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Abstract:  Rain-on-snow (ROS) flooding is common throughout the Appalachians and Mid-

Atlantic region primarily during late winter and spring.  Six recent (2007-2013) widespread 

snowmelt-related flood events throughout Pennsylvania and other Mid-Atlantic states are used to 

gain an understanding of synoptic-scale atmospheric conditions that generate annual maximum 

flows for the region.  NCEP/NCAR Re-analysis output for six individual case studies and an all-

event composite suggest similar synoptic-scale atmospheric conditions lead to widespread ROS 

flooding.  Snow ablation and subsequent flooding are heavily influenced by the low-level (850 

mb Low Level Jet) advection of warm, moist air from the Gulf of Mexico and Atlantic Ocean 

around an area of high-pressure off the Atlantic Coast towards low pressure in the mid-continent. 

An anomalously deep 500mb trough in the mid-continent aids in steering heat and moisture into 

the study area.  The sustained advection of warm, moist air into the region allows for the 

snowpack to first ripen and then ablate, thus producing widespread ROS flooding throughout the 

study area.  Although regional snowpack ablation combined with liquid precipitation drive ROS 

flooding, the impact of antecedent soil moisture or frozen ground should not be overlooked.  The 

timing of ROS flooding in the Mid-Atlantic Region may shift under a warming climate.     

Keywords: synoptic climatology, hydroclimatology; rain-on-snow, floods, Re-Analysis, Mid-

Atlantic Region 
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Introduction 

Studies of flood hydroclimatology and hydrology suggest that rain-on-snow (ROS) or 

other types of snowmelt-related flooding (e.g. evaporating or sublimating snowpack without the 

influence of rain) are common within the northern and central Appalachians (from New England 

to the Carolinas) in the winter and early spring, whereas rain associated with extratropical 

cyclones controls the southern Appalachian flood regime (Hirschboeck, 1991; LaPenta et al., 

1995; Gamble and Meentemeyer, 1997; Leathers et al., 1998; Gaffin and Hotz, 2000; Leece, 

2000; Graybeal et al., 2006; Ashley and Ashley, 2008; Villarini and Smith, 2010; Smith et al., 

2010; Smith et al., 2011; Pradhanang et al., 2013; Collins et al., 2014; Grote, 2017; Grote, 2018; 

Wachowicz et al., 2019).  In portions of the Appalachians and Mid-Atlantic region that 

experience ephemeral snow cover, atmospheric moisture is stored in the snowpack, sometimes 

for many weeks or months.  Warm air temperature with high humidity is often necessary for 

snowpack warming to the melting point (ripening), allowing the snowpack to become isothermal 

throughout and finally to produce meltwater runoff due to latent, sensible and radiant (both 

longwave and shortwave) heat fluxes within the atmosphere-snowpack-soil system (e.g. McCabe 

et al., 2007; Ye et al., 2008; DeWalle and Rango, 2011; Harpold and Brooks, 2018).  Often, 

snowpack runoff is generated by liquid precipitation, associated with above freezing air 

temperature and high humidity, which falls onto the snowpack during ROS events (e.g. McCabe 

et al., 2007; DeWalle and Rango, 2011; Pradhanang et al., 2013; Freudiger et al., 2014).  Wurzer 

et al., (2016) also suggested that rainfall intensity, snowpack depth and initial water content play 

a critical role in the volume of runoff generated during ROS events.  In many of these situations, 

ROS flooding is generated by the combination of direct melting of the snowpack, rainfall and 

internal changes in liquid water content associated with snow and ice metamorphism.  Although 
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the direct input of warm rain water into the snowpack does indeed melt the snowpack, heat 

transfer as water vapor condenses at the snow surface may be the most important heat source in 

the melt process (US Army Corps of Engineers, 1956), and if macropores exist throughout the 

snowpack, water drainage may occur rapidly (Kattelmann, 1985).  Soil moisture conditions, or 

frozen ground, are also important hydrologic factors that can significantly influence surface 

runoff-infiltration relationships, as well as snowpack ablation and microphysics (Dunne and 

Black, 1971; Kane, 1980; Leathers et al., 1998; Shanley and Chalmers, 1999; Kroczynski, 2004; 

DeWalle and Rango, 2011).     

Understanding ROS flooding is important in temperate regions with complex terrain for a 

variety of water resource management and engineering issues (e.g. McCabe et al., 2007; 

Pradhanang et al., 2013; Surfleet and Tullow, 2013; Freudiger et al., 2014; Wachowicz et al., 

2019).  An excellent, and well-studied, example of an extreme, widespread ROS event occurred 

on January 18th and 19th of 1996 throughout the Appalachians and Mid-Atlantic states due to 

warm air temperatures and heavy rain related to the passage of an seasonally unusual synoptic-

scale system.  The rapid ablation of a regionally extensive, well above-average, and locally very 

deep, snowpack produced widespread ROS flooding throughout the Appalachians and Mid-

Atlantic states in a very short period of time, thus becoming the impetus for several benchmark 

studies (e.g. Anderson and Larson, 1996; Leathers et al., 1998; Kroczynski, 2004; Leathers et al., 

2004; Graybeal and Leathers, 2006).  At many USGS gaging stations throughout the region, the 

January 18th and 19th ROS event produced the maximum annual flow for water year 1995-1996, 

and in some cases the highest flow on record for individual stream gages (Anderson and Larson, 

1996; Leathers et al., 1998).  The impact of complex terrain in the Appalachians led to 

orographically-enhanced precipitation in many watersheds which compounded the ROS flood 
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problem (Barros and Kuligowski, 1998).  Ice-jam flooding also occurred during the January 

1996 ROS flood event, and exacerbated flooding in some river valleys (Leathers et al., 1998).   

This study uses six recent (2007-2013), widespread ROS flood events that have occurred 

since the benchmark January 1996 event to gain an understanding of synoptic-scale atmospheric 

conditions that generate annual maximum flows (floods) at U.S. Geological Survey 

Hydroclimate Data network (USGS-HCDN) gaging stations throughout Pennsylvania and other 

Mid-Atlantic states.  The main question to be addressed is: What is the general state of the 

atmosphere leading up to widespread ROS flooding and how do those ingredients combine to 

produce widespread flooding?  Within the main research question, the six selected events will 

first be examined separately and then used together to develop a composite picture of 

atmospheric conditions that generate widespread snowmelt-related flooding using NCEP/NCAR 

Re-Analysis modeling output (Kalnay et al., 1996).  The results of this study should be beneficial 

to flood forecasters, and other water resource and natural hazards professionals working in the 

rugged terrain of the Appalachians, the Mid-Atlantic Region and elsewhere.   

Methods 

Hydrology 

The NOAA National Operational Hydrologic Remote Sensing Center (NOAA-

NOHRSC) releases gridded datasets (SNODAS) with information pertaining to the physical state 

of the snowpack in the United States during the cool season extending from late 2003 until the 

present time. The availability of digital SNODAS data from 2003 to present was used to define 

the timeframe of this study (2003-2017).  Daily snow cover maps and ancillary information (e.g. 

snow depth, snow temperature, snow water equivalent, snow melt, snowfall and non-snow 

precipitation) were obtained from the NOAA-NOHRSC (http://www.nohrsc.noaa.gov/nsa/) to 



6 
Word count: 8087 

first identify widespread snow ablation events.  Next, annual maximum flood series from twenty-

eight USGS-HCDN stations within the GAGESII database for Pennsylvania (Figure 1a) and 

other Mid-Atlantic states (not shown) were downloaded from the USGS website 

(http://waterdata.usgs.gov/pa/nwis/inventory/) and used to develop an understanding of spatial 

extent of snowmelt-related flooding.  The USGS-HCDN consists of gaging stations with 

upstream drainage areas that are thought to be relatively free of anthropogenic disturbance 

(unimpaired) and therefore useful in climatological studies (Slack and Landwher, 1992; Lins, 

2012).   

From the initial 2003-2017 timeframe, six case studies were identified between 2007 and 

2013 based on SNODAS and USGS-HCDN information and used for synoptic climatological 

analyses (Table 1; Figure 1b; Figure 2).  Selection criteria for inclusion as a case study was based 

upon at least 50% of the USGS-HCDN gaging stations in Pennsylvania recording peak annual 

flows during a ROS flow event from December to March.  The 50% gaging station threshold 

yielded only four ROS flood events, so the threshold was relaxed to a minimum of 33%.  At the 

33% gaging station threshold, two more events could be including, bringing the total case studies 

to six over the time period 2007 until 2013.  Four of the reference HCDN gages were not used in 

the analysis because the upstream drainage area was less than 10 km2 (Little Pine Creek and 

Brandy Run), one gage did not register any peak flows during regionally identified snowmelt-

related flooding (Jordan Creek) and one gage has been discontinued (Buffalo Creek).   

To supplement the USGS-HCDN gage data, NOAA Storm Data Publications 

(https://www.ncdc.noaa.gov/IPS/sd/sd.html) were reviewed to compile additional information on 

the extent and severity of flooding and also the meteorological and hydrological conditions, 

specifically the reported presence of antecedent moist, wet or saturated soil conditions, frozen 
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ground or cold season hydrological conditions such as snow and ice melt, associated with each of 

the snowmelt-related flood used in this study.  Soil moisture conditions were also reviewed using 

U.S. Department of Agriculture Soil Climate Analysis Network (SCAN) data 

(https://www.wcc.nrcs.usda.gov/scan/) and NOAA weekly Palmer Drought Indices 

(https://www.ncdc.noaa.gov/temp-and-precip/drought/weekly-palmers/).      

Climatology 

National Center for Environmental Prediction/National Center for Atmospheric Research 

(NCEP/NCAR) Re-Analysis model output (Kalnay et al., 1996) was created using their on-line 

atmospheric compiler (http://www.esrl.noaa.gov/psd/data/composites/day/) to gain insight into 

the state of the atmosphere during the evolution of each individual case study, individual event 

composites and a six-event composite.  The NCEP/NCAR Re-Analysis model generates high-

quality, output suitable for atmospheric and environmental research based upon numerical 

weather prediction input (Kalnay et al., 1996).  Three types of Re-Analysis products can be 

generated by the user: mean atmospheric conditions, anomalous atmospheric conditions and the 

most recent 30-year climatology (currently 1981-2010).  Maps were generated at four 

atmospheric levels (1000 mb, 850 mb, 500 mb and 250 mb) and for ten meteorological 

parameters (geopotential height, air temperature, zonal, meridional and vector winds, columnar 

precipitable water vapor, specific and relative humidity, precipitation rate and soil moisture) for 

the day of each snowmelt-related flood event as well as preceding two, four and six days.  In 

three cases peak annual flows occurred on consecutive days (e.g. January 24th and 25th 2010) and 

the second day was used, with the exception of February 2008 when most of the flooding 

occurred on the first (2/6) of the two days.  This decision was made based on the progression of 
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the storm systems triggering snowmelt and flooding, from southwest to northeast or west to east, 

across Mid-Atlantic Region, and also the number of floods that occurred on each of the days.   

Daily surface weather and upper air (500mb) maps, and associated maps of temperature 

and precipitation totals were also visually inspected at 

http://www.lib.noaa.gov/collections/imgdocmaps/daily_weather_maps.html, and used to 

supplement interpretation of the NCEP/NCAR Re-Analysis output.  Composite mean and 

anomaly maps were also generated for each of the 6 case studies using the day of flooding and 

the previous 2 days (3-day composite) and previous 4 days (5-day composite).  A 6-event 

composite was also generated for both mean and anomalous conditions using the day of flooding 

and the previous 2 days (3-day-event composite) and used to understand the generalized 

synoptic-scale atmospheric circulation pattern immediately prior to and at the beginning of ROS 

flooding.   

Selected National Weather Service (NWS) cooperative weather observing station Daily 

Summaries for temperature and precipitation were also retrieved from the NOAA National 

Centers for Environmental Information website (https://www.ncdc.noaa.gov/cdo-

web/datasets/GHCND/stations/) to supplement NCEP/NCAR Re-Analysis and SNODAS 

products.    

Results and Discussion 

Six case studies (Table 1; Figure 1b) were used to develop an understanding of synoptic-

scale atmospheric conditions responsible for ROS flooding throughout Pennsylvania and other 

Mid-Atlantic states.  The late January 2010 (24th and 25th) ROS event was the most 

geographically extensive of all of the case studies used and produced annual maximum flows at 

USGS-HCDN gaging stations from mountainous western North Carolina northward into upstate 
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New York (Table 1; Figure 2; NOAA, 2010; Grote 2018).  Flooding also occurred throughout 

the New England Region (NOAA, 2010).  The March 2007, February 2008 and March 2009 

events were more limited in extent, and only generated peak annual flows in Pennsylvania and 

New York (NOAA, 2007, 2008a and 2009).  The March 2008 and January 2013 events fall in 

between the two end member extents (NOAA 2008b and 2013).  Supplemental figures 1-12 

present the 3-day composite NCEP/NCAR Re-Analysis outputs (mean atmospheric state and 

anomaly) for each of the individual cases studies and demonstrate the general similarity, but also 

the range of variability, in atmospheric conditions that triggered ROS flooding.  However, it 

should be noted that the 2007 and 2010 case studies exhibit more zonal flow characteristics at the 

500mb level and are exceptions to the generally upper level meridional flow of the other case 

studies and the six-event composite (Figures 3f and 4f; supplemental figures 6 and 12).  Flood 

magnitude (rank) and frequency varies between and within each of the ROS events, with both 

large (high ranking) and small (low ranking) floods being generated (Table 1).  Variability of 

flood frequency and magnitude likely reflects the spatial distribution of precipitation and snow 

cover, rainfall totals, rainfall intensity, quantity of snowmelt and meltwater-generated runoff, soil 

moisture state, and topography during each of the case studies.  Regardless of flood magnitude 

and frequency, each of the six case studies impacted relatively large areas of Pennsylvania, and 

in some cases portions of other Mid-Atlantic states (Figure 2).  These six case studies are likely 

representative of the generalized synoptic-scale atmospheric conditions linked to ROS flooding 

for the region.    

Multiple levels of analyses (individual event days, individual event composite and 6-

event composite) were carried out to understand the synoptic-scale atmospheric circulation 

immediately prior to and during each of ROS flooding, and how the combination of 
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hydrometeorological factors combined to produce widespread flooding.  Due to the generally 

similar atmospheric conditions in place during each of the case studies (see Supplemental 

Figures 1-12), the NCEP/NCAR Re-Analysis 6-event composite outputs will be the discussion 

focus and supplemented with additional information from other data where necessary.   

Six NCEP/NCAR Re-Analysis output parameters: sea level pressure, 850mb vector 

winds, 850mb geopotential height, 500mb vector winds (composite mean only), 500mb 

geopotential height (composite anomaly only), 1000mb air temperature and columnar 

precipitable water vapor thought to reasonably represent synoptic-scale atmospheric conditions 

leading to ROS flooding are shown in Figures 3 and 4.  Composite sea level pressure patterns 

show strong centers of high pressure off of the Pacific and Atlantic coasts and an area of slightly 

elongated, but anomalously deep, low pressure in the mid-continent (Figures 3a and 4a; 

Supplemental figures 1 and 7).  The advection of warm, moist air from the Gulf of Mexico and 

Atlantic Ocean into the Appalachians and Mid-Atlantic region is related to anomalously strong 

low level anticyclonic flow (850mb Low Level Jet; LLJ ; Figure 3b, 3c, 4b and 4c; Supplemental 

figures 2, 3, 8 and 9) around the area of surface high pressure situated off of the Atlantic Coast 

towards an area of deep low pressure situated in the Mid-West/Great Lakes Region, to the west 

of the Appalachians (Figures 3a, 3b, 4a, 4b and 4f; Supplemental Figures 1,2, 7, 8 and 12).   

Surface air temperatures (1000mb level) were much warmer than normal, and well above 

freezing, throughout the region immediately prior to and during ROS flooding (Figures 3d and 

4d; Figure 5; Figure 6; Supplemental figures 4 and 10).  Air temperature is a major factor in 

controlling snowpack warming to the melting point (ripening), becoming isothermal throughout 

the profile and ultimately ablating and generating snowmelt runoff (e.g. DeWalle and Rango, 

2011).  The advection of warm, moist air, which is also necessary for snowpack warming and 
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ablation through latent, sensible and radiant (both longwave and short wave) heat fluxes and 

subsequent runoff generation (Leathers et al., 1998; Leathers et al., 2004; McCabe et al., 2007; 

Ye et al., 2008; DeWalle and Rango, 2011; Harpold and Brooks, 2018), into the Appalachians is 

clearly seen in the stronger than normal 850mb LLJ (Figure 4b and 4c; Figure 5) and associated 

higher than normal columnar precipitable water vapor composites (Figures 3e and 4e; 

Supplemental figures 5 and 11).   

Using individual daily and composite re-analysis output, daily weather maps, streamflow 

data, NWS weather station data and SNODAS data, it can be seen that warm, moist air from the 

Gulf of Mexico and Atlantic Ocean was advected into the region for several days prior to the 

passage of cold fronts during each ROS flooding event, but maximum snow ablation, primarily 

through melting, happened the day prior to and day of flooding in association with rainfall 

(Figures 2, 3, 4, 5 and 6; Supplemental Figures 1-12).  With daily maximum and average air 

temperatures being above freezing and the sustained advection of warm, moist air into the region 

(Figures 3, 4, 5, and 6; Supplemental figures 1-12), this antecedent set-up is conducive to the 

ablation of the regional snowpack prior to the arrival of rainfall and supported by the work of 

Harpold and Brooks (2018) who found that interactions of humidity, incoming solar radiation 

(insolation) and air temperature controlled the rate of snowpack ablation in the western United 

States.  It is also a catalyst for ROS flooding because a portion of the melted snow will become 

runoff in addition to storm-generated liquid precipitation.  Snowmelt modeling in the Central 

Appalachians of northcentral Pennsylvania indicated that regional snow ablation events 

associated with moist air masses are driven primarily by sensible heat fluxes under cloudy, 

humid, windy conditions that are often associated with rain (Leathers et al., 2004).  Conversely, 

Leathers et al. (2004) found that dry airmass-related snow ablation is driven primarily by net 
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solar radiation input and tend to occur early and late in the winter snow season when solar 

radiation input is high and relatively clear, low-humidity conditions exist.   

Based on individual daily re-analysis output for 2009 (Figure 5), it also appears that the 

strength and steering of the LLJ into the southeastern United States and Mid-Atlantic region is 

linked to the strength and position of surface high pressure off of the Atlantic Coast and also the 

strength and track of low pressure in the mid-continent.  The LLJ advection of heat and moisture 

into the Mid-Atlantic Region is also aided by the presence of an anomalously deep upper level 

(500mb) trough (Figure 3f and 4f; Supplemental figures 6 and 12) in the central part of the 

United States, which provided upper air support through positive vorticity advection (PVA) for 

the surface low pressure system, which would also act as a steering mechanism.  As mentioned 

earlier, notable deviations to the presence of upper level meridional flow in four of the individual 

case studies and the 6-event composite are the more zonal 500mb flow that was in place during 

the March 2007 and January 2010 events (see Supplemental figures 6 and 12).   

Antecedent soil moisture and landscape conditions (e.g. frozen ground) prior to ROS 

events are important hydrometeorological factors that can significantly influence surface runoff-

infiltration relationships due to low water infiltration rates, as well as snowpack ablation, 

microphysics, and meltwater infiltration and percolation, thus promoting surface runoff (Dunne 

and Black, 1971; Kane, 1980; Leathers et al., 1998; Shanley and Chalmers, 1999; Kroczynski, 

2004; DeWalle and Rango, 2011).  Although this study points to snowpack ablation by warm air 

advection and rainfall as primary drivers of ROS flooding, an assessment of antecedent soil 

moisture and landscape conditions using NOAA Storm Data information and Palmer Drought 

Indices, and USDA SCAN data suggest that in most cases soil moisture values were moderately 

high to high, or even saturated immediately prior to ROS flooding (Figures 7 and 8; NOAA 
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2008a, 2010 and 2013), thus playing a role in runoff generation.  A comparison of snow depth, 

modeled SWE for the day immediately prior to snow ablation and ROS flooding that occurred 

during the regionally extensive late January 2010 event show that widespread ROS flooding, and 

peak annual flow generation, was largely restricted to areas of existing snowpack, of which some 

areas contained high SWE values (Figure 2).  Based on visual comparison of NCEP/NCAR Re-

Analysis output of rainfall rates (Figure 9), NWS Daily Weather Maps rainfall totals (Figure 10) 

and 2010 Storm Data Publication information which reported rainfall totals in excess of 7.6 cm 

(3 in) in northcentral and northwestern North Carolina, northern Virginia, southeastern West 

Virginia and in the Catskill Mountains of New York (NOAA, 2010), some of those areas 

coincide with the same areas that experienced ROS-generated peak annual flows as the storm 

system tracked in a generally southwest to northeast direction on the 24th through the 26th of 

January.  As an example, meteorological data from the Williamsport 2 NWS Cooperative 

observing station (GHCND:USC00369735) located in Williamsport, Pennsylvania also shows 

that nearly 7.6 cm (3 in) of rain fell through late in the day of 25th of January 2010, and when 

combined with snowpack ablation (Figure 2) and moist soils (Table 2; Figures 7 and 8), 

produced a very rapid hydrologic response and thus generated peak annual flows at two nearby 

USGS-HCDN gaging stations (Figure 6).  Wet or saturated soils were reported in North 

Carolina, Virginia, West Virginia and Pennsylvania during the late January 2010 ROS event, and 

were likely important for flood generation, especially when heavy rain fell over thin and 

discontinuous snow cover, such as portions of North Carolina and Virginia (NOAA, 2010).  

Also, in a few cases, particularly in some areas of Pennsylvania and New York, soils were frozen 

immediately prior to snowpack ablation (NOAA 2010 and 2013), which would have promoted 

surface water ponding and runoff.   Saturated soils were also reported throughout North Carolina, 
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Virginia, and West Virginia, and frozen soils reported in parts of Pennsylvania during the 2013 

ROS event (NOAA, 2013).  Limited areas of saturated soil were also reported in Pennsylvania 

during the February 2008 ROS event and frozen ground in New York during the 2007 ROS 

event (NOAA 2007 and 2008a).    

In support of these interpretations, Leathers et al., (1998) and Kroczynski (2004) 

recognized the importance of antecedent soil moisture and frozen ground on ROS flooding 

during the catastrophic and deadly January 1996 floods throughout central and northcentral 

Pennsylvania.  Kroczynski (2004) showed that maximum snow depth at a site in central 

Pennsylvania was reached five days prior to the January 1996 ROS flooding, and that an 

approximate decrease in snowpack depth of 40 cm (15.75 in), from a representative initial snow 

depth of ~76 cm, occurred by compaction, sublimation, partial ripening and partial melting prior 

to the arrival of intense precipitation on January 18th and 19th.  This climatic pre-conditioning of 

the snowpack acted to moisten soils and generate some surface runoff shortly before the main 

ROS event.  SNTHERM modeling of snow ablation leading to late January 1996 ROS flooding 

in north-central Pennsylvania by Leathers et al. (1998) suggested that the combination of well 

above average air and dewpoint temperatures (approaching 13 °C), and high wind speeds (> 10-

12 m/s in some instances) linked to the passage of an unseasonable synoptic-scale system were 

responsible for increasing latent and sensible heat fluxes between the atmosphere and snowpack, 

which triggered rapid melting of snowpack that in places contained as much as 10-15 cm (~4-~6 

in) SWE.  Similarly, Wurzer et al., (2016) found that the intensity and volume of snowmelt 

runoff in the Swiss Alps was related to the initial snow water content and snowpack depth 

immediately prior to rainfall, and that the time of runoff generation was intimately linked to 

those factors as well as rainfall intensity.  Therefore, it can be concluded that some combination 
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of storm total rainfall, snow depth and snow water content, antecedent soil moisture and 

landscape condition, and precipitation rate/intensity play important roles in ROS flooding by 

influencing the amount of surface runoff that is generated at the expense of subsurface 

infiltration.   

Possible Climate Change Impacts? 

Climatological datasets and model output suggest that winters are becoming warmer and 

the proportion of precipitation falling as rain, rather than snow, is increasing (Barnett et al., 

2005; Hamlet et al., 2005; Hayhoe et al., 2007; Surfleet and Tullos, 2013; Berghuijs et al., 2014; 

Cohen et al., 2015; Jeong and Sushama, 2018; Eck et al., 2019).  Numerous studies have pointed 

out that flood regimes are expected to change in the future as a result of the alteration of the 

global hydrologic cycle in a warming world (e.g. Milly et al., 2002; McCabe and Clark, 2005; 

Milly et al., 2005; Collins, 2009; Surfleet and Tullos, 2013; Freudiger et al., 2016).  

Understanding changes in streamflow, and more importantly flood regime/seasonality, are 

important for regions where snowmelt is an important component of watershed hydrology 

(Barnett et al., 2005; McCabe et al., 2007; Surfleet and Tullos, 2013; Cohen et al., 2015).   

Numerous studies have examined the impacts a warming/warmer climate may have on 

the physical processes of snow ablation and ROS flood generation.  Some studies have suggested 

that the timing of snow ablation and peak snowmelt runoff may shift to an earlier date due to 

warmer wintertime air temperatures and the higher percentage of winter precipitation falling as 

rain (e.g. Barnett et al., 2005; Hamlet et al., 2005; Surfleet and Tullos, 2012; Berghuijs et al., 

2014; Freudiger et al., 2014).  In addition, Surfleet and Tullos (2013), Cohen et al. (2015), 

Harpold and Brooks (2018) and Jeong and Sushama (2018) have suggested that ROS events will 

become more frequent as climate continues to change.  Modeling experiments by Jeong and 
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Sushama (2018) suggest a greater increase in future ROS runoff when compared to ROS rainfall 

totals throughout northeastern North America, which has direct implications for ROS flooding.  

Wachowicz et al. (2019) recently found that winter (December-January-February) ROS events 

across the eastern United States, including this papers study area, were decreasing in frequency 

in the lower latitudes of their study domain, and especially in coastal locations, but appeared to 

be increasing at higher latitudes, generally north of the Great Lakes Region (New England).  In 

contrast, spring (March-April-May) ROS events appear to be decreasing in frequency across the 

study domain (Wachowicz et al., 2019).  McCabe et al. (2007) also found that large ROS events 

in the western United States may become less frequent because of increasing air temperature, 

especially at low elevations.  Pradhanang et al. (2013) found that the frequency of ROS runoff 

events in New York was positively correlated with elevation (e.g. the higher the elevation the 

more frequent ROS runoff events occurred) and inversely correlated to increasing air 

temperature.          

At the snowpack scale, recent work by Harpold and Brooks (2018) found that humidity 

and incoming solar radiation are important controls on snow ablation, and that the frequency and 

magnitude of ablation events in the humid portions of western United States are increasing.  In 

the eastern United States, Leathers et al. (1998) suggested that on top of high antecedent air 

temperatures and rainfall, high dew point temperatures and wind speed are important factors for 

snowpack ablation and ROS flood generation.  At the process level, latent and sensible heat 

fluxes at the snow-atmosphere interface appear linked to atmospheric humidity.  Dry air appears 

to cool the snowpack, whereas humid air and energy fluxes can warm the snowpack and generate 

runoff, thus the timing of mid-winter snow ablation events may impact runoff and water 

resources throughout the western United States (Harpold and Brooks, 2018).  From a hydrologic 
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standpoint, Barnhart et al. (2016) suggested that the rate of snowmelt controls streamflow in the 

western United States based on ensemble modeling of evapotranspiration-runoff-infiltration 

relationships using Budyko streamflow anomalies, and that projected/continued wintertime 

warming may lead to earlier and slower snowmelt and increased subsurface flow, at the expense 

of streamflow generation.  Musselman et al. (2017) also suggested that rates of snowmelt and 

meltwater production will be slower in a warmer world due to a shortening (“contraction”) of the 

ablation season when there is less available energy.  Berghuijs et al. (2014) also took a Budyko 

water budget modeling approach and reported that a shift from snow to rain will result in 

decreased mean streamflow throughout the United States, and that snow ablation is an important 

process for maintaining a higher mean annual streamflow in watersheds with perennial snow 

cover.  Modeling by Jeong and Sushama (2010) of the Red River Basin (central North America) 

and St. John Basin (eastern North America) suggests an increase in future winter and early spring 

runoff at the expense of later spring runoff due to the combination of decreasing areal extent of 

snow cover, SWE and ROS runoff as the cool season progresses.    

Although the vast majority of research on the impact of climate change on ROS events 

has come from outside the Appalachians and Mid-Atlantic region, changes in the timing and, 

possibly, magnitude and frequency of ROS floods should be expected.  Modeled climate 

projections for the eastern United States suggest that winter air temperatures will continue to rise 

and as a result winter rain events will become more frequent (Hayhoe et al., 2007; Fan et al., 

2014; Lynch et al., 2016).  If the regional climate continues to warm and using the finding of 

Pradhanang et al. (2013) that the frequency of ROS runoff events is directly correlated with 

increasing elevation and inversely correlated with increasing temperature, then it could be 

anticipated that higher elevations of the region will become warmer, thus reducing the frequency 
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of ROS runoff events.  In addition, recent climate projections indicate that winter and early 

spring may experience regional precipitation increases in a warming climate (e.g. Frumhoff et 

al., 2007), and may have direct implications for seasonal streamflow and flooding throughout the 

northeastern United States (Hodgkins et al., 2003; Hodgkins and Dudley, 2005; Jeong and 

Sushama, 2018).         

Recent work by Collins et al., (2014), Grote (2017) and Collins (2018) shows that most 

floods within the northeastern United States occur in winter and early spring (December through 

May).  Collins et al., (2014) found that most floods throughout New England were generated by 

rain, with snowmelt-related flooding being of secondary importance (< 30% of all floods), 

especially in interior portions of the region.  Grote (2017) examined the flood hydroclimatology 

of the Upper Allegheny River Basin (uARB) in northwestern Pennsylvania and found that peak 

annual flows are dominantly generated during the cool season with March, January and February 

ranking first through third respectively.  It was also found that just under 26% of all peak annual 

flows at seven USGS-HCDN gaging station within the uARB occurred in January for the 1995-

96 through 2014-15 water years (Grote, 2017), a slight shift from the long-term late March date 

which could be an indicator of changing hydroclimatic conditions.  Collins (2018) examined 

flood seasonality throughout the Mid-Atlantic and New England regions using ninety USGS-

HCDN gages with long records, including some gages used in this study, and found that over 

90% of all floods throughout the northeastern United States occurred from March through May.  

However, trend analysis found no significant trend to earlier or later dates for cool season annual 

maximum flows (Collins, 2018).  A sub-set of the USGS-HCDN gages used in this study with 

streamflow records beginning in 1950 or earlier (n = 15) is used to explore changes in timing of 

large, cool season floods throughout Pennsylvania.  Time series for March (Figure 11a) and 
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January (Figure 11b) peak annual flows, including both snow-driven and rain-driven floods, 

from 1950-2016 weakly (and not statistically significant) suggest that mid-winter (January) flood 

events may be increasing.  Nonetheless, based on currently published studies, it should be 

expected that the timing of ROS flooding in the Appalachians and Mid-Atlantic region may, and 

likely will, change in the future due to climate change.          

Conclusion 

ROS flooding is common throughout the Appalachians and Mid-Atlantic region and, 

until now, no detailed synoptic-scale climatological analysis using the NCEP/NCAR Re-

Analysis dataset has been conducted.  Based on an analysis of six recent (2007-2013), 

widespread ROS flood events that generated annual maximum flows (floods) and a composite 

analysis using NCEP/NCAR Re-Analysis output, it appears that similar atmospheric circulation 

patterns acted to trigger snow ablation and flooding throughout the region.  At the synoptic-scale, 

particularly important atmospheric features include the low level (850mb LLJ) advection of 

warm, moist air from the Gulf of Mexico and Atlantic Ocean.  Warm, moist low level air is 

steered into the region by anticyclonic flow around high pressure off of the Atlantic Coast 

towards areas of low pressure and aids in warming the snowpack to the melting point, allowing 

the snowpack to become isothermal and then ultimately begin to melt prior to the onset of 

rainfall.  A deep upper level (500mb) trough in the mid-continent can support the development 

of, and provide PVA to, surface low pressure systems and aid in steering heat and moisture into 

the Appalachians and Mid-Atlantic region.  Although regional snowpack ablation combined with 

liquid precipitation drives ROS flooding, the impact of antecedent soil moisture (moist or 

saturated) and/or frozen ground also contributed to producing runoff due to limiting infiltration 

capacities.  Although no conclusive evidence is presented in this paper, but by synthesizing 



20 
Word count: 8087 

currently published studies, it should be expected that the timing of ROS flooding in the 

Appalachians and Mid-Atlantic region may change in the future due to climate change in a 

warming world. 
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Table 1: List of gaging stations used in this paper and also flood magnitude (rank) and recurrence 

interval (frequency value in parenthesis).  
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Figure Captions 

 

Figure 1: Location of USGS-HCDN gaging stations throughout Pennsylvania used in this paper 

(1A).  Gaging station information and ROS case studies used in this paper (1B).  Note that two 

case studies occur in 2008 (Y and Y2).  Inset shows the location of Pennsylvania within the 

conterminous United States.  See Table 1 for additional information including flood dates.  Black 

circle denotes the location of the Rock Springs USDA SCAN soil moisture station.  Two events 

occurred in 2008 and are designated Y (February) and Y2 (March).  * - the peak flow occurred 

several days after the event ended but is included in the study due to the impact of ROS on 

streamflow.   

 

Figure 2: Example of SNODAS model output.  Snow depth (2A) and snow water equivalent 

(SWE) for January 23rd, 2010, the day prior to the onset of rainfall.  Snowmelt runoff for January 

24th (2C) and 25th (2D).  Note the close association of USGS-HCDN gages that recorded annual 

maximum flows during the 2010 event (red markers) to the pre-storm distribution of snow cover 

and also snowmelt runoff. Small yellow markers denote USGS-HCDN gages that did not record 

peak annual flows.  Solid black triangle shows location of the Shenandoah, VA SCAN station. 

Black outlined triangle shows the location of the Rock Springs, PA SCAN station.  White outline 

triangle shows the location of the Lye Brook, NY SCAN station.      

 

Figure 3: Selected composite mean NCEP/NCAR Re-Analysis output showing generalized 

synoptic-scale atmospheric conditions.  3a: Sea level pressure (millibars); 3b:; 850 mb 

geopotential height (meters); 3c: 850 mb vector winds (meters per second); 3d: 1000 mb air 
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temperature (kelvin); 3e: Columnar precipitable water vapor (kilograms per square meter); and 

3f: 500 mb vector winds (meters per second).  Dates used in the re-analysis composite are as 

follows: 1/29/2013, 1/30/2013, 1/31/2013, 1/23/2010, 1/24/2010, 1/25/2010, 3/7/2009, 3/8/2009, 

3/9/2009, 3/3/2008, 3/4/2008, 3/5/2008, 2/4/2008, 2/5/2008, 2/6/2008, 3/13/2007, 3/14/2007, 

3/15/2007 

 

Figure 4: Selected composite anomaly NCEP/NCAR Re-Analysis output.  4a: Sea Level 

Pressure anomaly (millibars); 4b:; 850 mb geopotential height anomaly (meters); 4c: 850 mb 

vector winds anomaly (meters per second); 4d: 1000 mb air temperature anomaly (kelvin); 4e: 

Columnar precipitable water vapor anomaly (kilograms per square meter); and 4f: 500 mb 

geopotential height anomaly (meters).  Note that 500 mb geopotential height (4f) is used in lieu 

of 500 mb vector wind (3f) because is it easier to visualize the deeper than normal upper level 

low and high pressure zones (troughs and ridges respectively).  Input dates are the same as 

Figure 3.   

 

Figure 5:  Evolution of the lower tropospheric circulation from five days prior to ROS flooding 

on March 9th, 2009.  5a-d: March 4th 850 mb geopotential height (meters); 850 vector wind 

(meters per second); 1000 mb air temperature (kelvin); and columnar precipitable water vapor 

(kilograms per square meter) respectively.  5e-h follow the same order for March 5th, 5i-l follow 

same order for March 6th, 5m-p follow same order for March 7th, 5q-t follow same order for 

March 8th, and 5u-x follow the same order for the day of ROS flooding on March 9th.   
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Figure 6: Example hydrometeorological information for two USGS-HCDN stream gages (6A) 

near the NWS Williamsport2 cooperative observing station at Williamsport, Pennsylvania (6B 

and 6C) in north-central Pennsylvania (see gaging station locations on Figure 1A). Note that 

maximum and minimum temperatures (6C) were above freezing (dashed line) and suggestive of 

warm air advection (orange shading) at Williamsport prior to nearly 7.6 cm (3 in) of rainfall 

accumulation (6B).  Also note the very rapid hydrologic response to ROS on the hydrographs in 

6A.   

 

Figure 7:  Representative weekly Palmer Drought Severity Indices for the regionally widespread 

(North Carolina through New York) late January 2010 ROS event.  7a and c depict long-term 

meteorological drought conditions, and 7b and d depict long-term hydrological drought 

conditions.  Note that soils were generally considered moderately to very moist over much of the 

southern portion of the study area including the mountains of western North Carolina and 

Virginia where snowcover was generally thin and discontinuous.  Also note the change the 

amount of Climate Divisions that change from 7a and b (pre-ROS event) to 7c and d 

(immediately prior to, during and post-event), especially in North Carolina and Virginia.  Images 

obtained from: https://www.ncdc.noaa.gov/temp-and-precip/drought/weekly-palmers/ 

 

Figure 8:  Representative examples of USDA SCAN soil moisture data for the January 2010 and 

2013 ROS events. 8a, c and e represent 2010, and 8b, d and f represent 2013 and are oriented 

north (8a and b) to south (8e and f).  The Lye Brook, Vermont site was used due to its close 

location to both the Adirondack and Catskill Mountains in New York, both of which are areas 

prone to frequent ROS flooding (Pradhanang et al., 2013).  PRCP.H-1 represents hourly 
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precipitation amounts in inches.  SMS.I-1 or 2: -2, -4, -8, -12, -20, -40, -80 represent 

instantaneous soil moisture content percentage readings at 2, 4, 8, 12, 20, 40 or 80 inches below 

ground surface respectively.  Soil texture is given in parenthesis.  Images obtained from: 

https://wcc.sc.egov.usda.gov/nwcc/view 

 

Figure 9: NCEP/NCAR Re-Analysis output for surface precipitation rates for the January 2010 

and 2013 ROS events.  9a and b depict the two days of ROS flooding in 2010, and 9c-d depict 

the two days of flooding during 2013.  Areas of widespread antecedent snowpack and snow 

ablation (Figure 2) generally coincide with areas of high precipitation rates, total precipitation 

(Figures 6 and 10) and areas of saturated soils (Figures 7 and 8).   

 

Figure 10: Storm total precipitation values from the past 24 hours ending on the morning of 

January 24th (7 AM Eastern Standard Time January 23rd through 7 AM January 24th) through the 

morning of January 26th (7 AM Eastern Standard Time January 25rd through 7 AM January 26th) 

for the 2010 ROS event.  Note the general progression of precipitation accumulation from west-

southwest to east-northeast, which generally coincides with areas of antecedent snow cover and 

subsequent ablation, and ROS-generated peak annual flows (Figure 2). 

 

Figure 11: Decadal frequencies of annual maximum flows for March (7a) and January (7b) at 15 

USGS-HCDN gaging stations with records spanning 1950-2016.  No statistically significant 

trends are recognized in this data set (not shown).  Orange and White bands denote decades for 

visual comparison.  Note that the number of gages (annual maximum flow count) experiencing 
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January flooding (7b) appears to be increasing from the 1950s until present, but the increases 

appear to be punctuated by long periods where floods occur during other months of the year.   


