are se-
lected from the data space through random initializa-
tion and placed onto a network of nodes with rectan-
gular topology (Kohonen 1997, Wehrens & Buydens
2007). Each node is then assigned a reference vector
coefficient and the remaining daily circulation pat-
terns, or input vectors, are sequentially presented to
the map. In this study, the input vectors are pre-
sented to the network 100 times, and the learning
rate vector declines linearly from 0.05 to 0.01 over the
course of the iterations. Each node and the adjacent
neighborhood of nodes is updated to reflect the best
matching units, which are closest in the data space,
allowing the map to self-organize until the final
arrangement of circulation patterns is present. A
67 % training radius is used across the network to
define the area of nodes that are updated with each
iteration. The radius parameter is roughly equivalent
to two-thirds of the array, with a starting point of 2
and an ending point of 0. The sum of squares formula
is used as the distance decay function.

The SOM trains until there are no more changes in
node locations within the array (Hewitson & Crane
2002). At this stagnation threshold, the nodes in the
array provide a theoretical representation of atmos-
pheric circulation, which can then be related to the
different types of precipitation events. Individual cir-
culation patterns from the original data may there-
fore contribute to the pattern that is present in one or
more nodes. The nodes are not discrete, but rather
comprised of all possible circulation patterns that ex-
hibit similarity to the specific node in that area of the
SOM space. For further discussion of the various
implementations of the SOM in synoptic climatology,
we refer the reader to Hewitson & Crane (2002),
Sheridan & Lee (2011), and Skific & Francis (2012).

There are 2 major benefits of the SOM over tradi-
tional types of synoptic classification. (1) The SOM
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is more versatile. No assumptions about the data
have to be made in advance to run the classifica-
tions (Yarnal et al. 2001). (2) The SOM is a spatially
organized visualization tool that allows the user to
see commonalities and differences among circula-
tion patterns. This feature increases the ability to
distinguish variations in the circulation pattern
from node to node, and provides a spatial organiza-
tion that is absent in other techniques. Synoptic
regimes that are very different from each other
tend to be far apart in the array, and regimes that
exhibit much similarity tend to be located adjacent
to one another. While these theoretical patterns
may only closely resemble a few of the patterns in
the observations, they provide a reasonable repre-
sentation of the entire distribution (Hewitson &
Crane 2002). In contrast, the reduction in dimen-
sionality can also be a limitation. The interpretation
of the SOM must be done with caution because
extreme events may be tied to infrequent patterns
that are not represented in a SOM node (Huva et
al. 2015).

2.4. Circulation connections with precipitation

Daily PRISM data are used to describe the sum-
mer season frequencies of different types of precipi-
tation events across the SAM. Precipitation events
are divided into the following bins, which reflect the
amounts of precipitation that are received over a
24 h period: none (<0.25 mm), very light (0.25-
2.53 mm), light (2.54-12.69 mm), moderate (12.70—
38.0 mm), and heavy (238.1 mm). These thresholds
were derived from sensitivity tests, and they charac-
terize the common spatiotemporal patterns of each
precipitation event type. This is especially true of
light rainfall, which is the main freshwater supply in
many mountain regions, as it exhibits a high fre-
quency of occurrence across ridgelines and areas of
mean high elevation (Bhatt & Nakamura 2005, Yang
& Gong 2010, Bruijnzeel et al. 2011, Wilson &
Barros 2014).

The character of the daily precipitation regime is
determined based on the following steps. (1) Each
day of the study period is assigned to the SOM node
that corresponds most closely with the 500 mb circu-
lation pattern. (2) We calculate the mean precipita-
tion associated with each node. (3) The frequency of
each precipitation event type is linked with the circu-
lation patterns in the SOM by calculating the per-
centage of days in which each precipitation event
type occurs over each grid cell in the SAM.

3. RESULTS
3.1. Classification of the synoptic-scale circulation

To reference patterns within the SOM, in Fig. 2 the
rows are labeled 1-3 from top to bottom and the
columns are labeled A-D from left to right. Node
locations are specified using their row and column
combination, or simply by groups of patterns accord-
ing to row or column. There is a wide range of circu-
lation patterns identified across the SOM over the
SEUS during the study period (Fig. 2). In general,
middle tropospheric troughs are positioned upstream
or over the SAM along the left side of the SOM (i.e.
columns A and B) and ridging patterns are located
over or upstream of the SAM along the right side of
the SOM (i.e. columns C and D). The corresponding
composite surface patterns feature a surface wave
and trailing front, with low pressure across the SAM
(columns A and B) and high pressure across the
domain in association with the northwest ridge of the
NASH (columns C and D).

We summarize the middle tropospheric circulation
and corresponding surface pressure patterns in a
clockwise fashion around the SOM. The row 3 maps
reveal variations in the positioning of a ridge from
overhead in D3 to downstream in A3. The corre-
sponding MSLP composites depict a strong NASH
centered immediately east of the region in D3 to a
much weaker NASH situated far off the coast in A3,
along with the approach of a surface front from the
northwest. The map patterns in the third row are
present on roughly 45 % of the days during the sum-
mer, with node B3 occurring the most frequently.
The map pattern in D3 is also the second most per-
sistent type of circulation across the SOM, and 56 %
of the events occurred with a node duration of 22 d.
Column A exhibits troughing across the region that
is increasingly pronounced from nodes A3 to Al.
The trough is situated slightly upstream in nodes A3
and A2 and slightly downstream in Al. All 3 of
these 500 mb patterns correspond with the approach
(A3) and passage (A2-Al) of a surface front and
trough, as revealed in the MSLP composites. While
their frequency of occurrence during the study
period decreases from nodes A3 to Al, the persist-
ence of these nodes increases. In fact, node Al
occurs less frequently (2.6 % of days) than any other
node, which highlights the infrequent occurrence of
marked troughing across the region during the
summer time. However, it is the most persistent
type of circulation across the SOM, with 60 % of the
events occurring with a node duration of >2 d, indi-
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Fig. 2. Self-organizing map trained from ERA-Interim daily 500 mb geopotential height (GPH) fields (contours) for the warm

season during the period 1979-2014. The GPH contour interval is 10 m for each node. The composited mean sea level pressure

(MSLP) is composited based on the days assigned to each node. The frequency (left) and duration (right) of each pattern is also
given in each node

cating the relatively slow-moving nature of these
troughs during the summer time.

The map patterns in row 1 depict a trough that is
present overhead in Al to downstream of the region
in B1 and C1. The trough is most pronounced in
nodes Al and B1 and much weaker in nodes C1 and
D1. Nodes C1 and D1 also exhibit an upstream ridge
immediately west of the SAM, which is most devel-
oped in node D1. At the surface, the corresponding
patterns in nodes A1 and B1 depict a front or surface
trough exiting the region and a high pressure filling
in to the west behind the trough in nodes C1 and D1.
There is a marked increase in the frequency of the
circulation patterns from C1 (2.6 %) to D1 (8.4 %), and
a marked decrease in their persistence. In fact, nodes
C1 and D1 exhibit the second and third lowest dura-
tion of any circulation pattern in the SOM, with 37—
38 % of the events occurring with a node duration of
22 d. Column D exhibits a pattern of increased ridg-
ing from upstream of the region (D1) to overhead of
the region in (D3). This increase in ridging corre-
sponds with an increase in the strength of the NASH

and positioning closer to the SAM in the surface
pressure composites. Node D2 exhibits a relatively
high frequency of occurrence (10.8 %), yet it is the
least persistent circulation pattern across the SOM,
as only 35 % of the events occurred with a node dura-
tion of 22 d.

3.2. The hydroclimate of the SAM and its
relationship with circulation patterns

The frequency of each of the precipitation event
types across the SAM is presented in Fig. 3. Dry days
with no precipitation are the most frequent during
the summer, occurring >50% of the time across the
majority of the SAM and up to 65 % of the time in the
intervening valleys and Piedmont. Along the interior
highlands and Blue Ridge and foothills, dry days
occur least frequently (<40 %).

Days with very light and light precipitation are the
second most frequent during the summer time. Very
light precipitation occurs on nearly 20% of days
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Frequency (%)

B. Very light

Fig. 3. The frequency of days with (A) no,
(B) very light, (C) light, (D) moderate, and
(E) heavy rainfall (definitions of precipita-
tion categories are given in Section 2.4) in
the southern Appalachian Mountains (SAM)
during the warm season over the period
2002-2014. The frequency of each precipi-

across the interior highlands and up to 25% of days
on the most exposed areas of the southern Blue Ridge
and foothills. Light precipitation is also more fre-
quent throughout these regions. It occurs on up to
30% of days in the interior highlands and southern
Blue Ridge and foothills regions. These 2 precipita-
tion event types collectively account for more than
half of the summer precipitation climatology across
the high elevation areas of the SAM. Very light and
light precipitation occur least frequently (e.g. <15 %)
throughout the intervening valleys and across the
Piedmont.

Days with moderate or heavy precipitation occur
least frequently across the SAM, although several
topographic gradients are present. The maximum
frequency of moderate precipitation occurs along the
western slopes of the interior highlands, where it
develops on up to 17 % of the days. Moderate precip-
itation frequencies decrease in the adjacent inter-
vening valleys to <6 %. However, it occurs more fre-
quently (e.g. 11%) along the northwest slopes and
plateau, and across the Blue Ridge and foothills.
Heavy precipitation events occur on <1% of days
along the northwestern slopes and plateau and in
northwestern parts of the interior highlands and
intervening valleys. In contrast, it occurs on up to 4 %

tation event type is denoted as a percentage
of time

of days along the southern Blue Ridge and foothills
region and 2 % of days in places throughout the Pied-
mont.

There is a wide range of circulation patterns that
are linked with the occurrence of each precipitation
event type across the different physiographic
regions of the SAM. In general, each of the precipi-
tation event types occurs with the greatest fre-
quency in the left and lower left sections of the
SOM space, which correspond with middle tropos-
pheric southwesterly flow over the SAM. Moreover,
precipitation events in this section of the SOM most
frequently occur in the interior highlands, along the
Blue Ridge and foothills, and least frequently in the
intervening valleys and the Piedmont. Mean sum-
mer precipitation is also greatest in these locations
throughout this section of the SOM (Fig. 4). The
precipitation event types occur with the least fre-
quency in the right and upper right sections of the
SOM space, which correspond with northwesterly
flow over the SAM. Precipitation events in this sec-
tion of the SOM most frequently occur in the
interior highlands and least frequently across the
remaining portions of the SAM, including the north-
west slopes and plateau, intervening valleys, Blue
Ridge and foothills, and the Piedmont. Mean sum-
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Fig. 4. The mean summer precipitation corresponding to the days in each node of the self-organizing map (SOM). In general,
the most rainfall occurs in association with nodes in the lower left corner of the SOM, whereas the least rainfall occurs in the
upper right portion of the SOM

mer precipitation is the lowest across these regions
in this section of the SOM (Fig. 4).

Dry days occur with the greatest frequency in the
right and upper right sections of the SOM space
(Fig. 5), which correspond with northwesterly flow
over the region (i.e. an upstream ridge and a down-
stream trough). They are especially common in the
intervening valleys and Piedmont, occurring up to
90 % of the time. Dry days are least frequent in the
interior highlands, northwest slopes and plateau, and
along the Blue Ridge and foothills, especially for the
circulation patterns in the left and lower left sections
of the SOM space corresponding to southwesterly
flow over the SAM. Here, dry days occur most fre-
quently (30-40 % of the time) in the intervening val-
leys and Piedmont, and least frequently (10-20 % of
the time) across the interior highlands, northwest

slopes and plateau, and along the Blue Ridge and
foothills.

The patterns of very light rainfall are different
compared to those with no precipitation (Fig. 6). In
general, very light rainfall does not show as marked
variations in frequency across the SOM, relative to
the other event types. This indicates that it is associ-
ated with a wide range of circulation patterns during
the summer. However, there are some notable varia-
tions in the pattern across the physiographic regions.
First, very light rainfall occurs most frequently on
20-50% of days throughout the interior highlands
and along the Blue Ridge and foothills. It occurs with
the least frequency (<20% of the time) across the
lower elevations, including places in the intervening
valleys, the Piedmont, and various smaller valleys
that bisect the interior highlands.
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Fig. 5. Days with no rainfall are plotted in the self-organizing map based on their occurrence as a percentage of time when the
associated circulation patterns are present from node to node

Light rainfall occurs with the greatest frequency
along the left and lower left sections of the SOM,
which correspond to southwesterly flow (trough
upstream) and westerly flow (trough overhead)
(Fig. 7). Light rainfall in this section of the SOM oc-
curs most frequently (30-60% of the time) in the
northwestern slopes and plateaus, the interior high-
lands, and along the Blue Ridge and foothills. Light
rainfall occurs with the least frequency, <30 % of the
time, in the intervening valleys and the Piedmont. In
the upper right part of the SOM, light rainfall occurs
with the least frequency in connection with north-
westerly to west northwesterly flow (i.e. ridge
upstream or over the region). Days with light rainfall
in this part of the SOM occur with the greatest fre-
quency (20-30 % of the time) throughout the interior
highlands and some isolated areas of the northwest
slopes and plateaus and southern Blue Ridge and
foothills. They are least frequent in the intervening
valleys and the Piedmont, occurring <20% of the
time.

Moderate rainfall events are strongly tied to south-
westerly flow patterns as revealed by the higher per-
centages of occurrence in the lower left section of the
SOM (Fig. 8). Within this section, moderate rainfall
occurs most frequently (20-40% of the time) in the
Piedmont and parts of the Blue Ridge and foothills
along the North Carolina—-Virginia border. It occurs
least frequently (10-20 % of the time) throughout the
interior highlands, intervening valleys, and the
northwestern slopes and plateaus. Moderate rainfall
events occur least frequently in association with the
patterns of northwesterly flow found in the middle to
upper right section of the SOM space. It was most
frequent (10-20% of the time) along some of the
northwestern slopes and plateaus and in a few places
in the interior highlands. It was least frequent (<10 %
of the time) in the remaining regions of the SAM,
including the intervening valleys, the Blue Ridge and
foothills, and the Piedmont.

Heavy precipitation is the least frequently occur-
ring precipitation event type across the SAM, and is
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Fig. 6. Days with very light rainfall are plotted in the self-organizing map based on their occurrence as a percentage of time
when the associated circulation patterns are present from node to node

connected with a subset of the circulation patterns in
the lower left section of the SOM, which display a
west southwesterly to southwesterly flow (i.e. trough
immediately upstream) (Fig. 9). In this area of the
SOM, heavy rainfall occurs up to 16% of the time
along the Blue Ridge and foothills of Virginia, and
4-12% of the time in the Piedmont and the southern
Blue Ridge and foothills of North Carolina. Heavy
rainfall also occurs 4-12 % of the time across the Blue
Ridge and foothills in connection with southwesterly
to southerly flow. It is a rare occurrence in the re-
maining sections of the SOM (<4 % of the time).

4. DISCUSSION

This study examined the relationships between
summer atmospheric circulation patterns and the oc-
currence of precipitation across different physio-
graphic regions of the SAM. We used a SOM to cate-
gorize daily circulation patterns across the SEUS

from daily geopotential height data. The SOM is a
type of artificial neural network that allows the user
to classify, spatially organize, and visualize the com-
monalities and differences between circulation pat-
terns. Five precipitation event types were identified
from daily PRISM data on a 4 x 4 km grid over the
SAM and associated with the circulation types iden-
tified in the SOM.

Middle tropospheric ridging patterns were present
on a majority (56 %) of days during the summer sea-
son study period (e.g. right and upper right sections
of the SOM) with middle tropospheric northwesterly
flow over the SAM (Fig. 10). However, there were
variations in these circulation types corresponding to
differences in the strength and positioning of the
ridge. Precipitation frequencies were the lowest on
days displaying these ridging patterns, and, in many
of these patterns, this may be tied to the presence of
subsidence in the middle troposphere downstream of
the ridge axis and high levels of stability from inver-
sions or stable layers that cap daytime convection.
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Fig. 7. Days with light rainfall are plotted in the self-organizing map based on their occurrence as a percentage of time when
the associated circulation patterns are present from node to node

Composites of the surface circulation pattern re-
vealed 2 distinct patterns: (1) an area of lower MSLP
located to the northeast as a 500 mb ridge builds in
from the west (i.e. B1, C1, and B2), and (2) a stacked
ridging pattern tied to the presence of the NASH (i.e.
remaining 500 mb ridging patterns). In spite of the
drier, more stable conditions in the lower tropo-
sphere, very light or light rainfall occurred on 40—
60 % of the days over the higher terrain along the
interior highlands and a few areas of the southern
Blue Ridge and foothills region. This precipitation is
usually associated with deep convection over the ele-
vated terrain. In contrast, dry conditions occurred
70-90% of the time in the lower lying regions, in-
cluding the Piedmont and intervening valleys.

The duration of middle tropospheric ridging (i.e.
westward displaced NASH) is associated with re-
duced air quality (Diem et al. 2010), soil moisture
deficits (Doublin & Grundstein 2008), and drought
(Ortegren et al. 2011) across the SEUS. Several of the
ridging patterns in this section of the SOM were per-

sistent, with many instances where ridging occurred
over the SAM for a period of several days or more. So
while the occurrence of 500 mb ridging patterns pro-
mote dryness on a synoptic scale, localized convec-
tion over the mountains produces precipitation that
keeps these mountainous areas relatively wet on
many of these days (Figs. 5-7). This result is consis-
tent with Wilson & Barros (2014), who identified that
light rainfall events accounted for up to 50% of the
annual accumulation across a small transect of high
elevations in western North Carolina. These results
suggest that these mountainous areas are thereby
potentially buffered from extended dry periods and
drought, which develop during periods of persistent
ridging patterns across the SEUS (Seager et al. 2009,
Kam et al. 2014).

The remaining 5 nodes in the left and lower left
sections of the SOM occurred on 44 % of the days
during the summer season study period and were
associated with an upstream trough or trough over-
head with southwest or westerly flow, respectively
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Fig. 8. Days with moderate rainfall are plotted in the self-organizing map based on their occurrence as a percentage of time
when the associated circulation patterns are present from node to node

(Fig. 10). There were variations in these circulation
types corresponding to differences in the strength
and positioning of the upstream trough and down-
stream ridge. Composites of the surface circulation
patterns revealed moist southerly flow over the SEUS
as a surface front approached the region and the
NASH retreated towards the southeast. As in Konrad
(1996), precipitation frequencies were the greatest
on days displaying these patterns, especially moder-
ate and heavy events. This may be tied to increased
instability (e.g. greater convective available potential
energy) from low-level moisture advection out of the
Gulf of Mexico and middle tropospheric cooling with
the approach of a 500 mb trough. Previous studies
(Keim 1996, Kelly et al. 2012) also highlighted the
importance of frontal boundaries in producing heavy
precipitation across the region. This section of the
SOM also included the most persistent circulation
pattern, with a deep 500 mb trough located immedi-
ately downstream of the SAM. Although this pattern
occurred least frequently overall, its duration tended

to be the longest. Very light and light rainfall occur-
red 50-70% of the time in the interior highlands,
Blue Ridge and foothills, and local portions of the
northwestern slopes and plateaus, and <30% of the
time in the intervening valleys and the Piedmont.
Moderate and heavy rainfall events were also most
frequent (20-40% and <20% of the time, respec-
tively) in the North Carolina—-Virginia Piedmont and
exposed locations along the southern Blue Ridge and
foothills region. While some of the troughing patterns
are uncommon during the summer, they can produce
substantial precipitation when they do occur.

The ability to forecast future climate shifts depends
on the ability of the models to reproduce the position
of mid-latitude ridges and troughs, as well as their
frequency of occurrence (Pastor & Casado 2012).
Much research has utilized the SOM technique to
perform this evaluation. While the SOM itself is not
feasible for use in operational forecasting, it does
provide a source of guidance that improves the pro-
cess of providing conditional probabilities of differ-
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Fig. 9. Days with heavy rainfall are plotted in the self-organizing map based on their occurrence as a percentage of time when
the associated circulation patterns are present from node to node

ent circulation types (Nowotarski & Jensen 2013).
This research shows areas within the SAM that most
and least frequently receive different types of daily
precipitation events, and how the observed synoptic
circulation patterns during the summer affect these
frequencies. Subtle shifts in the frequency of differ-
ent circulation patterns will influence the spatial dis-
tribution of precipitation from node to node.

Most of the research using SOMs in synoptic clima-
tology has focused on a similar evaluation of these cir-
culation changes and their influence on other vari-
ables, such as precipitation. However, the technique
also provides a valuable tool for a comprehensive
evaluation of the climate models themselves (Gibson
etal. 2016b). Future work is therefore needed not only
to identify how synoptic patterns across the SEUS are
changing in a changing climate, but also to provide a
climate model evaluation of the relationships be-
tween circulation and precipitation. This is especially
important for the SAM region, as it provides a range
of ecosystem services and serves as a water tower for
rapidly growing population centers across the SEUS.
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