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Abstract A branch-run perturbed-physics ensemble in the Community Earth System Model estimates
impacts of parameters in the deep convection scheme on current hydroclimate and on end-of-century
precipitation change projections under global warming. Regional precipitation change patterns prove highly
sensitive to these parameters, especially in the tropics with local changes exceeding 3mm/d, comparable to
themagnitude of the predicted change and to differences in global warming predictions among the Coupled
Model Intercomparison Project phase 5 models. This sensitivity is distributed nonlinearly across the feasible
parameter range, notably in the low-entrainment range of the parameter for turbulent entrainment in the
deep convection scheme. This suggests that a useful target for parameter sensitivity studies is to identify
such disproportionately sensitive “dangerous ranges.” The low-entrainment range is used to illustrate the
reduction in global warming regional precipitation sensitivity that could occur if this dangerous range can be
excluded based on evidence from current climate.

1. Introduction

The hydrological cycle poses challenges for climate models, both for present climate and for projections of
change under global warming. Biases persist in simulation of current regional climate and variability
[Covey et al., 2003; Sobel et al., 2004; Dai, 2006; Zhang and Wang, 2006; Stephens et al., 2010; Small et al.,
2011; Levine and Turner, 2012; Xie et al., 2012; Langenbrunner and Neelin, 2013; Neale et al., 2013; Rosa and
Collins, 2013]. Despite some agreement at large spatial scales, there are severe issues with model disagree-
ment on global warming precipitation change at regional and seasonal scales [Held and Soden, 2006;
Neelin et al., 2006; Meehl et al., 2007; Solomon et al., 2007; Allan and Soden, 2008; Chou et al., 2009; Seager
et al., 2010; Tebaldi et al., 2011; Trenberth, 2011; Meehl et al., 2013], including changes of extremes [Kharin
and Zwiers, 2005; Tebaldi et al., 2006]. This has contributed to the sense that moist processes—including para-
meterizations of convection and precipitation and their strong interaction with the large-scale dynamics—
remain an underconstrained aspect of climate models. Convective parameterizations can be sensitive to
changes in representations of such processes as inclusion of downdrafts or turbulent entrainment
[Derbyshire et al., 2004; Hohenegger and Stevens, 2013], the latter of which can even affect global climate sen-
sitivity [Rougier et al., 2009; Sanderson, 2011; Sherwood et al., 2013]. The differences across a multimodel
ensemble, such as Coupled Model Intercomparison Project (CMIP) phases 3 and 5 [Taylor et al., 2012], are
often used as an estimate of uncertainty in projections of climate change, despite concerns in that some com-
ponents are shared across models [Knutti et al., 2010; Masson and Knutti, 2011; Knutti and Sedlacek, 2013].

While multimodel ensembles have difficulty identifying particular physical processes contributing to the
uncertainty, Perturbed Physics Ensembles (PPE), permit systematic examination of sensitivity to parameter-
ized processes. Typically parameters associated with subgrid-scale processes are varied through their feasible
range, i.e., the range of values that cannot be excluded a priori [Allen, 1999; Murphy et al., 2004; Jones et al.,
2005; Stainforth et al., 2005; Knight et al., 2007; Jackson et al., 2008; Sanderson et al., 2008; Frame et al.,
2009; Rougier et al., 2009; Neelin et al., 2010; Collins et al., 2011; Klocke et al., 2011; Sanderson, 2011; Brient
and Bony, 2012; Shiogama et al., 2012; Zhang et al., 2012; Webb et al., 2012; Zamboni et al., 2014; Shiogama
et al., 2014]. Leading targets for such studies have been errors with respect to climatology in current climate,
and the equilibrium climate sensitivity under global warming. A number of these studies indicate that climate
sensitivity in their PPE is similar to or greater than climate sensitivity in the multimodel ensembles [Murphy
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et al., 2004; Stainforth et al., 2005; Collins et al., 2011; Rowlands et al., 2012; Yamazaki et al., 2013] although it is
not clear that PPE typically spans the range of the CMIP archive [Yokohata et al., 2012, 2013]. Some have
sought to reduce error in the model climatology by tuning parameter values or identifying more probable
values based on error with respect to observed climatology [Jones et al., 2005; Severijns and Hazeleger,
2005; Jackson et al., 2008; Zhang et al., 2012; Covey et al., 2013; Tett et al., 2013].

In this study, parameter sensitivity in the fully coupled Community Earth System Model (CESM1) is examined
for global warming projection runs, as well as historical climate, specifically for key parameters in the deep
convection scheme. Insufficiently constrained parameters affecting deep convection are known to affect
simulation of current climate and global average climate sensitivity [e.g., Neale et al., 2008; Sanderson,
2011; Covey et al., 2013; Guo et al., 2015; Qian et al., 2015] and are hypothesized here to contribute strongly
to sensitivity in projections of regional precipitation change.

Leading order factors to be determined for parameter sensitivity are the magnitude and spatial distribution
of the sensitivity across the feasible range for each parameter, and for parameters exhibiting strong sensitiv-
ity, the degree of nonlinearity within that parameter domain. Here both are assessed using runs along para-
meter axes, since this involves a number of simulations of order N, where N is the number parameters, and
because it is most straightforward to interpret in terms of the physical processes. Given that substantial sen-
sitivity and nonlinearity is found, future work can leverage results here to estimate nonlinear interactions
among parameters. Nonlinearity of parameter dependence is a crucial factor that can affect many aspects
of the climate sensitivity problem, especially for variables such as precipitation. Sparse parameter-space sam-
pling in PPE and use of multimodel ensemble averages each contain implicit assumptions of weak nonlinear-
ity. Severe cases of rapidly varying parameter dependence have been noted in intermediate complexity
models [Chekroun et al., 2014] but smoothly nonlinear dependence in important metrics occur in at least
one climate model [Neelin et al., 2010; Bracco et al., 2013]. In addition to assessing the degree of nonlinearity
here, a focus will be on whether this is can identify sensitive parameter ranges in which observational
constraints from current climate could reduce the uncertainty range in projections of future climate. If so,
the order N process used here can be an efficient screening process for identifying leading opportunities
for uncertainty reduction.

2. Setup

The set of experiments is done as branch runs starting from particular years of an existing standard parameter
simulation with the Community Climate System Model 4 (CCSM4; i.e., a subset of CESM1) with historical and
Representative Concentration Pathway 8.5 (RCP8.5) radiative forcing [Meinshausen et al., 2011]. An ensemble
of 15 CESM1 standard parameter simulations serves as a control over the periods 1976–2005 for the historical
and 2071–2100 for the RCP8.5 end-of-century simulations. Values of four parameters are varied relative to the
control: the deep convective adjustment time, τ; the deep convective entrainment parameter, dmpdz;
the deep convective downdraft mass flux fraction, α; and the deep convective evaporation efficiency, ke, in
the deep convective scheme [Zhang and McFarlane, 1995], which includes turbulent mixing between the
parcel and the environment by Neale et al. [2008]. The branch-run methodology helps to reduce the compu-
tational burden of several hundred years spin-up plus historical and RCP8.5 simulation that would potentially
be required at each parameter value, if each followed the full equilibration protocol of CMIP5 simulations.
This takes advantage of the focus on evaluation of hydrological cycle projected changes which tend to adjust
more quickly than aspects of the climate system involving the deep ocean. Climate drift associated with para-
meter changes may occur [e.g., Collins et al., 2011; Shiogama et al., 2012], although for many parameters this
can be modest [e.g., Irvine et al., 2013], so it is necessary to quantify equilibration for key metrics of interest.
The equilibration process for global warming precipitation change for the parameter exhibiting largest
changes occurs substantially within the first decade and exhibits little drift in the last 20 years, as documented
in Figure S1 in the supporting information (along with further details on experimental design). This would not
necessarily apply for variables more strongly dependent on subsurface ocean equilibration.

3. Sensitivity of Climatology Simulation in the Historical Period

As background for the examination of global warming precipitation change sensitivity, Figure 1 shows an
example of the parameter sensitivity under current climate for the coupled system in the historical run for
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December–February (DJF) and June–August (JJA) precipitation as a function of four parameters. The area-
weighted root-mean-square error (RMSE) relative to Global Precipitation Climatology Project (GPCP) [Adler
et al., 2003] v2.2 observed precipitation climatology is shown, and over most of the range, the evolution is rela-
tively smooth (see supporting information for error bar computation). The CESM1 parameter dependence as a
function of entrainment illustrates an effect that may be important for both individual model assessment and
multimodel exploration. The sensitivity and nonlinearity of the parameter dependence are high in the low-
entrainment range. Indeed, the sensitivity of precipitation error to the range of entrainment (Figure 1a)
between zero and values approaching 1 km�1 is sufficiently strong (30–40% relative to the minimum RMSE)
to flag this as a range needing careful attention due to the strong sensitivity and likely nonlinearity. Smaller-
amplitude echoes of this behavior may be seen in other variables, although the difference between maximum
and minimum RMSE is typically around 15% (range from 5% for JJA ke to 30% for DJF α). The RMSE range and
25th–75th percentiles from an ensemble of 36 CMIP5 models (Figure 1e) indicate that a criterion of lying within
the range of thesemodels in this RMSEmetric would not exclude any portion of the parameter ranges. A single
RMSE metric is of course an incomplete assessment of the historical simulation (and there are often trade-offs
amongmetrics, e.g.,Neelin et al. [2010]). The question here is whether coordinationwith evaluation of sensitivity
under global warming might highlight parameter ranges most in need of additional constraint.

4. Sensitivity of Projected Changes Under Global Warming

Figure 2a shows the projected change in the precipitation climatology for JJA for 2081–2100 relative to the
1986–2005 base period under the RCP8.5 scenario for CESM1 standard parameters. It is highly consistent with
the CCSM4 precipitation change pattern in the 1° resolution version in the CMIP5 archive. CESM shows strong
positive precipitation trend in the equatorial Indian Ocean for DJF and in the Pacific ITCZ and southeastern
Asia for JJA. A negative precipitation trend is projected as expected over much of the Subtropics but orga-
nized with intense reductions in certain regions, typically along the margins of the convection zones where
precipitation has shifted.

Figures 2b–2e shows examples of the sensitivity of projected precipitation change under RCP8.5, for JJA as a
function of four parameters. The sensitivity is illustrated as the difference across a feasible range for each

Figure 1. Parameter dependence in CESM1 for historical runs of the coupled climate model (1986–2005). RMSE of precipi-
tation for DJF, JJA, and annual average climatologies, respectively (with respect to GPCP, in mm/d) as a function of (a) the
deep convective entrainment parameter dmpdz (10�3m�1); (b) the deep convective timescale parameter τ (minutes); (c)
downdraft fraction α; (d) evaporation efficiency ke (10

�6(kgm�2 s�1)�1/2 s�1). The vertical line on each parameter axis
indicates standard case values. (e) RMSE range (whiskers) and 25th–75th percentiles (bars) from the CMIP5 ensemble for
the same time period.

Geophysical Research Letters 10.1002/2016GL069022

BERNSTEIN AND NEELIN PARAMETER SENSITIVITY OF RAINFALL CHANGE 5843



parameter. In other words the precipitation change for 2081–2100 relative to the 1986–2005 base period is
calculated for the lowest value of the parameter and again for simulations with the highest value of the para-
meter and then the difference between these two projections is presented in the figures. The ideal case would
be if the amplitudes of these differences between projected changes would be much smaller than the pro-
jected change itself. Unfortunately this is far from being the case. For each of the parameter perturbations
across the respective feasible range, differences in the end of century projections for global warming precipita-
tion change regionally exceed 3mm/d. The typical amplitude of difference in projected change in precipitation
across the feasible parameter range is thus as large as the signal that climate models seek to predict.

These differences in precipitation projection across parameter ranges are comparable to differences among
CMIP5 model precipitation projections (see, e.g., Collins et al. [2013] and supporting information Figure S2).
This suggests that differences in projected precipitation change obtained by parameter perturbation in a sin-
gle model in Figures 2b–2e can serve to a substantial extent as a prototype for the differences encountered
among different models. If poorly constrained parameter ranges within a single model can yield such differ-
ences, then it is not surprising that an ensemble of models that have undergone different development

Figure 2. (a) Precipitation (mm/d) change for 2081–2100 relative to the 1986–2005 base period under the RCP8.5 global warming scenario for CESM1 standard
values for JJA. Differences in projected JJA precipitation change (mm/d) under global warming (2081–2100 relative to the 1986–2005 base period) for simulations
done with different parameter values. Differences are across the feasible range for each parameter: (b) entrainment (case at 2 × 10�3m�1 minus case at 0m�1); (c)
deep convective adjustment time (240min case minus 30min case); (d) downdraft fraction (0.75 case minus case at 0); (e) evaporation efficiency
(10�7(kgm�2 s�1)�1/2 s�1 case minus 10�5(kgm�2 s�1)�1/2 s�1 case). Stippled areas pass a t test at the 95% level.
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choices for a similar set of physical processes should yield differences in projected precipitation patterns. An
advantage of the perturbed physics ensemble, relative to a multimodel ensemble, is that here the physical
process responsible for each sensitivity pattern is known. Furthermore, the sensitivity of different portions
of the parameter range can be assessed and the implications of each portion of the parameter range for
quantities that can be constrained against observations in current climate can be examined.

These leading effects in the hydrological change as a function of parameter tend to occur on time scales that
are relatively short compared to deep ocean equilibration. For the examples shown in Figure 2, the strong,
statistically significant signal due to the parameter dependence is established with only modest differences
in global average temperature change and only modest differences in the base period global average
temperature difference.

5. An Example of a Dangerous Range and Potential for Uncertainty Reduction

The sensitivity seen across the feasible ranges in Figures 2b–2d is not necessarily evenly distributed as a func-
tion of parameter. There are indications from other model systems that the parameter dependence can be
smooth but with substantial nonlinearity, e.g., a large quadratic component, for metrics of climatology and
global warming change [Neelin et al., 2010; Sanderson, 2011; Bracco et al., 2013; Zamboni et al., 2014]. In
the case of global warming change, a different measure of sensitivity must be used than the RMSE relative
to observations shown for climatology (Figure 1). Using RMSE relative to the standard case would privilege
one particular parameter setting.

Here we propose a measure that does not assume a form of the nonlinearity and does not privilege the stan-
dard case: the projection of the precipitation change ΔP(μ)with respect to each parameter μ, onto the spatial
pattern for the sensitivity identified by the difference across the feasible range ΔPdiff. This is given by: hΔP(μ)Δ
Pdiffi/RMS(ΔPdiff), where ΔPdiff =ΔP(μmax)�ΔP(μmin), h i denotes area-weighted spatial averaging, and RMS( )
denotes the spatial root-mean-square across the region of interest, here global. The difference in this mea-
sure across the feasible range yields RMS(ΔPdiff), while the parameter dependence of the measure shows
how this spatial pattern of sensitivity is distributed across the range. Figure 3 shows this measure for each
parameter (see supporting information for error bar computation). Strong nonlinearity is seen for entrain-
ment, with high sensitivity in the low-entrainment range. In contrast, the convective timescale has a relatively

Figure 3. Spatial-projectionmeasure of parameter sensitivity for JJA, DJF, and annual average global warming precipitation
change ΔP (difference of the 2081–2100 average relative to 1986–2005): ΔP at each value of the parameter, projected on
the spatial pattern of the sensitivity across the whole range (units mm/d; y axis scaling is the same for each panel):
(a) entrainment (10�3m�1), (b) convective timescale (minutes), (c) downdraft fraction, and (d) evaporation efficiency
(10�6(kgm�2 s�1)�1/2 s�1).
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linear parameter dependence, since sen-
sitivity across the full range is compar-
able in magnitude. Downdraft fraction
and evaporation efficiency exhibit inter-
mediate degrees of nonlinearity. Ranges
in which a disproportionate share of the
sensitivity arises deserve special scrutiny.
As a shorthand, we use the term “dan-
gerous ranges” for such strongly sensi-
tive, nonlinear parameter ranges.

Although the spatial projection metric in
Figure 3 captures leading behavior, it is
not a full measure of the nonlinearity in
spatial pattern. Figure 4 thus shows
spatial patterns for the sensitivity of
precipitation change across portions of
the parameter range in entrainment dis-
cussed above. Figure 4a shows the differ-
ence across the full range for reference (as
in Figure 2b). Figure 4b shows the differ-
ence in ΔP across the dangerous, low-
entrainment range, while Figure 4c shows
the difference in projections of ΔP across
the entire remainder of the range. The dif-
ference across the dangerous range in
Figure 4b is almost comparable to the dif-
ference across the full range. Figure 4c
shows how dramatically the uncertainty
associated with this parameter could be
reduced if constraints based on consis-
tency with observations in the historical
period can eliminate the low-entrainment
range. This points to a large potential for
uncertainty reduction.

The entrainment example in Figures 3b
and 4 illustrates another important fac-
tor: that in at least some cases a range
with strong sensitivity for global warm-
ing hydrological cycle change can corre-
spond to a sensitive, nonlinear range for
hydrological cycle variables in the cur-
rent climate, as seen in Figure 1a. This
was also found in a parameter affecting

the onset of deep convection in the International Center for Theoretical Physics model [Neelin et al., 2010;
Bracco et al., 2013]. When this occurs, constraints from the current climate can potentially be brought to
bear. Figure 1a shows that error in the climatological precipitation field relative to observations is one
metric that suggests that the low-entrainment range is less consistent with observations in the current
climate. Earlier versions of the CESM atmospheric component (Community Atmosphere Model version 3)
[Collins et al., 2006], which was included in CMIP3, used nonentraining deep convection, so the low-
entrainment range has been considered plausible and cannot be dismissed a priori. However, work on
statistics for the relationship of the onset of deep convection to free tropospheric moisture and
temperature provides mounting evidence that use of the low value of entrainment is inconsistent with
observations [Holloway and Neelin, 2009; Jensen and Del Genio, 2006; Sahany et al., 2012]. This includes

Figure 4. Sensitivity of projected precipitation change (mm/d) for JJA
under RCP8.5 (2081–2100 to 1986–2005), but as measured by (a) the
difference across the entire feasible range, between entrainment parameter
case dmpdz = 2 × 10�3m�1minus the case at dmpdz = 0; (b) as in Figure 4
a but just across the dangerous range, dmpdz = 0.5 × 10�3m�1 minus
the case at dmpdz = 0; (c) as in Figure 4a but for a reduced range,
dmpdz = 2 × 10�3m�1 minus the case at dmpdz = 0.5 × 10�3m�1, i.e.,
excluding the dangerous range. Stippled areas pass a t test at the 95% level.
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assessment of convective onset against observations in versions of CESM [Sahany et al., 2012, 2014] that
weigh strongly against the low-entrainment range. These fast-process diagnostics at the timescale of
the parameterized process complement metrics from the climatology, such as seen in Figure 1a. The
entrainment parameter thus provides an example where parameter perturbation identifies a range that,
if eliminated, results in substantial reduction in the contribution of that parameter to the uncertainty of
projected precipitation change, highlighting the usefulness of such observational efforts to further con-
strain this range.

6. Discussion and Conclusions

To understand and constrain the uncertainty for global warming hydrological cycle quantities, it is useful to
assess uncertainties associated with each model parameter. Here we use a branch-run methodology in
CESM1 to provide an estimate of this that is directly associated with the historical and a commonly evaluated
global warming projection scenario, RCP8.5. Short 30 year runs, of which 20 years are evaluated here to
permit 10 years of equilibration, give sufficient statistical significance on precipitation climatology to evaluate
parameter sensitivities where they are large in the sense of being a substantial fraction of the signal
being predicted.

In the historical period, precipitation patterns exhibit considerable sensitivity to each parameter, with local
changes exceeding 3mm/d. However, in terms of RMSE relative to the GPCP observational estimate, indivi-
dual parameters can contribute to increases or decreases in the RMSE within their individual ranges typically
on the order of 15% which would not necessarily exclude versions of the model with any of the parameter
settings from being included in amodel ensemble such as CMIP5. Indications of nonlinearity in the parameter
dependence may nonetheless be noted within the historical period.

The key focus here is on the parameter dependence of the end of century projections for global warming
precipitation change for the coupled model. Across the feasible range for each parameter, differences in
the projected global warming precipitation change have values comparable to the projected change itself.
Regional differences in the projected precipitation change, especially in the tropics, exceed 3mm/d, which
is comparable to differences in global warming predictions among the CMIP5 models. While PPE do not
sample structural differences in parameterizations as would occur in an ensemble of different models, and
it is highly possible that parameter perturbations in other parts of the physics could contribute comparably.
It is clear that uncertainties in the deep convective parameters contribute substantially to the uncertainty in
projections of future precipitation change in this model.

Within the feasible range for certain parameters, this sensitivity can be distributed nonlinearly. In particular,
differences across the low-entrainment range for the deep convective scheme are disproportionately larger
than changes across the remainder of the feasible range. As a metric of this, we compute a projection of the
global warming precipitation change at each parameter value onto the spatial pattern of this change eval-
uated across the entire feasible range. In other words, we choose a single key spatial pattern important to
the uncertainty for each parameter and ask how the contributions of this are distributed as a function of
parameter. Parameter ranges that exhibit strong sensitivity relative to the a priori constraints that set the
feasible range can contribute disproportionately to uncertainty, and thus termed dangerous ranges. The
low-entrainment range in this model provides an example of such a dangerous range. The uncertainty asso-
ciated with this parameter can be substantially reduced (by roughly 80% across one eighth of the feasible
range) if this dangerous range can be excluded. Evidence from the RMSE with respect to current precipita-
tion climatology evaluated here, and constraints from fast-process diagnostics for the onset of convection
[e.g., Sahany et al., 2012, 2014] suggest that this low-entrainment range should indeed be excluded. For the
other parameters presented here, one was sensitive but with a relatively linear distribution across the
feasible range, and two exhibited substantial nonlinearity, although less drastic than that seen in entrain-
ment. As a rule of thumb, 40% of the uncertainty across a small fraction of the feasible range (e.g., less than
one quarter, which would imply double the slope within the dangerous range than within the remainder)
would be a reasonable criterion to flag a range for special scrutiny. Because the global warming preci-
pitation change appears to be particularly sensitive to parameter perturbation, we argue that it is worth-
while to standardly estimate this at the same time as evaluating parameter-dependent behavior in
current climatology.
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Identification of such dangerous ranges, where they exist, in multiple parameters and potentially in multiple
models can help to pinpoint the behavior ranges of physical processes that should be priorities for additional
observational constraint. The indications are that multiple parameters can contribute to hydrological cycle
sensitivity. While narrowing the overall spread in a multimodel ensemble should be expected to be a gradual
process, the dangerous ranges potentially represent the low-hanging fruit.
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