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Abstract subseasonal-to-seasonal prediction is influenced by slowly varying surface fields such as sea
surface temperature (SST) and soil moisture. Fully coupled hindcasts were recently completed in the
Community Climate System Model version 4.0 (CCSM4) as part of the North American Multi-Model Ensemble
project. Using similar land and atmosphere initialization strategies, but with prescribed climatological SSTs,
we attempt to determine the isolated impact of combined observed atmosphere and land initialization and
of observed atmosphere initialization on monthly precipitation and 2 m temperature prediction-estimated
skill (i.e., skill assessed without SST variability) and predictability on monthly time scales. CCSM4 has been
cited as having low land-atmosphere coupling, and while combined land and atmosphere initialization
significantly increases the estimated skill of precipitation and temperature in the first month after
initialization (lead 0), land initialization influence is weak, consistent with low land-atmosphere coupling in
CCSM4. In contrast, atmosphere initialization is a stronger contributor to prediction skill and predictability.
We find stronger influence of land and atmosphere initialization on precipitation in CCSM4 versus results
from CCSM3. Predictability results show that there is potential skill to be gained for both precipitation and
temperature should model errors, atmosphere or land initial state errors, and/or land-atmosphere

coupling improve.

1. Introduction

A series of retrospective forecasts (or hindcasts) were recently completed with the Community Climate
System Model version 4.0 (CCSM4) for use within phase 2 of the North American Multi-Model Ensemble
System for intraseasonal to interannual prediction (North American Multi-Model Ensemble (NMME))
[Kirtman et al., 2014]. The rationale behind the predictions themselves is that slowly varying surface fields
such as sea surface temperature (SST) and soil moisture influence skill of precipitation and temperature on
time scales of months to seasons [Shukla, 1998; Paolino et al., 2011, among others]. CCSM4 hindcasts made
for a period of 1982-2009 included in NMME are fully coupled, with atmosphere, land, and ocean domains
initialized using Climate Forecast System Reanalysis (CFSR) data [Saha et al, 2010]. Effectively, although
CFSR is a data assimilation product, these hindcasts are initialized from data representative of observations
and can be used to provide estimates of skill or past model performance. Our focus here is on the influence
of land and atmosphere initialization on estimated hindcast skill and predictability in CCSM4. We utilize an
idealized experiment design where land and atmosphere initialization is isolated from constructive or decon-
structive ocean influence by prescribing observed, climatological SSTs, with land and/or atmosphere initiali-
zation techniques consistent with fully coupled CCSM4 hindcasts.

Fully coupled CCSM4 hindcasts follow from Community Climate System Model version 3.0 (CCSM3) hind-
casts, which were included in NMME phase 1. CCSM3 hindcasts were previously described in Kirtman and
Min [2009], who found that hindcasts initialized from ocean observational estimates from a separate data
assimilation source [i.e., Derber and Rosati, 1989] were suitable for climate prediction studies. Paolino
et al. [2011] studied the addition of land and atmosphere initialization strategies to seasonal fully coupled
hindcasts in CCSM3, with focus on hindcasts with ocean-land-atmosphere initialization compared to hind-
casts with only the ocean initialized. In CCSM3, Paolino et al. [2011] found no additional errors, better soil
moisture predictions, and better surface temperature predictions in wintertime seasonal hindcasts using
ocean-land-atmosphere initialization compared to ocean-only initialization. However, precipitation skill
did not benefit from the addition of land and atmosphere initialization compared to ocean-only

INFANTI AND KIRTMAN

PREDICTION AND PREDICTABILITY IN CCSM4 12,690


http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-8996
http://dx.doi.org/10.1002/2016JD024932
http://dx.doi.org/10.1002/2016JD024932
http://dx.doi.org/10.1002/2016JD024932
http://dx.doi.org/10.1002/2016JD024932
http://dx.doi.org/10.1002/2016JD024932
mailto:jinfanti@rsmas.miami.edu

@AG U Journal of Geophysical Research: Atmospheres 10.1002/2016JD024932

initialization on seasonal time scales. Paolino et al. [2011] speculate that a significant portion of the skill in
the seasonal forecasts of temperature is due to initialization of the land surface using observational
estimates.

Although CCSM3 hindcasts were studied in some detail in the above manuscripts, land and atmosphere initi-
alization techniques in CCSM4 hindcasts have not yet been studied. Moreover, the impact of land and atmo-
sphere initial states on monthly forecast skill remains an open question. Further study of CCSM4 hindcasts
and land and atmosphere initialization is necessitated due to some key differences between CCSM3 and
CCSM4. CCSM4 has many improvements over CCSM3, including better representation of surface air tempera-
ture and extreme events [Gent et al., 2011]; however, Mei and Wang [2012] found that land-atmosphere cou-
pling in CCSM4 is much weaker than CCSM3 and that CCSM coupling strength is overall underestimated
compared with both observational and reanalysis data as well. This comparatively weaker land-atmosphere
coupling may impact CCSM4 prediction skill, especially for variables influenced by the land surface such as
land-based 2 m temperature or precipitation. Formulation of initial CCSM4 land and atmosphere states is
similar to CCSM3; however, both land and atmosphere initial states are taken from a different source, namely,
ERA-40 [Uppala et al., 2005] and GSWP-2 [Dirmeyer et al., 2006] for CCSM3 and CFSR for CCSM4. While the
CFSR soil moisture field produced is in agreement with current understanding, it is still an estimate [Meng
et al, 2012]. The land initial states utilized in CCSM4 hindcasts are variance adjusted to agree with the
Community Land Model version 4 (CLM4), but there still may be incompatibilities that lead to forecast drift
or shock. The goal of this manuscript is to study the potential impact of land and atmosphere initialization
on CCSM4 hindcast skill and predictability.

In regards to land and atmosphere initialization and their influence on climate predictions, atmospheric initi-
alization adds to hindcast skill due to initialization of large-scale fields such as geopotential height but decays
within ~2 weeks [Paolino et al., 2011]. The memory of an initial anomaly in the land surface influences predic-
tions [Koster and Suarez, 2001] mainly through soil moisture. Soil moisture affects surface sensible/latent
heating, thus local precipitation and temperature anomalies [Eltahir, 1998; Seneviratne et al., 2010]. Soil
moisture memory is about 2-3 months [Dirmeyer, 2003; Paolino et al., 2011]. While Paolino et al. [2011] found
a significant influence to 2m temperature skill due to land and atmosphere initialization in CCSM3, the
authors did not find a significant skill increase for precipitation. However, Kim and Wang [2007] found that
soil moisture anomalies persisted long enough to influence seasonal precipitation.

Our focus is on the estimated monthly hindcast skill (i.e., idealized model hindcast experiments compared to
observations) of North American land-based precipitation and 2 m temperature. Experiments are performed
in an idealized setting where the influence of observed land and/or atmosphere initializations are isolated
from that of the ocean by prescribing observed climatological SSTs. We also compare the estimates of
monthly prediction skill to estimates of predictability (perfect model), which can offer guidance on months
or regions in which forecasts could be improved given less forecast errors. As the monthly hindcast skill
depicted in this manuscript is calculated for idealized simulations with climatological SSTs, it is an estimate
of the impact of land and atmosphere initialization on skill and not a true representation of CCSM4
hindcast skill.

In this manuscript, the land and atmosphere components of CCSM4, the Community Atmosphere Model ver-
sion 4 (CAM4) and the Community Land Model (CLM4), are initialized every June and every December from
observed (data assimilated) atmosphere and land states, where initialization months are chosen due to
summer/winter differences in evaporation and soil moisture [Seneviratne et al., 2010], although our main
focus is on June initialization. Experiments are performed with prescribed climatological SST, effectively iso-
lating the influence of land or atmosphere initialization on skill and predictability. Although these experi-
ments are performed using the atmospheric general circulation model formulation of CCSM4, we utilize
initialization strategies that are identical to those used in fully coupled CCSM4 hindcasts and forecasts, as this
could provide further information and potentially improve/better understand these climate predictions.
Given results from Mei and Wang [2012] indicating lower land-atmosphere coupling in CCSM4, this manu-
script expands upon those from CCSM3 to include hindcasts of monthly precipitation and 2 m temperature,
predictability assessments, and a comparison of experiments with observed land and atmosphere initializa-
tion to those with observed atmosphere initialization and land initialization taken from a randomly chosen
CCSM4 initial state.
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2. Methods

2.1. Modeling Framework

We consider the atmospheric component of CCSM4 coupled to the land component (CAM4-CLM4) with pre-
scribed ocean/ice. We compare three experiments, described below.

1. No-Init: 30 year simulation where monthly climatological SST and sea ice coverage from observational
estimates are prescribed. No initialization in land or atmosphere.

2. LA-Init: initialized hindcasts (1982-2009; 10-member ensembles) using observed atmospheric and land
states (initialization strategy discussed below). Prescribed climatological SST and sea ice as above.

3. A-Init: initialized hindcasts (1982-2009; 10-member ensembles) using observed atmospheric states
(initialization strategy discussed below). The land initial state is taken from a long run of CCSM4
(CCSM4 long run described below), as opposed to observations. Prescribed climatological SST and sea
ice as above.

We loosely define experiments 2 and 3 as “hindcasts,” as the initial states in the land and atmosphere (for
experiment 2) and in the atmosphere (for experiment 3) are initialized from observed, data-assimilated,
CFSR initial states. Land and atmosphere initial states are identical to CCSM4 fully coupled hindcasts when
CFSR data are used for initialization. However, in all experiments, SST and sea ice are prescribed from 1982
to 2001 climatology using Hadley Centre Global Sea Ice and Sea Surface Temperature data [Rayner et al.,
2003]. Using prescribed SSTs decouples the global ocean and atmosphere as the atmosphere is unable to
influence SST variability (for more information on the implications of such exercises, see Wu and Kirtman
[2007]). Because we utilize climatological SSTs, SST anomalies do not influence the global circulation.
Effectively, this experiment design isolates the influence of land and atmosphere initialization from the influ-
ence of the ocean.

The No-Init experiment uses prescribed climatological SSTs and does not have any initialization in the land or
atmosphere. No-Init is a free-running simulation corresponding to twentieth century forcing, with coupling
between the atmosphere and land surface. The No-Init experiment does not specifically correspond to any
observed period. The remaining experiments are initialized every June and every December for the period
of 1982-2009 using the methodology described below.

Initialization of CCSM4 is similar to CCSM3 in concept, although the initial data sets differ (CCSM3 initialization
discussed in Paolino et al. [2011]). All initial data are taken from CFSR [Saha et al., 2010]. CFSR includes data-
assimilated estimates of observed initial states. In the interest of brevity, we refer to the experiments with
land and/or atmosphere initialization from CFSR as initialized from observations. The atmospheric compo-
nent (CAM4) is initialized from multilevel fields of temperature, zonal and meridional winds, specific humidity,
cloud liquid water content, cloud ice water content, and cloud fraction and from single-level fields of surface
pressure, surface geopotential, surface temperature, and planetary boundary layer height. CFSR data are
regridded to the 0.9 x 1.25° grid and 26 hybrid sigma pressure levels used by CAM4.

In the LA-Init experiment, the land component (CLM4) is initialized from daily fields of soil moisture, soil tem-
perature, snow depth, snow temperature, vegetation temperature, and canopy moisture, again from CFSR.
These fields are normalized by their standard deviations, and combined with the mean and standard deviation
of soil climatology from 30 years of CLM4 output data, sampled after 100 year spin-up (i.e., variance corrected).
Initial data south of 60S is set to model climatology. As observed initial states are not available, vegetation tem-
perature and canopy moisture initial fields are produced from a 7 day CCSM4 spin-up forecast where CAM is
initialized as above to produce fields influenced by the initial atmospheric state.

In the A-Init experiment, the land initial states are taken from a long run of CCSM4 and do not involve CFSR or
any observational data. The atmosphere initial states are taken from CFSR as above. The CCSM4 long run is a
freely evolving fully coupled CCSM4 control run that utilizes forcing corresponding to the year 2000.
Although this run uses year 2000 forcing, the model output does not correspond specifically to any observed
year(s). Approximately 300 model years are available in the CCSM4 long run. In order to allow some variance
in the initial state, the land initial states are taken from model years 175 to 184, depending on ensemble
member. The land initial states in the A-Init experiment are adapted from CLM4 output and are similar to
the CFSR initial state, in that daily fields of soil moisture, temperature, etc., are included for initialization,
but these states are not consistent with any specific time period of observations, beyond a general
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representation of the current period. Thus, while the land initial states here are “realistic” in the sense that the
model output is representative of the natural climate, the land initial states in the A-Init experiment are not
observed and are not in agreement with the atmosphere initial states. Therefore, A-Init shows the influence of
observed atmosphere states, in the absence of observed land initial states.

In order to initialize each ensemble member, daily data from the end of the prior month is used. For example,
a hindcast initialized on 1 June uses data from May 26 00:00 Z to initialize ensemble member 1, data from May
26 12:00 Z to initialize ensemble member 2, and so on to May 30 12:00 Z to initialize ensemble member 10.
We refer to the first month after initialization as lead 0 (i.e., June-initialized hindcast predicting June), second
month after initialization as lead 1 (i.e., June-initialized hindcast predicting July), and so on.

2.2. Methods of Analysis

Observational data considered for model verification is the Climate Prediction Center Merged Analysis of
Precipitation (CMAP) [Xie and Arkin, 1997] and the Global Historical Climatology Network/Climate Anomaly
Monitoring System 2 m temperature (T2m) [Fan and van den Dool, 2008]. All data, including model output,
are regridded to a 1° latitude by 1° longitude grid.

Our attention is on anomaly correlation, and the ensemble mean (if available) is considered the most prob-
able outcome and treated as one hindcast [Stefanova et al., 2012; Infanti and Kirtman, 2013]. Probabilistic ana-
lysis can offer more information, such as prediction skill for upper or lower tertile events, etc. [Mason and
Graham, 1999; Kirtman, 2003], however, to simplify our comparison to Paolino et al. [2011] and in the interest
of space we use deterministic measures.

Correlation of model anomalies with observed anomalies is used as an estimate of deterministic hindcast
skill. However, it should be noted that the skill depicted in this manuscript is only an estimate, as the hind-
casts do not incorporate SST variability; thus, the figures are not representative of the true realizable hindcast
skill. This estimate is defined using anomaly correlation of the experiments with observations, where the
ensemble mean anomaly (or model output anomaly) of the given experiment is correlated with observations
for a period of 1982-2009. Anomalies are calculated with respect to the 1982-2009 monthly mean. For
experiments 2 and 3, climatology is removed from each ensemble member and the resulting anomalies
are averaged assuming equal weights to form the ensemble mean.

We are specifically interested in a comparison of experiments, for example, if LA-Init correlation with obser-
vations significantly differs from No-Init correlation with observations. Because correlation is not normally dis-
tributed, comparison of correlation coefficients is not straightforward as simply subtracting. We use Fisher’s
R-to-Z transformation [see Wilks, 2011; Infanti and Kirtman, 2013] to transform the correlations to approxi-
mately normal. This allows us to easily difference or average correlation values and assign significance levels.
Differences are shown using transformed correlation values, and significance is shown at the 95% confidence
level, assuming a normal distribution of values (contours). While Fisher’s R-to-Z transformation is a practical
choice for comparison of correlation coefficients, some caveats to this are discussed in DelSole and
Tippett [2014].

A second consideration for this manuscript is predictability or the “ability to predict” a given variable in an
idealized situation [e.g., Boer, 2004]. Predictability is the expected prediction skill if the model hindcasts were
without systematic error or bias, indicating regions or time periods in which we would expect variability to be
predictable [e.g., Cheng et al., 2011]. However, this is only true to the extent that the model variability is con-
sistent with observed variability, thus is only an estimate. The approach used here to estimate predictability
assumes a perfect model framework where one ensemble member is assumed “truth” and the remaining
nine form the ensemble mean. Anomaly correlation is then defined as above using the nine-member ensem-
ble mean with the chosen verification ensemble member. To minimize sampling bias, we calculate all possi-
ble combinations of nine ensemble members predicting the remaining ensemble member. For example, the
mean of members 1 to 9 predicting ensemble member 10 and the mean of members 1 to 8 and 10 predicting
ensemble member 9. These correlations are averaged after conversion to approximately normal following
the transformation above. Robustness of this calculation is estimated given 7/10 predictability correlations
agreeing that the change is greater than zero (stippling), highlighting where there is a robust increase in pre-
dictability given the relevant comparison. The results of this differ from a traditional significance test as they
are more relaxed but are appropriate for our purposes of determining if there is a robust skill increase.
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Figure 1. Difference in estimated deterministic skill of precipitation for model output correlated with observations. The difference is defined as the anomaly correlation
of LA-Init minus No-Init, where correlations have been transformed to approximately normal using Fisher’s R-to-Z transformation. The red (blue) shading indicates the
regions in which land and atmosphere initialization from observations improve (decrease) skill. The contours indicate the significance of difference at 95% confidence
level. (a—c) June-initialized hindcasts (or No-Init output) verifying in June, July, and August. (d-f) December-initialized hindcasts (or No-Init output) verifying in
December, January, and February.

3. Results
3.1. Prediction Skill

As stated in section 2.2, we are mainly interested in a comparison of the experiments. The first comparison we
show is LA-Init versus No-Init, which highlights any estimated skill increase or decrease due to combined
observed land and atmosphere initialization (Figures 1 and 2). The second comparison we show is LA-Init ver-
sus A-Init, which highlights any estimated skill increase or decrease due to combined observed land and
atmosphere initialization over forecasts with only the atmosphere initial state taken from observations
(Figure 3). Again, we caution the reader that while we refer to the results of this section as “prediction skill”
due to their comparison with observations as opposed to homogeneous predictability, the depicted skill is
an estimate given an idealized experiment environment in which climatological SSTs are prescribed. Thus,
these results should not be treated as the “true” skill of CCSM4 hindcasts.

The first comparison (LA-Init and No-Init) allows us to easily deduce regions where combined observed land
and atmosphere initialization significantly increase or decrease hindcast skill compared to an uninitialized
run. June (December) initialized hindcasts predicting June, July, and August (December, January, and
February) precipitation are shown in Figures 1a—1c (Figures 1d and 1e). Figure 2 is similar but for 2 m tem-
perature comparison. In this comparison, anomaly correlations have been transformed to approximately nor-
mal using Fisher's R-to-Z transformation, and the resulting transformed correlations are subtracted. The full
anomaly correlation fields for LA-Init and No-Init (nontransformed and for each experiment) are shown in
supporting information S1 and S2 for precipitation and 2 m temperature, respectively. As these experiments
are performed in the absence of SST anomalies (SSTA), this comparison isolates the influence of land and
atmosphere initialization from that of SSTA by design. If we were to include SSTA, it is possible that SSTA
could reinforce atmosphere and land initial anomalies and improve the forecast skill associated with the
initial condition.

For precipitation (Figure 1), combined observed land and atmosphere initialization largely adds to skill over
North America in the first month after initialization (June and December), sometimes significantly, when
compared to No-Init. There are few grid points where initializing decreases skill of lead 0 predictions.
Approximately 76% of grid points show skill increase in June and 86% in December. This ~10% difference
in June compared to December may be surprising due to larger expected impact of land initialization on
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Figure 2. (a—f) Same as in Figure 1 but for 2 m temperature.

skill in summer months [Koster et al., 2004; Seneviratne et al., 2010; etc.]. However, July and August show
comparatively more grid points (50% and 56%) with skill increase than January and February (41% and
47%), and initialization negatively affects skill in many regions in January and February, though not signif-
icantly. This indicates stronger persistence of initial anomalies in the June-initialized hindcasts compared
to December-initialized hindcasts.

Results for 2m temperature are similar (Figure 2), but the LA-Init hindcasts show much larger regions of
significant difference in the first month after initialization compared to precipitation. For June-initialized
2 m temperature hindcasts, 92%, 78%, and 65% of grid points in June, July, and August show increased skill
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Figure 3. Difference in estimated deterministic skill of precipitation for model output correlated with observations. The difference is defined as the anomaly correla-
tion of LA-Init minus A-Init, where correlations have been transformed to approximately normal using Fisher's R-to-Z transformation. The red (blue) shading indicates
the regions in which combined land and atmosphere initialization from observations improves (decreases) skill versus a hindcast initialized from only observed
atmosphere states. The contours indicate the significance of difference at 95% confidence level. (a-c) June-initialized precipitation hindcasts verifying in June, July,
and August. (d-f) June-initialized 2 m temperature hindcasts verifying in June, July, and August.
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in LA-Init. For December-initialized 2m temperature hindcasts, 96%, 81%, and 37% of grid points in
December, January, and February show increased skill over No-Init. These results are expected, as 2 m tem-
perature skill is generally stronger than precipitation due to more spatial coherence and temporal persistence
in temperature fields.

We have also computed the anomaly correlation between forecasted and observed precipitation for the first
and second 2 weeks separately in the LA-Init experiment (not shown). There is a distinct difference in the anom-
aly correlation for the first 2 weeks of the hindcasts versus the second 2 weeks, with higher anomaly correlation
in the first 2 weeks. Paolino et al.[2011] performed a repeat analysis of seasonal skill of the fully coupled CCSM3
OLA-initialized hindcasts with the first 2 weeks of the hindcasts removed in order to isolate the effects of land
initialization. On seasonal time scales (3 month mean), there was no significant change to the anomaly correla-
tion, which indicates that land initialization is important on seasonal time scales. It is possible that the land sur-
face initialization in CCSM4 is only affecting the prediction skill at very short leads (~2 weeks). We question
whether the increase in skill of lead 0 hindcasts seen in Figures 1 and 2 is due to short-lived land surface anoma-
lies related to the initial state or due to atmospheric initialization. Thus, we further decompose the CCSM4 hind-
casts into those with combined land and atmosphere initialization and those with only atmosphere
initialization. This allows us to determine how much of this skill increase is coming from observed land initial
states versus observed atmosphere initial states. Because there is typically more land-atmosphere interaction
in the summer months, we focus the remaining analyses on June-initialized hindcasts.

Figure 3 shows a comparison of transformed anomaly correlations for the LA-Init experiment minus A-Init for
both precipitation (Figures 3a-3c) and 2 m temperature (Figures 3d-3f). The nontransformed anomaly corre-
lation fields for June-initialized A-Init hindcasts are shown in supporting information S3. While A-Init does
have land initialization (required by model formulation), the initial state is taken from a long run of CCSM4
as opposed to CFSR. Thus, this comparison indicates regions where land initialization in combination with
atmosphere initialization based on observed states significantly enhances or weakens prediction skill. For pre-
cipitation in the first month after initialization (June; Figure 3a), there is very little difference between LA-Init
and A-Init experiments (similar results are found for 2 m temperature). Thus, land initialization from observed
states does not significantly add or subtract from hindcast skill. In the remaining months, differences are lar-
ger, but again overall insignificant, excepting select regions for August precipitation hindcasts (Figure 3c).
Similar results are found for 2 m temperature. The largest positive influence on skill when combined observed
land and atmosphere initial states are used is seen at lead 2 for both precipitation and 2 m temperature
(although this is only sometimes significantly more positive). This indicates that initialization from observed
land states influences long-term persistence; however, we also note that there was an insignificant gain in
overall skill at this lead time, so the influence is quite small.

Overall, the comparison of LA-Init to A-Init indicates that using observed land initial states in conjunction with
observed atmosphere initial states does not affect skill at lead 0, decreases skill at lead 1, and moderately
increases skill at lead 2. However, differences are rarely significant. While the LA-Init experiment significantly
increased lead 0 prediction skill over an uninitialized run, inclusion of observed land initial states does not
significantly affect skill at this lead time (positively or negatively). There is some indication of more skillful pre-
dictions when the land surface is initialized from observations at lead 2. The weak influence of observed land
surface initialization on skill is due to two possible sources: soil moisture initial data may be inaccurate, and/or
the documented weak land-atmosphere coupling strength in CCSM4 [Mei and Wang, 2012]. In other words,
model systematic error or errors in the initial land surface states may overshadow any positive influence on
skill. In the remaining section, we discuss differences in predictability. This minimizes any model errors as it
considers a perfect model framework. The predictability results in the remaining section intend to offer gui-
dance on regions/months in which we could skillfully predict variability given less model or initial state errors.

3.2. Predictability

Our aim for this section is to determine the predictability of monthly precipitation and 2 m temperature in the
hindcasts, again focusing on summertime predictions as this season shows larger latent heating (evapora-
tion) and traditionally stronger coupling of land and atmosphere, in comparison to winter months. As the
experiments we consider here do not include SST variability, this assessment isolates the predictability stem-
ming from observed land and/or atmosphere initial states [e.g., Koster and Suarez, 2003], rather than any pre-
dictability stemming from SSTA [e.g., Shukla et al., 2000].
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Figure 4. Average difference of homogeneous predictability minus prediction skill for LA-Init experiment. Correlations are transformed using Fisher’s R-to-Z trans-
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dictability minus prediction skill, and the transformed average difference is shown by shading. The red (blue) shading
ity of the LA-Init experiment is larger (smaller) than prediction skill. The stippling indicates where 7/10 possible differences

show a positive increase in predictability. (a—c) June-initialized precipitation hindcasts verifying in June, July, and August. (d-f) June-initialized 2 m temperature
hindcasts verifying in June, July, and August.

As discussed in section 2.2, the predictability measure considered here is homogeneous anomaly correlation
or the mean of nine ensemble members predicting the remaining ensemble member. In order to avoid sam-
pling bias in the chosen verification ensemble member, we consider all possible combinations of 9 ensemble
members predicting the remaining (10 possible combinations). All anomaly correlations are again trans-
formed to approximately normal using Fisher's R-to-Z transformation. We first consider the difference of pre-
dictability minus prediction skill of the LA-Init experiment (Figure 4). We further decompose this into the
predictability of the LA-Init experiment minus the predictability of the A-Init experiment (Figure 5). As
opposed to a traditional significance test, we consider the robustness of the difference, defined as when
7/10 of the differences are positive (stippling). As these results are depicted in a “perfect model” framework,
they are specific to CCSM4 and cannot be generalized to other models.

Comparing LA-Init predictability to estimated prediction skill for precipitation (Figures 4a-4c), it is not surpris-
ing that the predictability is quite higher, notably in the Central U.S. at leads 0 and 1. While there are some
small regions of robust increase at lead 2, there does not appear a coherent predictability increase at this lead
time; thus, the influence of land and atmosphere initialization on predictability has decreased. Interestingly,
the increased predictability is located in the Central U.S., which has been previously defined as a “hot spot” of
soil moisture-precipitation coupling by Koster et al. [2004]. This indicates that despite the weaker land-
atmosphere coupling in CCSM4, some influence can still be seen on local precipitation, and we speculate that
predictability would increase if coupling strength were improved. For 2 m temperature (Figures 4d-4f), there
is a (comparatively) large and robust increase in predictability primarily at leads 0 and 2. The enhanced pre-
dictability of these variables over prediction skill suggests that there is potential skill to be gained should
model errors be minimized, either with respect to the initial states or the coupled land-atmosphere system.
More attention on initial states is discussed below.

We also consider the predictability of LA-Init compared to predictability of A-Init (Figure 5). Figure 5 is similar
in concept to Figure 3 but for predictability. While there are some regions of robust increase in precipitation
predictability in the LA-Init experiment compared to the A-Init experiment, the differences are weak com-
pared to 2 m temperature. Predictability of precipitation is not benefitting from the use of observed initial
land states in this model. Thus, observed land initial states affect 2m temperature predictability more than
precipitation, including at long leads (lead 2). The predictability results suggest that should the initial states
be improved, the bulk of the improvement will be seen with 2 m temperature. This also means that 2m
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Figure 5. Average difference in homogeneous anomaly correlations (predictability) of LA-Init compared to A-Init. Homogeneous anomaly correlation is defined as
the correlation of all possible combinations of the nine ensemble member mean predicting the remaining. Correlations are transformed using Fisher’s R-to-Z
transformation. Differences are defined as LA-Init minus A-Init, and the transformed average difference is shown. The red (blue) shading indicates the regions in
which combined land and atmosphere initialization from observations improves (decreases) predictability versus a hindcast initialized from only observed
atmosphere states. The stippling indicates where 7/10 possible differences show a positive increase in predictability. (a-c) June-initialized precipitation hindcasts
verifying in June, July, and August. (d-f) June-initialized 2 m temperature hindcasts verifying in June, July, and August.

temperature is more strongly influenced by initial state error than precipitation. This agrees with recent
results considering influence of initialization on precipitation and 2m temperature [for example, Koster
et al., 2006]. Again, we caution that this result should be interpreted with the caveat that CLM4 in CCSM4
in know to have weak atmosphere-land coupling strength.

Overall, these results imply that while using combined observed land and atmosphere initialization does lead
to a significant increase in (estimated) monthly skill of both precipitation and 2 m temperature (particularly at
lead 0), predictability results performed in a perfect model indicate regions where there is still potential skill
to be gained, such as the Central U.S. for precipitation at short leads and in many regions for 2 m temperature.
The predictability comparison of LA-Init to A-Init shows that 2 m temperature is more strongly affected by
errors in the initial land state than precipitation.

4, Discussion

This analysis highlights the influence of land and atmosphere initialization on estimated monthly determinis-
tic prediction skill and predictability, isolating this influence from any SSTA constructive or destructive inter-
ference by utilizing prescribed, climatological SSTs. We discuss differences in estimated prediction skill when
observed (data-assimilated) land and atmosphere initial states are used compared to an uninitialized run and
also compare estimated prediction skill of observed land and atmosphere initialized hindcasts to those with
only the atmosphere initialized from observed states. Finally, we compare the predictability of land and
atmosphere initialized hindcasts to atmosphere-only initialized hindcasts.

Compared to an uninitialized hindcast, there is a significant increase in precipitation skill over North America
at lead 0, and out to lead 2 for 2m temperature (in select regions), when observed land and atmosphere
initial states are used. This result is based on an idealized framework in which SSTA are not included. In a
study comparing ocean-only initialized hindcasts to ocean-land-atmosphere initialized hindcasts using the
fully coupled CCSM3 model, the increase in precipitation skill due to land and atmosphere initialization
was not as apparent on seasonal time scales [Paolino et al., 2011]. CCSM3 showed larger influence of land
and atmosphere initialization on 2m temperature. Similar assessment using the multimodel Global Land-
Atmosphere Coupling Experiment (GLACE-2) found that realistic initialization had small effect on
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precipitation skill past 30 days and a larger effect on 2 m temperature that persisted to almost day 60 [Koster
et al.,, 2010]. Although this was a multimodel assessment, the CCSM4 results presented here agree in many
ways with the results from GLACE-2 and other studies involving precipitation/2 m temperature [e.g., Mei
et al., 2013]; however, weaker land-atmosphere coupling in CCSM4 may be influencing the results [Kim and
Wang, 2007].

We further decompose the skill influence into the contributions from combined observed land and atmo-
sphere initialization and contribution from observed atmosphere initialization (with realistic but not
observed land states). Interestingly, while we may have expected the influence of initial states on skill to
be linearly decreasing with lead due to persistence, this is not the case. This comparison shows no significant
difference at lead 0, decreased (in many regions) skill at lead 1, and increased skill at lead 2 (or a return of skill)
when observed land states are included, although these differences are rarely significant. Despite correction
of the initial states to match the mean and variance of CLM4, the decrease in skill at lead 1 when observed
land initial states are included may be related to “rejection” of the initial land state or initial shock, which is
realized as a decrease in skill. The return in skill at lead 2 indicates a delayed influence of the land initial states
after the initial shock has occurred. The reader should note that while we find differences in skill when con-
sidering LA-Init to A-Init experiments at leads 1 and 2, overall skill (correlation of LA-Init with observations) is
weak at these two lead times.

We also consider measures of predictability, or the models ability to predict a given variable given a perfect
model framework, i.e., initial state and model systematic error minimized. Predictability compared to pre-
diction skill of the LA-Init experiments indicates that both precipitation and 2 m temperature have regions
in which there is skill to be gained should model or initial errors be minimized. For precipitation, robustly
increased predictability exists for lead 0 and 1, with the Central U.S. highlighted as a region where predict-
ability is larger than prediction skill. For 2 m temperature, predictability is increased over prediction skill pri-
marily at leads 0 and 2. Predictability of LA-Init versus A-Init shows very little influence of observed land
initial states on predictability of precipitation, compared to 2m temperature. This indicates that land initi-
alization (and errors in the initial state) have a smaller influence on precipitation and a stronger influence
on 2m temperature.

The predictability results indicate that prediction skill of precipitation could be weakly improved given
improvements to model errors or land-atmosphere coupling strength, and prediction skill of 2m tempera-
ture could be strongly improved given improvements to initial land states. However, we base these results
on predictability analysis intrinsic to the model used, assuming that model errors are minimized (homoge-
neous predictability). This does not take into account that the model may overestimate, or underestimate,
the actual predictability associated with natural variations stemming from, for example, soil moisture preci-
pitation coupling. Despite this caveat, this comparison of skill and predictability can give a first-order estimate
of regions that may potentially benefit from improved accuracy of land and atmosphere initial states or
model systematic error. The predictability analysis can thus be used as guidance for regions or seasons that
would benefit from greater accuracy in initial states, such as 2 m temperature.

Although these CCSM4 results agree with recent work, Koster et al. [2011] found that stratifying skill based on
anomalously wet and anomalously dry soil initial states lead to differing levels of skillfulness depending on
region and initial soil state. We did not stratify our results but expect that CCSM4 would behave similarly.
By design, we have isolated the effects of observed land and atmosphere initialization from that of SSTs; how-
ever, the inclusion of ocean initialization, ocean-atmosphere coupling, or SSTs will affect skill, particularly on
seasonal time scales and longer leads [Kirtman and Min, 2009; Paolino et al., 2011; Infanti and Kirtman, 2015].
We expect that both prediction skill would improve and predictability would be enhanced if SSTs were
included, as SST variability can cause an increase in persistence of initial anomalies given coincident initial
states [Schubert et al., 2007]. The results presented here include the monthly time scale in order to study
the evolution of influence of land and atmosphere initial states but also benefit the climate prediction com-
munity by considering these shorter lead monthly predictions. Although we did not include the seasonal
time scale in this analysis, these results and those from Koster et al. [2011] and Paolino et al. [2011] indicate
that the influence of land and/or atmosphere initialization declines quickly and will not extend past 1 season.
As 2 m temperature benefits more from land initialization, influence lasts longer, but we expect it to be stron-
gest in the first season.
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Overall, these results show that for CCSM4, both precipitation and 2m temperature benefit from
observed initialization in the land and/or atmosphere (to varying degrees), agreeing with results from
other models, despite having weaker land-atmosphere coupling strength compared to CCSM3.
Predictability results indicate that there is still potential skill to be gained for both variables, should initial
errors be minimized (2m temperature) or model systematic error be minimized (precipitation). We cau-
tion that these results are specific to CCSM4 and the initialization strategies used, but note that this
experiment framework and analysis technique could be used for other models to isolate the influence
of observed land and/or atmosphere initialization on predictability and skill. This study was designed
specifically to isolate the influence of land and atmosphere initialization from SSTs; however, we cannot
discount the very important influence of SSTs on skill and predictability. Future studies will include
assessment of prediction skill and predictability in relation to fully coupled CCSM4 hindcasts with ocean,
land and atmosphere initialization in comparison to uncoupled hindcasts, and those with “perfectly pre-
dicted (observed)” SSTs.
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