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Abstract

Time-variations in the gravity field as observed by the GRACE mission provide for the first time quantitative
estimates of the terrestrial water storage (TWS) at monthly resolution over one decade (2002-2011). TWS
from GRACE is applied here to validate three different ensemble sets of decadal hindcasts performed with
the coupled climate model MPI-ESM within the German research project MiKlip. Those experiments differ
in terms of the applied low (LR) and medium (MR) spatial resolution configuration of MPI-ESM, as well as
by the applied ensemble initialization strategy, where ocean-only (b0) is replaced by atmosphere and ocean
(bl) anomaly initialization. Moderately positive skill scores of the initialized hindcasts are obtained both with
respect to the zero anomaly forecast and the uninitialized projections in particular for lead year 1 in moderate
to high latitudes of the Northern Hemisphere. Skill scores gradually increase when moving from b0O-LR to
bl-LR, and less prominent also for bl-LR to b1-MR, thereby documenting improvements of the MPI-ESM
decadal climate prediction system during the most recent years.

Keywords: decadal climate hindcast validation, GRACE satellite data, terrestrial water storage, snow mass,

soil moisture

1 Introduction

Reliable predictions of near-future changes in the
Earth’s climate beyond the seasonal time-scale would
be highly valuable for the human society. Since adaption
to and mitigation of climate change require far-reaching
decisions many years before any measure might be
effective, reliable estimates on low-frequency climate
variability including near-term trends with lead time of
a few years would be very beneficial for policy man-
agement and decision-making on climate change invest-
ments. This includes, for example, predicting the prob-
ability of extreme events as demonstrated in skillful
multi-year predictions of Atlantic hurricane frequency
(SMmiTH etal., 2010), but also near-surface air tempera-
tures and the global water cycle.

The assessment of forecast skill of any decadal pre-
diction system is typically based on validating extensive
sets of hindcast experiments, where observations are al-
ready available (SMITH etal., 2007; KEENLYSIDE etal.,
2008). Besides atmospheric and oceanic state quantities,
also land surface conditions are increasingly recognized
as influential for the evolution of climate in particular
on the longer time scales. Water stored on the conti-
nents does not only affect the atmospheric circulation
by means of surface albedo changes and thermal isola-
tion due to snow cover, but also influences evaporation
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(KOSTER et al., 2004; MEEHL etal., 2009; SENEVIRATNE
and StockLi, 2007). Further, groundwater has a poten-
tially large impact on the low-frequency climate vari-
ability by means of its contributions to soil moisture re-
charge (BIERKENS and VAN DEN HURK, 2007).

For a thorough skill assessment of any decadal pre-
diction system it is therefore important not to focus
solely on traditionally well-observed quantities as air
temperatures or precipitation, but to take additionally
many more types of observations into account (MAH-
MooD etal., 2010). The satellite mission Gravity Recov-
ery and Climate Experiment (GRACE; TAPLEY etal.,
2004) provides since 2002 monthly snap-shots of the
time-variable global gravity field of the Earth. Over the
continents, gravity variations are primarily related to
changes of water stored as snow, soil moisture, surface
water, groundwater, and biomass. Since mass anomalies
affect gravity measured by GRACE independently of a
surface exposure, the GRACE experiment is the only re-
alization of a remote sensing technique that is able to
provide estimates of water masses integrated vertically
from the surface down to the deep aquifers. The sum of
the water masses in all those different hydrological stor-
age compartments observed by GRACE is typically de-
noted as terrestrial water storage (TWS). TWS can be
viewed as a measure of the vertical and lateral water
fluxes in time and is therefore characterized by distinct
low-frequency variability. This low-frequency character
makes TWS ideally suit for decadal climate prediction
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model validation efforts. However, even though TWS
estimates from GRACE are available for more than one
decade up to now, the currently available knowledge on
the overall accuracy of the GRACE-based TWS in par-
ticular on periods longer than seasonal is still limited,
since it relies so far primarily on the assessment of hy-
drological model data (SYED etal., 2008) or the analy-
sis of combined atmospheric-terrestrial water balances
(SENEVIRATNE et al., 2004).

In this study, we examine three different sets of
decadal hindcasts performed with the coupled Earth
System Model from Max-Planck-Institute for Meteo-
rology (MPI-ESM) within the German research project
“Mittelfristige Klimaprognosen” (MiKlip) (MULLER
etal., 2012; PoHLMANN et al., 2013). We follow the ver-
ification framework proposed by GODDARD et al. (2013)
to assess the prediction quality of the MPI-ESM decadal
hindcasts against terrestrial water storage anomalies
from GRACE. Other satellite observations like the upper
troposphere and lower stratosphere region (UTLS) tem-
perature and satellite-retrieved cloud parameters have
also been applied to evaluate the same MPI-ESM
decadal hindcast experiments (SCHMIDT et al., accepted;
SPANGEHL et al., 2015). The structure of our paper is ar-
ranged as follows: the processing of the GRACE satellite
observations is outlined in Sec. 2. Subsequently, Sec. 3
gives a brief summary on the available hindcast experi-
ments, whereas Sec. 4 sketches the validation approach
applied. Results for deterministic skill scores are pre-
sented in Sec. 5, followed by some conclusions in the
final section of this paper.

2 GRACE satellite observations

The U.S.-German twin satellite mission Gravity Recov-
ery And Climate Experiment (GRACE) mission pro-
vides since April 2002 estimates of month-to-month
changes in the gravitational field of the Earth mainly
based on range-rate measurements between two low-
flying satellites. After removing short-term variabil-
ity due to tides in atmosphere (BIANCALE and BODE,
2006), solid earth (PETIT and LuzumMm, 2010) and oceans
(SAvceENKO and BoscH, 2012), as well as due to non-
tidal variability in atmosphere and oceans (DOBSLAW
etal., 2013) from the observations, the resulting grav-
ity changes represent mass transport phenomena in the
Earth system, which are — apart from long-term trends —
almost exclusively related to the global water cycle.

We use monthly GRACE RLO5 Level-2 products
from January 2003 to December 2011 processed at
GFZ (DAHLE etal., 2013), which are expressed in terms
of fully normalized spherical harmonic coefficients up
to degree and order 90, which approximately corre-
sponds to a global resolution of 2 ° in latitude and longi-
tude. We add global degree-1 coefficients as derived by
BERGMANN-WOLF et al. (2014), and remove a multi-year
average covering the whole period to arrive at anoma-
lies. Next, we apply the approximate decorrelation and
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non-isotropic smoothing method introduced by KUSCHE
(2007) to remove spatially correlated errors in the grav-
ity fields that are related to the particularly high sensitiv-
ity of GRACE along the direction of the satellite orbit.
Smoothing in space domain is enabled through a tuning
parameter of the signal covariance matrix that makes it
approximately corresponding to a Gaussian filter radius
of 240 km (KuscHE etal., 2009). The filtered spherical
harmonic coefficients that represent the anomalous grav-
ity field of a particular month with respect to the multi-
year average are synthesized into mass anomalies on a
1 ° regular grid following the conventions of WAHR et al.
(1998).

Filtering may lead to biases, spatial leakage of sig-
nal and a further reduced spatial resolution. In order to
account for this effect, local re-scaling factors are in-
troduced following KLEES etal. (2007). These scaling
factors are estimated by applying all post-processing
steps described above to TWS time-series from seven
hydrological model experiments forced with re-analysis
data, and regressing them onto the originally simulated
TWS from the same model. The median value of the
seven re-scaling factors per grid point is applied to the
GRACE data, in order to arrive at robust estimates that
are largely insensitive to deficiencies of any individual
model. Finally, globally gridded and re-scaled TWS es-
timates from GRACE are aggregated into 5 ° averages as
suggested by GODDARD etal. (2013), and a mask is ap-
plied that removes ocean, small islands, and areas where
the standard deviation of TWS as seen by GRACE is
smaller than 1 cm of equivalent water height (eq.w.h.).

The time-variability in TWS as seen by GRACE is
primarily dominated by the seasonal cycle (Figure 1a).
We note standard deviation values of up to 15 cm eq.w.h.
in tropical areas as, e.g., in the Amazon catchment, the
Congo basin, and the Indian Monsoon area. Variabili-
tiy is substantially smaller at higher latitudes, but still
reaches standard deviation values of up to 10 cm eq.w.h.
in snow-dominated regions of North America and Eura-
sia. Calculating standard deviations from yearly aver-
ages (Figure 1c) in order to focus on differences between
individual years only indicates much smaller variability
of up to 5cm eq.w.h. It is interesting to note that for the
annual means the TWS variability at moderate latitudes
is equally high as in tropical catchments.

3 Decadal hindcasts from MPI-ESM

Three different ensemble sets of decadal hindcasts
are available from two different versions of the MPI-
ESM coupled climate model. The low resolution (LR)
model variant has been used already within the Cou-
pled Model Intercomparison Project Phase 5 (CMIP5)
(TAYLOR etal., 2012) and includes the oceanic compo-
nent MPIOM (JuNGcLAUS etal., 2013) discretized on a
1.5 ° curvilinear grid with 40 layers in the vertical, the
atmospheric model ECHAMS6 (STEVENS etal., 2013) at
T63 (1.875 °) horizontal resolution with 47 vertical lev-
els that reach up to 0.1 hPa in the upper stratosphere,
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Standard deviation of monthly mean TWS: Miklip bO—-LR simulation
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Figure 1: Standard deviation of monthly (top) and yearly averaged (bottom) TWS anomalies from GRACE (left) and the ensemble mean
of a decadal hindcast experiment bO-LR (right) for lead year 1. Both data-sets are available from January 2003 to December 2011 and are

aggregated here into 5 ° grid cells.

and the land surface model JSBACH (REIcK et al., 2013;
HAGEMANN etal., 2013). A second variant of MPI-ESM
with medium resolution (MR) has a finer horizontal res-
olution in the ocean (0.4 ° curvilinear grid), and 95 levels
in the atmosphere.

For both model variants, historical runs in line with
the CMIP5 protocol are available until 2006. For the
subsequent years, projections following the RCP4.5
emission scenario are used. In the remainder of this
study, we denote those runs as ‘uninitialized projec-
tions’. In total, three ensemble members of projections
are available from both versions of MPI-ESM. The
anomaly technique (PIERCE etal., 2004; SMITH etal.,
2013) is applied to initialize the baseline0 (b0) hindcasts
with the oceanic temperature and salinity anomaly fields
taken from a stand-alone simulation with the ocean
model MPIOM forced with NCEP/NCAR atmospheric
reanalysis data (KALNAY etal., 1996). Baselinel (bl)
instead uses atmospheric fields from ECMWF’s re-

analysis ERA-Interim (DEE et al., 2011), and the oceanic
anomaly fields from the Ocean Reanalysis System 4
(ORAS4) reanalysis (BALMASEDA etal., 2013).

In order to cover the same time span, GRACE obser-
vations in the period 2003—2011 have been applied, and
the following sets of decadal hindcasts are considered in
the subsequent analysis:

(i) baseline0 at low resolution (b0-LR): three ensem-
ble members initialized every year between 1994 and
2000, ten ensemble members initialized every year be-
tween 2001 and 2010;

(i1) baselinel at low resolution (b1-LR): ten ensem-
ble members initialized every year between 1994 and
2010; and

(ii1) baselinel at medium resolution (b1-MR): five
ensemble members initialized every year between 1994
and 2010.

For all model runs, the standard output variables
‘total soil moisture content’ (mrso) and ‘surface snow
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Figure 2: Mean squared skill score (MSSS) for three different decadal hindcast experiments within the MPI-ESM with respect to GRACE-
based TWS observations for the period 2003—2011. Top row: MSSS of initialized hindcasts vs. uninitialized projections for lead year 1 of
the experiments bO-LR (left), bl-LR (middle), and b1-MR (right). Middle row: MSSS of initialized hindcasts vs zero anomaly forecasts for
lead year 1 of the experiments bO-LR (left), b1-LR (middle), and b1-MR (right). Bottom row: MSSS of uninitialized projections vs. zero
anomaly forecasts of the uninitialized-LR (left), and the uninitialized-MR run.

amount’ (snw) are taken as the dominant contributors
to the terrestrially stored water; the sum of both is con-
trasted against GRACE-based TWS in the remainder
of this study. Note that both surface water and deep
aquifers are likely to contribute to TWS as well, their
effects have been, however, omitted in this assessment,
since none of them is properly represented by MPI-
ESM. We are primarily interested in assessing the hind-
cast quality in relation to the lead time, thus we re-sort
the data and build lead year time-series for the ensemble
means of each ensemble set of hindcasts.

Exemplarily, variability of TWS as simulated within
the bO-LR hindcast experiment is depicted in Figure 1b.
In general, signal magnitudes and spatial patterns fit well
to the GRACE observations. Boundaries between dif-
ferent hydro-climates are more sharply defined in the
model results, suggesting that spatial leakage is still

present in the post-processed and re-scaled GRACE re-
sults. For the standard deviation of annual means, how-
ever, we note substantially lower variability compared to
the GRACE data in almost all regions of the world, and
the magnitudes typically reach only half the amount of
the observations (Figure 1d).

4 Validation approach

By using TWS from GRACE as the reference obser-
vations, we are going to assess how skillful the three
different sets of hindcasts from the MPI-ESM are in
terms of predicting anomalous terrestrial water storage.
By posing this validation question, we attempt to in-
vestigate whether the models provide information about
water availability below the long-term mean (i.e., which



Meteorol. Z., 25, 2016

might lead to drought conditions) or above it (i.e., which
might lead to flood conditions). Since the trends in
TWS observed by GRACE cannot be exclusively as-
signed to natural climate variability, but are also due to,
for instance, solid earth geophysics and anthropogenic
groundwater extraction from deep aquifers, the average
trends of TWS over the observation period are removed
from both the observations and hindcasts. To exclude
also seasonal effects, which are not in the focus of a
decadal climate prediction system, we confine ourselves
to the assessment on annual averages only. Finally, both
model and observational data-sets are aggregated onto
aregular 5 ° grid as used also in GODDARD et al. (2013).
As a deterministic metric, we use the mean-squared skill
score (MSSS)

MSE(P, O
MSSS(P,R,0) =1 — #, “4.1)
MSE(R, O)
that compares the mean-squared errors (MSE)
4.2)

1 n
MSE(P.0) = ~ DPi-0)
=1

of two sets of predictions P and R with respect to the ob-
servations O (MURrPHY, 1988). This score is also imple-
mented in the central evaluation system of MiKlip as de-
scribed by Kapow etal. (2015). Here, P; is the predic-
tion for a certain time-step j, and O; the corresponding
observation made at the same time. Both P; and O; are
anomalies relative to their respective climatologies cal-
culated over the same data span. Besides the uninitial-
ized projections, we also use ‘zero-anomaly forecasts’
as a reference R in Eq. (4.1). As a deterministic score,
the MSE is typically calculated from ensemble mean av-
erages that we obtain from the re-sorted lead year de-
pendent time-series from the different sets of ensemble
hindcasts as described in the previous section. Besides
showing MSSS for the single lead year 1, average MSSS
over lead years 2-5, and 6-9 are also calculated. Follow-
ing the non-parametric bootstrapping method described
in Appendix 2 of GODDARD etal. (2013), we also as-
sess the significance of the MSSS of initialized hindcasts
b1-MR with respect to uninitialized projections for lead
year 1 with three different significance levels of 90 %,
95 % and 99 %.

5 Results

With globally gridded TWS anomalies at 5 © spatial res-
olution from GRACE as the reference, MSSS maps are
calculated for the three different MPI-ESM decadal pre-
diction ensembles. Focusing on lead year 1 (Figure 2),
we note that the scores of the uninitialized projections
compared to a zero-anomaly forecast are generally small
for the LR and MR model version considered: estimates
hardly exceed 0.5 even in isolated regions. Neverthe-
less, we note a slight improvement of the scores for
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Figure 3: Significance of the MSSS of initialized hindcasts bl-
MR with respect to uninitialized projections for lead year 1. Red
areas shows statistical significance that the MSSS is positive at the
99 % confidence level, green indicates the added areas where the
significance level is chosen as 95 %, light blue is for 90 % and dark
blue represents the other areas.

MR in moderate to high latitudes of the Northern Hemi-
sphere, and also a reduction of the highly negative skills
shown in LR in the Southeast-Asian Monsoon regions.
When looking into scores of the initialized runs with
respect to a zero-anomaly forecast, we find moderate
skills in large parts of Siberia in bO-LR that are substan-
tially improved in b1-LR, indicating that the combined
atmosphere/ocean initialization strategy implemented in
baselinel is also beneficial to the representation of land-
surface processes in MPI-ESM. This improvement is
also reflected in scores calculated for the initialized
versus the uninitialized projections, that also increase
from b0O-LR to b1-LR, culminating in the latter in pos-
itive skill scores in almost all regions apart from the
large deserts, where TWS variations are small and ob-
servations are certainly dominated by errors. Skills are
also largely positive for bl-MR when comparing predic-
tions to the uninitialized projections. However, since the
uninitialized projections already show better skill than
the LR projection with respect to a zero-anomaly fore-
cast, there is no obvious improvement compared with
b1-LR. We note from the significance figure (Figure 3)
that the regions where we discussed changes in the skill
scores (e.g., parts of Northern Eurasia, Monsoon areas)
indeed show significant skills.

For longer lead time of the predictions, however, skill
scores of all three model runs diminish since the influ-
ence of the initialization becomes increasingly smaller.
Skill scores averaged over lead years 2-5 are generally
smaller when calculated against the zero-anomaly fore-
cast (Figure 4), and the distinctness of the two different
initialization strategies or model versions are not sub-
stantial anymore. With respect to the uninitialized pro-
jections, we still note generally positive skills for all
three hindcast ensembles considered, but notable differ-
ences between baseline0 and baselinel, or LR and MR
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Figure 5: Same as Figure 2, but for lead years 6-9.

are no longer evident, and scores are regionally much
less coherent than for lead year 1. Generally the same
holds true for the averaged scores over lead years 6-9
(Figure 5). Although still positive scores are obtained
for the initialized forecasts when compared to uninitial-
ized projections, those are typically only slightly larger
than zero and do show very little regional coherence.
To analyze the time-variability of the simulated ter-
restrial water storage for selected regions in more detail,

| IR

EEET 20T
0 -0.5 0 0.5 1

0.5 1 -1

we average TWS from both GRACE and the different
model runs for two differently located discharge basins:
The Lena catchment in Central Siberia whose climate
is generally classified as ‘snow dominated, fully hu-
mid with cool summer (Dfc)’ according to the Kdppen-
Geiger Climate Classification (KOTTEK et al., 2006), and
the Nelson River catchment in North America with a
slightly different hydro-climate of ‘snow dominated,
fully humid with warm summer (Dfb)’, in at least the
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Figure 6: Time series of yearly averages of TWS for the Lena catchment in Siberia (left) and the Nelson catchment in North America
(right): GRACE-based observations (black), uninitialized projection at low resolution (cyan), uninitialized projection at medium resolution
(green), and decadal hindcast experiments bO-LR (redx), bl-LR (red), and b1-MR (blue).

major fraction of its area. For the Lena catchment (Fig-
ure 6), we note for the lead year 1 a generally good rep-
resentation of the TWS anomalies in the dry years 2003
and 2010, that are represented well in both b1-LR and
bI-MR. The baseline0 hindcast, however, does not cap-
ture those anomalies, its time-variability instead is rather
comparable with the uninitialized projections of both
model versions. The wet anomaly in 2007 is also cap-
tured by both b1-LR and b1-MR, but with much smaller
peak amplitudes. In particular, multi-year changes in

TWS potentially related to storage changes in deeper
soil layers and near-surface aquifers are not reflected in
the MPI-ESM model runs. Since feedbacks from those
deeper storage reservoirs to the climate system are gen-
erally difficult to quantify, it remains open at this point
if this deficit of MPI-ESM is important for the qual-
ity of decadal climate predictions. Similar conclusions
for lead year 1 are obtained for the Nelson catchment.
We note a general increase in area-averaged TWS dur-
ing the years 2003 to 2005 in both b1-LR and b1-MR,
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which closely resembles the observed variability but is
not present in the uninitialized projections. We see a sub-
sequent decline in TWS during the following years until
2008, which is again quite nicely captured by both base-
linel hindcast ensembles. Dry conditions in 2009, how-
ever, are only reproduced by bl-LR, whereas the MR
hindcasts rather predict a rapid increase in TWS for that
year. Focusing on longer lead times of 2—5 or 6-9 years,
however, we note substantially smaller differences be-
tween hindcasts and projections for both model versions
in both catchments considered. For those lead years, the
ensemble mean of the hindcasts is more frequently close
to a zero-anomaly forecast, supporting our conclusions
drawn from Figures 4 and 5.

6 Discussion and conclusion

One decade of terrestrial water storage estimates from
GRACE are applied for the validation of three different
decadal hindcast experiments with the MPI-ESM cou-
pled climate model. Mean squared skill scores of an-
nual averages of the ensemble means indicate positive
skill for the initialized hindcasts in particular for lead
year 1 in moderate to high latitudes of the Northern
Hemisphere when compared to the uninitialized simu-
lations or their climatologies. In addition, skills gradu-
ally increase when moving from bO-LR to b1-LR, and
also less pronounced from b1-LR to b1-MR, indicating
that changes in the initialization and increased resolution
implemented in the different experiments indeed lead to
more skillful initialized hindcasts than in the earlier ex-
periments.

For lead years greater than 1, however, skill rapidly
drops down towards zero, and also the differences be-
tween the three experiments are diminished. It appears
that the simulated TWS variability is substantially lower
for the uninitialized projections (and the later lead years
of the initialized runs), indicating that the models tend to
stay closer to its climatology instead of simulating sub-
stantial deviations from it, which is, however, not un-
common in numerical modeling experiments of the cli-
mate system.

The average level of skill in predicting TWS in all
three experiments is quite modest, in particular when
compared to more traditionally considered validation
variables. This might be related to the relatively short
period of observations, but since GRACE is still in oper-
ation and a follow-on mission is scheduled to launch in
2017 (FLECHTNER et al., 2013), this situation will grad-
ually improve during the next years. Further, contam-
ination of GRACE results due to spatial leakage and
mass transport processes not related to the global wa-
ter cycle must be taken into account. In this regard, on-
going re-processing efforts and refined post-processing
approaches will contribute to a more accurate quantifica-
tion of random noise and systematic biases in the satel-
lite data.

The good capture of the dry and wet anomalies in the
first year of the initialized runs in some areas and the
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improvement caused by the new initialization strategy
is encouraging, given that only oceanic and atmospheric
initialization is applied. Earlier studies already demon-
strated that land surface initialization is able to addi-
tionally contribute — via direct feedbacks into the atmo-
sphere — to the skill of sub-seasonal and seasonal predic-
tions by, for instance, increasing the boreal summer pre-
dictability from soil moisture observations (DIRMEYER,
2005; KosTer etal., 2010; DouviLLE, 2010). Since
also multi-year memory effects of soil moisture have
been found to have promising feedbacks on the climate
(SENEVIRATNE et al., 2013), it would be straightforward
to also consider GRACE-based TWS as an observable
to be assimilated into a land surface re-analysis data-set,
that might be subsequently used for initialization of fu-
ture decadal climate prediction experiments.
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