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Abstract

The variability in monthly and seasonal runoff and soil moisture has been analysed with respect to
global climate change. The seasonal runoff and soil moisture for the Mesochora catchment in Central
Greece were simulated using two hydrological models that were different in structure and time
resolution. Variability was investigated via a monthly water balance (MWB) model which has a
first-order memory and includes a rough estimation of snowmelt component, and via the coupling of
the snow accumulation—ablation (SAA) conceptual model and the soil moisture accounting (SMA)
conceptual model of the US National Weather Service (US NWS). The last two models operated at a
6 h and daily time step, respectively. The SMA model predicted greater interannual variability of
runoff changes than did the MWB model, for all alternative climates. However, greater runoff
increases in winter (by month and season) and greater decreases in summer (by month and season)
were predicted by the MWB model. During the spring and autumn months the results were much
more complicated. The variability of runoff changes with respect to temperature increase showed
that the MWB model is less sensitive to large temperature increase than the SAA-SMA models for
all precipitation climates. Whereas the SMA model soil moisture varied substantially for the alter-
native climates and a particular month (and season), the MWB model soil moisture remained
unaffected by any climate during winter. The soil moisture reduction predicted from the MWB
model was greater than that predicted from the SMA model in late spring and summer. There was a
slight reduction in the SMA model soil moisture with respect to temperature increase in winter, for
all precipitation climates. During winter and August the MWB model soil moisture remained
unaffected by any temperature increase, whereas during the other months the soil moisture reduction
varied proportionally with respect to temperature increase for both models (SMA and MWB) and all
precipitation climates.

* Corresponding author.
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1. Introduction

The subject of this paper is the hydrological simulation under alternative climate
scenarios for the medium-sized mountainous Mesochora catchment using the models
described in Part 1 (Panagoulia and Dimou, 1997), i.e. the monthly water balance
(MWB) model (Thornthwaite and Mather, 1955, 1957) and the US National Weather
Service snow accumulation—ablation model (SAA) (Anderson, 1973) and soil moisture
accounting model (SMA) (Burnash et al., 1973). These models have been used to
investigate the hydrological effects of climate change over the Mesochora catchment.
The MWB model was used by Mimikou and Kouvopoulos (1991) and Mimikou et al.
(1991), and the SAA-SMA models were used by Panagoulia (1991, 1992, 1993) and
Panagoulia and Dimou (1994a,b). Calibration, verification and comparison aspects of
the models have been reported in Part 1, and showed that the SAA-SMA models are
better than the MWB model in predicting the Mesochora catchment measured flows. The
hydrological results of both models were analysed and discussed, and emphasis was given
to the common model outputs (streamflow and soil moisture expressed on monthly and
seasonal time scale).

The objective of this paper is to compare the changes in long-term average monthly and
seasonal streamflow and the soil moisture predicted by the MWB and SAA-SMA models
for alternative climate change scenarios. The simulated streamflow and soil moisture
series for historical conditions (see companion paper) were used as reference runs (base
cases). It is useful to compare changes predicted by two different hydrological models,
because this gives a better understanding of the variability in simulation effects from one
model to another, and indicates which effects of climate change are real and which are just
the product of using a particular model (D.R. Maidment, personal communication, 1994).
The SAA-SMA models have been examined for hypothetical climate change scenarios
(Panagoulia, 1991, 1993; Panagoulia and Dimou, 1994b) and scenarios resulting from the
application- of the GISS (Goddard Institute for Space Studies) model to the Mesochora
catchment (Panagoulia, 1992, 1993; Panagoulia and Dimou, 1994a,b). For comparison
reasons, this study is limited to the set of hypothetical percentage changes in precipitation
and temperature that were used by Mimikou and Kouvopoulos (1991) and Mimikou et al.
(1991) in the MWB model.

The climate change scenarios and the adjustment of the model inputs for both
approaches are described in the following section. The key points of simulated hydrologies
for both models (MWB and SAA-SMA) for the assumed set of hypothetical changes in
precipitation and temperature are presented in Section 3. Furthermore, the changes in
streamflow (total runoff) and soil moisture produced by the models and hypothetical
changes (in precipitation and temperature) are compared in detail. The conclusions of
this study are presented in Section 4.

2. Climate change scenarios and model input

Most of the early studies on the effects of climate changes on hydrology and water
resources relied on hypothetical scenarios of precipitation and temperature change
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(e.g. Némec and Schaake, 1982; Revelle and Waggoner, 1983; Flaschka, 1984; Gleick,
1986). This dependence on hypothetical changes was dictated by the limited capabilities
of existing global climate models to predict accurately the details of regional climate
changes.

The development of general circulation models (GCMs), which are the most compre-
hensive climate models, has provided a more realistic representation of future climate
change. As the GCMs incorporate a description of the physics of atmospheric circulation,
surface energy and water fluxes, they use a spatially coarse grid of cells with a linear scale
on the order of hundreds to thousands of kilometres (Hansen et al., 1983, 1988; Mitchell
and Qingcum, 1991). GCMs use computational time steps of 1 month or shorter, but it
is doubtful if their predictions on time scales shorter than 1 month reflect the natural
variability of field data, because such predictions represent grid-cell averages.

The climate simulations by the GCMs could be used directly to run hydrological
models, but this issue is complicated by the incompatibility of space (and, to a lesser
extent, time) scales in different hydrological processes, which account for variations from
small to medium catchment scales (i.e. hundreds of metres to ten kilometres) (Lettenmaier
and Gan, 1990). GCMs operate at scales of hundreds to thousands of kilometres or more.
In addition, the GCM conceptualizations of atmospheric energy and moisture fluxes need
further improvement in parameterization of cloud physics, energy transfer within the
oceans, and land surface processes.

For these reasons, another form of climate change scenarios has been developed from
GCM simulations such as those of the GISS (Goddard Institute for Space Studies) (Hansen
et al., 1983), GFDL (Geophysical Fluid Dynamics Laboratory) (Manabe, 1969) and OSU
(Oregon State University Department of Meteorology) (Schlesinger, 1984), for control
and carbon dioxide doubling runs. Such scenarios, computed on a monthly basis for the
centroid of catchments, have been used in many recent studies concerning the impacts of
global warming on hydrology (e.g. Gleick, 1986; Lettenmaier and Gan, 1990; Panagoulia,
1992).

The most recent investigations related to climate change effects are focused on the large
field experiments and projects, such as the EPOCH (European Programme on Climate and
Natural Hazards), ECHIVAL (European International Project on Climate and Hydrologi-
cal Interactions between Vegetation, Atmosphere, and Land Surfaces-—part of the
EPOCH Programme), EFEDA (ECHIVAL Field Experiment in Desertification-threatened
Area) and HAPEX (Hydrologic—Atmospheric Pilot Experiment) (BAHC Core Project
Office, 1993). The target of such projects is to improve the ecosystem~hydrology models,
develop a database for establishing both the direction and magnitude of climate change,
and validate the feedback mechanism of upscaling and downscaling procedures in GCMs
(BAHC Core Project Office, 1993). However, the climate change scenarios remain in use,
as they provide the ability to vary inputs to evaluate the model sensitivity. From the two
above-mentioned forms of scenarios (hypothetical and GCM), only the hypothetical ones
are considered in the present study, because, as mentioned above, GCM climate scenarios
have not been examined in the MWB approach.

In both approaches (MWB and SAA-SMA models), the same set of hypothetical
scenarios was used, including per cent changes in long-term average precipitation and
increase in the global average surface air temperature. The values of precipitation change
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Table 1

Hypothetical climate change scenarios of temperature increase and precipitation change AP (%)

AT (°C) AP (%)

1 -20 ~10 0 10 20
2 -20 -10 0 10 20
4 -20 -10 0 10 20

drawn from the recent climatological literature (US National Academy of Sciences, 1983;
Manabe and Wetherald, 1985; MacCracken and Luther, 1986) were: reduction by 10% and
20%, zero changes, and increase by 10% and 20%. It should be noted that the 10%
precipitation increase is approximated by the 8.3% increase in mean monthly precipitation
which was predicted by the GISS scenarios for the Mesochora catchment (Panagoulia,
1992).

The temperature increase ranged between 1.5 and 4.5°C, which could be reached in the
year 2070 owing to the expected doubling of CO, concentration (Dickinson, 1982; US
National Academy of Sciences, 1983; MacCracken and Luther, 1986). The selected values
were 1°C, 2°C and 4°C. Again, it may be noted that the temperature increase of 4°C is
practically the same as the mean monthly temperature increase of 3.94°C which has been
predicted by the GISS scenarios for the Mesochora catchment (Panagoulia, 1992).

The combination of plus 1°C, 2°C and 4°C, and minus and plus 20%, 10% and 0%
precipitation results in 15 hypothetical climate change scenarios (Table 1), which were
coupled with the MWB and SAA-SMA models through the historical data which were
used for théir calibration. The adjustment of historical input series to account for the
combined scenarios is described below.

2.1. MWB model climate input

The input data to the MWB model, which were adjusted for climate change scenarios,
were the monthly precipitation and témperature time series of 15 hydrological years (from
1971-1972 to 1986—1987) of the Mesachora catchment. Assuming that the precipitation
arrival process (that is, the probabilistic structure of wet and dry month sequences)
remained the same as in the historical record, the indicated precipitation percentage
change was applied uniformly to all monthly values of the historical precipitation input
series by a multiplying factor corresponding to the selected percentage of change. Four
modified monthly precipitation input series resulted, corresponding to the four climate
change scenarios, and one input series with zero precipitation change.

The temperature increase scenarios were also applied uniformly to all the monthly
values of the historical temperature input series, by adding a corresponding factor to
each of the three temperature increases. Three altered monthly temperature input series
resulted.

2.2. SAA-SMA models climate input

The daily precipitation series and the minimum and maximum daily temperature series
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for 15 years (1972-1986), for each of the three elevation zones into which the Mesochora
catchment was divided (see companion paper), were the SAA model input data which
were adjusted for climate change scenarios. In addition, the monthly long-term average
potential evapotranspiration (PET) time series of the catchment estimated through the
Penman equation (Veihmeyer, 1964), adjusted for the alternative scenarios, was used as
input to the SMA model.

Assuming that the daily precipitation arrival process remained the same as in the
historical record, the precipitation changes were applied uniformly to all daily values of
the historical series for each elevation zone precipitation by multiplying them by a factor
that represented the particular reduction (factor less than unity) or increase (factor greater
than unity). Thus, for each zone, four modified daily precipitation series resulted for the
four climate change scenarios and one for the zero precipitation change.

The temperature increase scenarios were applied uniformly to both minimum and
maximum daily values of the historical series for each elevation zone temperature by
adding a factor that represented the particular increase. Thus, for each zone, three modified
daily temperature time series of minima and three of maxima were obtained, correspond-
ing to the three temperature increase scenarios.

In Penman’s equation, the only variable related to climate change was the monthly
temperature, whereas all others (wind speed, humidity, solar radiation, etc.) were kept
constant. The monthly temperature increase scenarios were the same as those applied to
the daily time series (1°C, 2°C and 4°C) because the mean monthly temperature is esti-
mated by averaging either the mean minimum and maximum daily temperature or three
mean daily temperature values (8 h observations), by doubling the third temperature value
(night temperature). Therefore, if the minimum and maximum daily temperature increase
by the same amount, this implies that during all hours of the day the same temperature
increase will prevail, a fact that attributes this increase to the mean monthly temperature
regardless of the way it was actually computed. The above scenarios were applied uni-
formly to monthly values of the historical time series for the Mesochora catchment
temperature, by adding a factor (1°C, 2°C, 4°C). Three modified monthly temperature
time series were obtained. These modified temperature time series were used as input to
the Penman equation, which consequently provided three monthly time series of PET
corresponding to the three principal temperature increases. The long-term average of
each monthly PET series was used as input to the SMA model.

3. Hydrological response

The long-term hydrological response of the Mesochora catchment was simulated for
climate regimes associated with a base case (see the companion paper) and 15 hypothetical
climate change scenarios (considered in the present paper) through two different
approaches (MWB and SAA-SMA models).

In the MWB model (Mimikou and Kouvopoulos, 1991, Mimikou et al., 1991), the
varjables simulated for the alternative climate scenarios were the monthly catchment
total runoff and soil moisture, both averaged over the. 15 year (1971-1972 to 1986-1987)
simulation period. Although the monthly snow storage (SNT) and actual evapotranspiration
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(ET) are also variables of the model, and although Mimikou and coworkers often referred
to them to explain their effect on runoff and/or soil moisture under global warming, these
variables were not analysed for the modified climates.

For the 15 climate change scenarios the MWB model streamflow and soil moisture
variables provided 15 monthly streamflow scenarios and 15 monthly soil moisture scenar-
i0s. The mean seasonal (winter—summer) and annual streamflow and soil moisture vari-
ables were set up for each scenario. Thus, the catchment hydrological response scenarios
reached a total of 120 plus eight scenarios of the base case (MWB outputs for present
climate conditions). These hydrological scenarios presented as percentages of changes of
the base runs have been analysed by Mimikou and Kouvopoulos (1991) and Mimikou et al.
(1991).

For the SAA-SMA models, more variables, operated on daily or shorter time steps
and integrated on monthly increments as averages over the 15 year simulation period
(1972-1986), were involved in the corresponding analysis (Panagoulia, 1991, 1992,
1993, Panagoulia and Dimou, 1994b). The variables used to describe the alternative
hydrologies in the SAA-SMA models were: (1) monthly average snow water equiva-
lent over catchment; (2) monthly average catchment total runoff; (3) monthly average
catchment actual evapotranspiration; (4) monthly average catchment soil moisture
storage in the simulated zones; (5) monthly average catchment cumulative soil
moisture.

For the 15 climate change scenarios the simulated variables yielded 15 monthly snow
water equivalent scenarios, 15 monthly total runoff scenarios, 15 monthly actual evapo-
transpiration scenarios, 15 monthly soil moisture storages for each of the five SMA
moisture zones, and 15 monthly cumulative soil moisture scenarios, giving in total 135
catchment hydrological response scenarios plus nine of the base case (SAA-SMA model
outputs for present conditions). The mean seasonal (winter—summer) and annual values of
the above hydrologies were computed and analysed when it was considered necessary. An
extensive analysis of the above hydrological scenarios described in terms of distributions
of real (absolute) values has been presented by Panagoulia (1991, 1992, 1993) and
Panagoulia and Dimou (1994b).

Before the comparison of the common alternative hydrologies (streamflow—soil moist-
ure scenarios) predicted by the two models (MWB and SAA-SMA) begins the key points
of all the above indicated hydrological scenarios are described. This is considered particu-
larly useful for the hydrologies that are not included in the comparative analysis, as they
may characterize or affect the compared ones and their possible differences. For example,
the snow. storage scenarios simulated by the SAA model are not compared, but they
strongly influence the annual hydrograph peaks in the compared runoff scenarios. Like-
wise, the SMA model cumulative soil moisture scenarios, which were compared and
which resulted from the summation of the soil moisture scenarios corresponding to the
five soil moisture storages, were different. As indicated below, the large differences
between MWB and SMA model soil moisture alternative simulations, may be attributed,
at least in part, to the complicated behaviour that is hidden behind the cumulative SMA
soil moisture scenarios (Panagoulia and Dimou, 1994b). The main features of the above
alternative hydrological scenarios are reported according to their simulation by the
particular model.
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3.1. MWB model response

3.1.1. Total runoff

The annual runoff (Table 2 and Fig. 4 of Mimikou et al. (1991)) increased remarkably
with the precipitation increase and decreased substantially with the precipitation decrease.
The temperature increase yielded reduction in the annual runoff almost proportional to the
temperature increase.

The two seasonal runoff quantities (winter and summer) (Table 2 and Figs. 5 and 6 of
Mimikou et al. (1991)) reflected a contrasting behaviour. Thus, whereas the winter runoff
increased with temperature increase, the summer runoff decreased. Summer runoff seems
more sensitive to temperature increase. This behaviour was attributed to the earlier melt-
ing of snowcover and the increased evapotranspiration, which are strongly controlled by
the temperature status. '

The monthly runoff (Table 3 and Fig. 7 of Mimikou et al. (1991)) increased with respect
to temperature increase during the winter months and the spring snowmelt runoff shifted
towards winter. Consequently, a considerable decrease in runoff was observed during
spring and summer months. For the case presented in Fig. 7 of Mimikou and Kouvopoulos
(1991), the runoff peak shifted 2 months earlier (from April to February) for the combined
scenarios of 2°C and 4°C temperature increase and unchanged precipitation, with respect
to that of the base run. In the scenario of 1°C temperature increase and unchanged pre-
cipitation the peak shifted 4 months earlier (from April to December). The temperature
increase of 4°C and precipitation decrease by 20% resulted in the maximum runoff
decrease of 65% in July.

3.1.2. Soil moisture

The annual and summer soil moisture (Table 4 of Mimikou et al. (1991)) decreased
significantly even for precipitation increase of 20%. The maximum decrease of summer
soil moisture reached 70% for the driest combined scenario of 4°C temperature increase
and 20% precipitation reduction. In contrast, the winter soil moisture remained almost
unaffected by any climate scenario.

Regarding the monthly distribution of soil moisture changes (Table 4 of Mimikou et al.
(1991)), a significant decrease appeared in May owing to the reduced spring snowmelt
runoff and its shifting towards winter, and owing to the increased evapotranspiration. In
the summer months, the largest soil moisture reduction occurred in August, and reached
100% for the combined scenarios of 4°C temperature increase and almost all precipitation
changes.

3.2. SAA-SMA model response

3.2.1. Snow water equivalent

There was a remarkable decrease in the average snow water equivalent (Fig. 2 of
Panagoulia (1991)) for all alternative climate scenarios. The combined scenarios of tem-
perature increase by 4°C and all precipitation changes yielded the maximum decrease,
reflecting the fact that for a temperature rise of several degrees Celsius, the temperature is
the basic factor of snow storage control compared with precipitation. The other combined
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scenarios caused progressive decrease in the average snow water equivalent from the
wetter to the drier climate.

Regarding the monthly distribution of the snow water equivalent for the combined
scenarios of temperature increase of 1°C and 2°C and all precipitation changes, the average
snow water equivalent peak occurred in March, whereas for the drier combined scenarios
(AT = 4°C and all AP values) the snow water equivalent maximum occurred 1 month
earlier (February).

3.2.2. Total runoff

Significant changes in the monthly distribution of runoff (Fig. 3 of Panagoulia (1991))
were observed for all climate scenarios. The effect of reduced snow storages and change in
the timing of snowmelt (Fig. 2 of Panagoulia (1991)) was apparent in all runoff responses.
The annual hydrograph peak shifted earlier in the year because of the decrease in the
amount of snowfall with respect to rainfall. In 12 of the 15 climate change scenarios, the
runoff peak shifted 2 months earlier compared with that of the base case (the peak
shifted from April to February). In the other three scenarios (AT = 1°C, AP = + 10% or
20%; AT =2°C, AP = +20%) the peak shifted 4 months earlier (from April to December).
The greatest monthly runoff decrease was observed in May for most climate cases.

The summer (June, July, August) runoff decreased considerably in almost all climate
cases. For the driest scenario of 4°C temperature increase and 20% precipitation decrease,
the summer runoff dropped about 50%. The winter runoff increased in ten of the 15
combined climate cases. The maximum winter runoff increase reached 60% for the tem-
perature increase of 4°C and precipitation increase of 20%. The climate scenarios which
reduced the winter runoff were the 20% precipitation increase for all temperature increases
and the 20% precipitation increase for 1°C and 2°C temperature increase.

3.2.3. Evapotranspiration

The actual evapotranspiration (ET) (Panagoulia, 1991) simulated by the SMA model
depends on the soil moisture status, and on the potential evapotranspiration (PET).
Although the PET increased during months and for all climates owing to temperature
increase, the direction of change of the ET varied from season to season. During the wet
November—April period, the ET remained unaffected by precipitation changes, but
increased compared with the base case ET. During the dry May—October period the ET
increased with precipitation increase and decreased with precipitation decrease. The peak
value of the monthly ET occurred in June for the base case and for nine of the 15 climate
scenarios, whereas for the other six scenarios (characterized by precipitation decrease) the
peak values occurred in May. The climate scenarios with minor precipitation decrease
showed a flatter crest in the monthly distribution of ET.

3.2.4. Upper zone tension water

The moisture content in the upper tension zone (Fig. 5 of Panagoulia (1991)) was not
significantly affected by climate change scenarios in the winter period, whereas during all
other months the moisture content was significantly affected. The tension moisture content
of the zone decreased for all months and its maximum decrease occurred in May for all
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climate cases. The fact that a considerable tension moisture reduction occurred in spring
and early summer months is due to snowmelt reduction.

3.2.5. Lower zone tension water

The moisture content in the lower tension zone (Fig. 6 of Panagoulia (1991)) was
minimum in October for the driest combined scenarios of 4°C temperature increase and
20% precipitation decrease. Generally, the larger lower zone tension moisture decrease
shifted forward 2 or 3 months with respect to those of the upper zone tension moisture
storages.

3.2.6. Upper zone free water

The free water contents in all three zones of the model (Figs. 7-9 of Panagoulia (1991))
are strongly and randomly influenced by all climate scenarios, as well as from month to
month under the same scenario. It should be noted that the free moisture content in the
upper zone (Fig. 7 of Panagoulia (1991)) showed greater fluctuations than those in the
lower zones. Specifically, the peak occurred in January for the drier climate scenarios and
in December for the others, whereas during the dry summer period, the upper zone free
water decreased for all climate cases.

3.2.7. Lower zone primary free water

The free moisture content in the lower zone (Fig. 8 of Panagoulia (1991)) supplies the
baseflow with larger amounts than those supplied to the lower supplemental zone. Its peak
occurred in March for 13 of the 15 climate scenarios, whereas the peak for the base case
occurred in May. For the other two scenarios of 1°C temperature increase and precipitation
decrease by 10% and 20%, the primary free moisture content was maximum in April. For
all climate cases the primary free moisture was minimum in October.

3.2.8. Lower zone supplemental free water

For 12 of the 15 climate scenarjos the supplemental moisture content (Fig. 9 of
Panagoulia (1991)) was maximum in March, whereas for the scenarios of 4°C temperature
increase and 10% and 20% precipitation decrease, as well as for the scenario of 2°C
temperature increase and 10% precipitation decrease, the peak shifted to February. The
moisture content was minimum in August for all climate cases.

3.2.9. Cumulative soil moisture

Despite the fact that the five soil moisture storages provided random monthly distribu-
tions for all climate cases, the cumulative soil moisture scenarios (Fig. 1 of Panagoulia and
Dimou (1994b)) were characterized by a smoothing effect probably owing to the method
of computing, i.e. the summation of reversely interacting distributions. However, there
was a definite phase shift to camulative soil moisture (over all storages) particularly during
the October—April period. This has been attributed to the warmer and generally wetter
climates, owing to the greater rainfall compared with snowfall; more moisture is available
during winter and early spring at the expense of late spring and summer. The greatest
cumulative soil moisture decrease occurred in September for the driest scenario of 4°C
temperature increase and 20% precipitation decrease.
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3.3. Comparison of results

The comparison is between the results of the MWB and SAA-SMA models concerning
the average total runoff and soil moisture response, expressed as percentages of change of
base run by season and month, to hypothetical climate scenarios. Fig. 1 and Fig. 2 show the
changes in mean seasonal (winter—summer) runoff and soil moisture, respectively, for
both models, as a function of precipitation and temperature changes.

Fig. 3 and Fig. 4 show the changes in mean monthly runoff for both models with respect
to temperature increase and all precipitation changes, as well as with respect to precipita-
tion change and all temperature increases. Fig. 5 and Fig. 6 reflect the changes in mean
monthly soil moisture for both models with respect to the climate scenarios adopted for
runoff.

3.3.1. Seasonal runoff

The changes in mean (long-term) winter runoff over the catchment for all alternative
climates and both models are presented in Fig. 1(a), as a function of precipitation changes,
and in Fig. 1(b), as a function of temperature increases. There was an increase in winter
runoff with respect to precipitation and temperature increase for all alternative scenarios
and both MWB and SAA-SMA models. The temperature increase from 2°C to 4°C
produced a smaller rate of increase of winter runoff than that from 1°C to 2°C, for all
precipitation cases in the MWB model, showing that the MWB model is less sensitive to
large temperature increases than the SAA—~SMA models, in which the runoff increased
much more proportionately to temperature increase. The weakness of the MWB model in
accurately simulating the runoff is due to the rough representation of snow accumulation
and melting processes which control the seasonal runoff.

Regarding the results of both models, the low precipitation climates provided compar-
able (almost the same) values of winter runoff changes (mostly reductions) for both
models, whereas the high-precipitation climates provided slightly different values of
winter runoff increases, with the greater values provided from the MWB model.

Fig. 1(c) and Fig. 1(d) show the changes in summer runoff for both models as a function
of precipitation change (Fig. 1(c)) and temperature increase (Fig. 1(d)). Both models
predicted increased summer runoff with respect to precipitation increase and temperature
decrease. The MWB model was less sensitive to large temperature increase. The rate of
decrease of summer runoff was smaller when temperature increased from 2°C to 4°C than
when it increased from 1°C to 2°C for all alternative climates. As noted above, the most
probable reason for the MWB model weakness is the lack of a dynamic representation of
snow storages, of which the reduced values (Section 3.2.1) caused earlier snowmelt in the
year and shifted the late spring and summer runoff to winter, and thus resulted in large
runoff reductions in summer.

Concerning the comparison of summer runoff between the two models, the MWB
model predicted larger reductions (about 10%) than those predicted from the SAA-
SMA models. This may be attributed to the MWB model snowmelt runoff mechanism,
which resulted in greater winter runoff values, as well as to the use of different methods in
computing PET and soil moisture, under the increased evapotranspiration and soil moist-
ure deficits in summer (see the companion paper, Panagoulia and Dimou (1997)).
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Fig. 1. Mesochora catchment mean seasonal runoff changes predicted by the MWB model (dashed line) and the
SMA model (continuous line) as a function of precipitation and temperature: (a) winter runoff changes vs.
precipitation changes; (b) winter runoff changes vs. temperature changes; (c) summer runoff changes vs. pre-
cipitation changes; (d) summer runoff changes vs. temperature.
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3.3.2. Seasonal soil moisture

Fig. 2(a) and Fig. 2(b) indicate a decrease in winter soil moisture with respect to
precipitation decrease, and, to a lesser degree, with respect to temperature increase
under all climate cases for the SMA model. The winter soil moisture predicted from the
MWB model remained unaffected by almost all combined precipitation and temperature
climates. Fig. 2(b) shows the greater sensitivity of SMA soil moisture predictions with
respect to modified climates, during the winter period when the soil is near to saturation
and PET is low.

Fig. 2(c) and Fig. 2(d) show a progressive decrease in summer soil moisture with
precipitation decrease and temperature increase for all climate cases, which is more
apparent in the MWB simulations than the SMA ones. The significantly greater decrease
of the summer soil moisture predicted by the MWB model is attributed to the greater
summer runoff decrease resulting in limited availability of surface water needed for soil
moisture saturation.

3.3.3. Monthly runoff

Fig. 3 shows the monthly distribution of long-term (mean) runoff changes for both
models and all climate scenarios with temperature increase. Generally, there was a greater
monthly variability of SMA runoff changes than of MWB ones for all scenarios.

For the scenarios of 1°C temperature increase and all precipitation changes (20%, 10%,
0%) the runoff changes (Fig. 3(a)) were comparable for both models during the wet period
(January—May). However, in this period, a trend for larger reduction and lesser increase in
SMA compared with MWB model predicted runoff was observed. This was more apparent
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in March. During the dry period (June—September) for the same climate cases, clearly
lesser reductions and larger increases in runoff were predicted by the SMA model com-
pared with those of the MWB model. During the autumn period the runoff changes
predicted from both models under the above-mentioned climates were approximately
the same.

For the scenarios of 2°C temperature increase and all precipitation changes, for most
months of the wet period, the SMA model predicted larger reductions and lesser increases
of runoff than the MWB model (Fig. 3(b)). In contrast, the runoff changes in April
predicted by the SMA model were characterized by lesser reductions and larger increases.
During the dry period, the runoff decrease was greater, with the same profile as for the
scenarios of 1°C temperature increase, i.e. lesser reductions and larger increases were
predicted by the SMA model than by the MWB model. The autumn runoff changes
were similar in both SMA and MWB predictions for the examined scenarios (2°C tem-
perature increase). Nevertheless, in December, a trend for lesser reductions and larger
increases was observed for the runoff predicted by the SMA model.

The runoff changes during the 3 months of the wet period predicted by the SMA and
MWB models were similar for the scenarios of 4°C temperature increase and all precipita-
tion changes (Fig. 3(c)). In February and May the runoff changes reflected larger reduc-
tions and lesser increases for the SMA model compared with the MWB model. In the dry
period the runoff decrease was even greater, with the same profile as for the scenarios of
1°C and 2°C temperature increase, i.e. lesser reductions were predicted by the SMA model
than by the MWB model. During the autumn period the runoff changes were similar for
both SMA and MWB models. Nevertheless, in October and November, a trend for larger
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reductions and lesser increases was observed for the runoff predicted by the SMA model.
However, in December, a trend for lesser reductions and larger increases was noticed for
the runoff predicted by the SMA model.

From the above analysis (Fig. 3), it is apparent that the greater runoff increase occurs
during the winter months and the greater decrease during the summer months for the
predictions of the MWB model. This is probably due to the different mechanisms of
snow accumulation and melting processes involved in the models. The effect of reduced
snow storage is apparent in both cases, but with different magnitude and timing: the
shifting in the year of the annual hydrograph peak occurred earlier, under more and
different climate scenarios, for the MWB (Section 3.1.1) in relation to the SMA model.
Thus, the MWB runoff increase in winter months was greater than the SMA one, resulting
in greater MWB runoff decrease in summer months. The different algorithms for the
calculation of the PET and soil moisture (see the companion paper, Panagoulia and
Dimou (1997)), taking into account the increased evapotranspiration and soil moisture
deficits in summer months, may be the reason for the greater runoff reductions during
summer predicted by the MWB model compared with the SMA model.

The monthly distribution of mean (long-term) runoff changes for both models and all
climate scenarios with precipitation change (from —20% to 20%) is presented in Fig. 4.
Runoff increased with respect to temperature increase during January and February for
both models and all precipitation changes owing to the decrease in the amount of snowfall
(reduced snow storages). During the other months of the year, and especially in May,
runoff decreased with respect to temperature increase for both models and all precipitation
changes. However, the rate of the MWB predicted runoff change (increase or decrease) for
temperature increase from 2°C to 4°C was less than that predicted for temperature increase
from 1°C to 2°C, showing, as in the seasonal case, that the MWB model is rather less
sensitive to higher temperatures, a fact not so compatible with reality. This MWB weak-
ness, as previously discussed, may occur because snow accumulation and melting are not
accurately simulated by the MWB model.

3.3.4. Monthly soil moisture

Fig. 5 shows the simulated changes in the monthly distribution of soil moisture with
respect to temperature increase for all climate scenarios and both models. There was a
slightly greater variability of soil moisture predicted by the SMA model than by the MWB
model during the wet period (January—April). During this period, the MWB soil moisture
remained almost unaffected for all climate scenarios, whereas the SMA soil moisture
varied substantially for all climate. scenarios and for every month. In particular, the
MWRB soil moisture simulations were compatible with the SMA upper and lower tension
moisture contents (almost zero changes), a fact attributed to the soil saturation and mainly
to low actual evapotranspiration during the wet period. In contrast, the free moisture
content in the three zones (one upper and two lower) of the SMA model were considerably
affected by climate changes, especially those of lower storages (Sections 3.2.7, 3.2.8). These
two lower storages are not parameterized by the MWB model and thus, it is not possible to
simulate winter (wet period) changes in soil moisture with the MWB model.

During the dry period (May—September), the MWB soil moisture showed large reduc-
tions, which in August reached 100% for the driest scenarios of 4°C temperature increase
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Fig. 5. Mesochora catchment mean monthly soil moisture changes predicted by the MWB model (dashed line)
and the SMA model (continuous line) for the associated scenarios of all precipitation changes and (a) 1°C
temperature increase (AT = 1°C), (b) 2°C temperature increase (AT = 2°C), and (c) 4°C temperature increase
(AT = 4°C).

and precipitation changes of 0%, £10% and *20%. The larger reductions in spring
snowmelt runoff and the earlier shifting towards winter, which were predicted from the
MWB model, caused major reductions in surface water available for evapotranspiration
and soil moisture, resulting in larger soil moisture deficits (compared with the SMA ones).
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Fig. 5. Continued.

Furthermore, the different parameterization of soil layers, i.e. the upper layer in the MWB
model and the five storages in the SMA model, three of which are at a greater depth (SMA
model lower zone), is the main reason for the large differences between the results of the
models, especially for the dry period, given that each moisture storage responds to climate
change very inconsistently (Section 3.2.6). The upper and the lower supplemental free
water predicted by the SMA model were almost the same as the free water predicted by the
MWB (one-layer) model. The SMA lower zone primary free water values contributed to
the greatest differences between MWB and cumulative SMA soil moisture. Moreover, the
different methods in calculating PET under the dry conditions of summer months resulted
in different soil moisture values for the MWB and SMA models.

During the autumn period (October—December), both models predicted comparable soil
moisture changes. Smaller changes were predicted by the MWB model in December. In
October and November the soil moisture changes were similar for both models. Smaller
changes were predicted by the SMA model in October, whereas greater changes were
predicted by the SMA model in November. In contrast, during December the predicted soil
moisture changes were substantially different between the two models, showing greater
changes for the SMA model.

The monthly distribution of long-term (mean) soil moisture changes for both models
and all climate scenarios with precipitation change (from 20% to 20%) is presented in Fig.
6. There was a slight reduction in soil moisture with respect to temperature increase for the
SMA model and almost all precipitation changes during the wet period (December—
April). During this period, the MWB soil moisture remained almost unaffected by tem-
perature increase. In contrast, during the other months the reduction rate of soil moisture
was significantly greater proportional to temperature increase for both models and all
precipitation changes. In August, the MWB soil moisture remained unaffected by all



58 D. Panagoulia, G. Dimou/Journal of Hydrology 194 (1997) 38-63

a

30 7

10 +
X
=)
)
I

-10
R
N
I
<]
]
S -50 1
a —@— AT=1°C SMA A
= ——8— AT=2°C SMA
8 901  —a&—AT=4CSMA
g ...... O AT=1C MWB
S . AT=2°C MWB
&~ 90 & & AT=4°CMWB

-110 : : = = * ‘ ‘ ' ’ ’ ;

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

b

30 ¢

10 +
X
S B
- B-= s
[} s
] -10
A,
AN
[
]
=]
B 50 -
a —@— AT=1°C SMA
5 ——@— AT=2°C SMA
&0 1l —a—aT=sCcSMA

70
E ------ O AT=1°C MWB
G . AT=2°C MWB
X gl - A AT=4°C MWB

-110 . . " " : ; } } ; } {

y t 1

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Fig. 6. Mesochora catchment mean monthly soil moisture changes predicted by the MWB model (dashed line)
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Fig. 6. Continued.

temperature increases for the reduced precipitation climate of 20% and by the greater
temperature increase (2°C, 4°C) for the reduced precipitation climate of 10%, whereas it
varied with respect to temperature and precipitation increase (0%, 10%, 20%). The profile
of soil moisture in August as predicted by the MWB model indicates that soil moisture is
mainly controlled by precipitation changes rather than temperature increase, in the dry



60 D. Panagoulia, G. Dimou/Journal of Hydrology 194 (1997) 38-63

€

xX
&
Q
1
A
) -
0. :
g -30 + 8
g ...... o
=
-5+
b ——@— AT=1°C SMA A
o — @ AT=2°C SMA K
g’ 70 1 —A—AT=4°CSMA
£ | O AT=1°C MWB
\°° ...... - AT=2°C MWB N F
LNV I A AT=4°C MWB Ry

-110 t + t t } t + t t + |
Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Fig. 6. Continued.

season. In other words, the MWB model is less sensitive to temperature increase than the
SMA model during the wettest and driest months of the year.

4. Conclusions

The variability in simulated monthly and seasonal total runoff and soil moisture over the
same catchment through the monthly water balance (MWB) model and the coupled snow
accumulation—ablation and soil moisture accounting (SAA—-SMA) models for a number
of climate change scenarios was investigated. A medium-scale, mountainous catchment
(area less than a thousand square kilometres), namely the Mesochora catchment in Central
Greece, was examined. The MWB model, with a first-order memory, was clearly
addressed to the upper soil layer and involved a roughly represented snowmelt component.
The SAA model, which operated at 6 h increments, is a conceptual model describing
explicitly the accumulation and ablation of the snowpack. The SMA model, which oper-
ated at daily time steps, is also a conceptual model explicitly accounting for hydrological
subprocesses (e.g. surface runoff, interflow, baseflow) leading to streamflow generation
(total runoff).

The inputs to both models, i.e. precipitation, temperature and potential evapotranspira-
tion, were integrated over area and elevation by different methods. In the SAA-SMA
simulations, a more reliable method was used for the input data integration. The division
of the catchment area into elevation zones for better representation of snow accumulation
and ablation was performed for only the SAA model. Despite the fact that uncertainties in
parameter estimates or in numerical procedures were introduced for both models, and an
objective method for model calibration was absent from both models, the SAA-SMA
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models appeared to be more reliable in simulating fluxes dynamics of the catchment. The
calibrated inputs of both models (MWB and SAA-SMA) were adjusted to account for
climate change scenarios. Based on the results of this study the following conclusions can
be reached:

1.

both MWB and SAA-SMA models predicted, over the winter season, comparable
runoff decrease for reduced precipitation climates and slightly different runoff
increases for increased precipitation climates. The larger runoff increases in winter
were predicted by the MWB model. During this season, the MWB model proved to be
less sensitive to large temperature increase compared with the SAA-SMA models,
which raised runoff proportionately to temperature increase.

. The MWB model predicted, over the summer season, larger runoff decrease, of the

order of 10%, for all alternative climates compared with the SAA-SMA models. The
MWB model was less sensitive to large temperature increase. The decrease rate of
summer runoff was smaller for greater temperature increase than that for smaller ones,
for all precipitation climates.

. The MWB soil moisture, over the winter season, remained unaffected by almost all

precipitation and temperature climates. In contrast, the SMA soil moisture showed a
significantly greater sensitivity to all climate scenarios during the winter period, when
the soil is near saturation and potential evapotranspiration is low.

The MWB model predicted, over the summer season, significant soil moisture decrease
which was greater than that predicted by SMA model for all climates.

The SMA model predicted a greater interannual variability in runoff changes compared
with the MWB model for all climates. However, greater runoff increase during the
winter months and greater decrease during the summer months were predicted by the
MWB model. During the spring and autumn months the results were much more
complicated: greater reductions and smaller increases or smaller reductions and greater
increases in runoff changes occurred in a random manner for both MWB and SMA
simulations. In addition, the monthly runoff changes with respect to temperature
increase showed that the MWB is less sensitive to greater temperature increase than
the SAA-SMA models for all climates.

. Whereas the SMA soil moisture varied substantially for the climate scenarios and each

particular month, the MWB soil moisture remained unaffected for all climate scenarios
during the winter months and decreased much more-in late spring and summer months,
reaching 100% decrease in August for the driest climates. There was a slight reduction
in soil moisture with respect to temperature increase for the SMA model and all
climates in the winter months. During these months and during August, the MWB
soil moisture remained unaffected by temperature increase, whereas during all other
months the rate of soil moisture decrease was proportional to temperature increase for
both models (MWB and SMA) and all precipitation climates.

The reduction of snow storages in the MWB model, owing to the lack of dynamic

representation of the snowmelt component, resulted in greater runoff increase during
the winter months and greater runoff decrease during the summer months for the MWB
model predictions. On the other hand, in the upper soil layer considered by the MWB
model, the soil moisture is also responsible for the greater decrease in runoff and soil
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moisture prediction during the summer months compared with the SMA model predic-
tions. In contrast, in the SMA simulations the soil moisture flux is parameterized in five
storage zones of which the lower free primary one contributes to streamflow. Finally, the
different algorithms by which the potential evapotranspiration is computed in the MWB
and SMA models is the main reason for the different soil moisture deficits predicted by the
models.
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