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ABSTRACT

The impacts of climate change on the discharge regimes in New Brunswick (Canada) were analyzed, using artificial
neural network models. Future climate data were extracted from the Canadian Coupled General Climate Model
(CGCM3.1) under the greenhouse gas emission scenarios Bl and A2 defined by the Intergovernmental Panel on Cli-
mate Change (IPCC). The climate change fields (temperatures and precipitation) were downscaled using the delta
change approach. Using the artificial neural network, future river discharge was predicted for selected hydrometric sta-
tions. Then, a frequency analysis was carried out using the Generalized Extreme Value (GEV) distribution function,
where the parameters of the distribution were estimated using L-moments method. Depending on the scenario and the
time slice used, the increase in low return floods was about 30% and about 15% for higher return floods. Low flows
showed increases of about 10% for low return droughts and about 20% for higher return droughts. An important part of
the design process using frequency analysis is the estimation of future change in floods or droughts under climate sce-
narios at a given site and for specific return periods. This was carried out through the development of Regional Climate
Index (RCI), linking future floods and droughts to their frequencies under climate scenarios B1 and A2.
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1. Introduction as agriculture and water resources. Anticipating specific
climatic impacts is thus, as much of a challenge in as-
sessing risks and uncertainties than predicting future
changes. As such, it is important: 1) to improve our abil-
ity to manage extreme climatic risks, 2) to assess the
consequences of extreme events over the next decades,
and 3) to develop new tools and design criteria to more
accurately assess the impact of extreme events on water
resources and river discharge (e.g., floods and droughts).

In Atlantic Canada over the next 100 years, the mean
surface air temperature is expected to increase by 2 to
6°C [1], contributing to potentially large reductions in
streamflow [2,3] and significant impacts on aquatic re-
sources [4]. The demand for water withdrawal from riv-
ers (e.g. irrigation, drinking water, etc.) and maintaining

There is currently a broad scientific consensus that the
global climate is changing in ways that are likely to have
a profound impact on human society and the natural en-
vironment over the coming decades. Climate change and
its impacts on a global scale are the focus of intense,
broad-based international research efforts in natural and
social sciences. However, understanding the nature and
potential consequences of climate change at regional
scales remains a challenge. Moreover, it has been recog-
nized that changes in the frequency and magnitude of
extreme weather events are likely to have more substan-
tial and widespread impacts on the environment and hu-
man activities than changes in the average climate.

A number of extreme events (with significant impacts

on the environment and socio-economic activities) have
been observed during the last decade, including severe
floods and droughts as well as extreme heat around the
world. These extreme events have caused serious risks to
the health of populations as well as to ecosystems and
have had severe economic consequences on sectors such
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adequate instream flow for the protection of aquatic re-
sources are tenuously balanced, and represent an ongoing
challenge in water resources management. Many rivers
in eastern Canada have recently experienced record low
flow conditions, coupled with record high water tem-
peratures [5-7], and an increase in water withdrawal.
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The study was carried out in New Brunswick, Canada
(NB), which lies on Canada’s Atlantic coast. Rainfall,
snowmelt, and groundwater all contribute to river flow,
producing seasonal and annual variations. High flows are
generally the result of spring snowmelt, although heavy
rainfall can also cause high flows and floods, especially
in small streams. Low flows generally occur in late sum-
mer, when precipitation is low and evaporation is high,
and in late winter, when precipitation is stored until
spring in the form of ice and snow.

Flood studies in New Brunswick, Canada (NB) were
carried out over 20 years ago [8] and were recently up-
dated [9], using two distributions functions, namely the
3-parameter lognormal (LN3) and the generalized ex-
treme value (GEV) distributions.

In Aucoin €t al. [9], single station analysis was carried
out for the same hydrometric stations analyzed earlier by
Environment Canada and New Brunswick Department of
Municipal Affairs and Environment [8]. In addition, a
regional flood frequency analysis was carried out using
both regression equations and the index flood approach.
In general, the results were consistent with those from
early studies [8,9]. However, it was observed that update-
ing the flood information resulted, for many stations, in
an improvement of flood estimates.

Low flows were also analysed in New Brunswick [10,
11]. This analysis consisted in fitting the Annual Mini-
mum Flow (AMF) to a Type III extremal distribution (3-
parameter Weibull) function and calculating the dis-
charge for different recurrence intervals. The low flow
frequencies were calculated for 1-day, 7-day and 14-day
durations and for different recurrence intervals (e.g.,
2-year, 10-year, 20-year and 50-year). Following the
single station analysis, a regression analysis was carried
out in order to estimate low flows on a regional basis and
for ungauged basins. Missing from these previous studies
were the projections of future floods and low flows con-
ditions under climate change. As such, this aspect will be
addressed within the present study.

2. Data and Method

The present study analyses the climate change impacts
on the discharge regimes of several catchments in New
Brunswick. The hydrological response for given climate
scenarios was simulated using artificial neural network
models. Future climate data were extracted from the Ca-
nadian Coupled General Climate Model (CGCM) under
different greenhouse gas emission scenarios defined by
the Intergovernmental Panel on Climate Change [12].
Using an artificial neural network model, future river

discharge was predicted for selected hydrometric stations.

A frequency analysis was then carried out using the
above described distribution functions, and the parame-
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ters of the distribution were estimated using L-moments
method [13].

2.1. Global Climate M odel

General Circulation Models (GCMs) are based on mathe-
matical representations of atmosphere, ocean, ice cap as
well as land surface processes. These models are used for
simulating the response of the global climate system to
increasing “greenhouse gas” concentrations. Historically,
gross CO, emissions have increased at an average rate of
1.7% per year since 1900 [13] and if this trend continues,
global emissions would increase more than six fold by
2100. Different scenarios have been presented by the
Intergovernmental Panel on Climate Change (IPCC) [12]
which reflects a variety of CO, concentrations over the
next 100 years. While the complexity of the global cli-
mate system is well captured by these models, they are
unable to represent local scale features and processes due
to their limited spatial resolution. Large geographic areas
(e.g. 50,000 to 300,000 km?®) represent the basic unit of
GCMs. In the present study the Canadian Global Cou-
pled Model CGCM 3.1/T63, from CCCma, (Canadian
Centre for Climate Modeling and Analysis), was used.
This model has a geographic areas represented by a grid
of approximately 2.81° latitude by 2.81° longitude
(~60,000 km?). In New Brunswick, a few grids points
cover the entire province. At odds with GCM resolution
is the fact that most researchers are focusing on the im-
pacts of climate change primarily at the local and re-
gional scales rather than focusing on large or global-scale
changes. Therefore, downscaling of data is often used,
and the delta change approach will also be used in the
present study. The time-slice simulations follow the
IPCC “observed 20th century” 20C3M scenario for years
1970-1999 and the Special Report on Emission Scenarios
(SRES) B1 and A2 for years 2010-2100 [12].

2.2. Data Processing

Average temperatures in New Brunswick range from
—10°C in January to 19°C in July. New Brunswick re-
ceives approximately 1100 mm of precipitation annually,
with 20% to 33% falling in the form of snow [14]. Pre-
cipitation tends to be highest in southern parts of the
province whereas the northern part of New Brunswick
receives relatively higher amounts of precipitation in the
form of snow due to colder winters.

Daily maximum and minimum air temperatures and
total precipitation data from seven meteorological sta-
tions in New Brunswick were obtained from Environ-
ment Canada’s National Climate Data Archive (Table 1,
Figure 1). Air temperature data were available from
dates going back as far as 1895 for some stations whereas
precipitation data goes back to 1929 (Aroostook). Daily
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Table 1. Meteorological stations.

Meteor. station Latitude, Longitude Temperature Precipitation

Aroostook 46°48'N; 67°43'W 1913-1999 1929-2005
Charlo 47°59'N; 66°20'W 1945-1999 1966-2005
Chatham 47°01'N; 65°27'W 1895-1999 1943-2005
Doaktown 46°33'N; 66°09'W 1952-1999 1934-2005
Fredericton 45°52'N; 66°32'W 1895-1999 1951-2005
Moncton 46°06'N; 64°47'W 1895-1999 1939-2005
Saint John 45°19'N; 65°53'W 1895-1999 1946-2005

3 4

Canada
X [Clrarlo
® 1BC1
ADZ
o\ BQ1
% Aroostgok
BO1| o Cgatham
* Doaktow
A
g ® 1AL oXAP2
Frederi¢ton J\Moncton
® 1AP4
St Jghn
1 2

Figure 1. Subarea of 4 grid boxes corresponding to New Brunswick (box size ~200 x 300 km, ¢ hydrometric station, % mete-

orological station).

discharge (m®/s) data from seven hydrometric stations in
New Brunswick were obtained from Environment Can-
ada’s National Water Data Archive (HYDAT CD-ROM)
(Table 2, Figure 1). Basin size of analysed stations
ranged between 668 km? (Canaan River) and 14,700 km?
(Saint John River).

Simulated monthly maximum and minimum air tem-
peratures and total precipitation for the period of 1970-
2100 was obtained from CCCma. The atmosphere model
output was provided on a 128 x 64 Gaussian grid. Figure
1 shows the sub-region of four tiles corresponding to
New Brunswick.

When using simulated data from the CCCma model,
an Inverse Distance Weighting (IDW) method was used
to compute data corresponding to each meteorological
site. This is a method for multivariate interpolation, a
process of assigning values to unknown points by using
values from usually scattered set of known points. The
interpolated data were then downscaled using delta
change approach [15,16]. This approach to downscaling
of GCMs for hydrological modeling is one of the simpler
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statistical downscaling techniques. In fact, Fowler et al.
[17] noted that, if reproducing the mean characteristics
are the main objectives, then simple statistical down-
scaling methods can perform as well as more sophisti-
cated approaches. Changes in mean climate are applied
as follows:

For air temperatures:

Toew = Toos + Taca (1)

For precipitation:
Prew = Fobs ¥ Pt 2
where T,,, is the difference between the GCM simu-

lated mean temperature (from the future time period) and
the historic mean temperature (1970-1999). B, is the

ratio of the GCM simulated mean precipitation from the
future time period relative to the historic period.

2.3. Hydrological Modelling Using Artificial
Neural Networks

The average monthly discharge under climate change
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Table 2. Hydrometric stations.

Hydrometric station Latitude, Longitude Drainage area (km?) Period of record
R. Saint John 47°15'N, 68°36'W 14,700 1927-2005
Nashwaak R. 46°08'N, 66°37'W 1450 1962-2005

Canaan R. 46°04'N, 65722'W 668 1926-1940, 1963-2005
Kennebecasis R. 45°42'N, 65°36'W 1100 1961-2005
Restigouche R. 47°40'N, 67°29'W 3160 1963-2005

SW Miramichi R. 46°44'N, 65°50'W 5050 1919-1932, 1962-2005
NW Miramichi R. 47°06'N, 65°50'W 948 1962-2005

was simulated first using the Artificial Neural Networks
(ANN) and then extreme event characteristics (floods
and low flows) were predicted using a regression model
based on historical events (ratio of daily to monthly val-
ues). This was done for the period 1970 to 1999. ANN
approaches have been successfully used in water re-
sources in a wide variety of applications [18,19]. Appli-
cations in river flow and groundwater level forecasting as
well as sediment estimation are a few examples. Also,
predicting conductivity and acidity of streams are some
of the time series successfully modeled using this tech-
nique [20].

The following ANN model was used to predict mean
discharge, Q..

month

T Hidden

r i
p

where month is the month of year (1, 2, -+, 12), T is the

air temperature (min or max) and P is the precipitation.

The model is characterized by:

e Learning algorithm: back-propagation with Leven-
berg-Marquard method and early stopping;

e Training and validation data: 85% of data;

e Testing data: 15% of data;

e Hidden layer: 8§ to 12 neurons.

It was observed that the extreme discharge events were
better predicted using a Ln(Q,)—LN(Q,u O Quin)
regression model. Therefore, average monthly discharge,
Q,e » Was simulated first using the ANN model. Once the
Q, Was predicted, then the regression equations were
used to link maximum (Q,,, ) and minimum (Q,,, ) daily
flows during each month.

3. Reaults
3.1. Method Evaluation

The ANN model showed a coefficient of determination,
R?, ranging between 0.69 and 0.79 in the prediction of

Copyright © 2013 SciRes.

monthly flows (1970-1999). High flow predictions
showed higher R” (0.85 - 0.92) than low flow predictions
(0.66 - 0.82). Using the results from the Doaktown site
(in close proximity SW Miramichi River) as an example,
Figure 2 shows how well the ANN model coupled with a
Ln-Ln model simulated monthly Q,., Q.. and Q..
between 1985 and 1990 compared to observed discharge
values when using historical input data (precipitation and
temperature). Results here are typical of the whole study
period. This figure shows that simulated discharges coin-
cided fairly well with the observed discharges. It should
be noted that input data consisted of local historical ob-
servations at the Doaktown station. As such, the ANN
model and regression equations were effective in pre-
dicting the different flow components using historical
data [16].

3.2. Future Climate Change Proj ections

Tables 3-5, in annual means, summarize the major
changes in temperatures, precipitation and average flows
throughout the province of New Brunswick. In terms of
mean air temperature, the current air temperature in New
Brunswick is expected to increase by 1.2°C (2010-2039),
2.2°C (2040-2069) and 2.9°C (2070-2099) under scenario
B1 and 1.4°C (2010-2039), 3.2°C (2040-2069) and 5.2°C
(2070-2099) under scenario A2 (Table 3). Precipitation
(mean annual precipitation) is projected to increase sig-
nificantly compared to current climate conditions (Table
4). At Doaktown, the precipitation will most likely in-
crease from approximately 1140 mm annually to 1200
mm annually (Bl scenario) and to 1440 mm annually
(A2 scenario) within the next hundred years. This repre-
sents an increase in precipitation of 5.1% (B1) and 14.6%
(A2) compared to current conditions. Greatest increases
are projected at the Moncton site (Table 4). Other sites
show similar increases depending on the time slice and
climate scenario. In general, the mean annual precipita-
tion is expected to increase by 2% - 6% under the Bl
scenarios and by 5% - 15% under the A2 scenario for the
province of New Brunswick.

AJCC



110 N. EL-JABI ET AL.
600 7 = Observed e Simulated
~ 400 A
iE/
O‘% 200 A
0 T T T
1985 1986 1987 1988
Year
(@)
1200 A
= 800 -
g
O 400 -
0 +# T T T
1985 1986 1987 1988
Year
(b)
300 A
Z 200 -
g
< 100 -
0 T : :
1985 1986 1987 1988
Year
(©)

Figure 2. Observed and simulated monthly discharges for SW Miramichi River (a) mean discharge (b) maximum discharge
(c) minimum discharge.

Table 3. Mean air temperatureincrease (°C).

Scenario B1 Scenario A2
2010-2039 2040-2069 2070-2099 2010-2039 2040-2069 2070-2099

Aroostook 1.2 22 29 1.5 33 53
Charlo 1.2 2.2 2.9 1.4 3.2 52
Chatham 1.2 22 2.9 1.4 3.2 52
Doaktown 1.2 22 2.9 1.2 29 5.0
Fredericton 1.2 22 2.9 1.5 32 53
Moncton 1.2 22 29 1.5 32 53

Saint John 1.2 2.3 3.0 1.5 3.2 53

Copyright © 2013 SciRes. AJCC
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Table 4. Mean precipitation increase (%).
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Scenario B1 Scenario A2
2010-2039 2040-2069 2070-2099 2010-2039 2040-2069 2070-2099
Aroostook 2.2 6.3 5.6 42 8.0 15.4
Charlo 25 7.1 5.6 3.4 8.4 16.6
Chatham 23 7.1 5.6 4.5 8.4 15.2
Doaktown 2.1 6.5 5.1 4.4 8.1 14.6
Fredericton 2.3 6.6 53 4.8 7.7 14.7
Moncton 3.1 8.0 6.1 6.9 9.0 13.6
Saint John 2.8 7.0 5.6 5.1 79 14.7
Table 5. Mean flow increase (%).
Scenario B1 Scenario A2
2010-2039 2040-2069 2070-2099 2010-2039 2040-2069 2070-2099
Saint John R. 3.8 8.8 11.3 4.6 13.4 26.6
Restigouche R. 3.8 6.0 6.7 3.9 7.2 11.0
NWMiramichi R. 0.2 1.7 1.0 0.7 1.9 4.0
SW Miramichi R. 4.7 10.2 11.4 5.6 13.6 22.6
Nashwaak River 1.3 32 29 22 39 8.4
Canaan River 4.4 10.4 11.9 8.1 14.1 24.4
Kennebecasis R. 35 7.6 7.3 5.5 9.4 15.5

3.3. Floods and Droughts under Future
Climate Change

Using the projected maximum and minimum river dis-
charge for each station, events of different recurrence
intervals were computed using the generalized extreme
value (GEV) distribution. The parameters of the GEV for
both high and low flows were estimated by the method of
L-moments and the goodness of fit was assessed by the
Anderson-Darling statistics. As such, the discharge of
different recurrence intervals (high and low flows) was
based on the maximum (and minimum) daily flow re-
corded each year.

The frequency analysis show that for all sites under
investigation, the intensity and frequency of discharges
will most likely increase in severity for both climate
scenarios. The increase in high flows for low return
floods (e.g., 2-year) was generally higher than higher
return floods (e.g. 100-year). Depending on the scenario
and the time slice used, the increases for low return
floods was about 30% whereas increases was about 15%
for higher return floods. Low flows showed increases of
about 10% for low return droughts and about 20% for
higher return droughts. These results show that floods
will most likely experienced a greater change for low
recurrence intervals (e.g., 2-year) whereas the droughts

Copyright © 2013 SciRes.

will be most affected for higher recurrence intervals

3.4. Regional Climate Index (RCI)

An important part of the design process using frequency
analysis is the estimation of future change in floods or
droughts under climate scenarios at a given site for spe-
cific return periods or recurrence intervals. This analysis
was carried out through the application of regional re-
gression models linking floods and droughts to their fre-
quencies under future climate scenarios (B1 and A2). To
accomplish this, a so-called Regional Climate Index
(RCI) was introduced. This index was calculated by di-
viding future flows over historical flows, while main-
taining the same characteristics parameters. This RCI can
be expressed as follows:
For floods:

RCI. = Qe /Qe" 3)
For droughts:
RCIp = Qg™ /Q5 7" @

where QFF* and QFT* are the high or low flow at a
site X, during time slice ts (2010-2039, 2040-2069 or
2070-2099), under scenario SC (B1 or A2), and for return
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period T. Q7" and Q37" are the present time dis-
charges at the same site X. RCl. and RCl, are the
regional climate index equations for floods and droughts
defined as the mean ratio of discharges from the future
time period relative to the historic period.

The RCIs were obtained through regression analyses
using historical and future simulated floods (and low
flows). In all cases, the coefficient of determination, R%,

ET AL

4 show the RCI for floods and droughts for different re-
turn periods, for both scenarios Bl and A2 and for the
different time periods. Figure 3 show that low return
floods will increase by a factor of 1.3 to 1.4 whereas
higher return floods will only increase by 1.05 to 1.1
(scenario B1). Under the scenario A2, the increase will
be more important (1.35 to 1.56 for low return flood and
1.16 to 1.21 for high return floods). Figure 4 shows that

droughts of low return periods will be less affected than
higher return drought. However, in all cases, the severity
of droughts will diminish, as an increase in flows is pro-
jected.

was about 0.99. These RCIs were developed for the
whole province of New Brunswick, as future projections
may contain some uncertainty at the site level. Tables 6
and 7 show the regression equations while Figures 3 and

Table 6. Regional climateindex equationsfor floods.

Timesdlice Scenario B1 Scenario A2
2010-2039 RCI, (T)=-0.0727Ln(T)+1.3790 RCl, (T)=-0.0756Ln(T)+1.4075
2040-2069 RCI, (T)=-0.0759Ln(T)+1.4442 RCI, (T)=-0.0795Ln(T)+1.4909
2070-2099 RCI, (T)=-0.0794Ln(T)+1.4766 RCI, (T)=-0.0907Ln(T)+1.6263
Table 7. Regional climateindex equationsfor droughts.
Timedlice Scenario B1 Scenario A2
2010-2039 RCl, (T)=0.0100Ln(T)+1.0763 RCl, (T)=0.0191Ln(T)+1.0867
2040-2069 RCl, (T)=0.0194Ln(T)+1.1050 RCl, (T)=0.0195Ln(T)+1.1219
2070-2099 RCl, (T)=0.0193Ln(T)+1.1103 RCl, (T)=0.0194Ln(T)+1.7450

=2010-39===2040-69===2070-99

RCI
&

100

=

Return Period (year)
(a) Scenario B1

RCI
SoEon

100

=

Return Period (year)
(b) Scenario A2

Figure 3. New Brunswick regional climate index curves for floods at time dices 2010-2039, 2040-2069, 2070-2099 under (a)
scenario B1 (b) scenario A2.
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Figure 4. New Brunswick regional climate index curvesfor droughts at time slices 2010-2039, 2040-2069, 2070-2099 under a)

scenario B1 b) scenario A2.

The future high and low flows in New Brunswick may
therefore be estimated by:
For floods:

FT = é’}‘”" xRCl (T) (5)
For droughts:
S‘}‘?’SC — S,,2T010 % RCI 5 (T) (6)

When expressed in percentage, it can be observed than
future floods will most likely be higher than current
floods by 30% - 40% (B1) or 35% - 55% (A2) for 2-year
floods (Figure 3). Higher return floods (e.g. 100-year)
are also expected to increase but not to the same extent as
low return floods. For example, 100-year floods are pro-
jected to increase by 5% - 12% (B1) or 8% - 21% (A2).
Figure 4 shows that future low flows would most likely
be higher than current low flows. For instance, a 2-year
low flow could be 9% - 12% higher under the B1 sce-
nario or 10% - 19% higher under the A2 scenario. Higher
return (e.g. 100-year) low flows would most likely be
less severe than current conditions. The increase in low
flow discharge is expected to be in the range of 11% -

Copyright © 2013 SciRes.

20% (B1) and 18% - 27% (A2).

4. Conclusion

Climate change will undoubtedly alter floods and
droughts in New Brunswick. The success of industries
(e.g., agriculture, forestry, fisheries and others) is in-
trinsically linked to climate and river flow, making New
Brunswick particularly vulnerable to the impacts of cli-
mate change. Undoubtedly, these industries (among oth-
ers) will be significantly affected by warmer and wetter
climates with a potential shift in the availability of water
during some seasons (e.g., summer and fall). Adaptation
will be essential to maintaining the viability of some in-
dustries within the province. The hydrological response
of seven catchments to two emission scenarios was simu-
lated using artificial neural network (ANN). It was ob-
served that air temperature in New Brunswick will in-
crease by as much as 5.2°C by 2100. This rate of warm-
ing is much greater than that observed in the 20th century
but is consistent with that predicted by Parks Canada [1]
and Houghton et al., [21] for the Atlantic Provinces.
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As for precipitation, the mean annual precipitation
showed an increase of 9% - 12% compared to current
conditions.

The frequency analyses showed that flood magnitude
would most likely increase by 11% - 21% towards the
end of the century, depending on the emission scenario
used. In term of low flows, the model is predicting a 20%
- 26% increase towards the end of the century. This in-
crease in low flow is most likely linked to the increase in
precipitation in the future. Finally, future high and low
flows were estimated by the introduction of a Regional
Climate Index (RCI) for the province of New Brunswick.
This RCI for floods and droughts was defined as the
mean ratio of future discharge relative to the historic
flow. As such, RCIs can used to estimate future floods
and droughts conditions within the study area.
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