
HAL Id: hal-02903510
https://hal.science/hal-02903510

Submitted on 6 May 2021

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

Distributed under a Creative Commons Attribution 4.0 International License

Regional patterns of future runoff changes from Earth
system models constrained by observation

Hui Yang, Feng Zhou, Shilong Piao, Mengtian Huang, Anping Chen, Philippe
Ciais, Yue Li, Xu Lian, Shushi Peng, Zhenzhong Zeng

To cite this version:
Hui Yang, Feng Zhou, Shilong Piao, Mengtian Huang, Anping Chen, et al.. Regional patterns of
future runoff changes from Earth system models constrained by observation. Geophysical Research
Letters, 2017, 44 (11), pp.5540-5549. �10.1002/2017GL073454�. �hal-02903510�

https://hal.science/hal-02903510
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://hal.archives-ouvertes.fr


Regional patterns of future runoff changes from Earth system
models constrained by observation
Hui Yang1 , Feng Zhou1 , Shilong Piao1,2 , Mengtian Huang1, Anping Chen3 , Philippe Ciais4,
Yue Li1, Xu Lian1 , Shushi Peng1 , and Zhenzhong Zeng1

1Sino-French Institute for Earth System Science, College of Urban and Environmental Sciences, Peking University, Beijing,
China, 2Key Laboratory of Alpine Ecology and Biodiversity, Institute of Tibetan Plateau Research, Center for Excellence in
Tibetan Earth Science, Chinese Academy of Sciences, Beijing, China, 3The Woods Hole Research Center, Falmouth,
Massachusetts, USA, 4LSCE, UMR CEA-CNRS, Gif-sur-Yvette, France

Abstract In the recent Intergovernmental Panel on Climate Change assessment, multimodel ensembles
(arithmetic model averaging, AMA) were constructed with equal weights given to Earth system models,
without considering the performance of eachmodel at reproducing current conditions. Here we use Bayesian
model averaging (BMA) to construct a weighted model ensemble for runoff projections. Higher weights are
given to models with better performance in estimating historical decadal mean runoff. Using the BMA
method, we find that by the end of this century, the increase of global runoff (9.8 ± 1.5%) under
Representative Concentration Pathway 8.5 is significantly lower than estimated from AMA (12.2 ± 1.3%). BMA
presents a less severe runoff increase than AMA at northern high latitudes and a more severe decrease in
Amazonia. Runoff decrease in Amazonia is stronger than the intermodel difference. The intermodel
difference in runoff changes is mainly caused not only by precipitation differences among models, but also
by evapotranspiration differences at the high northern latitudes.

1. Introduction

River runoff is an essential source of freshwater, indispensable for maintaining food security and economic
prosperity [Vörösmarty et al., 2000; Hall et al., 2014]. Both observations and theoretical analyses have shown
that the ongoing climate change has a remarkable influence on large-scale hydrological processes, including
river runoff [Milly et al., 2005; Piao et al., 2007; Gerten et al., 2008]. Earth system models (ESMs) built on
atmosphere-ocean general circulation models generally predict an increase in future global runoff under
increased radiative forcing, with significant regional differences. It is generally predicted that river runoff will
increase at high latitudes and in the humid tropics but decrease in most dry tropical regions [Cisneros et al.,
2014]. Nevertheless, projections of runoff changes are highly uncertain, especially at the regional scale
(Figures S1 and S2 in the supporting information). For instance, the standard deviation of runoff change
derived from multi-ESM ensemble in the Fifth Assessment Report (AR5) of the Intergovernmental Panel on
Climate Change (IPCC) is 2 times larger than the mean runoff change across roughly half of the global land
area. Multimodel uncertainty is especially large in the tropics [Collins et al., 2013]. Reducing the uncertainty
in future runoff change projections is important, given the need to manage finite water resources [Schewe
et al., 2014] to meet the growing human demand for water [Alcamo et al., 2007].

The IPCC AR5 assessed scenario-dependent runoff changes with an ensemble of all ESMs [Taylor et al., 2012].
This ensemble takes into account climate projections of individual ESMs and assigns equal weight to each
model—an approach often referred as “model democracy” [Collins et al., 2013]. The results of such a “one
model-one vote” approach (hereafter AMA for arithmetic model averaging) should be viewed with caution,
giventhe large intermodel spread [Knutti, 2010]andthe likelydistortionof themagnitudeor signofmeanrunoff
changeby a fewoutliermodelswith unrealistic values. Hereweapply Bayesianmodel averaging (BMA) [Raftery
et al., 2005; Tebaldi et al., 2005; Vrugt et al., 2008] to recalculate the runoff using a weighted ensemble. Higher
weights are given to those models with better performance at estimating historical decadal mean runoff.

2. Materials and Methods
2.1. Model Selection

We use ESMs from the Coupled Model Intercomparison Project Phase 5 (CMIP5) to perform the BMA
analysis on modeled runoff. Most of the models have realistic representations (e.g., the representation
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of vegetation dynamics and subgrid scale hydrology in some models) of processes related to surface
hydrology [Moss et al., 2010; Knutti and Sedláček, 2012; Flato et al., 2013]. Only CMIP5 ESMs that provide
monthly runoff of both historical simulations and scenario-dependent projections (Representative
Concentration Pathway, RCP4.5 and RCP8.5) are selected in this study, resulting in a list of 31 ESMs
(Table S1 in the supporting information). Outputs of the selected CMIP5 models are downloaded from
the British Atmospheric Data Centre. To facilitate comparison with observations, all model outputs for
the period 1986–2100 are regridded to the resolution of 1° latitude × 1° longitude using the first-order
conservative remapping technique [Jones, 1999]. Although the regridded resolution of 1° × 1° is coarser
than that provided by some models, it has negligible effect on determining BMA weight for each model
(Text S1 and Figure S3 in the supporting information).

2.2. Data Sets

The observation-based “diagnostic” annual runoff from University of New Hampshire/Global River Discharge
Center global composite runoff fields (UNH/GRDC GCRF) [Hall et al., 2006; Fekete et al., 2002; Fekete and
Vorosmarty, 2011] is used to constrain the multimodel ensemble of CMIP5 models. This data set provides
annual runoff at a resolution of 1° × 1° for the period 1986–1995 (Text S2). We also usemean annual discharge
records from the Global River Discharge Center (GRDC) to further validate the accuracy of the two ensem-
ble methods (BMA and AMA). From a previously defined set of top 200 large rivers [Dai and Trenberth,
2002], we select 28 rivers (Table S2 and Figure S4) that satisfy the following criteria: (i) discharge has been
continuously measured for more than 10 years at the gauging station closest to the estuary, (ii) drainage
area is greater than 100,000 km2, and (iii) geographic information system shapefile can be acquired from
the GRDC.

2.3. Weighted Ensemble

The skill of each CMIP5 model in simulating the UNH/GRDC GCRF runoff, measured by root-mean-square
error (RMSE), varies greatly across different regions. We therefore use the BMA approach to determine the
optimal weights for each CMIP5 model at spatial windows of 3° × 3°, each consisting of nine 1° × 1° grid cells.
The idea of the BMA approach is to find a weightedmodel ensemble with the minimal RMSE when compared
to observations [Raftery et al., 2005]. Supposing that Qi is annual runoff for the period 1986–1995 simulated
by the ith CMIP5 model (i = 1,…, 31) for a spatial window of 3° × 3°, the probability density function (PDF) of
annual runoff (Q) from UNH/GRDC data is thus defined as

p Q Q1;…;Q31jð Þ ¼
X31
i¼1

wig Q Qijð Þ; (1)

where wi is the optimal weight for the ith model, g(Q|Qi) is a PDF of normal distribution with mean ai + biQi

and standard deviation σ (Text S3). Parameters ai and bi are bias-correction terms that are estimated from the
linear regression of annual runoff observations on Qi for each of the 31 ensemble members. Thus, the BMA

mean can be computed as E Q Q1;j …;Q31½ � ¼
X31
i¼1

wi ai þ biQið Þ and BMA variance is written as

Var Q Q1;j …;Q31½ � ¼
X31
i¼1

wi ai þ biQið Þ �
X31
j¼1

wj aj þ bjQj
� � !

þ σ2:

We estimate wi and standard deviation σ with a maximum likelihood method. Here we used observation-
based “diagnostic” annual runoff as constraints. Assuming model projection errors in space are independent,
the log likelihood function of equation (1) for a spatial window of 3° × 3° (nine grid cells) is

l w1;…;w31; σ2
� � ¼XS

s¼1

log
X31
i¼1

wig Qs Qi;s

��� � !
; (2)

where S is the total number of cell grids with data for the spatial window of 3° × 3° (S ≤ 9). g(Qs|Qi,s) is the
conditional PDF of annual runoff at the sth grid (Qs), given that Qi,s is the runoff simulation from the ith model
for that grid. The BMA method assumes that the conditional PDF g(Qs|Qi,s) can be approximated by a normal
distribution noted above. The maximum likelihood estimator l(w1,…,w31, σ

2) is then approximated through a
Markov chain Monte Carlo algorithm [Vrugt et al., 2008] (Text S4). Furthermore, we also estimate the BMA
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weights w for spatial windows of 5° × 5°, and the results confirm that the weight for each model is indepen-
dent of the size of spatial windows (Text S5 and Figure S5).

Temporal changes in runoff are mainly caused by variations in precipitation (Ppt) and evapotranspiration (ET).
Since there are large differences among available ET products [Zeng et al., 2014], we do not use any ET
products to constrain runoff changes. Monthly precipitation data are from the Global Precipitation
Climatology Centre (GPCC) for the same period 1986–1995 [Rudolf et al., 2005]. We compared mean annual
runoff estimates from model ensembles constrained by (1) only runoff, (2) only precipitation, and (3) both
precipitation and runoff (Text S6). The results show that the model ensemble constrained by only runoff
performs the best in reproducing historical runoff (R = 0.92; RMSE = 194.5 mm yr�1) and very well in reprodu-
cing historical precipitation (R = 0.90; RMSE = 332.4 mm yr�1; Figure S6). Therefore, we use this model ensem-
ble constrained by historical runoff to project future runoff changes.

Furthermore, considering the large variation among different precipitation products, especially in mountai-
nous regions and the Arctic [Biemans et al., 2009], we also test model-ensemble results constrained by five
other precipitation products (i.e., CRU, GPCP, CPP, Udel, and Prec/L; Table S3 and Figure S7). Consistent with
results constrained by the GPCC precipitation product, none of the weighted ensembles constrained by other
precipitation data products can well reproduce the observed runoff, measured by the correlation coefficient
(R ranges from 0.42 to 0.75) and RMSE (ranges from 337.2 to 464.2 mm yr�1) between model-simulated and
observed runoff.

2.4. A Metric for Robustness

Following the definition in Knutti and Sedláček [2012], metric ψ was applied to quantify the robustness of the
signal (A2) of future runoff changes relative to the noise (A1). As shown in Figure S8, A1 (noise) is the integral of
the squared area (blue) between two cumulative distribution functions (CDFs) characterizing projected
annual runoff from individual models (combined in a single CDF) and from themultimodel ensemble, respec-
tively, and A2 (signal) is the integral of the squared area between two CDFs characterizing historical (black
solid line) and future projected (red solid line) annual runoff from the multimodel ensemble, respectively.
Supposing that annual runoff over the historical (1986–2005) or future period (2081–2100) follows a
Gaussian distribution, we estimate their CDF by using sample mean and variance [Weigel et al., 2007; Knutti
and Sedláček, 2012]. ψ is calculated as ψ = 1 � A1/A2 for each 1° × 1° grid cell. ψ = 1 implies a significant
change with high model agreement, and ψ approaching 0 indicates higher model spread or weak changes
in runoff from the multimodel ensemble. The detailed description of this approach can be found in Knutti
and Sedláček [2012].

3. Result and Discussion

First, we examine the model performance in reproducing historical runoff for each of the 31 ESMs used in
the IPCC AR5. Annual runoff variation from 1986 to 1995 estimated by CMIP5 models is not correlated
(P > 0.05; Figure S9) with the observation-based annual runoff over at least 95.3% of grid cells that have
runoff data. The observation-based runoff is from UNH/GRDC GCRF. Given the high dependence of runoff
variations on model initial conditions, it is difficult for ESMs to reproduce the observed interannual varia-
bility in runoff [Flato et al., 2013]. As shown in Figure S10, annual precipitation modeled by individual
models also insignificantly correlate (P > 0.05) with the GPCC data in more than 95.5% of the grid cells.
Neither the UNH/GRDC GCRF data product nor the CMIP5 models show statistically significant runoff
trends during the period of 1986–1995 (Figure S11). We thus calculated the BMA optimal weights (wi)
for each CMIP5 model based on their capability in reproducing observed mean annual runoff from
1986 to 1995.

Figure 1 shows the global pattern of runoff simulated by the weighted ensemble (BMA) for the period
1986–1995. Because the weighted ensemble is constrained by observations, the BMA ensemble is better than
the AMA ensemble when plotted against UNH/GRDC GCRF data (BMA: R = 0.92, P < 0.05, Figure 1a; AMA:
R = 0.60, P < 0.05, Figure S12c). The different capacity between BMA and AMA methods in reproducing
observed runoff is particularly evident in high- or low-runoff regions (Figure 1b). BMA reproduced runoff is
larger than that of AMA in most tropical regions but smaller in western North America, temperate Eurasia,
the eastern Tibetan Plateau, and southern Africa (Figure S12f). We further compare BMA-based runoff
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constrained by UNH/GRDC runoff with observedmean annual river discharges. Because not all CMIP5models
simulate river routing, we use the routing model of Miller et al. [1994] to convert gridded runoff to river dis-
charge in the 28 river basins. The results show that BMA is also better than AMA in reproducing observed
mean annual river discharges (Figures 1c and S13).

Figure 2 shows differences in future runoff changes between BMA and AMA under both RCP4.5 and RCP8.5.
Compared with the reference period 1986–2005, BMA-based projection of global runoff for 2081–2100 will

Figure 1. (a) Pattern of mean annual runoff (1986–1995) simulated by the BMA model ensemble, for which comparison of
the simulated and observed values at the grid cell scale is shown in the inset at the bottom left of the map. The gray level
indicates the density of points, with darker color representing the denser points. The white color in themapmarks the areas
without runoff in UNH/GRDC GCRF. (b) Pattern of the difference between the AMA’s biases in mean annual runoff and that
of the BMA’s. Biases are computed as the ratio of absolute difference between simulated and observedmean annual runoff
to observed value in each grid cell. (c) Comparison of the mean annual discharge from the BMA and AMAmodel ensemble
against the observed annual discharge from gauge stations versus simulated over 28 river basins (Table S2). The orthogonal
distance regression (ODR, solid lines) and ordinary least-square regression (LSR, dashed lines) are used to show the per-
formance of model ensemble.
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increase by 4.5 ± 1.0% (1.0% is the standard deviation of runoff changes over differing periods, 1986–2081,
1987–2082,…, 2005–2100) under RCP4.5 and by 9.8 ± 1.5% under RCP8.5 (Figure 2a), whereas the AMA
approach projects larger runoff increases of 5.0 ± 0.7% and 12.2 ± 1.3%, respectively. Furthermore, such
differences between BMA and AMA methods in future runoff change projections are significant over the
globe, Northern Hemisphere (NH), Southern Hemisphere (SH), and tropics (25°S–25°N) under RCP8.5
(Wilcoxon signed-rank test, P < 0.05) but are only significant in tropical regions under the RCP4.5 scenario
(Figure 2a).

Figure 2. Patterns of projected runoff changes between the periods 2081–2100 and 1986–2005. (a) The BMA and AMAmultimodel mean relative runoff change over
the globe, Northern Hemisphere (NH), Southern Hemisphere (SH), and tropics (25°S–25°N) under RCP4.5 and RCP8.5. The whiskers and boxes indicate the minimum
(Min); the 10th (Q0.1), 20th (Q0.2), and 30th (Q0.3) percentiles; multimodel ensemble using BMA (blue and red) or AMA (white and black) approaches; the 70th (Q0.7),
80th (Q0.8), and 90th (Q0.9) percentiles; and maximum (Max). The asterisks indicate significant difference in relative runoff changes by the BMA and AMA model
ensemble according to the Wilcoxon signed-rank test (P< 0.05). Projected runoff changes (ΔQ) by the BMA ensemble under (b) RCP4.5 and (c) RCP8.5. (d and e) The
same as for Figures 2b and 2c but by AMA ensemble. The difference in projected runoff changes between the BMA and AMA ensemble (i.e., ΔQBMA� ΔQAMA) under
(f) RCP4.5 and (g) RCP8.5. Hatching marks significant changes according to the Wilcoxon signed-rank test (P < 0.05).
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Regionally, the results of the BMA method (Figure 2b) indicate a significant increase of mean annual runoff
(P < 0.05) under the RCP4.5 scenario in the Ganges and upper Brahmaputra river basins, Southeast Asia,
and northern high-latitude basins. In contrast, runoff is projected to decrease in the Amazon Basin,
sub-Saharan Africa, Central Asia, and Mediterranean region under the same RCP4.5 scenario (Figure 2b).
Compared with results from the AMAmethod, runoff changes predicted by the BMAmethod are asymmetric
with a more pronounced decrease in Amazonia and sub-Saharan Africa and a weaker increase in the high
northern latitudes and Southeast and South Asia (Figure 2f). For example, for the Amazon Basin, a significant
decrease in runoff under RCP4.5 (P < 0.05; Table S4) is found with BMA-based simulations, but not with
AMA-based ones (P = 0.56). The magnitude of BMA projected future runoff decrease in Amazon Basin
(�25.5 mm yr�1 in RCP4.5; �64.2 mm yr�1 in RCP8.5) is even larger than the intermodel standard deviation
of projected runoff changes. For the high northern latitudes (e.g., Alaska and Siberia), the BMA and the AMA
methods agree on the sign of future runoff changes but largely differ in their magnitudes. Three outlier
models, GFDL-CM3 [Dunne et al., 2012], MIROC-ESM, and MIROC-ESM-CHEM [Sakamoto et al., 2012],

Figure 3. Patterns of robustness (ψ) of projected runoff changes. ψ for the runoff changes under RCP4.5 from (a) BMAmodel ensemble and (c) AMAmodel ensemble
and (e) their difference. (b, d, and f) The same as for Figures 3a, 3c, and 3e but under RCP8.5. In Figures 3a–3d, the blue and red colors mark the regions experiencing
increasing and decreasing runoff; the pie charts show the area fraction of the three robustness levels. In Figures 3e and 3f, the blue and orange colors mark the
regions experiencing strong runoff changes in AMA (ψAMA > 0.9) but weak/moderate ones in BMA (ψBMA < 0.9). Conversely, the red and green mark the regions
experiencing weak/moderate changes in AMA but strong changes in BMA. The gray color marks the regions where the levels of ψ remain unchanged. The bar plots
demonstrate the fraction of land area where ψ > 0.9. The hatching shows the fraction of land areas with a ψ-level shift.
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estimate a much higher increase in runoff (197.5 ± 15.3 mm yr�1) over 2081–2100 than the other models
(120.4 ± 30.1 mm yr�1) in northern latitudes under RCP8.5 (Figure S2). These three models are assigned
the same weight as all others in AMA but are given lower weights in BMA because of their poor skill in
reproducing the UNH/GRDC data.

Following Knutti and Sedláček [2012], we use a ψ metric to diagnose the BMA-based or AMA-based runoff
changes (analogous to “signal”) relative to the intermodel spread (analogous to “noise”). Following the defi-
nition in the IPCC AR5 [Collins et al., 2013], high values of ψ (>0.9) indicate a strong signal (larger than the
noise) and ψ < 0.5 a weak signal. BMA projections under RCP4.5 display strong signal-to-noise ratios in the
Amazon Basin, southern Chile, Mediterranean region, Quebec of Canada, Khatanga of Russia, Southeast
Asia, South Asia, and Northeast China (marked as dark blue and dark red in Figure 3a), whereas signal-to-
noise ratios are weak in central China, eastern Europe, Siberia, Alaska, the upper Mississippi, and Nelson basin
(marked as light colors in Figure 3a). Overall, only 24%of the land area is diagnosedwith a strong runoff change
(ψ > 0.9) under RCP4.5 by BMA (Figure 3a), less than that by AMA (51%; Figure 3c). The values of ψ in the high
northern latitudes, Southeast and SouthAsia, andmidlatitude arid regions are high for the AMA, but not for the
BMA (~33% of the land area, marked in blue and orange in Figure 3e). By contrast, the values of ψ in the
Amazon basin and sub-Saharan Africa are high for the BMA, but not for the AMA (covering ~5% land fractions;
marked as green and red in Figure 3e). Similar shifts of ψ occur globally under the RCP8.5 scenario (Figures 3b,
3d, and 3f). In the high northern latitudes, shifts of ψ levels can be attributed to a weaker “signal” and stronger
“noise”with BMA compared to AMA (Figure S14). In the Amazon Basin and Southeast Asia, BMA shows larger
both signal and noise than AMA, with signal increasing faster than noise (Figure S14).

We then explore the source of the large intermodel differences in the future runoff projections. First, we
calculate the relative change in runoff (Q* = Qfuture/Qhistorical), precipitation (Ppt* = Ppt future/Ppt historical),
and evapotranspiration (ET* = ETfuture/EThistorical) from 29 CMIP5 models (except for CMCC-CMS and
CESM1-WACCM where ET data are not available). We then apply partial correlation analyses to separate
the influence of differences in Ppt* and ET* on the difference in Q* across the 29 CMIP5 models at the grid
cell. The results (Figures 4 and S15) suggest that Q* and Ppt* are positively correlated across most regions
except in Central Asia, India, and Alaska, when ET* is controlled for. Ppt* may also influence ET*. When
controlling for the Ppt*, we find a significant negative correlation between Q* and ET* at the high northern
latitudes across models. It is worth noting that in these regions with highest warming rates, the large model
spreads of temperature change projections may also result in large model differences in ET*, which alone
would lead to model differences in Q*. Overall, our results suggest that the intermodel difference in precipi-
tation changes is the prominent source of the difference in runoff changes. Model difference in evapotran-
spiration changes further makes important contributions to the intermodel uncertainty in model-projected
runoff changes at the high northern latitudes. In addition, consistent with previous studies [Bring et al.,
2015; Siam et al., 2013], we find the wide existence of nonzero terrestrial water storage changes (TWSCs) that
differ across models (Figure S16). The nonzero TWSC suggests that water balance may not be conserved in
many models, and the model difference in such water budget imbalance might be another source of model
difference in the projected runoff changes. The exact cause(s) of the nonzero TWSC observed in models still
remain an open question. Possible causes may include water leakage to deep underground, permafrost and
glacier storage, stream-aquifer interactions, and groundwater dynamics [Clark et al., 2015].

Figure 4. (a) Spatial pattern of partial correlation coefficients between relative runoff change (Q*) from 2081–2100 to
1986–2005 and relative precipitation change (Ppt*) of the same period for 29 CMIP5 models (except for CMCC-CMS and
CESM1-WACCM) under RCP4.5. The corresponding relative changes in evapotranspiration (ET*) are controlled for in the
calculation. (b) Spatial pattern of partial correlation coefficients between Q* and ET*, while controlling for Ppt*.
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In the most recent IPCC AR5, each Earth system model was assigned the same weight in multimodel ensem-
ble runoff simulations (“one model-one vote”). However, results derived from this “democratic” approach
should be treated with caution, given the large intermodel spread. Our approach, in which higher weights
are given to models with better performances in reproducing past runoff, suggests a much lower increase
in global runoff by the end of the 21st century, compared to the result of the traditional “democratic”
approach. This weighted treatment is reasonable because models that are able to better reproduce historical
runoff are usually based on verifiable physical processes [Flato et al., 2013]. These physical processes that
govern land surface hydrological dynamics are very likely to still function under future climate scenarios
[Knutti et al., 2017]. Therefore, although good model performance in the past is not a guarantee for the accu-
racy of runoff projections under future raised atmospheric greenhouse gas concentrations, one cannot
expect that a poor-performed model in the past contains better representations of a set of key physical
processes and would perform better than a well-performed model in the future runoff predictions.
However, uncertainties in the projection of Bayesian weighted model ensemble are still high. This is because
while the physical processes underlying hydrological dynamics are likely the same in the past versus in the
future, some empirical parameters used for driving these processes and for training the models may go
beyond their contemporary ranges. Nevertheless, our study provides a possible way to use historical obser-
vation to better constrain projections on future environmental changes and their potential impacts.

Also, our projections based on the Bayesian weighting scheme are only from the sense of statistical probabil-
ity, but not based on process understanding. Process-basedmodel evaluations would, in principle, be a useful
approach from a mechanistic understanding perspective. However, because model behavior is determined
by a large set of individual processes as well as by how these physical processes interlink together to produce
the system-scale runoff response at large spatial scales [Clark et al., 2011], there are three major challenges in
process-based evaluations. First, such evaluation needs to pull together the multivariate and multiscale
modeled and observed data from a wide range of hydroclimatic regimes. Although CMIP5 data set does
provide a limited number of climatic variables, these are usually insufficient to fully understand what is
happening within the governing equations for each land surface component. Moreover, even if a number
of data streams are currently available, those data are also known to have issues like uncertainty in observa-
tions and the incommensurability between models and measurements. Second, it is difficult to devise mean-
ingful ways (e.g., diagnostic metrics) for evaluation. In particular, a key problem is how to evaluate the
impacts of interlinked physical processes on system-scale responses at large scale [Beven and Cloke, 2012;
Wood et al., 2012]. Third, it also requires substantial efforts (and even debates) on how to aggregate themulti-
variate and multiscale model evaluations and to use it for long-term projections. Nonetheless, further work is
highly desired to better understand and improve the representation of relevant biophysical processes in
model evaluation and projection. Before that, the statistical approach using Bayesian model ensemble will
continue to provide us a useful tool in constraining multimodel runoff projections with observations.

4. Conclusion

Recently, climate scientists involved in the IPCC reports have been committed to reducing the uncertainty in
projections of future river runoff. Benchmarking Earth systemmodels provides information about confidence
in their projections of future river runoff [Hoffman et al., 2009; Clark et al., 2015]. Our BMA-based projections of
runoff change suggest a more pronounced decrease in Amazon and sub-Saharan Africa and a weaker
increase in the high northern latitudes than those in the IPCC assessment (based on “model democracy”).
This significantly different spatial pattern of future runoff, which emerges from adding the constraint of
present-day observations, has considerable regional-scale consequences for impact assessment studies
[Warszawski et al., 2014; Schewe et al., 2014; Prudhomme et al., 2014]. However, it still remains an open ques-
tion if the BMA projection of future runoff changes is more realistic than AMA. In other words, shall models
that reproduce current runoff be trusted more in predicting the future when environmental conditions go
beyond contemporary range of change? Furthermore, in addition to intermodel differences in structures
and processes, natural variability in the climate system is also the main cause for the uncertainty of model
projections [Deser et al., 2012]. Further work on the role of internal variability in future runoff change, which
is not included in this current study, is warranted to help reduce the uncertainty of regional and global runoff
projections. Improving the representation of key processes, such as groundwater dynamics, stream-aquifer
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interaction, and root water update, in land models needs to be a priority for the Earth system modeling com-
munity [Maxwell et al., 2014; Clark et al., 2015; Fatichi et al., 2016].
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