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Abstract

The Mediterranean regional water cycle changes under a warming climate are examined based on the multi-model ensemble (MME) mean of the Coupled Model Intercomparison Project Phase 5 (CMIP5) historical and RCP4.5 experiments with 25 coupled global climate models.  Results indicate a warmer and drier mean state in the Mediterranean by the end of the 21st century compared to the present-day climate with increases in surface air temperature of 2–3 K and decreases in precipitation (P) of about 0.1 mm day-1.  The projected climate changes display large seasonality as well as strong geographic dependence.  Evaporation (E) is expected to significant increase, especially over the Mediterranean Sea, likely due to the increase in surface temperature and larger capacity of holding water vapor in the atmosphere associated with warming.  The combined effects of P and E changes suggest significant water cycle changes.  By 2071–2100, the projected mean surface downward freshwater flux (P–E) reduces by 0.3 mm day-1 over sea and by 0.08 mm day-1 over land with respect to the present-day mean values.  The projected increase in seawater loss and decrease in land surface water availability by the end of 21st century could pose significant economic, ecological, and societal threats to the Mediterranean region.
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Chapter 1. Introduction

The Mediterranean is a “transition” zone between the dry-hot North African climate and the wetter-cooler European climate.  Given the potentially significant climate changes in Africa and Europe under a warming climate (e.g., Laprise et al. 2013; Cattiaux et al. 2013), the regional climate in the Mediterranean is expected to be very sensitive to future increase in greenhouse gases (GHGs).  Indeed, previous studies have identified the Mediterranean region as one of the hotspots where the projections associated with future increase in GHGs are most likely to cause significant changes in climate, with a high degree of consistency among different projections (e.g., Gibelin and Deque 2003; Diffenbaugh et al. 2007; Giorgi and Lionello 2008; Diffenbaugh and Giorgi 2012).
Based on the World Climate Research Program (WCRP) Coupled Model Intercomparison Project Phase 3 (CMIP3) 14 multi-model ensemble (MME) analysis, Mariotti et al. (2008) illustrate that by the end of the 21st century, the Mediterranean climate changes, especially water cycle changes, are characterized by a tendency toward warmer and drier conditions, leading to a 20% decrease in land surface water availability, and a 24% increase in the loss of freshwater over the Mediterranean Sea.  As the CMIP Phase 5 (CMIP5) model data became available, it would be interesting to know whether the future climate projections for the Mediterranean documented in Mariotti et al. (2008) are also detectible in current state-of-the-art climate models.  

In addition to using more climate models for the MME analysis (25 models in this study vs. 14 in Mariotti et al. 2008), the present work complements the contribution of Mariotti et al. (2008) by considering the projected climate changes in both the northern and southern Mediterranean regions to highlight their geographic dependence.  The seasonality of the projected changes in soil moisture and runoff, the two important components of water cycle (Mariotti et al. 2002), is also analyzed.  Through more detailed analysis, we hope the results presented in this paper could provide more information about the projected changes in the Mediterranean hydrologic cycle for the 21st century.

The paper is organized as follows.  In the next chapter (chapter 2), the data and methodology are described.  Section 1 in chapter 3 describes the climatological annual mean surface air temperature, precipitation, and evaporation of the present-day climate in the Mediterranean from both observations and CMIP5 historical simulations.  The projected climate changes by the end of the 21st century for the Mediterranean based on the CMIP5 RCP45 experiments are examined in section 2.  Section 3 analyzes the projected freshwater flux, soil moisture, and runoff changes and associated changes in regional hydrologic cycle.  Conclusions are given in chapter 4.
Chapter 2.  Data and Methodology

In this study, for analyzing climate changes, we focus on regional hydrological changes that are critical for the Mediterranean climate.  Main variables used consist of precipitation, surface air temperature, evaporation, soil moisture, and runoff from both observations and the CMIP5 model simulations.  For observations, the land precipitation and land surface air temperature data are taken from the Climate Research Unit (CRU) dataset from 1901–2009 on a 0.5o × 0.5o (latitude × longitude) grid (Jones et al. 2012).  The surface air temperatures are from the Met Office Hadley Centre and CRU (HadCRUT4) dataset from 1850–2012 on a 5o × 5o grid (Morice et al. 2012).  The evaporation data over sea surface are from the Ocean Air Flux (OAFlux) dataset covering the 1958–2012 period on a 1o × 1o grid (Yu et al. 2008).  The total soil moisture and land evaporation data, or more appropriately, evapostranspiration, are from the National Centre for Meteorological Research (CNRM) datasets (Alkama et al. 2010; Douville et al. 2012).

To assess the climate change in the Mediterranean region, the model simulations for both the present-day climate (historical experiments from 1860 to 2005 under changing conditions consistent with observations) and future climate projections (RCP45 experiments from 2005 to 2100 with radiative forcing stabilized at 4.5W m-2 after 2100) are analyzed.  The RCP45 scenario is selected because its GHG concentrations somewhat intermediate as compared to other RCP scenarios (Taylor et al. 2011).  The MME for this study includes 17 CMIP5 regular climate models and eight CMIP5 Earth System models (ESM).  The eight CMIP5 ESM models have the same experimental configurations as the

	Model
	Ensemble runs 
	Historical
	RCP4.5
	Spatial resolution

	GISS- E2-R * (
	5
	1850.01-2005.12 
	2006.01-2300.12
	2.5 o x2 o

	IPSL-CM5A-MR * (
	1
	1850.01-2005.12 
	2006.01-2100.12 
	2.5 o x1.27 o

	MIROC5 *
	3
	1850.01-2005.12 
	2006.01-2100.12
	1.4 ox1.4 o

	HadGEM2-CC * (
	1
	1859.12-2005.11 
	2005.12-2100.12 
	1.875 o x1.25 o

	HadGEM2-ES * (
	4
	1859.12-2005.11 
	2005.12-2100.12 
	1.875 o x1.25 o

	bcc-csm1-1 *
	1
	1850.12-2005.12 
	2006.01-2300.12
	2.8125 o x2.8125 o

	CNRM-CM5 * (
	1
	1850.12-2005.12 
	2006.01-2300.12 
	1.40625 o x1.40625 o

	inmcm4 * (
	1
	1850.01-2005.12 
	2006.01-2100.12 
	2 o x1.5 o

	CCSM4 (
	6
	1850.01-2005.12 
	2006.01-2100.12 
	1.25 o x0.9375 o

	CSIRO-Mk3-6-0 * (
	10
	1850.12-2005.12
	2006.01-2100.12
	1.875 o x1.875 o

	IPSL-CM5B-LR * (
	1
	1850.01-2005.12
	2006.01-2100.12
	3.75 o x1.89 o

	ACCESS1-0 * (
	1
	1850.12-2005.12
	2006.01-2100.12 
	1.875 o x1.25 o

	MRI-CGCM3 * (
	1
	1850.01-2005.12 
	2006.01-2100.12 
	1.125 o x1.125 o

	HadGEM2-AO
	1
	1860.01-2005.12 
	2006.01-2099.12 
	1.875 o x1.25 o

	FGOALS-s2 *
	1
	1850.01-2005.12 
	2006.01-2100.12 
	2.8125 o x1.67 o

	CMCC-CM (
	1
	1850.12-2005.12 
	2006.01-2100.12 
	0.75 o x0.75 o

	IPSL-CM5A-LR * (
	3
	1850.01-2005.12 
	2006.01-2100.12 
	3.75 o x1.89 o

	MPI-ESM-LR (
	3
	1850.01-2005.12
	2006.01-2100.12
	1.875 o x1.875 o

	MIROC-ESM
	1
	1850.01-2005.12
	2006.01-2300.12
	2.8125 o x2.8125 o

	MPI-ESM-MR (
	1
	1850.01-2005.12
	2006.01-2100.12
	1.875 o x1.875 o

	NorESM1-M * (
	1
	1850.01-2005.12
	2006.01-2300.12
	2.5 o x1.8947 o

	NorESM1-ME * (
	1
	1850.01-2005.12
	2006.01-2102.12
	2.5 o x1.8947 o

	MIROC-ESM-CHEM
	1
	1850.01-2005.12
	2006.01-2100.12
	2.8125 o x2.8125 o

	CanESM2
	3
	1850.01-2005.12
	2006.01-2100.12
	2.8125 o x2.8125 o

	BNU-ESM * (
	1
	1850.01-2005.12
	2006.01-2100.12
	2.8125 o x2.8125 o


Table 1.  List of CMIP5 model experiments used in this study, including model name, number of ensemble members, time period of model integrations, and model resolution.  A subset of models available for soil moisture analyses are denoted by an “*” for surface soil moisture analysis and by “(” for total soil moisture analysis.  Multi-model ensemble means are computed for the period of January 1860 – December 2099, which is common to all models.
17 regular models.  The model data are obtained from the CMIP5 data website (http://pcmdi9.llnl.gov).  More details of the 25 models, including their names, model resolution, the number of ensemble members, and the period of model integrations are listed in Table 1.

Both the observational data and the CMIP5 model data are monthly means and are interpolated into a common grid of 2o × 2o.  Our analysis focuses on the MME mean over the 1860–2100 period and comparisons with observations whenever the observational data are available.  Considering different number of ensemble members for individual models, the ensemble means of the simulations were first calculated for each model.  Then, the MME means were obtained by averaging the ensemble means of all individual models.  In this way, all models rather than individual model runs are treated equally for the final MME means.  Given the larger number of ensembles, natural variability across the model simulations is expected uncorrelated and is likely to be eliminated by the MME average.  Therefore, the results based on the MME means mainly reflect the climate response to external forcing, such as the GHGs and volcanic aerosols specified for all CMIP5 models.  
To characterize the climate variability in the Mediterranean, both the observational and model data are averaged over the domain of (28oN–47oN, 10oW–40oE) for the entire Mediterranean, (38oN–47oN, 10oW–40oE) for sub-regions in the North, and (28oN–38oN, 10oW–40oE) for sub-regions in the South, as shown in Fig. 1, as well as averaged  over the sea only and land only within that domain for the climate changes over the Mediterranean Sea and the surrounding land areas, respectively.  Anomalies are defined with respect to the 1980–2005 climatology.  In addition to annual mean anomalies, the seasonality of the climate changes is also examined using the seasonal mean data for December–January–February (DJF), March–April–May (MAM), June–July–August (JJA), and September–October–November (SON), respectively.  
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Fig. 1.  World map with blue color for ocean and dark yellow for land.  The box with black lines (28oN–47oN, 10oW–40oE) is the Mediterranean region used for area-average.  The white line separates the box into the northern Mediterranean region (38oN–47oN, 10oW–40oE) and the southern Mediterranean region (28oN–38oN, 10oW–40oE).  

The uncertainty of the MME means is estimated by the one standard deviation of the spreads of all individual ensemble members around the MME means, which is a measure of inter-model variability.  Linear trends are derived for precipitation and surface air temperature anomalies over certain periods to characterize their long-term trend.  The statistical significance of the trends is assessed based on the Monte Carlo test (Wilks 1995).  It is basically a resampling process, which generates a large number of new time series (e.g., 1000)  with the same size as the original time series by randomly reordering the temporal points from the original data.  Linear trends derived from these new time series create a pool of reference test statistics.  If the positive (negative) trend of the original data is high enough to fall into the top (bottom) 5% rank in the reference test statistics, then it is defined as above the 95% significance level.

Chapter 3. Results

3.1 Present-day climate in the Mediterranean 

For quantifying the projections for future climate in the Mediterranean, the climatological mean states, including surface air temperature, precipitation (P), evaporation (E), the difference P–E, and soil moisture averaged over the 1980–2005 period, are used to represent the present-day climate.  Figure 2 shows the annual mean surface air temperature, precipitation, and evaporation averaged over 1980–2005 based on the CMIP5 MME means.  
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Fig. 2. Climatological annual mean (a) surface air temperature (unit: K), (b) precipitation (unit: mm day-1), and (c) evaporation (unit: mm day-1) in the Mediterranean derived from the CMIP5 MME means of the historical experiments over the 1980–2005 period. 

The present-day climate in the Mediterranean simulated by the CMIP5 historical experiments is characterized by the annual mean surface air temperature ranging from 280 to 295 K with relatively large meridional temperature gradients to the north and small gradients to the south (Fig. 2a).  The annual mean precipitation varies from less than 0.5 mm day-1 at 30oN to more than 3 mm day-1 at 45oN (Fig. 2b).  In general, the annual mean evaporation (Fig. 2c) is large over sea (> 2 mm day-1) and small over land (< 2 mm day-1).

Figure 3 shows the 1980–2005 climatological annual mean surface air temperature, precipitation, and evaporation in observations.  As compared to the observations (Fig. 3), except for evaporation over sea (Fig. 3d), which is one order of magnitude larger than the CMIP5 MME means, the CMIP5 models (Fig. 2) simulate both

the spatial distribution and the range of the annual means reasonably well.  The overall resemblance of the present-day climate in the observations and the CMIP5 models provides confidence for projecting future climate change in the Mediterranean with the same set of the global climate models.
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Fig. 3. Climatological annual mean (a) surface air temperature (unit: K), (b) precipitation (unit: mm day-1), (c) evaporation (unit: mm day-1) over land, and (d) evaporation over sea in the Mediterranean derived from the observational data over the 1980–2005 period.

3.2 Projected climate changes by the end of the 21st century

a. Projected changes in surface air temperature


Figure 4 shows the spatial distribution of mean surface air temperature change by
2071–2100 compared to the reference period (1980–2005), which is the difference between the MME mean temperatures averaged over the two periods for four seasons as well as for annual mean.  The CMIP5 models indicate a projected 21st century warming across the region with the largest increase in temperature during summer and the least increase during winter.  In general, warming is greater over land than over sea.  In JJA, for example, 3-K warming is found over land and 2-K warming over sea (see Table 4 for a summary of area-averaged mean changes).  
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Fig. 4. Projections of Mediterranean mean surface air temperature change (unit: K) over the 2071–2100 period compared to the 1980–2005 reference period as depicted by the CMIP5 ensemble means.  They are the differences between the mean temperatures averaged over the 2071–2100 and 1980–2005 periods.  Both annual and seasonal mean anomalies are displayed.

The time evolution of temperature changes over land during the period of 1860–2100 after subtracting the reference climatology is shown in Fig. 5 for the four seasons as 

well as the annual mean.  In each panel, the time series are shown for the CMIP5 MME means (red line), individual ensemble members (grey lines), the range of ± one standard deviation of the spreads of the ensemble members around the MME means (gray shading), and the observations from the CRU (black line) and HadCRUT4 (orange lines
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Fig. 5. Time series of Mediterranean-mean (land-only) surface air temperature anomalies (unit: K) over the period of 1860–2100 for (a) DJF, (b) JJA, (c) MAM, (d) SON seasonal means, and (e) annual means.  The vertical dashed line separates historical simulations from projections.  CMIP5 multi-model mean (red line) is shown along with individual model simulations (gray lines; 7-year running means).  Grey shadings depict the ± one-standard-deviation spread of individual members around the CMIP5 MME mean.  The observed temperature anomalies based on the HadCRUT4 and the CRU datasets are also plotted for the period of 1850–2005.

for ensemble members and blue line for ensemble mean) datasets.  A vertical dashed line separates the historical runs (1860–2005) from the RCP45 projections (2005–2100).  Red triangles at top of each panel indicate the years of major volcanic eruptions.  Major volcanic events inject aerosols into the atmosphere and have a tropospheric cooling effect.

The MME mean temperature changes display significant warming over the Mediterranean land region starting from 1960s.  By 2100, the projected temperature increases reach 2 K in winter (Fig. 5a) and 3 K in summer (Fig. 5b), consistent with the seasonality shown in Fig. 4.  Over the common time period, the observations also exhibit an overall warming trend.  In addition, over the most of the common period, the observed temperature changes are within the range of the ± one standard deviation of the ensemble-member spreads around the MME means.  This increases the confidence for the projected future temperature changes with the CMIP5.  
The corresponding time series of the temperature changes averaged over the entire Mediterranean region are shown in Fig. 6.  Over the entire domain, the warming is similar but slightly less pronounced than the land-only (Fig. 5) due to the smaller changes over the sea surface (see Table 4), which is likely associated with the larger heat capacity of seawater.  
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Fig. 6.  As in Fig. 5, but for surface air temperature over the entire Mediterranean region.

A comparison of linear trends of surface air temperature from the CMIP5 MME means and the observational data is provided in Table 2.  Over most of the common periods, the warming trends in the CMIP5 models are comparable to the observations.  The projected warming trend for the next 100 years is much stronger than the trend over 

the past 100 years.  For example, the CMIP5 projected warming trend for the annual mean temperature over land during 2005–2096 is 0.23 K decade-1, whereas the trend during 1905–2006 is 0.080 K decade-1 in the CMIP5 historical simulations, 0.097 K decade-1 in HadCRUT4, and 0.089 K decade-1 in CRU (Table 2A).

Part A – Land only

	
	ANN
	DJF
	JJA
	MAM
	SON

	CMIP5 1863-2096
	0.160
	0.137
	0.195
	0.143
	0.165

	CMIP5 1863-2008
	0.056
	0.054
	0.062
	0.050
	0.058

	HAD    1863- 2008
	0.069
	0.084
	0.060
	0.069
	0.068

	CMIP5 1905-2006
	0.080
	0.078
	0.088
	0.068
	0.086

	HAD    1905-2006
	0.097
	0.099
	0.120
	0.103
	0.082

	CRU    1905-2006
	0.089
	0.078
	0.126
	0.090
	0.063

	CMIP5 2005-2096
	0.234
	0.198
	0.286
	0.213
	0.240


Part B - Total

	
	ANN
	DJF
	JJA
	MAM
	SON

	CMIP5 1863-2096
	0.151
	0.131
	0.181
	0.134
	0.156

	CMIP5 1863-2008
	0.051
	0.050
	0.056
	0.045
	0.053

	HAD     1863- 2008
	0.052
	0.067
	0.046
	0.045
	0.059

	CMIP5 1900-1960
	0.048
	0.044
	0.061
	0.040
	0.049

	HAD     1900-1960
	0.105
	0.078
	0.124
	0.106
	0.126

	CMIP5 1960-2005
	0.249
	0.209
	0.306
	0.213
	0.267

	HAD     1960-2005
	0.164
	0.072
	0.286
	0.176
	0.115

	CMIP5 2005-2096
	0.220
	0.190
	0.264
	0.200
	0.226


Table 2.  List of linear trends of Mediterranean mean surface air temperature (unit: K per decade).  The trends are derived based on the 7-year running mean time series of CMIP5 ensemble means and observational data (HAD and CRU) over both the 1860–2100 period and some sub-periods for annual mean (ANN) and seasonal means (DJF, JJA, MAM, and SON).  All trends are statistically significant at the 95% significance level.  Part A: trends for temperature area-averaged over the Mediterranean-land region.  Part B: trends for temperature area-averaged over the entire Mediterranean region.
b. Projected changes in precipitation
The spatial maps of the projected mean precipitation changes for 2071–2100 relative to 1980–2005 are shown in Fig. 7.  There are distinctive seasonal differences.  In winter (Fig. 7a), the mean precipitation change is characterized by a north-south dipole with wetter conditions to the north and drier to the south.  In summer (Fig. 7b) most of the decrease in precipitation tends to occur to the north with no significant changes to the south.  Over parts of Spain and France, the decrease is above 0.3 mm day-1.  During spring and fall (Figs. 7c and 7d) the mean precipitation change displays intermediate drying behavior.  For the annual mean (Fig. 7e), precipitation decreases, especially over the western and eastern Mediterranean.
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Fig. 7. As in Fig. 4, but for precipitation change (unit: mm day-1).

Given the north-south contrast of the changes in precipitation (Fig. 7a), it is better

to separate the precipitation changes for the northern and southern regions.  Figure 8 presents the time series of precipitation changes averaged over the northern and southern land regions for both winter and summer.  The projected precipitation decrease is clearly dominant by summer precipitation over the northern land (Fig. 8b) and by winter precipitation over the southern land (Fig. 8c).  Consistently, the linear trends derived from the CMIP5 MME means for 2005–2096 are 0.0065 mm day-1 decade-1 in winter and –0.0209 mm day-1 decade-1 in summer over the northern land (Table 3B) and –0.0086 mm day-1 decade-1 in winter and –0.0038 mm day-1 decade-1 in summer over the southern

North
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Fig. 8. Time series of precipitation anomalies (unit: mm day-1) averaged (land-only) over Northern Mediterranean (top panels) and Southern Mediterranean (bottom panels) over the period of 1860–2100 compared to the reference period of 1980–2005 for (a),(c) DJF and (b),(d) JJA.  CMIP5 multi-model ensemble mean (red) and individual model simulations (grey) are displayed together with observed CRU anomalies. Grey shadings depict the ± one-standard-deviation spread of individual members around the CMIP5 MME mean.

land (Table 3C).  In addition, the uncertainty of the precipitation changes in the CMIP5 models (Fig. 8) is large over the northern region and small over the southern region.  This

is consistent with the large amplitude of the observed precipitation fluctuations in the North and the small amplitude in the south (Fig. 8, black lines).  The results thus suggest

Part A – Total

	
	ANN
	DJF
	JJA
	MAM
	SON

	CMIP5 1863-2096
	-0.0060
	-0.0041
	-0.0077
	-0.0064
	-0.0058

	CMIP5 1905-2006
	-0.0045
	-0.0046
	-0.0047
	-0.0053
	-0.0034

	CRU     1905-2006
	-0.0054
	-0.0102
	-0.0001
	-0.0056
	-0.0055

	CMIP5 2005-2096
	-0.0067
	-0.0020
	-0.0111
	-0.0058
	-0.0079


Part B - North

	
	ANN
	DJF
	JJA
	MAM
	SON

	CMIP5 1863-2096
	-0.0077
	-0.0006
	-0.0146
	-0.0077
	-0.0080

	CMIP5 1905-2006
	-0.0055
	-0.0025
	-0.0092
	-0.0066
	-0.0039

	CRU     1905-2006
	-0.0044
	-0.0051
	-0.0013
	-0.0096
	-0.0016

	CMIP5 2005-2096
	-0.0078
	0.0065
	-0.0209
	-0.0060
	-0.0107


Part C - South

	
	ANN
	DJF
	JJA
	MAM
	SON

	CMIP5 1863-2096
	-0.0048
	-0.0070
	-0.0025
	-0.0055
	-0.0042

	CMIP5 1905-2006
	-0.0037
	-0.0063
	-0.0011
	-0.0044
	-0.0029

	CRU     1905-2006
	-0.0062
	-0.0141
	0.0008
	-0.0027
	-0.0085

	CMIP5 2005-2096
	-0.0060
	-0.0086
	-0.0038
	-0.0059
	-0.0058


Table 3:  List of long-term trends of Mediterranean mean precipitation (unit: mm day-1 per decade), derived in the same way as for surface air temperature in Table 2.  Trends are given over the 1860–2100 period and sub-periods.  All values are significant above the 95% level, except those in italic.  Part A: trends for precipitation area-averaged over the entire Mediterranean-land region.  Parts B and C: trends for precipitation area-averaged over the Northern and Southern Mediterranean-land regions, respectively.  

strong geographic dependence and seasonal dependence for the precipitation changes in the Mediterranean.
The time series of the precipitation anomalies averaged over the entire Mediterranean land region relative to the 1980–2005 climatology are shown in Fig. 9 for

all seasons and the annual mean.  Unlike the precipitation changes in Fig. 8, when combining both the northern and southern land regions, the precipitation anomalies in all
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Fig. 9. As in Fig. 8, but for the area-averages over the entire Mediterranean land for (a) DJF, (b) JJA, (c) MAM, (d) SON seasonal means, and (e) annual means.

seasons display progressive drying trends over the 1860–2100 period with less seasonality.  A downward trend is also detectable in the time series of the observed precipitation anomalies (black lines).  Over the common period of 1905–2006, the linear trend for the annual means in CRU precipitation is –0.0054 mm day-1 decade-1 and –0.0045 mm day-1 decade-1 in the CMIP5 MME means (Table 3A).  The trend in the CMIP5 projections for 2005–2096 is –0.0067 mm day-1 decade-1.
c. Projected changes in evaporation
The spatial maps of the projected mean evaporation changes for 2071–2100 relative to 1980–2005 are shown in Fig. 10.  As air temperature increases (Fig. 4), the capacity of holding water vapor in the atmosphere also increases.  It is found that evaporation over the Mediterranean Sea is projected to increase in all seasons, especially

in winter (Fig. 10a) and fall (Fig. 10d).  Over land, there are mixed changes in evapotranspiration.  It increases in the northern region during winter and spring (Figs. 10a and 10c).  This increase seems not only affected by surface temperature, but also, to some extent, related to the increase in precipitation over these land regions.  In contrast, evapotranspiration decreases over many land regions in summer (Fig. 10b), especially over Spain, northwest Africa, and Turkey.  These changes are also related to the decrease in precipitation over these regions, which would reduce the amount of soil moisture available for evapotranspiration.  On average, the annual mean change is 0.22 mm day-1 over sea vs. 0.016 mm day-1 over land (Table 4).  
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Fig. 10. As in Fig. 4, but for evaporation change (unit: mm day-1).

Part A – Land 

	
	ANN
	DJF
	JJA

	P
	-0.0616/0.1045/-5.5
	-0.0217/0.0883/-1.5
	-0.1001/0.0804/-14.2

	E
	 0.0164/0.0408/1.3
	0.0518/0.0559/5.0
	-0.0451/0.0992/-3.1

	P-E
	-0.0776/0.0970/--
	-0.0764/0.0618/--
	-0.0519/0.0808/--

	Ts
	2.3736/0.5665/0.8
	1.9810/0.5446/0.7
	2.9497/0.7774/1.0


Part B – Sea 

	
	ANN
	DJF
	JJA

	P
	-0.0792/0.1591/-6.1
	-0.0898/0.0946/-4.3
	-0.0491/0.0435/-13.6

	E
	0.2248/0.1518/6.6
	0.2363/0.1137/5.7
	0.1924/0.1131/7.5

	P-E
	-0.3085/0.1749/14.6
	-0.3338/0.1380/16.2
	-0.2433/0.1177/11.1

	Ts
	1.8977/0.4829/0.7
	1.6912/0.4811/0.6
	2.2128/0.6299/0.8


Table 4: Mean Mediterranean water cycle changes by 2071–2100 relative to the reference period.  Changes for precipitation (P), evaporation (E), their difference (P–E), and surface air temperature (Ts) are reported for annual (ANN), winter (DJF), and summer (JJA), respectively.  In each cell, mean change, standard deviation (unit: mm day-1), and percentage of the mean change are listed.  Part A is for land-only and Part B for sea-only.

Given the large contrast between evaporation over land and sea, the changes in evaporation are examined for land only and sea only, separately.  Figure 11 shows the time series of evaporation anomalies averaged on land and sea for winter and summer seasons.  Over land, evapotranspiration slightly increases in winter (Fig. 11a) and decreases in summer (Fig11. b).  Over sea, evaporation first decreases until the 1970s and

then largely increases over the 21st century (Figs. 11c and 11d).  The projected increase is

Land-only
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Sea-only
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Fig. 11. Time series (7-year running means) of evaporation anomalies (unit: mm day-1) averaged over the Mediterranean land region (top panels) and sea surface (bottom panels) during 1860–2100 compared to 1980–2005 for (a),(c) DJF and (b),(d) JJA.  Both CMIP5 multi-model mean (red lines) and individual simulations (grey lines) are plotted.  The one-standard-deviation interval around the MME mean is depicted in grey shading.  Observational anomalies derived from the CNRM dataset and the OAFlux dataset are shown in (a),(b) and (c),(d), respectively, for comparison.  In (c) and (d), note different scales used for the OAFlux data to the right of the panels.
larger in winter than in summer.  Overall, the observations (black lines) display a tendency similar to the CMIP5 MME means.   It is noted that the evaporation anomalies

in the OAFlux are one order of magnitude greater than those from the CMIP5 MME means.

3.3 Hydrological cycle implications

a. Freshwater fluxes
The difference between precipitation (P) and evaporation (E), namely P–E, determines surface downward freshwater flux.  It has critical impacts on water sensitive systems and could pose significant economic, ecological, and societal threats.  For instance, over land, P–E affects the water available for irrigation and other use.  Over sea, changes in P–E influence sea surface freshwater loss, leading to changes in salinity and potentially altering the thermohaline circulation.  Therefore, the projected change in P–E is an important indicator for future climate change.

Figure 12 shows the spatial maps of the projected mean P–E changes for 2071–2100 relative to 1980–2005 for the four seasons as well as the annual mean.  In general, 

the projected P–E decreases across the most of the Mediterranean region.  The largest decreases are found over sea, especially in winter (Fig. 12a) and fall (Fig. 12d), with maximum values above 0.5 mm day-1.  Over land, the largest decreases are found in summer (Fig. 12b).  There is a slight increase in winter in the far northern region (Fig. 12a).  In other seasons, there are also decreases in P–E over land.  Overall, surface downward freshwater flux decreases over both land and sea, with a more significant decrease over sea.  In other words, the Mediterranean Sea is expected to experience an increase in freshwater loss.  
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Fig. 12. As in Fig. 4, but for P–E anomalies (unit: mm day-1).

Figure 13 shows the time series of the P–E anomalies averaged over land and sea,

respectively, for winter and summer.  Over sea, the MME mean surface downward freshwater flux shows a significant decrease starting around 1980s.  The decrease is larger in winter (Fig. 13c) than in summer (Fig. 13d).  Over land, the decrease is relatively small.  The black lines in Fig. 13 are the P–E changes estimated from the observed P and E data over land.  Their fluctuations have similar amplitudes to individual ensemble members.  A downward trend is also obvious in the time series of the observed winter P–E (Fig. 13a).  
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Fig. 13. As in Fig. 11, but for P–E (unit: mm day-1) averaged over the Mediterranean land region (top panels) and over the sea surface (bottom panels) for (a),(c) DJF and (b),(d) JJA.  Both the CMIP5 simulated mean changes (red lines) and those from the individual simulations (grey lines) are plotted.  The one-standard-deviation interval around the mean is depicted in grey shading.  The observed P–E (black lines) based on CRU precipitation and CNRM evapotranspiration over land are also plotted in (a) and (b).  

b. Soil moisture and runoff

Figure 14 displays the spatial maps of the CMIP5 MME mean near-surface relative soil moisture changes for 2071–2100 with respect to 1980–2005 for the four seasons as well as the annual mean.  Here relative change for soil moisture is used because land models in different CMIP5 models have different vertical resolutions.  Therefore, soil moisture data from different models are measured at different depths and have different orders of magnitudes.  In this case, the MME average is applied to the relative mean changes, which are the mean changes divided by the corresponding reference climatology.  By the end of the 21st century, the projected near-surface soil moisture decreases in many parts of the Mediterranean.  The largest decreases are to the south in winter (Fig. 14a) and to the north in summer (Fig. 14b).
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Fig. 14. As in Fig. 4, but for near-surface soil moisture anomalies, which are expressed as the ensemble mean percentage change from the reference climatology.

The time evolutions of the relative total soil moisture and total runoff changes averaged over the Mediterranean are shown in Fig. 15 for winter and summer.  There are progressive and steady decreases in the MME mean relative soil moisture (Figs. 15a and 15b).  The decreases resemble the observations (black lines) in the common period.  Total runoff anomalies show how the decrease in soil moisture is accompanied by a decrease in runoff, but with larger changes.  By the end of the 21st century, the projected runoff decrease is 10% in winter (Fig. 15c) and 20% in summer (Fig. 15d). 
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Fig. 15. Time series of relative total soil moisture anomalies (top panels) and total runoff anomalies (bottom panels) in the Mediterranean region during 1860–2100 compared to 1980–2005 for (a),(c) DJF and (b),(c) JJA.  Both the Mediterranean land-only area-averages (7-year running means) from the CMIP5 multi-model mean (red line) and from the individual simulations (grey lines) are plotted.  The one-standard-deviation interval around the mean is depicted in grey shading.  Anomalies are expressed as the percent of individual models’ reference climatology.  Observational anomalies (black lines) from the CNRM dataset are displayed for comparison in (a) and (b).
Chapter 4. Summary and Conclusions

The Mediterranean regional water cycle changes under a warming climate were studied based on the MME mean of the CMIP5 historical and RCP4.5 simulations with 25 coupled global climate models.  Results indicate a warmer and drier mean state in the Mediterranean by the end of the 21st century compared to the present-day climate with increases in surface air temperature of 2–3 K and decreases in precipitation of about 0.1 mm day-1.  The combined effects of P and E changes suggest significant water cycle changes.  By 2071–2100, the projected mean surface downward freshwater flux (P–E) reduces by 0.3 mm day-1 over sea and by 0.08 mm day-1 over land (Table 4) with respect to the present-day mean values.  
It is noted that the projected changes are non-homogeneous with strong seasonality and geographic dependence.  The most distinctive changes are between winter and summer.  The changes in spring and summer relatively moderate as compared to winter and summer.  There are also contrasting behavior over land and sea.  Over sea, surface downward freshwater flux decreases with the largest reduction in winter. This increased loss of seawater is mainly due to precipitation reduction and warming-enhanced evaporation over sea surface.  Over land, precipitation is the main driver of land surface hydrological cycle.  With the changes in precipitation, other major hydrological elements will also change correspondingly.  Decreased precipitation results in reduced soil moisture and runoff, and further reduced evapotranspiration.  On the other hand, warmer surface temperature favors higher land evapotranspiration.  The combined effects of precipitation and temperature changes determine the land evapotranspiration changes as we have seen in section 4.  

On an annual average, the changes in P–E indicate decreased land freshwater availability and increased loss in sea surface freshwater.  The changes are much larger over sea than over land.  The projected increase in seawater loss and decrease in land surface water availability by the end of 21st century would lead to increased water vapor in the atmosphere, consistent with the increase in air temperature.  Overall, the projected water cycle changes for the 21st century in the Mediterranean are consistent with Mariotti et al. (2008).  Additionally, this study characterizes the water cycle changes in more details by separating the Mediterranean into the northern and southern regions and analyzing the spatial changes of soil moisture, as well as the seasonal difference for the changes in soil moisture and runoff.
We speculate that the associated dynamical processes responsible for the projected climate changes in the Mediterranean could be a general increase in moisture divergence across the subtropical dry zones and a northward expansion of the Atlantic Hadley Cell.  As suggested by Giorgi and Lionello (2008), for example, the decrease in precipitation may be due to enhanced anticyclonic circulation in that region that increases the atmospheric stability and also may be due to a shift of the Atlantic storm track northward.  The atmospheric circulation changes could be a response to the lower-frequency variability of sea surface temperature, such as the Atlantic Multidecadal Oscillation (AMO; Mariotti and Dell’Aquila 2011), which could also be influenced under a warming climate.  Further analysis of observations and CMIP5 model simulations are required to understand the physics of the projected hydrologic changes for the Mediterranean.  Despite the remarkably high degree of model consistency, one major caveat still exists in view of model-limited resolution.  The effect of this limitation also needs to be evaluated.  
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