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Abstract. What a hydrological model displays is the relationships between the output and input in daily,
monthly, yearly and other temporal scales. In the case of climate change or other environment changes, the
input of the hydrological model may show a gradual or abrupt change. There have been numerous documented
studies to explore the response of output of the hydrological models to the change of the input with scenario
simulation. Most of the studies assumed that the conceptualisation of hydrologic processes will remain, which
may be true for the gradual change of the input. However, under extreme conditions the conceptualisation of
hydrologic processes may be completely changed. Taking an example of the Allen’s formula to calculate crop
reference evapotranspiration (ETp) as a simple hydrological model, we analyze the alternation of the extreme in
ETp from 1955 to 2012 at the Chongling Experimental Station located in Hebei Province, China. The relation-
ships between ETq and the meteorological factors for the average values, minimum (maximum) values at daily,
monthly and annual scales are revealed. It is found the extreme of the output can follow the extreme of the input
better when their relationship is more linear. For non-liner relationship, the extreme of the input cannot at all be
reflected from the extreme of the output. Relatively, extreme event at daily scale is harder to be shown than that
at monthly scale. The result implicates that a routine model may not be able to catch the response to extreme
events and it is even more so as we extrapolate models to higher temperature/CO, conditions in the future. Some
possible choices for the improvements are suggested for predicting hydrological extremes.

changes in both climate and environment, hydrological mod-

Hydrological models are the relationships between hydrolog-
ical signatures and their driving variables and the conceptual-
isation/understanding of the two. As summarized by Bléschl
et al. (2013), hydrological signatures include annual runoff,
seasonal runoff, low flow, floods, flow duration curve, hydro-
graph and process understanding. From the view of hydro-
logical cycle, they shall also cover the average, seasonal pat-
tern, minimum, maximum, flow duration curve and evolution
change of all other hydrological elements besides runoff.
Hydrological models are usually used to explore the
changes in hydrological signatures. Under the context of

els are also used to explore the responses of outputs to the
changes of inputs, including the extreme changes which were
found more and more popular as the more important features
of the change (IPCC, 2013). It is recognized that the extreme
of A will cause the extreme of B if the relationship between
them is linear. However, if it is a nonlinear or changing rela-
tionship, it may be hard to catch the footprint of the extreme
of B from the extreme of A. To testify this, a popular way
is to compare the simulated values of a hydrological signa-
ture from a hydrological model with the observed ones. If
it is found that the simulation results match well with the
observations in all values other than the extreme ones, then a
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Figure 1. The study area: the Chongling Basin in China.
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Figure 2. The correlation coefficients between ETg and meteo-
rological variables of T, RH, Uy and SD (average: annual av-
erage; Max_D and Min_D: the maximum and minimum among
365/366 daily values per year; Max_M and Min_M: the maximum
and minimum among 12 monthly values per year).

conclusion that can be drawn from this comparison is that the
conceptualisation of hydrologic processes utilized in the hy-
drological model remains true for the gradual change of the
inputs, but under extreme conditions, most difficultly when
it is outside the bounds of observed history, this conceptuali-
sation of hydrologic processes may need to be improved.

In this article, a synthetic experiment is designed to fur-
ther testify the need for the change of the conceptualisa-
tion of hydrologic processes under extreme conditions. The
Allen’s formula of crop reference evapotranspiration (ETp)
is taken as an example of hydrological models with perfect
model structure and no parameter value input requirement.
By calculating the long-term variation of ETo from 1955 to
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2012 in the Chongling Experimental Station located in Hebei
Province, China, the comparison is made between the ex-
treme of ETg and extreme of the meteorological factors at
daily, monthly and annual scales, respectively. As there is no
error on model structure or caused by inaccurate parameter
values, any difference will only be from the different rela-
tionships between ETg and the meteorological variables and
the role of the variables. The aim is to provide suggestions
for the prediction of the extremes of hydrological signatures.

2 Methodology

2.1 Study area

The Chongling Watershed (39°20'564 N-115°29'29 E, Fig. 1)
covers an area of 6km?. Temperate continental monsoon
climate is prevailing. The annual average temperature is
11.6 °C, and the annual average rainfall is 641 mm with about
76.6 % of it falling during the period from July to Septem-
ber. Common types of vegetation in the basin include trees
(e.g. Pinustabulaeformis, Biota orientalis, Robinia pseudoa-
cacia Linn.), bushes and grasses.

2.2 Data

Meteorological data of Baoding station near the Chongling
basin are collected and analyzed in this study. The data in-
clude daily maximum, average, and minimum temperature,
precipitation, relative humidity, wind speed and sunshine du-
ration from 1955 to 2012.

proc-iahs.net/371/167/2015/
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2.3 Methods
2.3.1 Allen’s ET formula

ETp is calculated using the modified Pemman—Monteith
FAO-56 equation (Allen et al., 1998):

0= A+ y (1+0.3405)

where ETj is the reference evapotranspiration (mmd—1); R,
is the net radiation at land surface (MJm—2d~1) which is
calculated based on sunshine duration (SD); G is the soil heat
flux density (MIm~—2d~1); y is the psychrometric constant
(kPa°C~1); U, is the wind speed at a 2m height (ms™1);
A is the slope of vapor pressure versus temperature curve
at air temperature 7' (kPa°C~1); s is the saturation vapor
pressure at T (kPa); e, is the actual vapor pressure (kPa).
(es — eq) is the saturation vapor pressure deficit (kPa), which
is related with relative humidity (RH). Detailed information
of this equation and its variables can be found in Allen et
al. (1998).

1)

2.3.2 Contribution rate

In order to calculate the contribution rate of meterological
variables to ETg, the multiple regression relationship is es-
tablished as:

Ys=a1X1s+axXos+azXas. .. 2

where Ys is standardized dependent variable (e.g. ETo); X1s,
Xos, X3 ... are standardized independent variables (e.g. T,
SD, RH, U»); a; is the regression coefficients of the ith stan-
dardized data series. Z-score method (Liu et al., 2008) is
used for the standardization. The significant levels of the
independent variables into and out of multiple regression
model were set to be 0.05 and 0.1, respectively. The relative
contribution rate of the ith variable, n; (Zhang et al., 2010)
is,

|a; |
ni = . 3)
" laa] + laz] + las] + ...
The actual contribution rate, A; is:
a;i AX;
i — l 1S (4)
AYs

where AX; and AY are the changes of meteorological vari-
ables and ETy, respectively, which are calculated as the dif-
ferences between the average value before and after the turn-
ing point identified by using Mann—Kendall (M-K) test.

3 Results and discussions

3.1 The relationship between the extreme values of ETg
and the extreme values of meteorological variables

By comparing the Pearson correlation coefficients between
ETo and meteorological variables (Fig. 2), it is found that the
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annual average ETy is positively correlated with T, U, and
SD and negatively correlated with RH. Obviously this pattern
cannot be fully reproduced by the corresponding extremes
at either daily or monthly scale and for either maximum or
minimum value. Relatively, the minimum reproduces the pic-
ture of average values better than the maximum. Extremes at
monthly scale can reproduce the picture of average values
better than at daily scale. Among the four variables, the an-
nual average picture of U, and SD can be reproduced by both
maximum and minimum values at both daily and monthly
scales. Averagely, the month when the peak within a year of
any of the four variables appears is not the same as that for
ETo (Fig. 3). These results indicate that it is not reliable to
use the extremes of the input to linearly determine the ex-
treme of the output. If it has to be done in a linear way, to
determine a minimum value of the output at monthly scale is
safer than to determine its maximum value at daily scale.

3.2 The relationship between the occurrence of the
extreme values of ETg and the occurrence of the
extreme values of meteorological variables

Generally it can be seen from Fig. 4 that for variable SD there
is a good relationship between the occurrence of its max-
imum and occurrence of the maximum of ETg at monthly
scale. For all other cases none of the occurrence of driving
forces’ extreme fully matches the occurrence of ETy. For
some variable, such as Us, the good relationship which is
shown in the quantity’s correlation coefficient (Fig. 2) at both
daily and monthly scales cannot be seen from occurrence.
Such an inconsistence poses a bigger challenge for the model
to predict extreme of ETo from the extreme of the driving
variables.

3.3 The context of extrapolating to a future of higher
temperature/CO»

The above situation remains or becomes worse in the fu-
ture of higher T or CO,. For the model of ETy, the refer-
ence surface was assumed as an extensive surface of green,
well-watered grass of uniform height, actively growing and
completely shading the ground with a fixed surface resistance
of 70sm~1 implying a moderately dry soil surface resulting
from about a weekly irrigation frequency (Allen et al., 1998).
In the future of higher CO, the model (Eg. 1) cannot work,
which will not be discussed further here.

In the future, if daily temperature is increasing uniformly,
for example increasing 2°C daily, there will be no differ-
ence of the response of ETy extremes as shown in Fig. 5
and the inconsistence cases remain. If the historic maxi-
mum/minimum temperature increases or decreases further,
as shown in Fig. 6, there is still no direct response of ETg
extreme to the temperature extreme until the temperature’s
increase is totally outside of rational range of the expectance.
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Figure 3. The seasonal pattern of ETg and meteorological variables of T, RH, U, and SD with one standard deviation.
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Figure 4. The occurrence of the maximum (left panels) and the minimum (right panels) of ETy and meteorological variables at daily (upper

panels) and monthly (lower panels) scale.

With the extreme events occurring more and more frequently,
the situation becomes worse.

3.4 The possible choices for the improvements

Faced to the above difficulty, the key solution is of course to
design some new conceptualisation schemes of hydrologic
processes for predicting hydrological extremes which will be
our future work. Finding the main driving factors of the tar-
get variable and using them in the prediction of its extreme
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values are also helpful. From Fig. 7, the temporal evolution
pattern of ETg is similar to those of U, and SD, which can
better predict the extreme of ETg than RH and 7. They also
have higher correlation coefficients with ETg in some cases
(Fig. 2). It can be seen from Table 1 that the relative contri-
bution rate of U, to the change of ETy is the highest, about
33 %. The relative contribution rate of SD is about 24 %. This
implies that more reliable results can be obtained if the main
drivers (U, and SD) of the ETy are chosen in the prediction
of the extreme of ETy. The actual contribution to this from

proc-iahs.net/371/167/2015/
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Figure 5. The comparison of ETq under historic and changing climate conditions with daily temperature increase of +2 °C.
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Figure 6. The variations of the (a)maximum and (b) minimum value of ETy by assigning a continuous increase/decrease of the temper-
ature with a 2°C interval based on the historic maximum/minimum temperature (daily scale, T — Dmax/T — Din) at 24 July 1955 and

15 January 1958, respectively. The horizontal dash line represents the historic maximum/minimum value of ETg in the respective year.

Table 1. Contribution rate of meteorological variables to the change of ETq (“O” represents original data. “S” represents the standardized

data. 1995 is the turning point identified by M—K test).

ETo T SD RH Uy

(mm () () (%) (msh

Average1955-1995_0O 1227.18  12.57 7.15 0.62 212
Average1996-2012_0O 1206.84  13.57 6.02 0.59 1.86
Change_O —20.34 1.00 -113 -0.04 —0.26
Average1955-1994_S 0.09 -0.39 0.47 0.28 0.25
Average1995-2012_S —0.23 094 -113 -0.67 —0.60
Change_S —0.32 133 -159 -0.95 —0.85
Regression coefficients 0.45 051 047 0.70
Relative contribution rate (%) 21 24 22 33
Actual contribution rate (%) —186 252 —140 186

some drivers, such as T and RH, is negative (opposite to the

normal driving paths) while that from other drivers,

such as

U, and SD, is positive. The positive contribution is offset by
the negative contribution, from which ETg is decreasing over
the 58 years (Table 1) with SD as a primary driving factor.
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Equation (1) indicates that the relationships between ETg
and T and between ETo and RH are highly non-linear, those
between SD and ETg and between U, and ET( are close to
linear. The more linear the relationship between the input and
output is, the easier and more accurately the input can be used

to predict the footprint of hydrological signatures.
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Figure 7. The evolution pattern of the extreme value of ET and meteorological variables at daily scale (left two column panels) and monthly

scales (right two column panels).

4 Conclusions

By taking Allen’s formula as an example of hydrological
models, the relationships between the extreme (minimum
and maximum) of drivers (T, SD, RH and U;) and the ex-
treme of the output (ETp) of hydrological models at both
daily and monthly scales are analyzed. It shows clearly that
it is not reliable to use the extremes of the input to linearly
determine the extreme of the output. In some cases deducing
a minimum at monthly scale is safer than deducing a maxi-
mum at daily scale. To predict the extremes, it is especially
important to consider both the quantity and the occurrence of
the extremes, which may not be well related to the same vari-
able. SD and U; are two of the highest contributors to ETg
trend. The occurrence of the extreme of U, is not in con-
sistent with the occurrence of the ET( extreme, whereas the
occurrence of SD’s maximum is mostly in agreement with
the occurrence of ETg. The main driver of SD in this case
study is a good indicator to predict the extreme of ETp. It re-
veals that the more linear the relationship between the input
and output is, the easier and more accurately the model can
be used to find the footprint of the hydrological signatures.
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