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Figure 3. Sub-sampling (solid circles) from the total training data
(opaque points) for the rCRE emulator ensemble members with the
(top) lowest and (bottom) highest root mean square error (rmse) in
predicting the validation data. The rmse values are 0.010 and 0.024,
respectively.

To limit the repeated use of data points, we relate the number
of ensemble members nensbl, or random seeds, respectively,
to the number of training data points for the individual emu-
lators ntrn such that no more than 50% of the total available
training data n

tot
trn will be used:

nensbl =
n

tot
trn

2ntrn
.

We characterize an individual emulator within the emula-
tor ensemble by its root mean square error (rmse) in predict-
ing the validation data. We characterize the emulator ensem-
ble as a whole by a weighted mean µ, where the weighting w

Figure 4. Standard deviation of individual rCRE emulator ensemble members obtained using different sub-samplings, as a function of the

number of training data points. The number of ensemble members is indicated at the top of the plots. Orange lines, boxes and whiskers

correspond to the median, upper and lower quartile, and 5th and 95th percentile of the distribution of standard deviations in the emulator

ensemble.

We characterize an individual emulator within the emulator ensemble by its root mean square error (rmse) in predicting the

validation data. We characterize the emulator ensemble as a whole by a weighted mean µ, where the weighting w depends on

the rmse of the individual emulators:

µ =

P
i wixiP

i wi
with wi = 1

rmsei min(rmse)
max(rmse) min(rmse)

. (3)

For the example of the rCRE emulator shown in Figure 5, Figure 3 illustrates the best and worst sampling within the ensemble5

as quantified by the rmse of the corresponding individual emulators.

Figure 4 shows the spread of emulator rmse that are obtained when varying the number of training data points ntrn used to

build an emulator ensemble. The median rmse tends to decrease with an increasing number of data points, while the number

of ensemble members decreases commensurately. As a compromise between the quality of individual emulators and ensemble

statistics we choose ntrn = 50.10

4 Emulators for rCRE, cloud albedo and cloud fraction

Figures 5 and 6 demonstrate the successful application of our emulator ensemble technique to derive surfaces of rCRE, Ac and

CF (all determined using a threshold of ⌧ > 1) as a function of LWP and N from the multi-timeseries data shown in Figure 1.

The emulated surfaces successfully predict simulation outcomes (validation data) that were not used in creating the emulator

(training data) as shown by scatter plots and data points in the figures.15

In accordance with Equation 1, the shape of the emulated rCRE surface follows from the surfaces of cloud albedo and cloud

fraction (Figure 6, a,c). Cloud fraction generally decreases with decreasing LWP as the Sc deck entrains and thins until the
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Figure 4. Standard deviation of individual rCRE emulator ensemble
members obtained using different sub-samplings, as a function of
the number of training data points. The number of ensemble mem-
bers is indicated at the top of the plots. Orange lines, boxes and
whiskers correspond to the median, upper and lower quartile, and
5th and 95th percentile of the distribution of standard deviations in
the emulator ensemble.
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