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ABSTRACT: Extreme snow ablation can greatly impact regional hydrology, affecting streamflow, soil moisture, and
groundwater supplies. Relatively little is known about the climatology of extreme ablation events in the eastern United
States, and the causal atmospheric forcing mechanisms behind such events. Studying the Susquehanna River basin over a
50-yr period, here we evaluate the variability of extreme ablation and river discharge events in conjunction with a synoptic
classification and global-scale teleconnection pattern analysis. Results indicate that an average of 4.2 extreme ablation
events occurred within the basin per year, where some 88% of those events resulted in an increase in river discharge when
evaluated at a 3-day lag. Both extreme ablation and extreme discharge events occurred most frequently during instances of
southerly synoptic-scale flow, accounting for 35.7% and 35.8% of events, respectively. However, extreme ablation was also
regularly observed during high pressure overhead and rain-on-snow synoptic weather types. The largest magnitude of
snow ablation per extreme event occurred during occasions of rain-on-snow, where a basinwide, areal-weighted 5.7 cm of
snow depth was lost, approximately 23% larger than the average extreme event. Interannually, southerly flow synoptic
weather types were more frequent during winter seasons when the Arctic and North Atlantic Oscillations were positively phased.
Approximately 30% of the variance in rain-on-snow weather type frequency was explained by the Pacific–North American pat-
tern. Evaluating the pathway of physical forcing mechanisms from regional events up through global patterns allows for improved
understanding of the processes resulting in extreme ablation and discharge across the Susquehanna basin.

SIGNIFICANCE STATEMENT: The purpose of this study is to better understand how certain weather patterns are
related to extreme snowmelt and streamflow events and what causes those weather patterns to vary with time. This is
valuable information for informing hazard preparation and resource management within the basin. We found that
weather patterns with southerly winds were the most frequent patterns responsible for extreme melt and streamflow,
and those patterns occurred more often when the Arctic and North Atlantic Oscillations were in their “positive” config-
uration. Future work should consider the potential for these patterns, and related impacts, to change over time.
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1. Introduction

Snow ablation is critically important to the hydroclimatol-
ogy of any watershed with snowpack in its seasonal cycle
(Fritze et al. 2011). Both the frequency and magnitude of
rapid ablation events not only affect variables such as soil
moisture and groundwater supply within a watershed, but can
also lead to increased streamflow and potentially flooding
(Barnett et al. 2005). To date, the vast majority of snow abla-
tion research in the United States has occurred in the western
third of the country, where deep and long-lived seasonal

snowpacks exist in mountainous environments. Prior research
in this western region has evaluated snowpack and ablation
climatologies (P. W. Mote et al. 2018; Welty and Zeng 2021;
Haleakala et al. 2021), rain-on-snow ablation (McCabe et al.
2007; Mazurkiewicz et al. 2008; Cohen et al. 2015; Guan et al.
2016), trends in snow and snowmelt (Fritze et al. 2011; Siirila-
Woodburn et al. 2021), and hydrologic implications of varying
and changing snow (Yan et al. 2019; Li et al. 2017; Hatchett et al.
2022; Musselman et al. 2021), among other areas of emphasis. In
contrast, the highly ephemeral and relatively thin snowpacks of
the eastern United States are understudied despite the role
snow ablation plays in influencing water resources (Frei et al.
2002; Pradhanang et al. 2011) and their potential for hazardous
events (Yarnal et al. 1997). This study focuses on snow ablation
and associated discharge in the Susquehanna River basin (SRB)
within the eastern United States.

In the mid-Atlantic region of the United States, the SRB has a
110-day average snow season, typically from early December
through late March, where snow depths average 8.8 cm (Suriano
et al. 2020). It is common for the snowpack to accumulate and
completely ablate on multiple occasions during a snow season.
Such ephemeral snow cover leads to multiple instances of
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snowmelt-induced runoff each year, as compared with a single
large event that is the norm for many more northern and west-
ern regions. Furthermore, because of the high prominence of
meteorological conditions suitable for snow ablation through-
out the snow season (Leathers et al. 2004), the SRB is particu-
larly susceptible to hazardous snowmelt-induced flooding. In
the United States, a major snowmelt flood occurred more than
once per year from 1972 to 2006, causing an average of $68
million in damage (2007 dollars; Changnon 2008). In compari-
son, the most recognized SRB snowmelt flooding event oc-
curred in January 1996, where there were nearly 30 fatalities,
numerous injuries, and approximately $1.5 billion in damage
associated with the 2-day ablation of more than 50 cm of snow
(10–15 cm SWE) with more than 7.5 cm of liquid precipitation
(Yarnal et al. 1997; Leathers et al. 1998).

Hydrologically, the SRB supplies 90% of the total freshwa-
ter input in the upper Chesapeake Basin and over 50% of the
entire basin input (Leathers et al. 2008). Variability in the dis-
charge into the Chesapeake Bay has been linked to ecological
complications due to transport of excess nutrients and pollu-
tants (Anderson et al. 2002) and can also influence the gener-
ation of hydroelectric power and water management practices
within the basin. Prior research has indicated the frequency
and magnitude of snow depth change and river discharge
change within the SRB are significantly positively correlated,
particularly in December, where an increase in discharge of
approximately 14 310 ft3 s21 (1 ft3 ’ 0.03 m3) is observed for
every 1.0 cm of snow depth loss (Suriano et al. 2020). On aver-
age, snow ablation events resulted in an increase in discharge
of 155% over a 3-day lag, with the interannual frequency of
discharge-causing snow ablation events significantly decreasing
in the late twentieth century by approximately 45% (Suriano
et al. 2020). What remains unclear within the SRB is which at-
mospheric mechanisms are associated with snow ablation and
associated discharge and how global-scale patterns can influ-
ence regional and local-scale hydroclimatic outcomes.

The likelihood of an ablation event is dependent on the pres-
ence of snow cover and the occurrence of atmospheric patterns
that provide sufficient meteorological conditions for melt
(Grundstein and Leathers 1999). To examine the atmospheric
setup and begin evaluating its influence on the snowpack, re-
searchers may utilize synoptic classification techniques to estab-
lish days exhibiting similar atmospheric conditions under an
individual synoptic weather type (Yarnal 1993). Each synoptic
weather type modifies the snowpack in a different manner and
can be used to link atmospheric forcings to ablation and stream-
flow. In midlatitude regions of the Northern Hemisphere, snow
ablation typically occurs when there is southwesterly flow and ad-
vection of warm and potentially moist air into the region, includ-
ing those that lead to rain-on-snow precipitation (Grundstein
and Leathers 1999; McCabe et al. 2007; Mazurkiewicz et al. 2008;
Bednorz 2009; Guan et al. 2016; Wachowicz et al. 2020). Abla-
tion may also occur during other atmospheric conditions such as
clear-sky days associated with a high pressure center (Suriano
and Leathers 2018).

The goal of this study is to develop causal linkages between
the occurrence of rapid snow ablation events and their corre-
sponding streamflow discharges and the synoptic-scale forcings

within the watershed associated with both. By connecting syn-
optic-scale atmospheric circulation to the local hydrology, par-
ticular synoptic conditions that typically lead to ablation and
instances of large streamflow can be identified, and improve-
ments to flood forecasts and preparations can be made. Specific
objectives are to (i) present a climatology of extreme snow abla-
tion events and stream discharge events, by magnitude, for the
SRB, (ii) determine the primary synoptic-scale weather patterns
responsible for extreme snow ablation and discharge, and (iii)
quantify the relationship between the interannual frequency of
extreme ablation- and discharge-causing synoptic weather types
and major large-scale teleconnection indices known to influence
North America. To determine the synoptic-scale forcings of snow
ablation, this study employs a temporal synoptic index (TSI;
Kalkstein and Corrigan 1986) classification technique to create a
daily calendar of synoptic conditions that can be examined in
conjunction with snow ablation and discharge events.

2. Data and method

a. Study area

The SRB drains 71 210 km2 across the states of New York,
Pennsylvania, and Maryland in its 715-km path from Otsego
Lake, New York, to Havre de Grace, Maryland, where it en-
ters Chesapeake Bay (Fig. 1). Elevations across the watershed
range from 954 m in the southwest portion of the basin to sea
level as the river enters Chesapeake Bay (Fig. 1). The basin is
home to over 4 million people, and its land cover currently
consists of 62% natural vegetation (mostly forest), 25% culti-
vated vegetation, 10% developed lands, and 3% water bodies
(https://www.srbc.net). Since the beginning of European settle-
ment in approximately 1700, the SRB has seen dramatic
land-cover changes. The pre-European forested landscape was
cleared first for agriculture, and later in the nineteenth century
for production of lumber (Leathers et al. 2008). The lumbering
resulted in the removal of the majority of hemlock (Tsuga
Canadensis L.) and white pine (Pinus strobes L.) from the basin
(Leathers et al. 2008). In the last century, much of the original
portions of the watershed clear-cut for lumber have seen natural
regeneration, but the reforested landscape is different, containing
primarily hardwood species. The entire SRB is prone to flooding,
and flood damages average $150 million per year (https://www.
srbc.net). In the past, major floods in the basin have been caused
by diverse mechanisms ranging from snow-cover ablation to
heavy precipitation caused by tropical cyclones.

As noted previously, the SRB is the primary contributor to
the freshwater flow within the Chesapeake Bay. Additionally,
snow receipts from the James and Potomac River basins are
relatively small in comparison with those of the SRB. Because
of the dominance of the SRB in the overall Chesapeake dis-
charge (Fig. 2) and basin snow cover, parallels can be drawn
from the atmospheric forcings affecting ablation within the
SRB to those affecting the larger Chesapeake Basin.

b. Extreme ablation data, definition, and calculation

Daily snow depth data used in calculating ablation for the
SRB (approximately 40.58–42.58N, 75.58–78.58W) for the period
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1960–2009 were obtained from the Daily Gridded North
American Snow, Temperature, and Precipitation dataset
(T. L. Mote et al. 2018). The SRB at the dataset’s 18 latitude3
longitude resolution was determined based on a centroid
method, where only the grid cells in which the cells’ centroid
fell within the geographical boundaries of the basin were in-
cluded. Based on the U.S. Geological Survey (USGS) Water
Boundary Dataset (http://nhd.usgs.gov/wbd.html), the SRB
consisted of nine 18 grid cells (Fig. 1).

The gridded snow dataset is available for a majority of the
North American landmass and is based on in situ observations
from the National Weather Service Cooperative Observer
Program and the Meteorological Service of Canada network.
The dataset has undergone extensive quality control routines
(Robinson 1988; Suriano and Leathers 2017) and has been vali-
dated through stratified sampling and k-fold cross-validation
analyses (Kluver et al. 2017). Station density was sufficient for
analysis within the SRB, with many cells reporting over 10 station

FIG. 1. SRB topography and basin boundary representation at a 18 gridded resolution (dark-
outlined grid cells). Harrisburg is the location of the river discharge station used in the study,
and Philadelphia is the station used in the TSI classification.

FIG. 2. (a) Stream discharge (3103 ft3 s21) interannually during the November–April study season for the Susquehanna (blue), Potomac
(orange), and James (yellow) Rivers, and (b) mean monthly stream discharge (3103 ft3 s21) for the Susquehanna River only.
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observations daily (Kluver et al. 2017). These data are currently
available online at the National Snow and Ice Data Center
(http://nsidc.org/data/G10021).

The Daily Gridded North American Snow, Temperature,
and Precipitation dataset was suitable for this application due
to its consistent use of observations from the Cooperative Ob-
server Program in the United States and its long period of re-
cord. While other data products were considered, the use of
snow observations, not modeled or reanalyzed products, was
preferred, and the selected dataset allowed for the climatolog-
ical perspective necessary for this study, despite the dataset’s
termination in 2009. This is discussed in greater lengths within
the limitations section (section 2e).

Snow ablation events were defined as an interdiurnal de-
crease in areal-weighted average snow depth across the SRB.
To focus only on ablation with the most potential for societal
impact, only events within the top 5% of the distribution of
depth change magnitude were analyzed, corresponding to a
depth decrease of 3.0 cm. These events are designated here as
extreme. Further, events were only analyzed when (i) the maxi-
mum temperature on the second day of the associated interdiur-
nal event exceeded 08C (Dyer and Mote 2007) and (ii) when no
new snowfall accumulations greater than 2.54 cm were recorded
on any of the 3 days preceding the event (Suriano and Leathers
2018). These criteria aid in removing the effect of snowpack com-
paction as effectively as possible from daily snow depth measure-
ments. In contrast to deep mountain snowpacks, under such
conditions in ephemeral snow environments, the snowpack can
be assumed to be relatively isothermal and mature (Dyer and
Mote 2007). After 3 days of no new substantial snow accumula-
tions, the impact of snow compaction at the given depth change
threshold would be nominal and is based on estimated snow-
density calculations (Anderson 1976; Suriano and Leathers
2018). This definition of snow ablation does not account for snow
depth changes that are the result of sublimation, as this effect is
generally minimal for a single event (Dèry and Yau 2002). The
authors acknowledge a small portion of daily snow depth de-
creases could be attributable to sublimation. Prior research has
shown this methodological approach to be a valid proxy for de-
tecting snow ablation without the use of snow mass or snow wa-
ter equivalent (Leathers et al. 2004; Dyer and Mote 2007;
Suriano and Leathers 2018, among others), where statistically sig-
nificant relationships between depth change and discharge exist
(Suriano et al. 2020).

As identified in Suriano and Leathers (2017), changes in
the number of reporting observation stations can influence an
interpolated interdiurnal snow depth change for a grid cell.
To ensure high fidelity of the snow depth data, days and grid
cells identified in the quality control routines of Suriano and
Leathers (2017) as suspicious were removed from analysis.
This may create the potential for an areal-weighted average
snow depth for the basin to be based on different areas (i.e.,
different number of grid cells) over successive days. As such,
a threshold of daily grid cells reporting was applied. With nine
total grid cells composing the SRB (Fig. 1), only days with at
least eight of nine grid cells reporting were considered (i.e.,
89% of cells), resulting in 97.8% of the possible ablation events
being available for analysis. The average ablation magnitude

was not significantly different between events with an 89%
(eight of nine cells required) and 100% (nine of nine cells re-
quired) threshold.

c. Extreme discharge data, definition, and calculation

Daily stream discharge for the SRB for the years 1960–2009
was collected from the USGS streamflow gauge network at
Harrisburg, Pennsylvania (USGS 01570500; see Fig. 1). The
Harrisburg gauge site was the farthest station downstream be-
fore major dams and had minimal missing data (,1%) over
the 50-yr period of record, making it the most suitable for this
analysis.

Here, a discharge event is defined as an interdiurnal in-
crease in discharge at a 3-day lag (Suriano et al. 2020). For in-
stance, a discharge event was equivalent to the discharge on
day 3 minus the discharge on day zero. Peak lag in discharge
was determined by cross-correlation analysis to occur be-
tween 2 and 4 days after an associated ablation event (Suriano
et al. 2020). However, beyond 3 days, the influence of a particu-
lar synoptic weather type on discharge becomes indiscernible
from the impact of the next synoptic-scale system. Thus, this
study will focus on the 3-day lag in discharge associated with
snow ablation. Similar to the ablation analysis, only discharge
events in the top 5% of the September–August distribution by
magnitude were analyzed. This corresponds to a 3-day increase
in discharge of 86 000 ft3 s21. Discharge events at or above this
threshold are considered as extreme in this study.

A number of environmental variables influence the rela-
tionship between ablation and discharge beyond decreases in
snow depth, including snowpack density and temperature,
ground saturation, soil characteristics, and additions of liquid
precipitation. Because of these other factors, it is not expected
for there to be a streamflow response associated with every
ablation event within the basin. However, previous work has
noted that approximately 75% of ablation events result in a
positive (increasing) response in river discharge at a 3-day lag
in the Susquehanna River, where ablation magnitude is signifi-
cantly related to the magnitude of discharge response (Suriano
et al. 2020). Snow ablation events and associated river discharge
responses were initially examined over the entire September
through August snow season. However, with no ablation events
occurring in the warm season, analysis was restricted to Novem-
ber through April during the period 1960–2009.

d. Synoptic classification

Daily synoptic weather types were developed using the TSI
synoptic-typing methodology (Kalkstein and Corrigan 1986),
based on meteorological data in Philadelphia, Pennsylvania
[Weather Bureau Army–Navy (WBAN) 13739, 39.878N,
75.238W]. Such a synoptic weather-typing technique repre-
sents days with similar atmospheric conditions as a single
weather type, which facilitates the evaluation of the atmos-
phere’s influence on the underlying surface (Yarnal 1993). In
this study, synoptic weather typing is used to determine the
relationship between basin-scale snow ablation and synoptic-
scale circulation and to track the frequency of synoptic types
in which long-term changes can alter the climate.
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Meteorological observations from 1960 to 2009 for Philadel-
phia were obtained from the National Centers for Environmen-
tal Information (NCEI) for the TSI at four daily observation
periods (0900, 1500, 2100, and 0300 UTC). Data include tem-
perature, dewpoint temperature, sea level pressure, surface
wind vectors, and cloud cover. An unrotated P-mode principal
components analysis was conducted on the 4-times-daily meteo-
rological observations to identify the principal components with
eigenvalues greater than 1.0 for each climatological season [au-
tumn (SON), winter (DJF), and spring (MAM)]. Summer
(JJA) was not included because of a lack of snow cover in the
SRB during this time of year. Such climatological season classi-
fications are preferred over a single annual classification be-
cause this limits the influence of the annual cycle on the
explained variance of the PCA (Siegert et al. 2017).

Five principal components were retained each season, ex-
plaining approximately 79.3%–81.0% of seasonal variance.
The five principal components align well with (i) the air mass,
(ii) the configuration of the sea level pressure field relative to
Philadelphia, and (iii) the daily progression of cloud cover,
and the direction and strength of the (iv) zonal and (v) meridi-
onal wind fields. The seasonal component scores, the weighted
sums of the original variable by the component loading, are
then clustered using within-group average linkage clustering
with an initial 20-cluster solution. Within-group average link-
age is identified as the most appropriate clustering method for
the TSI (Kalkstein et al. 1987). The TSI of this study differs
from that of Kalkstein and Corrigan (1986) because of the use
of the preferred within-group average linkage, as compared
with the original Ward’s clustering.

A qualitative assessment of each season’s initial 20 cluster
solutions, or synoptic weather types, was then performed us-
ing the approach described in Siegert et al. (2021). Compo-
sites of sea level pressure and 500-hPa geopotential height
fields were generated for each synoptic weather type using
NCEP–NCAR Reanalysis 1 (Kalnay et al. 1996). This allows
for each type to be categorized into general synoptic weather
categories (SWCs) relative to the SRB: high pressure overhead,
northwesterly flow, southerly flow, and weak flow (Suriano
2020). While not necessarily a dominant synoptic-scale flow re-
gime, a fifth SWC of rain-on-snow was established in line with
previous literature (Suriano and Leathers 2018; Suriano 2020)
to examine the impact of rain-on-snow ablation within the re-
gion (see Wachowicz et al. 2020). Further discussion of the sea
level pressure fields and resulting impacts to ablation are dis-
cussed within the results section. The result of the procedure
was a daily synoptic calendar where each day is represented by
an individual SWC over the 50-yr period. While other newer re-
analysis products, for example, ERA5, may have been able to
provide a finer-scale spatial resolution than NCEP–NCAR Re-
analysis 1, for the specific variables examined here, it provides
sufficient resolution. Further, sea level pressure and 500-hPa
heights are among the variables most strongly influenced by ob-
served data (Kalnay et al. 1996). With a high observation station
density in the U.S. mid-Atlantic/Northeast during the study pe-
riod, model bias is likely reduced relative to sparsely observed
regions (Lindsay et al. 2013). This indicates that these variables

are considered the most reliable for analysis, and thus NCEP–
NCARReanalysis 1 is appropriate for this specific application.

The identified basinwide average ablation events and dis-
charge responses for the SRB were examined in conjunction
with the daily synoptic calendar to isolate the frequency and
magnitude of ablation associated with each synoptic category.
Only synoptic weather types that represented a relative fre-
quency of at least 2% of the extreme ablation events, extreme
discharge events, and/or total November–April days were re-
tained. This restriction helps to simplify analysis, limiting dis-
cussion to only the 27 most impactful synoptic weather types,
which were binned into their corresponding SWC. A climatol-
ogy of extreme snow ablation events and discharge responses
is presented followed by a detailed analysis of the SWCs’ rela-
tionships to these variables.

To evaluate possible forcing mechanisms of the synoptic
weather types’ frequencies over time, the role of large-scale
atmospheric and oceanic modes of variability, that is, telecon-
nections, was examined. Teleconnection indices known to in-
fluence the broader region were isolated at monthly time
scales, detrended to remove any long-term systematic move-
ments away from the mean, and correlated against the
weather types’ frequencies at seasonal scales. Teleconnection
indices used were the Arctic Oscillation (AO; Higgins et al.
2000), North Atlantic Oscillation (NAO; Barnston and
Livezey 1987), Pacific–North American pattern (PNA; Leathers
et al. 1991), Pacific decadal oscillation (PDO; Zhang et al.
1997), Niño-3.4 ENSO index, and Atlantic multidecadal oscilla-
tion (AMO; Enfield et al. 2001). Data were obtained from
NOAA’s Physical Sciences Laboratory.

e. Limitations

One of the primary limitations of this study is the termina-
tion of the snow depth dataset in 2009. Such a termination
date effectively prohibits a robust temporal investigation of
extreme ablation events within the basin. While such an ob-
jective would have added value to the analysis, specific care
was taken to not speak to change or variation over time, but
rather to focus on the climatological period and the role of
synoptic and global-scale circulation and their influence on
events. Other datasets were initially considered, such as the
Daily 4-km Gridded SWE and Snow Depth (Broxton et al.
2019) and the Snow Data Assimilation System (SNODAS).
Despite both of these datasets providing current data, the deci-
sion to use the 18 3 18 gridded dataset (T. L. Mote et al. 2018)
was driven by the long-term nature of the dataset and its consis-
tent use of COOP observations. For instance, SNODAS cur-
rently has coverage starting in 2003 and would prove insufficient
in capturing the long-term variability sought in this study. Fur-
ther, the Daily 4-km Gridded SWE product (Broxton et al.
2019) heavily incorporates SNOTEL stations in the mountain
west into its algorithms. With the lack of SNOTEL measure-
ments in the central and eastern United States, there are con-
cerns about the product’s performance in the SRB.

Second, there are inherent limitations to the synoptic classifi-
cation technique used here, specifically the binning of weather
types into SWCs. These general categories are broad by design
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and serve to simplify analysis. However, the placement of indi-
vidual synoptic weather types (i.e., cluster solutions) into an
SWC is subjective and prone to potential variations based on
researcher biases. The reclassification of an individual weather
type into a different SWC may result in a change in the general
conclusions found here, and while similar at a synoptic scale, in-
dividual types within an SWC may exhibit a range of smaller-
scale features. As such, care was taken in assigning individual
types to an SWC following the principles outlined in Siegert
et al. (2021).

3. Results

a. Climatology of extreme ablation and discharge events

Across the 50-yr study period, approximately 4.2 extreme
ablation events occurred per November–April season [stan-
dard deviation (SD): 3.1 events per year], with a maximum of
13 events in the period 1977/78, and a minimum of 0 events in

1988/89, 1989/90, and 1994/95 (Fig. 3). On average, an ex-
treme ablation event results in an areal-weighted basinwide
snow depth decrease of 4.5 cm (SD: 1.6 cm). A seasonal distri-
bution of the SRB extreme ablation events indicates a major-
ity of events occur during the months of February and March,
contributing 31.8% and 28.9% of the total events, respectively
(Fig. 4a; Table 1). Within the basin, the largest ablation events
typically occur in the northern regions, and ablation magnitude
during a basinwide event is not necessarily spatially homogenous
(Fig. 5). Approximately 87.7% of extreme ablation events are
observed in conjunction with a discharge event at a 3-day lag
(i.e., increase in discharge). In comparison, 27.5% of extreme ab-
lation events occurred in conjunction with an extreme discharge
event (i.e., top 5% of discharge events) at the same lag.

A total of 332 three-day-lag discharge events met the threshold
for extreme over the 50-yr period, inclusive of the entire calendar
year. Of those, 80.8% occurred during the November–April study
season, for an average of 5.0 extreme events per season (SD: 3.3),
showcasing the importance of snow processes in the hydrology of
the basin. Maximum frequency occurred in 1977/78, with 14 ex-
treme discharge events, while a minimum frequency of 0 extreme
events occurred in 1989/90 (Fig. 3). On average, an extreme dis-
charge event resulted in an increase in discharge of 141383 ft3 s21

(SD: 59796 ft3 s21) over the 3-day lag. The seasonal distribution
of extreme discharge events indicates March, followed by February,
have the greatest frequency at 31.0% and 18.7%, respectively, align-
ing with the maximum frequency of extreme ablation within the
basin (Fig. 4b). For 52.7% of extreme discharge events, a snow abla-
tion event occurred 3 days prior (i.e., a 3 day lag), with 17.5% of all
extreme discharge events being associated with an extreme ablation
event 3 days prior.

b. Synoptic weather types

The synoptic weather types categorized into the five SWCs
represent approximately 81% of all November–April days
from 1960 to 2009. Representative sea level pressure patterns

FIG. 3. Interannual frequency of extreme (top 5%) November–
April daily snow ablation (gray) and stream discharge (purple)
events for the SRB.

FIG. 4. Monthly relative frequency (%) of all events (gray bars) and extreme events (red bars) from 1960 to 2009 for (a) snow ablation
events and (b) stream discharge events.
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for each SWC are presented in Fig. 6, and daily averaged me-
teorological conditions in Philadelphia for each SWC are
available in Table 2. Meteorological conditions for each indi-
vidual synoptic weather type are provided as Table S1 in the
online supplemental material.

High pressure overhead (HOV) synoptic weather types ex-
hibited a relative high pressure center in the general vicinity
of the SRB (Fig. 6a), with an average magnitude of 1024 hPa
(Table 2). During HOV types, the basin typically received clear-
sky conditions and relatively moderate air temperatures based
on the season of occurrence, except when the configuration of

high pressure resulted in winds from the east, where flow from
the Atlantic Ocean likely resulted in orographically induced up-
lift and greater cloud cover relative to the other HOV types
(Table 2). Wind directions for these types were variable during
the day and exhibited the slowest average wind speeds of any of
the SWCs at 2.2 m s21 (Table 2). HOV types accounted for
23.8% of November–April days during the 1960–2009 study pe-
riod, the second largest percentage of the five SWCs.

Northwest flow (NWF) types were associated with relatively
high pressure to the west and relatively low pressure to the
east, such that surface winds were from the west, northwest, or

TABLE 1. Monthly ablation frequency for the SRB for November–April. Ablation event frequency is shown by event magnitude
(cm) for all event occurrences and for those events falling within the top 5% of ablation events.

Extreme event magnitude (cm)

Month Extreme events 3.0 # X , 4.5 4.5 # X , 6.0 6.0 # X , 9.0 X $ 9.0

Nov 8 7 0 1 0
Dec 29 20 5 3 1
Jan 43 26 12 2 3
Feb 67 37 20 8 2
Mar 61 37 17 6 1
Apr 3 2 1 0 0

FIG. 5. Spatial distribution of snow magnitude ablated within the broader Chesapeake Basin (including SRB), in centimeters, during ex-
treme ablation events, 1960–2009. Note that the number of days used in calculating this average differs by month, with November–April
having 8, 29, 43, 67, 61, and 3 days, respectively.
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north and typically advected cool and dry air into the SRB
(Fig. 6b). This advection was evident within the composited
meteorological conditions, with NWF types having the lowest
air and dewpoint temperatures of the five SWCs, at 2.28 and
25.58C, respectively (Table 2). Average wind speeds were the
greatest for NWF types of the SWCs, with an average daily
magnitude of 4.5 m s21 (Table 2). These types were often pre-
ceded by a low pressure system tracking northeast along the
eastern United States coast or in southern Quebec, Canada.
NWF types were the most common of the SWCs, occurring
3786 times during the 50-yr study period and representing
27.7% of the total November–April days.

Southerly flow (SF) types exhibited a sea level pressure
configuration that was the opposite of NWF types, with high
pressure to the east and low pressure to the west (Fig. 6c).
This configuration resulted in the advection of relatively
warm and sometimes moist air from the southwest, south,

and/or southeast in the SRB (Table 2). Air temperatures dur-
ing SF types were the highest, on average, of the SWCs at
6.98C, while dewpoint temperatures were the second highest
at 1.58C (Table 2). SF types were the third most frequent
SWC, accounting for 12.5% of days during the study period.

Weak flow (WF) synoptic weather types typically entailed a
nondescript sea level pressure pattern with relatively weak
and disorganized flow (Fig. 6d). However, depending on the
direction of flow, this can result in the advection of relatively
warm and moist air masses into the basin that can contribute
to ablation (Table 2). These types represented approximately
9.9% of days in the November–April study period.

The rain-on-snow (ROS) types do not necessarily have a
consistent synoptic-scale pattern, but rather, are conditions
when liquid precipitation occurs within the SRB. ROS types
are most often represented by a midlatitude cyclone tracking
through or just north of the SRB, resulting in the advection of

FIG. 6. Average sea level pressure field (hPa) for the eastern United States for a synoptic weather type representative of the five SWCs
leading to ablation in the SRB: (a) HOV, (b) NWF, (c) SF, (d) WF, and (e) ROS.

TABLE 2. Average meteorological conditions at the Philadelphia TSI location for the five SWCs.

SWC
Air temperature

(8C)

Dewpoint
temperature

(8C)
Sea level

pressure (hPa)
Wind

direction (8)
Wind speed
(m s21)

Cloud cover
(10ths)

HOV 4.9 21.2 1024 339 2.2 6.0
NWF 2.2 25.5 1019 303 4.5 3.7
SF 6.9 1.5 1018 220 2.2 7.3
WF 3.8 21.3 1013 319 4.0 8.4
ROS 5.3 1.6 1009 63 3.6 8.8
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warm and moist air from the south, cloud formation, and pre-
cipitation, potentially in association with a warm or cold front
(Fig. 6e). ROS types had the highest dewpoint temperatures,
cloudiest conditions, and lowest sea level pressure of the five
SWCs at the Philadelphia TSI location (Table 2). ROS types
were the least frequent of the SWCs, occurring just 20.6 days
per year, or 7.5% days during the 50 yr.

c. Synoptic weather types and extreme ablation and
discharge events

The 27 individual synoptic weather types within the five
SWCs represented 98.1% of the extreme ablation events and
92.9% of the extreme discharge events within the 50-yr
November–April season study period (Table S2 in the online
supplemental material). HOV types resulted in 30.0% of SRB
extreme ablation events, with an average magnitude of 4.9 cm
of snow depth loss per event. As such, HOV types resulted in
the second largest ablation magnitude and second highest fre-
quency of ablation of the five SWCs (Table 3; Fig. 7). Simi-
larly, HOV types accounted for the second highest frequency
of extreme discharge events, at 23.6%. The average magni-
tude of a discharge event was approximately 147 064 ft3 s21

(428% increase over long-term mean flow), the third largest
of the SWCs (Table 3; Fig. 7).

NWF types resulted in approximately 14.0% of the 1960–2009
extreme ablation events and an average of 4.2 cm of snow depth
loss per event, the lowest of the SWCs (Table 3; Fig. 7). A total of

23 extreme discharge events were associated with NWF (9.3%),
with an average magnitude of approximately 128 506 ft3 s21

(374% increase over long-term mean flow; Table 3; Fig. 7).
NWF types, which often follow coastal storms, have the lowest
average discharge magnitude of the SWCs.

In contrast to NWF types, SF types resulted in the most
snow extreme ablation events within the basin at 35.7% and
an average ablation magnitude of 4.3 cm (Table 3; Fig. 7). Ex-
treme discharge events during SF types were approximately
145 791 ft3 s21 (425% increase over long-term mean flow),
and SF types accounted for 35.8% of the extreme discharge
events, the most of the SWCs (Table 3; Fig. 7).

WF types resulted in 13.5% of the extreme SRB ablation
events, with an average magnitude of 4.7 cm (Table 3; Fig. 7).
These types resulted in the fewest extreme discharge events
of the SWCs at 22 (8.9%), with an average daily magnitude of
approximately 148 147 ft3 s21 (432% increase over long-term
mean flow; Table 3; Fig. 7).

ROS types resulted in just 6.8% of the extreme SRB abla-
tion events; however, the average ablation magnitude for
ROS types was 5.8 cm of snow depth loss, the most of the five
SWCs (Table 3; Fig. 7). ROS types represented 22.4% of ex-
treme discharge events during the 50-yr study period, with an
average daily discharge of approximately 130115 ft3 s21

(379% increase over long-term mean flow; Table 3; Fig. 7).

d. Large-scale forcing mechanisms

During the November–April study period, the interannual fre-
quency of all five SWCs was significantly related to the phase of
at least one teleconnection index. HOV synoptic weather types
were more frequent during years when the PNA was negatively
phased (correlation R 5 20.321; significance p 5 0.023). NWF
types were more frequent during years when the AMOwas nega-
tively phased (R 5 20.366; p 5 0.002). SF types were positively
correlated with both the NAO and the AO (R5 0.343; p5 0.015
and R5 0.332; p5 0.019, respectively), indicating the types were
more frequent when the indices were in their positive phases. The
opposite correlation was evident for WF synoptic weather types,
with WF types being more frequent when the NAO was nega-
tively phased (R 5 20.295; p 5 0.038) and when the Niño-3.4
ENSO index was cooler than normal (R 5 20.285; p 5 0.045).
The frequency of ROS weather types was significantly correlated
with the AO (R5 20.307; p5 0.030), the Niño-3.4 ENSO index
(R5 0.379; p5 0.007), the PDO (R5 0.428; p5 0.002), and the
PNA (R 5 0.549; p , 0.001). Correlation results of teleconnec-
tion indices and individual synoptic weather types are available in

FIG. 7. Relative frequency (%) of the SWCs for all November–
April days (blue), extreme ablation events (red), and extreme dis-
charge events (yellow) from 1960 to 2009.

TABLE 3. Average snow extreme ablation and extreme stream discharge magnitude per event and total frequency of extreme events
in the SRB, 1960–2009. Ablation magnitude is shown as a negative value, indicative of snow loss.

SWC
Ablation event
magnitude (cm)

Ablation event
frequency (days)

Discharge event
magnitude (ft3 s21)

Discharge event
frequency (days)

HOV 24.9 62 147 064 58
NWF 24.2 29 128 506 23
SF 24.3 74 145 791 88
WF 24.7 28 148 147 22
ROS 25.8 14 130 115 55
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Table S3 in the online supplemental material but are not the point
of emphasis in this paper.

4. Discussion

a. Climatology of extreme ablation and discharge events

Similar to prior research in the SRB and the surrounding
region (Leathers et al. 2004; Wachowicz et al. 2020; Suriano
et al. 2021; Welty and Zeng 2021), snow ablation is observed
to be most common during the late winter and early spring
months of February and March. This corresponds well to
peak snowpack depth and the onset of warmer and more hu-
mid atmospheric conditions while exiting the cold season
(Hatchett et al. 2022) and when there is the greatest fre-
quency of extreme discharge events in the basin. By narrow-
ing the scope of ablation events analyzed here to extreme
events (top 5% of the distribution), we note a modest increase
in the percentage of ablation events generating a positive (in-
creasing) response in river discharge from 75.6% with events
of at least 2.54 cm (Suriano et al. 2020) to 87.7% here. This
suggests that larger ablation events are more likely to yield
enhanced runoff relative to smaller events, based on more wa-
ter likely being available within the pack. Despite the various
other factors that can influence runoff, the magnitude of snow
ablation is a major contributor during the cold season.

Leathers et al. (2008) developed a long-term hydroclimatic re-
construction of the Susquehanna River basin that included analy-
sis of mean annual flow. They found for the period 1680–2006,
mean annual flow of the Susquehanna River was 34326 ft3 s21. In
comparison, an extreme discharge event here represents 412% of
that long-term mean annual flow. Over half of the extreme dis-
charge events in the basin occur during the cold season in associa-
tion with an ablation event, while approximately 25% occurred
during the cool season but were not linked directly to ablation
here. The remaining approximately 20% of extreme discharge
events occur during the warm season (May–September), associ-
ated with heavy and often widespread precipitation events such
as those found with remnants of tropical systems [e.g., Agnes in
1972 (Toomey et al. 2019) and Lee in 2011 (Kochel et al. 2016)].

While this research did not evaluate changes in extreme dis-
charge over time, other efforts have explored this in greater de-
tail. When evaluating potential changes in discharge in response
to a changing climate, findings report projected increases in
annual streamflow by some 24% in the twenty-first century
(Najjar 1999), while mean annual peak discharge decreases as
snowfall reduces with warmer winter temperatures (Ray et al.
2016). When determining the criteria for including data, the
top 5%, top 10%, and top 15% of discharge events and abla-
tion events were initially considered. When results were com-
pared for all three, the increase in accuracy due to the increase
in the number of data points across the percentiles was coun-
tered by the loss of emphasis on extreme ablation events, one
of the main points of this study (figures not shown).

b. Synoptic weather types

The relative frequencies of the five SWCs were similar to
that reported in other studies focused in the broader Northeast

and/or mid-Atlantic. Siegert et al. (2021) also identifies south-
erly/southwesterly flow, northwest flow, and high pressure
overhead types as the most common patterns leading to
streamflow in forested watersheds in the Northeast. While
they find southwesterly flow types were associated with 37%
of streamflow events, the study was focused on the warm sea-
son and acknowledges the types were least common during
the winter season with average interannual frequencies in line
with values reported here. Also focused on the SRB, Miller
et al. (2006) analyzed synoptic patterns in association with
spring discharge events, finding 10 primary patterns, including
Bermuda Highs, Ohio Valley Highs, and Nor’easters, that are
highly similar to SWCs identified here.

Based on prior research, it is likely that each of the primary
five SWCs initiates ablation from different combinations of
latent, sensible, and radiative transfer into the snowpack.
Using the nearby Great Lakes basin as a comparison with the
SRB (e.g., Suriano and Leathers 2018), HOV types commonly
ablate snow due to relatively high levels of shortwave radia-
tion associated with clear-sky conditions and occasionally
with moderate fluxes of sensible heat. Here, we note that
while some HOV types appear to meet this description, two
of them (HOV_A_1 and HOV_W_1) indicate overcast skies
are observed in Philadelphia when the patterns occur. These
two patterns’ high sea level pressure center is located just
north of the SRB (not shown); thus, wind flow is predomi-
nantly easterly and likely results in topographically induced
uplift of relatively moist maritime air masses from the Atlan-
tic Ocean. This mechanism of ablation would be more heavily
influenced by latent and sensible heat transfers, similar to SF
types (see below), despite the prevalence of high pressure
over the SRB.

NWF types typically ablate snow via a variety of mecha-
nisms, including enhanced latent and sensible fluxes associated
with a frontal passage through the region at the very beginning
of the calendar day and/or the very end of the previous day
(Suriano and Leathers 2018). This passage is typically linked
to a midlatitude cyclone to the north and east where the daily
composite indicates northwest flow is the dominant regime.
Lower levels of cloud cover following this frontal passage also
enhance shortwave fluxes into the snowpack and can lead to
moderate levels of ablation (Suriano and Leathers 2018).

SF types typically ablate snow in the U.S. Northeast and
Midwest primarily via sensible and latent heat fluxes driven
by the strong advection of warm, and sometimes moist, air
from the south (Suriano and Leathers 2018). The presence of
cloud cover can also aid in the retention of longwave radiation
aiding in ablation, while also lessening the magnitude of en-
ergy received via shortwave radiation (Suriano and Leathers
2018). WF types have a less-clear pathway of driving ablation
due to the varied configurations of sea level pressure and gen-
eral low pressure gradients observed. This is further evident by
the “middle of the road” average meteorological characteris-
tics of WF types relative to the other four SWCs (see Table 2).

ROS types within the mid-Atlantic typically ablate snow
via turbulent fluxes associated with relatively high air temper-
atures, dewpoint temperatures, and wind speeds (Wachowicz
et al. 2020; Grote 2021). Inherent to ROS types is also the
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energy imparted to the snowpack by the precipitation itself;
the rain imparts sensible heat due to its above-freezing tem-
perature, and latent heat is often released into the snowpack
when the rain freezes within it. Case studies indicate some
85% of the net energy into the snowpack during ROS within
the SRB are from turbulent heat fluxes, with sensible heat
alone being responsible for nearly 55% of the net energy flux
into the snowpack (Leathers et al. 1998). Grote (2021) further
describes the role of the low-level jet in advecting warm air
and moist air from the Gulf of Mexico and/or Atlantic Ocean
as prime atmospheric conditions for ROS-induced flooding in
the mid-Atlantic.

c. Synoptic weather types and extreme ablation and
discharge events

Our results found that SF types represented the largest rel-
ative frequency of both extreme ablation and extreme dis-
charge events during the study period, similar to research
from the surrounding region (Suriano 2019, 2020; Leathers
et al. 2004; Welty and Zeng 2021). Suriano (2019) evaluated
atmospheric mechanisms for snow ablation, not restricted to
only extreme events, and notes that classified SF synoptic
types represented from 23% of ablation in the Lake Ontario
basin to nearly 44% of events in the Lake Huron basin. When
examining the most extreme ablation events in the Great
Lakes basin, Suriano (2020) identifies that 63.6% of events
are attributed to SF types. Leathers et al. (2004) used air
masses as a means to analyze ablation events in the central
Appalachians, finding ablation was most common during in-
stances of moist moderate, dry moderate, and moist polar air-
mass types. Leathers et al. (2004) also indicates atmospheric
conditions resulting in southerly flow into the region were re-
sponsible for the largest percentage of ablation events, noting
instances of liquid precipitation led to some of the highest
rates of ablation. Furthermore, Welty and Zeng (2021) iden-
tify an enhanced 500-hPa trough over the western Great
Plains as prime conditions for ablation in the Northeast (in-
clusive of the SRB). This would place the ascending branch of
the 500-hPa trough over the Midwest United States and favor
the development of midlatitude cyclones to the immediate
west of the SRB. Such a development closely resembles the
composite maps of the SF types leading to ablation here.

The largest-magnitude ablation events, on average, were as-
sociated with ROS types over the study period, and ROS was
the third highest percentage of extreme discharge events (be-
hind SF and HOV types). This mirrors results noted else-
where in eastern North America where ROS are typically
observed to result in the larger magnitudes of ablation per
event relative to non-ROS events (e.g., Suriano and Leathers
2018). Where results differ here with the literature is in the rela-
tive frequency of ROS events. Here we note that less than 10%
of extreme ablation events are associated with ROS types. Else-
where, ROS ablation has been evaluated as approximately 28%
of events in the Northeast (Welty and Zeng 2021), from 24%
(Welty and Zeng 2021) to 27% (Suriano and Leathers 2018) in
the Great Lakes basin, and approximately 30% broadly in the
mid-Atlantic (Suriano 2022). The underrepresentation of ROS

noted here could be due to a variety of factors, such as the spe-
cific definition of ablation used, the focus here on “extreme”
events, and the type of dataset used (observed versus modeled
product). Such a discrepancy may also be due to how a ROS
event is defined, as discussed in Wachowicz et al. (2020). Fur-
ther, ROS synoptic weather types are inherently not a specific
synoptic weather type in the same sense that a pattern resulting
in westerly flow or a high pressure center overhead is. As such,
there is some level of researcher-specific subjectivity in identify-
ing such a pattern and the potential for variations in results in
relative frequency of occurrence.

d. Large-scale forcing mechanisms

With the relative frequency of multiple SWCs being signifi-
cantly correlated with the phases of large-scale teleconnection
indices, it is prudent to discuss the physical mechanism(s) that
support such statistical linkages. Some of the strongest corre-
lations were observed with the PNA. Under a positively
phased PNA, there is enhanced troughing over the eastern
United States and Atlantic coast at midlevels of the atmo-
sphere (Leathers and Palecki 1992). As such, one would ex-
pect to see a greater frequency of midlatitude cyclones
tracking up the Eastern Seaboard and along the spine of the
Appalachians in agreement with the ascending branch of the
trough favoring upper-level divergence and low pressure for-
mation at the surface. This aligns with the atmospheric condi-
tions in which the ROS SWC occurs, placing the SRB within
the warm sector of the cyclone and increasing the potential
for liquid precipitation to occur. Conversely, a negatively
phased PNA would indicate the opposite configuration, with
enhanced ridging in the eastern United States, placing the de-
scending branch of the midlevel wave train, and associated
convergence and surface high pressure, over the mid-Atlantic
region inclusive of the SRB, as seen here with the HOV
types.

Although with slightly different mechanisms, the AO and
NAO indices are similar with respect to their impacts on up-
per-level circulation over North America. When the indices
are negatively phased, there is an increased tendency for up-
per-level troughing over the eastern United States, similar to
that of a positive PNA. Conversely, a positive AO/NAO fa-
vors the development of low pressure to the west of the SRB,
in the Midwest, and relatively higher pressure off the Atlantic
coast through the configuration of mid- to upper-level pat-
terns. This gives rise to an enhanced frequency of SF types.
The frequencies of WF types and ROS types were oppositely
related to the Niño-3.4 ENSO index, such that when ocean
temperatures were warmer, WF types were less frequent and
ROS types were more frequent. The positive correlation be-
tween the Niño-3.4 ENSO index and ROS types’ frequency is
similar to that observed in the U.S. Southwest (McCabe et al.
2007), supported by enhanced precipitation anomalies during
El Niño events in these regions. While this study did not em-
phasize temporal trends in ablation, discharge, or SWCs’ fre-
quency, evaluation of the physical forcing mechanisms of these
variables can prove valuable in understanding potential future
changes in their occurrence.
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5. Conclusions

This study evaluated the climatology of extreme snow abla-
tion and extreme river discharge events within the Susque-
hanna River basin over a 50-yr period. Using a synoptic
classification technique, particular emphasis was placed on re-
solving the synoptic-scale weather patterns that are associated
with ablation and discharge events within the basin and how
global-scale modes of variability are related to their interan-
nual frequency. Extreme snow ablation events, representing
the top 5% of the distribution by magnitude, were observed
in each month of the November–April study season; however,
they were most frequent during March and February. Per ex-
treme event, approximately 4.5 cm of basinwide areal-
weighted snow depth was ablated on average, and an extreme
discharge event for the basin was over 141 000 ft3 s21on aver-
age. This increase in discharge represents a 412% increase
from the long-term mean flow.

Extreme events, both ablation and discharge, most com-
monly occurred during synoptic-scale weather types of south-
erly flow. Such weather types are typically associated with the
advection of warm and often moist air masses into the basin
with moderate to relatively strong wind speeds, requisite mete-
orological conditions for rapid ablation. While relatively infre-
quent, instances of rain-on-snow led to the largest magnitude
of ablation per event and are also associated with large latent
and sensible heat fluxes. The frequency of such ROS weather
types was significantly correlated with the phase of the PNA,
where ROS types were more frequent during winter seasons
when the PNA was positively phased.

Further research into the role of atmospheric variations in
driving ablation events in the eastern United States is war-
ranted. While not evaluated in this study, preliminary evi-
dence suggests the interannual frequency and the internal
meteorological characteristics of ablation-causing synoptic
weather types have changed over time. Such changes alter the
potential for ablation events to occur in the region and may
impact the intensity of events in the future. Particular empha-
sis on ROS events for future research is proposed, given the
regional hydroclimatology and potential for change in the re-
maining twenty-first century.
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