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O to apply the UBC watershed model in mountainous watersheds in various
climatological regions of the world

B to investigate the effect of elevation coverage of precipitation and temperature
measurements on the accuracy of operational hydrological modeling of
mountainous watersheds

B to examine the effect of meteorological data availability and quality on the
simulation of various runoff mechanisms

[0 to assess the ability of the UBC watershed model to simulate runoff with
limited data

B The first part, applied for ungauged watersheds, uses the UBC watershed model
with a set of universal constant values of model parameters

B The second part couples the UBC watershed model outputs with a non-linear tool
the Gamma Test (GT) for determination of the appropriate inputs and data needed
for successful nonlinear modelling of streamflow with ANNs for poorly gauged
watersheds

Loukas, A. and L. Vasiliades, 2014. Streamflow simulation methods for ungauged and poorly gauged watersheds. Natural Hazards and
Earth System Sciences, 14, 1641-1661, doi:10.5194/nhess-14-1641-2014.
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Impact of Meteorological Data on Streamflow Modelling Method
Methodology for Ungauged Mountainous Watersheds
Methodology for Poorly-gauged Watersheds

Concluding Remarks
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Watershed Location/Country Drainage Elevation Climate Mean Annual Mean Annual  Main Runoff Meteorological Station
Area  Range(m) (Type) Precipitation Discharge Generation  Avalilability (Station
(km?) (mm) (m*/s) Mechanisms Elevation, m)
Upper Coastal British 1194 180-2235 Pacific 2000 71 Rainfall - 1P.S*(370)
Campbell  Columbia/Canada Maritime Snowmelt 2 T.S* (370, 1470)
[llecillewaet Southwestern 1150 440-2480  Continenta 2100 53 Snowmelt 3 P.S. (443, 1323,
British 1875)
Columbia/Canada 3T.S. (443, 1323,
1875)
Y ermasoyia Troodos 157 70-1400 Mediterranean 640 0.5 Rainfall 3 P.S. (70, 100, 995)
Mountain/Cyprus 1T.S. (70)
Astor Himalayan 3955  2130-7250 Himaayan 700 120 Snowmelt — 1P.S. (2630)
Range/Pakistan Alpine Glacier melt 17.S. (2630)
Hunza Karakoram 13100 1460-7885 Continental 150 360 Glacier melt 2 P.S. (1460, 2405)
Range/Pakistan Alpine 1T.S. (1460)
A European network for a harmonised monitoring of snow for the benefit of
— climate change scenarios, hydrology and numerical weather prediction o
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YERMASOYIA WATERSHED, CYPRUS
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NORTHERN PAKISTAN WATERSHEDS
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Introduction
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The UBC Watershed Model

Impact of Meteorological Data on Streamflow Modelling

Methodology for Ungauged Mountainous Watersheds

Methodology for Poorly-gauged Watersheds

Concluding Remarks

e Beckers, J., B. Smerdon, and M. Wilson, 2009. Review of hydrologic models for forest management and climate change applications
in British Columbia and Alberta. FORREX Series 25 Kamloops, B.C.: FORREX Forum for Research and Extension in Natural Resources.
e Singh, P., V.P. Singh, 2001. Snow and Glacier Hydrology. Water Science and Technology Library, Kluwer Academic Publishers.
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UBC WATERSHED MODEL

FOITRROr oS rewperatune | | snoweaLL RANFALL 0 The UBC model has more
than 90 parameters

ELEVATION ZONE

B 17 parameters and two
precipitation

INFILTRATION
CONTROL

EVAPOTRANSPIRATION SNOWMELT
LOSSES — & )
OMELT representation factors

(POSREP and PORREP) for

 WATERSHED soi BEHAVIOUR each meteorological station
MOISTURE BALANCE MOISTURE FROM HIGH o .
COMBUIAISNS CONTROL INTENSITY have to be Optlmlzed
RAINFALL
i m Classification of parameters
2. RUNOFF_ verv sLow S e in three main groups:
ALLOCATION RUNOEE RUNOFF RUNOFF RUNOFF L. . . . .
; i ; ; O Precipitationdistribution
parameters
* DISTRIBUTION | ™~ — /\ /k )
SFRUNETE | oroivowaren || coomamren || mrerrLow || SuncacE O Water allocation

parameters

LAKE OR
RESERVOIR

5. MODIFICATION BY

O Flow routing constants

WATERSHED
STORAGES ROUTING
oot e Quick, M. C. and A. Pipes. 1977. U.B.C. Watershed
Model, Hydrological Sciences Bulletin, 22: 153-61.
6. EVALUATION WITH e Quick, M., A. Pipes, D. Nixon, E. Yu, A. Loukas, R. Millar,
'RECORDED GENERATED H. Assaf, and B. Start. 1995. U.B.C. Watershed Model
STREAMFLOW DATA STREAMFLOW manual, Version 4.0. Mountain Hydrology Group,

Department of Civil Engineering. University of British
Columbia: Vancouver, BC.
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» The UBC Watershed Model was calibrated using all the possible combinations
of the available data (precipitation and temperature stations)

» The calibration of the model was performed using the split-sample test

> lllecillewaet watershed:
»  Calibration Period: 1970 - 1981 (11hydrologic years)
»  Validation Period: 1981 — 1990 (10 hydrologic years)
» Yermasoyia watershed:
»  Calibration Period: 1986 - 1992 (6 hydrologic years)
»  Validation Period: 1992 — 1997 (5 hydrologic years)
» Hunza watershed:
»  Calibration Period: 1981 - 1983 (2 hydrologic years)
»  Validation Period: 1983 — 1985 (2 hydrologic years)

» Model Efficiency was used as the statistical criterion of model performance

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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RESULTS - ILLECILLEWAET WATERSHED
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RESULTS - SNOW MODELLING

Upper Campbell watershed
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RESULTS - YERMASOYIA WATERSHED
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RESULTS - HUNZA WATERSHED
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The UBC Watershed Model

Impact of Meteorological Data on Streamflow Modelling

‘ Methodology for Ungauged Mountainous Watersheds
‘ Methodology for Poorly-gauged Mountainous Watersheds

Concluding Remarks

Loukas, A. and L. Vasiliades, 2014. Streamflow simulation methods for ungauged and poorly gauged watersheds. Natural Hazards and
Earth System Sciences, 14, 1641-1661, d0i:10.5194/nhess-14-1641-2014.

A European network for a harmonised monitoring of snow for thé benefit of
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Streamflow modelling for ungauged watersheds

» The 17 varying model parameters were assigned constant universal values,

which either estimated or taken as default

e Average values of the model parameters affecting the time distribution of runoff
(Micovic & Quick, 1999)

M odel POPERC | PODZSH | POFRTK | POFSTK | POIRTK | POISTK | POUGTK | PODZTK
Parameter

Value

e Default values values for the remaining water allocation and flow routing

parameters Model |POAGEN]|VOFLAX|VOFLAS|POGLTK

e Precipitation distribution parameters were estimated separately for each

watershed (from Loukas and Vasiliades, 2014)

¢ Loukas, A. and Vasiliades, L.: Streamflow simulation methods for ungauged and poorly gauged watersheds, Nat. Hazards Earth Syst. Sci., 14, 1641-

1661, https://doi.org/10.5194/nhess-14-1641-2014, 2014.

e Micovic, Z. and Quick, M. C.: Arainfall and snowmelt runoff modelling approach to flow estimation at ungauged sites in British Columbia, J. Hydrol.,

226, 101-120, 1999. A European network for a harmonised monitoring of snow for the benefit of

climate change scenarios, hydrology and numerical weather prediction
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METHODOLOGY

Streamflow modelling for poorly-gauged watersheds

» The runoff components are used as input nodes of ANNs (input layer)

» The watershed runoff is the output node of ANNs

The U.B.C. watershed model distributes the rainfall and snowmelt runoff
into the following components:

e rainfall fastflow, e upper zone groundwater,
e snowmelt fastflow,

e rainfall interflow,
e snowmeltinterflow, ©* glacial melt runoff (if a glacier exists)

e deep zone groundwater and

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction

o

M

(]
\\



b

Department of Civil Engineering,
University of Thessaly

METHODOLOGY
FLOW DIAGRAM OF THE METHOD
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NON-LINEAR MODELLING: THE GAMMA TEST
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Use of the non-linear Gamma test (Stefansson et al.,, 1997; Evans and Jones,
2002) which allows to examine the nature of a hypothetical input/output
relationship in a numerical data-set
The GT enables to quickly evaluate and estimate the best mean squared error
that can be achieved by a smooth model on any unseen data for a given
selection of inputs, prior to model construction
y=1f(x) +¢

X @ {Xq, X5, - X}

f : a smooth function (with bounded first and second derivatives)

€ : random variable which represents noise

The estimate of that part of the variance, Var(g), of the output that cannot be
accounted for, is called the Gamma statistic, denoted by I

Stefansson, A., Koncar, N., and Jones, A. J. (1997). A note on the gamma test. Neural Computing Applications, 5:131-133.
Evans, D. and Jones, A. J. (2002). A proof of the gamma test. Proc. Roy. Soc. Lond. Series A, 458(2027):2759— 2799.

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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Goodness-of-fit evaluation process
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Based on: Ritter, A., and R. Muioz-Carpena, 2013. Performance evaluation of hydrological models: Statistical significance for reducing
subjectivity in goodness-of-fit assessments, J. Hydrol., 480, 33-45.
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Statistics for the two proposed methodologies for ungauged watersheds and
watersheds with limited data for streamflow simulation

Methodology for M ethodology for water sheds
Hydrologic ungauged water sheds with limited data

Period Eff. R® DV(%)  Eff. R°  DV(%)
Upper Campbell Water shed
Period 1983-86 0.72 0.73  -7.80 0.82 0.82 -0.69
Period 1986-90 0.68 0.68 -3.93 0.68 0.70 0.47
Illecillewaet Water shed
Period 1970-73 0.89 0.92 12.03 0.97 0.97 -0.04

Period 1973-90 0.83 0.91  15.09 0.90 0.91 2.11
Y ermasoyia Water shed
Period 1986-89 0.78 0.78 14.94 0.91 0.91 2.71
Period 1989-97 0.69 0.74 8.91 0.80 0.81 -4.15
Astore Water shed

Period 1979-82 0.76 081  -6.15 0.94 0.94 -1.40
Period 1982-88 059 0.64  -7.87 0.79 0.79 -3.05

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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Performance measures of
observed and simulated
hydrographs for poorly-

gauged watersheds
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APPLICATION AND RESULTS

Water shed Hydrologic Period NSE DV (%) CORR RMSE
(m3/s)
Hybrid method UBCANN

Upper Training1983-1986 0.82 -0.69 0.91 317
Campbell Validation 1986-1990 0.70 0.47 0.85 40.5
lllecillewaet Trai. ni ng 1970-1973 0.97 -0.04 0.98 10.9
Validation 1973-1990 0.92 1.34 0.96 16.2

Y ermasoyia Trai_ ni ng 1986-1989 0.91 2.71 0.95 0.55
Validation 1989-1997 0.80 -4.15 0.90 0.48

Astor Training 1979-1982 0.94 -14 0.97 30.7
Validation 1982-1988 0.79 -3.05 0.89 64.4
Hunza Trai. ni ng 1981-1983 0.94 -0.86 0.97 113.1
Validation 1983-1985 0.91 -11.26 0.96 158.9

Calibrated UBC model method UBCCLA

Upper Calibration 1983-1986 0.75 -2.36 0.87 374
Campbell Validation 1986-1990 0.70 1.47 0.84 40.9
llecillewaet Cali_braFi on 1970-1973 0.95 -0.93 0.98 13.5
Vadidation 1973-1990 0.92 1.38 0.96 16.7

Y emesoyia Cali_braj[i on 1986-1989 0.83 -0.22 0.91 0.8

Validation 1989-1997 0.73 -2.21 0.88 0.6

AStOr Cali.braFion 1979-1982 0.82 -0.08 0.91 55.1
Validation 1982-1988 0.70 0.32 0.83 79.0
Hunza Cali_bra;i on 1981-1983 0.93 -4.43 0.96 122.4
Validation 1983-1985 0.91 -2.07 0.96 165.5

AEuropean network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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@ APPLICATION AND RESULTS
SCATTERPLOTS OF OBSERVED AND SIMULATED HYDROGRAPHS

ASTOR WATERSHED

0 Hybrid Method UBCANN 8 Hybrid Method UBCANN
A Calibrated UBC watershed model A Calibrated UBC watershed model
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RESULTS

Goodness-of-fit evaluation for validation period (1986-1990) at the
Upper Campbell watershed:
(a) UBCANN method (b) UBCCLA method

T T T T T T T = T T T T T T T T T ~
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NSE = 0.673 [0.49 - 0.771] NSE = 0.697 [0.603 - 0.757]
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Evaluation of NSE: From UNSATISFACTORY to ACCEPTABLE Evaluation of NSE: From UNSATISFACTORY to ACCEPTABLE
Probability of fit being: Probability of fit being:
- Very good (NSE = 0.900 - 1.000): 0% - Very good (NSE = 0.900 - 1.000): 0%
— Good (NSE = 0.800 - 0.899): 0.6% - Good (NSE = 0.800 - 0.899): 0%
- Acceptable (NSE = 0.650 - 0.799): 64.9% - Acceptable (NSE = 0.650 - 0.799): 86.6%
- Unsatisfactory (NSE < 0.650): 34.5% - Unsatisfactory (NSE < 0.650): 13.4%
Presence of outliers (Q-test): present and maybe affecting indicators Presence of outliers (Q-test): present and maybe affecting indicators
Model bias: NO Model bias: NO
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RESULTS

Goodness-of-fit evaluation for validation period (1989-1997) at the
Astor watershed:
(a) UBCANN method (b) UBCCLA method
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Computed values Computed values
================ GOODNESS-OF-FIT EVALUATION ========== ================ GOODNESS-OF-FIT EVALUATION ==========

Evaluation of NSE: From ACCEPTABLE to GOOD Evaluation of NSE: From UNSATISFACTORY to ACCEPTABLE
Probability of fit being: Probability of fit being:

- Very good (NSE = 0.900 - 1.000): 0.1% - Very good (NSE = 0.900 - 1.000): 0%

— Good (NSE = 0.800 - 0.899): 44.2% - Good (NSE = 0.800 - 0.899): 1.8%

- Acceptable (NSE = 0.650 - 0.799): 55.6% - Acceptable (NSE = 0.650 - 0.799): 80%

- Unsatisfactory (NSE < 0.650): 0.1% - Unsatisfactory (NSE < 0.650): 18.2%
Presence of outliers (Q-test): NO Presence of outliers (Q-test): NO
Model bias: NO Model bias: NO
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Flood frequency estimation for (a) Upper Campbell,
(b) lllecillewaet, (c) Yermasoyia, and (d) Astor watersheds
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Introduction
Study Watersheds
The UBC Watershed Model
Impact of Meteorological Data on Streamflow Modelling
Methodology for Ungauged Mountainous Watersheds

Methodology for Poorly-gauged Watersheds

‘ Concluding Remarks
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I CONCLUDING REMARKS
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0 Application of the two methods to mountainous watersheds having areas
ranging from 157 to 13100 km?, different runoff generation mechanisms, and
located in various climatic regions of the world, resulted in reasonable results
for estimation of streamflow and peak flow frequency.

B The second method is a significant improvement of the first method because it
uses limited streamflow information. However, the first methodology for ungauged
watersheds performed quite well, considering that a set of universal values of UBC
watershed model parameters and, in most cases, very limited meteorological data
were used.

0 The coupling of the UBC regional model with the Gamma Test and ANNs
provides a good alternative to the classical application, without the need of
optimizing UBC model parameters.

B The ANNs coupled to the UBC watershed model improve the streamflow modelling
at poorly gauged basins. Furthermore, using the non-calibrated UBC flow
components as input to ANNs in a coupling or hybrid procedure combines the
flexibility and capability of ANNs in nonlinear modelling with the physical modelling
of the rainfall-runoff process acquired by a hydrological model. Hence, the black-
box constraints in ANN modelling of the rainfall-runoff are minimized.
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' BRITISH COLUMIA WATERSHEDS, CANADA

O

lllecillewaet Watershed

Area: 1150 Km?2

Continental climate with cold winters,
warm summers

Annual precipitation: 950 mm — 2160
mm

Substantial snowpacks develop during
winter (water equivalent from 445 to
1518 mm)

Permanent snowfields and a 76 km?2
glacier exists at the highest elevations

Three meteorological stations (rainfall
and temperature data)

Streamflow was measured at the
mouth of watershed

Additional data from three
snowcourse sites

0 Upper Campbell Watershed
B Area: 1194 Km?

m Maritime climate with wet and
mild winters, dry and warm
summers

B Annual precipitation = 2000 mm,
60% in the form of rain

B Significant snowpacks at the upper
elevations

B Two meteorological stations
(rainfall and temperature data) but
only one used for the analysis

B Streamflow was measured at the
mouth of watershed

m Additional data from three
snowcourse sites

A European network for a harmonised monitoring of snow for the benefit of

climate change scenarios, hydrology and numerical weather prediction
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A YERMASOYIA WATERSHED, CYPRUS

O Area: 156.7 Km?

m Elevation range: 70 — 1400 m

O Data for 11 hydrologic years

m Meteorological data
Three rainfall stations at 70m, 100m and 995m

One meteorological station with daily T, and T, values

m Daily streamflow

Mean annual flow = 0.42 m3/s

Runoff is mainly generated by rainfall (mean annual precipitation = 638 mm)

O Semiarid region based on Képpen climate classification (Peel et al., 2007)

m T, >22,0<T_4<18 / Base Flow Index, BFl = 0.54 (Range 0.38-0.69)

A European network for a harmonised monitoring of snow for the benefit of
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O Area: 13157 Km?
m Elevation range: 1400 — 7900 m

m High mountain peaks

Batura (7786 m)
Rakaposki (7788 m)
Disteghilsur (7885 m)

m Massive glaciers (Balctura and Hispar glaciers)

O Mean annual runoff = 364 m3/s (13% of the inflow to Tarbela Reservoir)
m Streamflow is mainly generated by glacier melt

O Two meteorological stations

m Gilgit meteorological station at 1460 m

m Karin meteorological station at 2405 m

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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- ASTOR BASIN, PAKISTAN

O

O

O

O

Area: 4000 Km?2

m Elevationrange: 2400 — 7100 m

m Massive glaciers (Balctura and Hispar glaciers)
Precipitation is generated usually from westerly depressions
Occasionally monsoon storms produce high runoff

Mean annual runoff = 124 m3/s (5% of the inflow to Tarbela Reservoir)

m Streamflow is mainly generated by snowmelt and glacier melt

One meteorological station at 2630 m

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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ENERGY BALANCE METHOD

NET SHORTWAVE - ENERGY INPUT
Melt=1S (1-CL) (1-ALS) mm/day,
CL=cloud cover, ALS=the albedo of the snowpack IS =incident solar radiation

Is > ;YVbo* cosalpha* " ™™ dr

LONGWAVE RADIATION

a) Under Clear Sky Conditions
ILN=0.94TA-20.1-1.24TS mm/day

TA = mean air temperature, TS = the snow surface temperature which is zero for a
melting snowpack.

b) Under Cloudy Conditions

ILNC =1.24 (TC-TS) mm/day

T, = the cloud temperature.

c) Combined Longwave Radiation for any conditions

ILNT = (-20 + 0.94 TA) (1-CL) + 1.24 TC. CL mm/day

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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ENERGY BALANCE METHOD

CONVECTIVE AND ADVECTIVE HEAT TRANSFER
a) Convective
QC=0.18 (p/101) TA. V mm/day

p =atmospheric pressure (KPa), TA = the mean temperature and V= the wind speed
(Km/h)

b) Advective
QA =0.35(p/101) Td. V mm/day

Td is the dew point temperature (T, = TMIN)

RAINMELT
RAINMELT =K * TM * RN

K= constant representing the heat content of the rain (mm/°C of rain),
RN = rainfall, TM = mean air temperature.

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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ENERGY BALANCE METHOD

CLOUD COVER

(1-CL)=(TMAX-TMIN) /DR
DR =daily temperature range for open sky conditions

WIND ESTIMATE

Vb = POVBMX - (POVBMX - 1) * TED / 25

Vb = wind speed (km/h), POVBMX = maximum wind speed at elevations less than 2000 m
(km/h), TED = the daily maximum temperature range

COELEM,
1000

For elevations greater than 1000 m, the wind speed is increased by, |V, >Vb\/

COELEMI = band elevation.

SNOW ALBEDO
ALS(j+1) = 0.9 ALS(j), 0.95>ALS>0.65
ALj=ALS . exp [-FRM/KL], 0.65>ALS

RM =cumulative seasonal melt (mm), KL = 3500 mm

A European network for a harmonised monitoring of snow for the benefit of
climate change scenarios, hydrology and numerical weather prediction
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m [n practice when building a non-linear model from data we want to know the

answers to questions such as:
— Do the inputs determine the output by a smooth model?

— Given an input vector x how accurately can we predict the output y?

— How many data points does one need to be able to make a prediction with

the best possible accuracy?

— Which inputs are relevant in making the prediction and which are

irrelevant?

m Given sufficient data all of these questions are often easily answered by the

Gamma test.
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The Gamma test estimates Var(g) in O(M logM) time by first constructing a kd-tree
using the input vectors x; (1 < i < M) and then using the kd-tree to construct lists of
the kth (1 < k < p) nearest neighbours xy;; 4(1 < i < M) of x; Delta (6) and gamma (y)

functions are estimated:
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M-statistic

(xamma

(Gamma statistic

Useful statistics of the Gamma Test

Slope (- slope = larger complexity)

V-ratio, dimensionless noise estimation,
( =0 good skill of forecasting the output data)

M-test (estimation of the number of data points

needed for stable forecasting)

Delig
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Gamma Scaiter Plot
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MODEL PERFORMANCE EVALUATION
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0 A comprehensive procedure for evaluating model performance should always
be applied (Ritter and Munoz-Carpena , 2013).

m Approximated probability distributions for NSE and RMSE are derived with
bootstrapping followed by bias corrected and enhanced calculation of confidence
intervals.

m The statistical hypothesis testing of the indicators is done using threshold values to
compare model performance

N
s | 2O —P) (R w:) st |ea s mmnss s e
081~ e
D, NSE = 1 LY /
W =———=- NSE =1 —
" RMSE - 1. A———
0.64
Performance rating  Model efficiency interpretation n,* NSE w
%)
Very good SD > 3.2 RMSE =22 >=0.90 <
Good SD = 2.2 RMSE-3.2 RMSE 1.2-2.2 0.80-0.90 0.44
Acceptable SD =1.2 RMSE-2.2 RMSE 0.7-1.2  0.65-0.80
Unsatisfactory SD < 1.7 RMSE <0.7 <0.65
* n,: Times that spread of observations (SD) is greater than mean model error 0.2
(expressed as RMSE).
Ritter, A., and R. Mufoz-Carpena, 2013. Performance evaluation of | Yneatisfect jiccaptabis Good Very good
hydrological models: Statistical significance for reducing subjectivity in UD 07 4 ~12 2~22 3 4

goodness-of-fit assessments, J. Hydrol., 480, 33-45. n, (times that data spread, SD, is greater than model error, RMSE)
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