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2.0Abstract

Cli mate model s and historical trends d e mc
temperature is taking place. These changes in temperature result in a shift in the
timing of hydrological events, such as an increase in the winter streamflow and
decrease in the spring and summer streamflow. Regions with persistent snow/ice
during winter, located in latitudes greater than approximately 45 degrees North and
South, could b particularly affected by these shifts and variations. The increase in
winter streamflow is due to the change in precipitation patterns, with less
precipitation as snowfall and more as rainfall, and earlier snowmelt. This leads to an
earlier spring peakni runoff affecting areas such as the northeastern United States,
which may also result in a reduction in the available water supply for the warm
months. We used the Hydfdimatic Data Network (HCDN) from the USGS, a data

set that consists of daily stredow records from basins relatively free from
anthropogenic influences, to quantify the changes in streamflow timing in the
northeast of the United States. A shift in average of approximately of 5.5day/°C in the
timing of peak streamflow is taking place essult of the warming in surface
temperatures for the extreme northeast US; in the other hand low latitude areas have a
lower magnitude in the shift in peak streamflow, consistent with the lesser importance
of snow in the annual hydrologic cycle fartheuto An increase of approximately

5% in the volume of water before the peak streamflow for the same region is
observed. Understanding the magnitude of the shift in streamflow is extremely
necessary for determining the effects on water availability andding assessment

for future improvement of water management.
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5.0Hypothesis

It is believed that global warming has produced a change in climatological patterns
around the world. This includes change in hydroclimatological parameters as
temperatures, streamflow and precipitation. A change in magnitude of temperature
and precipitatiorin specific locations can affect the surface hydrological conditions

of the area, and even the water resource availability. A decrease in precipitation in
certain seasons, together with an increase in temperature, would cause severe water
scarcity and dnoght in many places, while in others increasing precipitation or more
severe storms would cause extreme floods. In regions with extensive winter snow,
such as the northeastern United States, warming will cause a shift of the peak
streamflow towards the wier season. This shift in the timing of average peak
streamflow is due to early melting of snow and ice and changes in precipitation
patterns during winter and early spring, with more precipitation as rainfall and less as
snowfall.

An early melting of te snow and ice, and an increase in precipitation as rainfall and a
decrease as snowfall, has been documented around the world and in the western
United States. The melted ice and snow then runs off earlier during the winter season
and will affect river disharge; changes in those two parameters will produce a
change in streamflow magnitude and timing. This can also be seen in interannual
variability with earlier peak flow and lower spring and summer flows in warmer

years.



6.0 Introduction

6.1 Scope of the qué®n

The main objective of this research was to quantify the change in the timing of peak
streamflow occurring in the northeast United States due to a change in surface
temperature and its effect on precipitation and snow/ice melting patterns during
winter and spring. This includes the analysis of a possible seasonal variation of the
different variables involved due to climate change. We address the following key

guestions:

A What are the trends for hydmimatic variables as streamflow, temperature and
precipitation in the northeast United States in the last 60 years?

What is the seasonal variation in streamflow and precipitation?

What is the main contributor to the change in the timing of peak stream flow?

What is the spatial pattern in the timing of bstreamflow?

Do Do Do Do

What is the magnitude of the change in timing of the peak streamflow due to the
warming of earth?
A Is there any change in the precipitation seasonal pattern that contributes to the

shift in the timing of the peak streamflow?

In addition to he implication that this research can have to the scientific community
related to climate change, the result presented may have great importance to the
future of the assessment and planning of water resources and engineering designs in

the northeast Unite8tates. Other questions may be raised based on results, and the



possible effect of changes in timing to the existing water infrastructure for these snow

dominated regions.

6.2 Literature Review

6.2.1Hydrologic cycle and precipitation
In the hydrological cyclewhich is the process where water continuously moves
between the oceans, atmosphere and land, precipitation as rainfall or snowfall is the
main driver of the land surface hydrologic processes (e.g. runoff, infiltration) but it is
also one of the main compemts that closes the cycle. Therefore, of primary
importance is understanding the changes in precipitation, the effect of temperature in
its patterns and finally its hydrologic response in terms of streamflow and timing.
Precipitation distribution arounithe world is highly dependent on the global general
atmospheric and ocean circulation, and because of this it is unevenly distributed
around different latitude zones. Precipitation has its maximum near the equator,
where solar radiation, evaporation and ishoconvection are most intense. In
midlatitudes, around 45° north and south, global precipitation has its second peak.
This second peak is the one with more interest for us due to location of the study area,
the northeast United States. This second psakssociated with the characteristic
weather systems such as cyclonic disturbances and synoptic storm systems, with
strong winds that drive vertical motion and release water. In the US, studies done in
the northeast region have shown that the amount ofipaion is almost
independent of the season. In this area frontal precipitation is replaced by summer

convective precipitation. No obvious changes related to the seasons and the amount



of rainfall have been recorded in the northeast United Sates, dyatiththeoretical
expectation that climate warming will result in increased evaporation and
precipitation leading to the hypothesis that one of the major consequences will be an
intensification or acceleration of the water cycle (DelGenio et al. 199Tjdaat al.

1996, Trenberth et al. 1999, Held and Soden 2000, Arnell et al. 2001, Huntington et
al. 2005). This could mean an increase in precipitation due to the increase in moisture

and water vapor in the atmosphere.

Furthermore an increase in an ovetamperature, for a snow dominated area, as the
northeast United States, will ultimately change the amount of precipitation reaching
the surface as snowfall during the winter season. Since 1970, the northeast region of
the United States has experiencedremease in temperature of about 0.25°C/decade
(Hayhoe et al 2006). Huntington et al 2004 analyzed the snow to precipitation ratio
(S/P) for the period of 1949 to 2000 in New England, and found a general decrease in
the S/P ratio. This is one of the expddions for a decline in snow cover area, and the
future projections of snow cover decline for the northeastern United States (see
appendix, Figures 13 and 14). Regional trends in surface temperatures modify
hydrology through changes in the volume, intBnsor type of precipitation (rain
versus snow), and through shifts in seasonal timing of streamflow (Regonda et al.

2004).
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6.2.2ZTemperature and snow cover in high latitude areas

The northeast United States is located in the northern hemisphere between the
latitudes 37°N to 45°N, where although there is an approximately the same amount of
monthly precipitation during the whole year, the nature of the storm that produces the
precipitation is not the same. During late fall, winter and spring seasons most of the
precipitation is based in cold fronts, and especially during the winter season bringing
precipitation in the form of snowfalls. Snow accumulation, cover and duration
through the northeast varies, from the extreme northeast US with at least 2.5 cm on
the graind for more than 100 days each year to southern region of the northeast US,
Maryland, Delaware and Virginia, with less than 30 days of snow cover (Leathers et
al. 2005). Changes in temperature could greatly affect the hydrological conditions of
this mid ktitude area, which is dominated by snow during part of the year. Northern
Hemisphere higher latitude regions are expected to be particularly sensitive to
climatic change in part because anthropogenic warming is expected to increase

poleward (ACIA, 2005|PCC 2007a).

The presence of a snow cover affects a myriad of environmental and societal systems
through its modification of surface energy balance and its ultimate impact on near
surface air temperatures (Leathers et al 1995). Winter season is the timeeyear

where potential evaporation is the lowest due to low incoming electromagnetic
radiation and high albedo. With a warmer temperature, loss of snow pack earlier
during the winter is expected, and this could lead to a reduced surface albedo and a

positive feedback of evapotranspiration due to an increase in radiation (Adam et al
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2008). This reduction in snow cover can be translated to an increase in stream flow
for the same period of time because of the earlier snowmelt and more rainfall. The
maximum extent of seasonally frozen ground has decreased by about 7% in the
Northern Hemispheres from 1901 to 2002, with a decrease in spring of up to 15%
(IPCC, 2007a); Figure 1. Many areas of the northeast US have had a decrease in snow
cover of 20 to 30 daysep year (Wake et al. 2005). Historically we have therefore
seen a reduction in the amount and duration of snow covered area, but also an
advance of the snow melt day. As mentioned, a decline of snow cover area could
imply an increase in the runoff, theoe¢ in streamflow during the same period of

time, and because of that a shift of the peak streamflow towards the winter season.

March = April NH snow-covered area

41

32

1920 1930 1940 1950 1960 1970 1980 1990 2000 2010
Year

Figure 1: Northern Hemisphere March-April average snowcovered area (SCA) from Brown
(2000). Graph was obtained from the IPCC 2007a. The snow covered area has shown a
decreasing trend since about 1950, with large interannual and decadal variability.
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7.0Methodology

7.1 Location Characteristics

The selected area of study is the northeast United States; thidesnd 2 states, and
extends from the most northern state of Maine to the most southern state of Virginia.
Most of the states, excepting Vermont, have the Atlantic Ocean to the east and a
range of mountains in the interior and west. The topography guestiie plain coast

to the highelevated areawith the individual mountains averaging around 1,000m in
the Appalachian Mountain8ecause of the geographical position and topography
the northeastern states possess a wide range of climates, precipitates from

over 50inches (1.3n) annually in some coastal areas, tarRhes (81Gnm) in the
western part of Pennsylvania and New York (Figure 4). Snowfall can range from over
100inches (2.5m) per year in upstate New York to only trace amounts in dhstal

areas of southern New Jersey. Generally, northern New England, the parts of New
York north of the Mohawk River, highland areas in the Appalachians and some
coastal areas possess a warm summer humid continental climate with warm, humid
summers and snvy, often bitterly cold winters. Further south, much of the region
(except for the higher elevations) has a hot summer humid continental climate with
hot, humid summers and cold, snowy winters. Much of New England and the

northern part of the Mid\tlantic States have this climate.



Figure 2: Topographic reprsentation of the northeast United Statésshowing the New England
and Mid Atlantic Region.

7.2 Data Used

7.2.1Stream Flow
Streamflow data was obtained from the Hydro ClimaticaDdétwork (HCDNJ and
the US Geological Survey (USGS). | used the HCDN data set, which consists of
stream flow records for 1,659 sites throughout United States and its territories.
Records cumulatively span the period 1874 through 1988. Only recordsarh#ow
that are largely unaffected by artificial diversions, canalizations, storage, or any other
anthropogenic action were used in this data set, which allows the study of natural
weather variability in streamflow and its relation with precipitation tmdperature

changes throughout the period of record.
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was permitted, nor was any record extended or had missing values "filled in" using

computational algorithms (Slack and Maciunas, 1992).

We obtained daily strea flow (cfs) for 232 gage stations in the northeastern United
States. This is the New England and Mid Atlantic regions, Region 01 and 02 of the
USGS, including the states of Connecticut, Delaware, New Hampshire, New Jersey,
New York, Main, Maryland, Masshaosetts, Pennsylvania, Rhode Island, Vermont
and Virginia. Our study period is from 1950 to 2008; the period of time from 1989 to
2008 was filled directly from the United States Geological Survey (USGS). The
following figure contains the spatial locatiasf the selected 232 stream gages,

Region 01 and Region 02 (USGS), used in the analysis.

Selected Gage Stations

Latitude (Degrees North)

75 ~7‘D —5‘5
Longitude (Degrees West)

Figure 3: Location of streamflow gages used for the analysis.



7.2.2Precipitation
Data for precipitation was obtained from the Global Precipita€limatology Center
(GPCCY, established in the year 1989 on request of the World Meteorological
Organization (WMO). This is gageased gridded monthly precipitation data sets for
the global land surface, available in spatial resolutions of 1.0° xah®?2.5° x 2.5°
geographical latitude by longitude. For our study the 1.0° x 1.0° global grid was use
to obtain the precipitation (mm/month) for the northeast United States for the period

of study.

Average Precipitation - 1x1 Pixel Resolution

Latitude(North)

1 1 1 1
10 20 30 40 a0 B0 70
Longitude(West)

Figure 4: Average precipitation for the period February to April, for the water years: 19532008,
from GPCC 1.0° x 1.0° global grid.

7.2.3Temperature
Data was obtained from the National Climatic Data Center (N&D)e major
parameters in this data file are sequential statewide, r@giand national monthly
precipitation and monthly "time bias corrected" average temperature. The period of

record is 1895 through the latest month available, and we obtained the data for the
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period of 1950 to 2008. This data set contains temperatuegmees Fahrenheit in a

2.5° x 2.5° global grid. The statewide values are available for the 48 contiguous States
and are computed from the divisional values weighted by area, seen in Table 1. As
previously mentioned in the streamflow sections, the nortHdaged States was
selected as the study area, the following table includes the states in the study area, the

state value or Onamed6é given by NCDC and

Table 1. Values representing each state in the NCDC dabase and the weight they represent for
calculations.

State | State Value| State Weights
CT 6 0.02752
DE I 0.0113
ME 17 0.18251
MD 18 0.05812
MA 19 0.04537
NH 27 0.05112
NJ 28 0.04306
NY 30 0.27242
PA 36 0.2491

RI 37 0.00667
VA 44 0.13900
VT 43 0.0528

7.3 Apparatus/Program

Average daily streamflow, monthly temperature and precipitation were collected for
up to 58 water years for 232 gages. Because the amount and type of data collected, |
required a computer program prepared to store, madiflymanipulate data in such a

way that would allow me to have the result in table and as in graphs. MATLAB
R2008a was used as the main tool for that purpose. It allowed me to retrieve the data,

make statistical analysis and show result geospatially.

17
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7.4 Procedure and Assumptions

7.4.1Assumptions
There are many complex relationships between the hydraulic, hydrologic and climatic
variables involved in this study, because of that for this analysis we established some

assumptions:

1. Changes in temperature are not lexitto a specific basin or watershed. A
change in temperature is going to have regional effect; therefore all the gage
stations will likely experience similar change in temperature. In this case we
presumed that a drastic change in temperature, as whatsatgrng the
transition from winter to summer, will have the biggest impact on the average
streamflow and will represent the highest extreme because the snow melting
regime.

2. Temperature during the months of February, March and April are going to be
the determining factors for the changes in streamflow and because of that the
timing of peak streamflow. An average between the three monthly average
temperatures is used for the regression analysis.

3. It is important to notice that the maximum daily averageastflow is not
necessary the maximum flow for the day, since the USGS only records hourly
streamflow values and determines the daily average. This will not represent a
big difference or error in big watersheds where the stream have high flows,
but for smallwatersheds and stream with small flows and high variability it

could represent a source of error.
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4. Interpolated precipitation data with a 1°X1° resolution, with implicit regional
characteristics and distribution, is assumed representative of the real
precpitation for each watershed contained in the area. We only analyzed the

time distribution or seasonal variation in precipitation.

5. Gage stations t hat chint Bynednet hUeSSGS p ence

eliminated from the analysis because there are not coedidriitable or

reliable information by the HCDN.

| collected average daily streamflow data from 1950 to 2008 (or 1951 to 2008 water
years), and eliminated station with no reliable information according to USGS
standards. All around the US there has eé&endency of a decline in the number of
station recording data related to streamflow. The northeast United States is not the
exception; there are gage stations that stopped recording daily average streamflow
data between 1950 and 2008, which is the paxfadudy. Because not all the stations
have the complete set of data, | considered for the analysis gage stations with more

than 12 years of consecutive streamflow data.

| created a complete series of 365 days of daily average streamflow for eachdyear a
gage station. Based on the complete series hydrograph, the day where the daily
average peak streamflow peaks was determined. Because the hydroclimatic
conditions of the regions, which causes a second peak of streamflow during the late
fall and early witer months, | only looked for the peak streamflow created by the

snowice regime, which occurs during or after winter (Januayne). In Figure 5 a



diagram of values and parameters observed in each hydrograph is shown. |
completely neglected the secondakevhich is caused or triggered by precipitation
patterns during fall, only taking into consideration the peak streamflow caused by the
change in temperature and the streamflow as the snow and ice melts. Also to
minimize the effect of individual storms thaould create a peak higher than the
average peak streamflow caused by snow melting, a slsemoving average was
applied to the average daily streamflow. By doing so a reduction of peak streamflow
related to specific events was obtained, providing eeraonsistent measure of spring
peak streamflow. | analyzed the first six months of the year to find the time where the
average daily streamflow peaks. | recorded for each year available and gage station
the timing of average peak streamflow, the averagd gtreamflow, the total amount

of flow from the beginning of the year to the peak, the change in total streamflow to

the average peak for the station and monthly streamflow.

Dt

Jan Mar May Jul Sep Nov

Figure 5: Schematic representing seasondilydrograph and changes in its shape expected to
result from warming.
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7.4.2Minimum temperature analysis
In order to better understand the spatial and temporal nature of the change in the
timing of peak streamflow during the late winter and spring season, and it
relationship with other variables, we divided for the analysis of the peak streamflow
timing, the northeastern gages in four different groups. These groups are based on the
average minimum temperature registered for each gage station for the peried of th
months of February, March and April from 1950 to 2007. Thus, we divided the
stations into quartiles, from the dcol des
stations, using the average minimum temperature for the February to April period.
After definition of the four groups, temperature, precipitation, streamflow, peak
streamflow and timing of the average peak streamflow where obtained for each one

of the cases.

We created linear regression for temperature, precipitation and streamflow as time
series, orthe trend that the parameter have had in the last 58 years. Using the

following equation:

Where:
T = parameters (temperature, precipitation or streamflow)
t = time in years

b = intercept

21



One possible concern in relatida obtaining the change in the day of the peak
average streamflow, change in average monthly streamflow and other relationships is
the presence of two or more causative mechanisms, as for example an increase in
temperature along with precipitation duritafe winter. The combination of both
factors will contribute to a possible shift in the peak streamflow timing. Based on
various causative mechanisms that could be influencing the timing of peak
streamflow we created multivariable linear regression folgvthe next equation:

SSUTb P&
Where:

S =timing in days

U = regression coefficient for temperature
b = regression coefficient for precipitati
& = intercept

8.0Results and discussion

8.1 Temperature trends in the mtheast United States

The research is concerned with the consequences of an increase in temperature in the
northeast United States. Showing the trends that this variable has had is important and

necessary to proceed with the next analysis.

Temperature irthe northeast United States has a great variation from summer to
winter. The coldest months are January and February. During March the average

temperature is close to the melting point (Table 2). This is the period of time where
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the late March early Apil average streamflow peak starts to rise. In Tables 2 and 3
shows the mean temperature per state and month and the time series regression of
temperature. For the most part is important to notice that the temperature has an
increasing trend all over theortheast for almost every month over the 12508

period with one exception. October, according to the result obtained with the data set,

has shown a trend toward decreasing temperatures.

In general, the regression coefficient for every state showsfdhahe months of
March and April the temperature has been increasing and values for the linear
regression varies from0.005 to 0.025 °C/yr. An increase of 0.025 °Clyr is
approximately for our period of study is an increase of 1.45°C in surface tem@eratu
States as Maine, New York, New Hampshire and Vermont, which in average have
had a temperature lower than the melting point for the month of March have had a
rate of change in temperatures-6f001, 0.013, 0.014 and 0.004 °Clyr respectively,
correspoding to a change 60.06, 0.75, 0.81 and 0.23 °C, respectively for the period

of study. Although resolution for temperature data set is not high and great variability
inside state borders exists, changes in temperatures typically span extended areas.
Stakes as New York and New Hampshire that have average temperature for the period
of study close to the melting point, and have experienced an increase of almost 1°C in
average, are at risk to undergo the highest change in the timing of peak stream flow. It
is important to recognize that regional variations could be significantly higher than
those recorded by the state level temperature data, hydroclimatological conditions are

not subject to political boundaries.



Table 2: Temperatures for the northeast United Sates.

Monthly Average Temperature (°C) for the Period 12608

States January | February March April May June July August | Septembell October | November| December
Connecticut -3.4 -2.2 2.3 8.4 14.0 19.0 21.8 20.9 16.6 10.7 5.3 -0.8
Delaware 14.4 15.5 18.1 20.9 24.2 26.6 275 27.5 26.3 22.7 18.5 15.3
Maine -9.8 -8.5 -2.9 3.9 10.6 16.0 18.9 17.8 13.1 7.1 11 -6.3
Maryland 0.3 14 5.9 11.6 16.8 21.6 24.1 23.3 19.5 13.3 7.6 2.3
Massachusetts -3.8 -2.7 1.6 7.6 13.3 18.4 21.3 20.4 16.1 10.2 5.0 -1.1
New Hampshire -7.5 -6.2 -1.0 5.6 12.0 17.2 19.8 18.6 14.1 8.1 2.3 -4.5
New Jersey -0.7 0.4 4.6 10.3 15.8 20.8 23.5 22.7 18.7 12.6 7.2 1.6
New York -6.1 -5.2 -0.3 6.6 12.8 17.9 20.4 19.4 15.2 9.2 3.4 -3.2
Pennsylvania -3.2 -2.2 2.4 8.8 14.3 19.1 215 20.6 16.6 10.5 4.9 -0.9
Rhode Island -1.6 -0.7 3.0 8.2 134 18.5 21.7 21.1 17.2 11.6 6.6 0.9
-8.6 -7.4 -1.9 5.3 12.0 17.1 19.6 18.4 14.0 7.8 1.9 -5.2

Vermont
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Table 3: Time series regression values for temperature for each month by state.

Change in monthly temperature (°C/yr) for the Period 18518
States January | February| March April May June July August | September October | November| December|
Connecticut 0.010 0.015 0.021 0.011 0.016 0.013 0.013 0.024 0.015 -0.012 0.009 0.028
Delaware 0.000 0.008 0.014 -0.002 0.000 0.005 0.011 0.006 0.004 0.011 0.027 0.019
Maine -0.023 -0.009 -0.00L -0.002 0.000 0.003 -0.003 0.011 0.009 -0.014 -0.008 0.016
Maryland 0.007 0.010 0.025 0.012 0.004 0.012 0.012 0.018 0.010 0.000 0.025 0.026
Massachusetts 0.001 0.009 0.012 0.000 0.002 0.004 0.003 0.017 0.011 -0.016 0.001 0.022
New Hampshire -0.001 0.005 0.014 0.006 0.007 0.008 0.007 0.022 0.016 -0.011 0.001 0.026
New Jersey 0.013 0.015 0.024 0.008 0.008 0.008 0.007 0.017 0.010 -0.008 0.017 0.030
New York 0.006 0.007 0.013 0.000 0.008 0.004 0.000 0.012 0.007 -0.017 0.008 0.024
Pennsylvania 0.005 0.006 0.018 0.004 0.001 0.002 0.001 0.011 0.001 -0.013 0.018 0.022
Rhode Island -0.003 0.001 0.014 0.009 0.019 0.018 0.014 0.026 0.024 -0.001 0.002 0.021
Vermont -0.001 0.000 0.004 -0.005 -0.001 -0.001 -0.003 0.009 0.004 -0.025 -0.007 0.020
Virginia 0.000 0.003 0.018 0.001 -0.013 0.001 0.003 0.008 -0.003 -0.010 0.020 0.017
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8.2 Temperature, precipitation and streamflow magnitude and timing

The increase in temperatures (Table 3) of up to approximately 0.25°C per decade has
triggered many hypbaeses about a possible change or acceleration in the hydrologic
cycle. Such acceleration or intensification of the water cycle would represent an
increase in precipitation and therefore of the runoff and streamflow. To verify the
potential effect of the mreased temperature on the total annual precipitation and
streamflow trends observed in the past 58 water years, we created regression of

precipitation and streamflow as time series and as function of temperature.

Total Stream Flow Trends (1950-2007)
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Figure 6: Total annual streamflow trends in the north east United States, in mm/year.

The results of total annual streamflow can be observed in Figure 6, where blue
squares represent an increase in total annual streamflow, the bigger squares
representing a larger irease in streamflow, and black circles a reduction, where

bigger circles represent a bigger reduction. From this result we can say that an



increase in total annual streamflow has taken place for most of the streams analyzed.
An increase in rainfall is immit in Figure 6; the only ways an increase in annual
streamflow can take place is by increasing the volume of water (precipitation) or with

a decrease in evaporation.

The important factor of this increase in streamflow and therefore precipitation is its
temporal distribution. Studies made in the past shows that the northeast United States
precipitation is almost independent of the season although it is variable depending on
the location. Areas close to the coast of New York, Connecticut, New Hampshire,
Vermont, and Delaware receive more rain than mountainous regions of New York,
New Jersey, Pennsylvania (i.e. Appalachian and Adirondack Mountains), this can be
observed in Figure 4 and Table 4 showing the monthly average precipitation and for

the Februarya April period in the northeast US.

Although we consider temperature as the main factor contributing to a change in the
timing of the peak stream flow, a change in precipitation patterns can also affect the
timing. Two possible effects can be occurrthgt can produce a shift in the timing of

peak streamflow: (1) an increase in precipitation during winter and early spring and
decrease during late spring and summer season, and (2) a decrease in precipitation as
snowfall and an increase as rainfall. Seasahanges in precipitation are noticed

with changes in streamflow; on the other hand an increase in precipitation, because
the extreme low temperatures during the winter season will not contribute to

streamflow at that period as much as it does in fatarths. A change in precipitation
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seasonal patterns, as an increase in precipitation in certain months and a decrease in
others, will alter the timing of peak streamflow. Certainly this will contribute to the
shift of the peak streamflow, but related tatpossible causative mechanisms: direct
effect of increase in temperatures on snowfall or the intensification of the hydrologic

cycle.

Figure 7 shows the coefficients for regressions of monthly precipitation in function of
temperature, where blue squareepresent a trend of increase in precipitation as
temperature increase, and black circles represents a decrease in precipitation. Winter
and early spring months have experienced an increase in precipitation correlated with
an increase in temperature sifieally in the coldest regions, as we move to summer,

a decrease in precipitation moving from south to north correlated with high
temperatures occurs. This same trend happened with monthly streamflow when
spatially distributed. Based on these resultsamngh in precipitation seasonal pattern

seems to be taking place.

Regression of monthly streamflow as a function of temperature demonstrates that a
sudden reduction in streamflow during the months of spring is occurring as a trend in
the northeast becausan increase in surface temperature. This is specifically

occurring for all the cases except Case |, where an increase in streamflow is still

observed.
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Table 4: Average monthly precipitation for the northeast United Sates.

Monthly Average precipitation (mm) for the Period 195108

States January | February| March April May June July August | September October | November| December|
Connecticut 97.2 80.4 110.2 107.6 98.3 93.6 95.5 109.9 106.7 104.6 110.8 105.8
Delaware 85.6 78.1 104.1 86.8 88.5 93.4 106.8 119.9 95.7 87.1 86.4 89.7
Maine 84.3 71.6 83.1 87.5 90.2 92.2 93.8 91.6 92.9 100.3 109.0 97.8
Maryland 76.3 67.5 94.8 87.3 97.4 99.3 99.5 97.7 94.3 80.1 81.5 79.6
Massachusetts 88.6 72.3 96.9 99.3 99.6 98.8 96.3 104.6 1004 99.7 103.9 97.5
New Hampshire 86.1 68.8 87.9 93.6 94.5 96.9 95.7 98.1 91.4 102.2 103.5 94.7
New Jersey 85.5 74.0 100.6 98.1 96.0 97.1 109.4 111.9 99.8 91.9 97.6 94.1
New York 76.5 64.8 86.1 91.9 95.7 101.2 100.8 98.6 99.0 91.5 94.2 83.7
Pennsylvaia 73.2 63.1 87.8 89.7 95.4 100.7 101.7 95.7 96.4 80.4 87.4 77.2
Rhode Island 105.3 88.6 116.5 107.9 93.7 86.6 83.8 110.8 99.0 103.1 116.4 111.1
Vermont 84.5 71.4 90.8 88.5 94.5 94.9 101.1 107.0 96.2 92.9 93.2 89.7
Virginia 78.6 71.5 95.1 82.2 97.3 94.4 104.4 97.0 96.1 82.6 78.2 77.1
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Table 5: Time series regression for precipitation and streamflow (Februaryd April).

Precipitation Stream Flow
Quartiles V] > U o
(mm/acreyr) | (mm/acre)| (mm/acreyr) (mm)
Case | -0.592 1414.376 -0.018 62.550
Case ll -1.091 2397.420 -0.116 255.230
Case Il -0.731 1897.326 -0.084 197.212
Case IV -0.026 314.134 0.031 -45.162

Table 6: Streamflow in function of temperature and precipitation (February to April).

: U b N 2
Temperaturg Quartiles (mm/acre°C) | (mm/mm) (mm) R P-Value
Low Case | 1.591 0.062 15.850 0.482 | 1.400E05
Case Il -0.436 0.087 6.099 0.555 | 4.615E07
Case lll -0.785 0.083 4.302 0.638 | 3.585E10
High Case IV -0.417 0.067 0.931 0.581 | 3.807E07

Results of monthly streamflow in function of temperature and precipitation can be

observed in Table 7, isih@memnmUforitesmpeiatare ( mm/ UC)
and precipitation regressions respectively.can be noticed that for January in Case

| the increase in streamflow has a higher correlation with the increase in precipitation
than with temperatureAreas with higher temperatures aags€s Il and Ill, during this

time of year, with temperatures close to the melting point (see Table 2), an increase in
temperature could have a greater effect on stream flow than the changes in
precipitation patterns. It is also very important to notice firacipitation is also
dependent on temperature.

For the months of February and March an increase in streamflow is directly
correlated to the increase in temperature. The explanation for this change between the
months of January to February and Marcthet as the temperature starts to increase

during this period of time, the snow accumulated during the same period and prior

months starts to melt and create high volume of runa#éfthe month of April begins
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the amount of snow on the ground is lessalbige the higher temperature, the effect
that the precipitation has on the streamflow increases. For summer months, a negative
relationship between temperature and streamflow generally prevails. A reduction in
the streamflow can be noticed as the tempegatincrease; this can be explained by a

possible increase in evapotranspiration.

Table 7: Monthly streamflow regression coefficient in function of temperature and precipitation.

U o
Quartiles | (mm/°Gacre) b (mm/ mmacre) (mmracre P-Value
January
Case | 0.800 0.100 9.750 1.961E04
Case I 1.275 0.161 9.031 2.807E07
Case lll 0.832 0.190 3.212 9.419E09
Case IV 0.079 0.152 2.680 3.664E06
February
Case | 1.368 0.077 14.141 2.848E04
Case |l 2.104 0.090 18.015 5.072E06
Case lll 1.108 0.150 8.419 6.914E06
Case IV 0.065 0.156 3.387 8.990E06
March
Case | 3.744 0.143 13.645 9.678E06
Case |l 2.881 0.159 12.439 5.585E04
Case lll 0.269 0.184 8.788 9.153E05
Case IV 0.036 0.158 3.655 8.990E06
April
Case | 2.493 0.158 25.562 8.986E03
Case I -1.696 0.257 24.381 1.304E03
Case lll 0.147 0.216 2.801 1.602E07
Case IV 0.197 0.156 2.203 4.297E06
May
Case | -1.733 0.149 38.357 1.844E03
Case I -0.776 0.167 13.903 5.542E09
Case Il -0.286 0.144 8.172 3.069E08
Case IV 0.212 0.103 -0.426 9.619E05
June
Case | 0.840 0.129 -12.958 | 1.746E05
Case ll -0.081 0.154 -1.934 2.454E07
Case Il -0.797 0.147 14.113 8.160E08
Case IV -0.612 0.112 11.070 5.476E06

From these results we can observe that the Casearea with the lower average

temperature, has a higher variability than the rest of the cases. This tells us that the
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streamflow or runoff in the extreme northeast US is especially sensitive to changes in
temperatures during the late winter seasod early spring. This sensitivity to
temperature is essential to demonstrate that a change on the timing of peak
streamflow is in fact taking place.

The pvalues observed for all the cases and months were below 0.05 which makes the

results statisticallyignificant.

8.3 Shift in the time of peak streamflow

From the results observed in streamflow and precipitation, with an increasing trend

during the winter and early spring season due to an increase in temperature, a
multivariable regressions related to timing of peak streamflow was create in order

to observe a possible shift. Applying this regression in temperature, precipitation,

timing of peak streamflow and time (water years 1951 to 2008), and dividing the

station in quartiles base on minimum tempeamatve obtained the results presented in

Tabl e 8, where U and b are the regressiot

temperature (day/°C) and precipitation (day/mm) respectively.

Table 8: Timing regression coefficient in fundion of temperature and precipitation.
. U b o 5
Temperature Quartiles (day/°C) (day/mm) (mm) R P-Value
Low Case | -5.45 0.035 89.10 0.15 0.11
Case ll -4.44 0.041 81.91 0.11 0.22
Case lll -1.61 0.033 80.55 0.07 0.56
High Case IV -1.26 0.075 61.88 0.06 0.51

All the cases considered obtained as result in average a negative regression value for
the timing of peak streamflow. Although there is high variability, most of the station

had a result consistent with what we proposed; stations with the l@awvesige
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minimum temperature during winter are more sensitive to changes in temperature
than stations with higher average minimum temperatures. For Case I, with the lowest
average minimum temperature gage stations and located in the farthest northeast US,
the results shows that a movement of the average peak streamflow of approximately
5.5 days towards the winter is taking place per degree Celsius of increase in
temperature. This result is for the states in the Region 01 of the USGS. As the
minimum temperatre increases in the observed stations (moving toward case 1V), a
decrease in the number of days per Celsius that the peak stream flow moves towards

the winter takes place.

Timing in Function of Temperature (day/Celcius)
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Figure 8: Timing of peak streamflow in function of temperature.
Observing the Figure 8, it is apparent that most stations have experienced a shift in
the timing of peak streamflow due to temperature. It is important to notice that

stations of Cases | and Il have less variability in the timing than statiGasas Il
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and IV. For Cases | and Il this is because high latitude regions have their peak during
the period of February to April and it is mostly related to ground surface-iseow
melting, as temperature starts to increase during the change of seaswnulated
snowfall from previous day starts the melting process. As a result, high quantities of
runoff and discharges to streams are creat&berefore, it is the season and

temperature, which dictates the temporal variability.

In the other hand, regisnto the south of the area of study due to their warmer
hydroclimatological characteristics, which induce a small accumulation of snow to
the already small amount of snowfall received, peak streamflow is often due to
particular storms, which have high \aility from year to year. The mild reduction

in days that the peak streamflow moves towards the winter compared with areas in
higher latitude occurs because although they receive snowstorms during the winter
season, in general those areas do not have@ugh low temperature to accumulate
and maintain high quantities of snow on the ground surface. The precipitation
received in form of snowfall will be constantly melting and the timing of peak
streamflow will not be only related to the ice and snow meltaggme but caused by
combinations of factors. Only regions located high enough in elevation or in latitudes
more than approximately 40° north are going to be capable to maintain low

temperatures for snow to get accumulated.
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Figure 9: Scatter plot of the timing regression values as a function of temperature and distributed by

latitude.

In Figure 9 is the relationship between the peak streamflow coefficient in function of

temperature and its change with latitude. It canden ghat as the latitude increases

there is a trend of an increase of the number of days that the peak streamflow moves

towards the winter. Although there is high variability in the figure shown, together

with Figure 8 and Figure 10 it demonstrates thgh hatitude and elevated areas show

higher movement of the peak streamflow towards the winter.

Change in precipitation timing have also contributed to the shifting of the peak stream

flow towards the winter. Although the regression coefficients areiyp®gadr timing

of peak streamflow, the trends have shown a reduction of total precipitation during

the months of February to April.
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Figure 10: Trend in the timing of peak streamflow from 1950 to 2007.

8.4 Threshold Flow Ratio

A change in the peak streamflow could represent a decrease in the total amount or
volume of water received during summer. The months of June, July and August,
which are part of the summer season, is the time of the year where a high temperature
is observed fothe northern hemisphere. High temperatures, together with a trend of
increasing temperatures as seen in Table 3, could increase the already high
evaporation rates during the summer season. A reduction of water level in many
reservoirs and water faciligsecould take place if these two factors, reduction of water
volume due to a shift in peak streamflow towards the winter and higher evaporation

rates, are true for the northeast US. Many areas could be facing water related
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problems and challenges that woukhuire a new set of policies and practices in

water management.

In order to quantify the effect of a shift in the timing of peak streamflow on a possible
decrease in water volume during the summer month, a basic relatioasbigvas
created. This rai derived from the time series hydrograph for each year and station,
and | created a regression of this as a function of temperature. The ratio is between
what is called the threshold volume which is the total volume from January to the day
of peak streaffow, and the total volume from January to August for each iyéidre

ratio can be written as the following equation:

i
S|: Qtihreshold
qummer

Thinking that the amount of water passing through the threshold will be correlated
with the temperates during the February to April period and the time the peak
occurs, we created the regression of this value in function of temperature for the same
period. The result shows that indeed this value, or percent of streamflow from
January to the peak stredavi from the total amount from January to August, is
dependent on the temperature. As seen Table 9, the increase in temperature in cold
regions has produces an increase in the ratio of the amount of streamflow passing
through the average peak day comparedhe total amount of stream flow for the
January to August period. This is related to the trend observed by precipitation and
streamflow, of an increase during the same period, but also implies that as
temperatures increases the snow on the ground &tartslt earlierln Figure 11 blue

squares represent an increase in the ratio; big blue squares being the stations with
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bigger increase in the volume of water before the average peak, and black circles

represent a decrease in the ratio.

Table 9: Average regression coefficients for the stream flow to peak and stream flow to August ratio

in function of temperature.

. u b
Temperature | Quartiles (oc-l) (OC-l) =3 R P-Value
Low Case | 0.0490 | -0.0003 | 0.6367 0.2652 | 0.004949
Case Il 0.0281 | -0.0004 | 0.5778 0.1326 | 1.37E01
Case lll 0.0060 | -0.0002 | 0.5391 0.0763 | 0.425585
High Case IV | 0.0023 0.0754 0.5321 0.0896 | 0.415577

The results obserdein the Table 8 shows that the volume of water is streams for the
Cases | and Il could be increasing approximately 5% and 3% per degree Celsius
respectively. These are precisely the stations with the minimum average temperature.
Based on the results arcinease in total streamflow passing before the peak is directly
related to the effect of temperature on the other hydroclimatological characteristics of
the area.

Threshold Flow Ratio, Variation With Latitude
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Figure 11: Ratio of threshold volume to total summer volume variaibn with latitude.
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A result to be noticed is the\Rilue for the linear regressions. For most of the states

in the extreme northeast region and for the most part Case | and Il (including states as
Connecticut, Maine, New Hampshire, New York and Vermoritg¢mwthe median-P

value is less that 0.05 (Table 9), which makestatistically significant. The values
obtained for the coefficient of determination are low, indicating that there is a high
variability and other factors contributing to the change in malueceived before the

peak. Figure 12 shows how areas become more susceptible to have a positive change

in the ratio as they become snow dominated.

Threshold Flow Ratio in Function of Temperature
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Figure 12 Station with an increase ratio
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9.0 Conclusion

Climate models anchi st or i c al trends demonstrate th
temperature is taking place, possibly leading to an acceleration or intensification of
the hydrological cycle. Based on the obtained data and analysis, these changes in
temperature resulted in aifshof seasonal patterns and variations in the timing of
hydrological events, such as increase in the winter streamflow and decrease in the
spring and summer streamflow. In the northeast United Sates changes in the surface
temperature go as high as an ease of 0.25°C/decade, and although we have seen
an increase in annual precipitation, which would support the theory about the
intensification of the hydrological cycle, this cannot be attributed to the local increase
in temperature but to a world evenh the other hand the increase in surface
temperature and feedback has resulted in the change and redistribution of the amount
of streamflow or water volume received in certain seasons. Specifically, an increase is
observed in the amount of stream flow riged earlier during the winter season and
early spring. The effect that the increase in temperature have had in snow dominated
regions is a faster melting of the snow and ice on the ground surface and a reduction
of the amount of precipitation received stsowfall. There has also been a positive
correlation between the increase in temperatures and an increase in precipitation
during winter and early spring season, resulting in the change and redistribution of the

amount of streamflow or water volume recei\a this time of year.

These can be demonstrated by the change in the timing of peak streamflow, where the

areas with lowest average minimum temperature around the year and during the
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winter season have had the biggest change in the timing of peakfkiveaAreas

with low average minimum temperature receive more snow and have the capacity to
maintain and accumulate the snow. The observed change in temperatures is affecting
directly these areas, usually high elevation and high latitude, in contrasavaith

higher lower average minimum temperature, where the timing of peak streamflow
and the amount of water received before the peak occurs have had only a mild
change. For these areas changes in the amount of water and timing of peak
streamflow will berelated to more regional seasonal variations or the effects of a

possible intensification of the hydrological cycle.
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11.0 Appendix

Figure 13: Map illustrating change (from linear regression) in total annual snowfall for stations
1971 to 2001.\(Vake et al. 2005)

Figure 14: Map illustrating change (from linear regression) of days with snow on the ground
from 1971-2000. {Vake et al. 2005)



