Dear Editors,

Please consider our revised manuscript of “A spectral nudging method for the ACCESS1.3 atmos-
pheric model” for publication.

We thank the reviewers for taking the time to review our manuscript and for their valuable feed-
back. We have taken each comment into account and believe the revised manuscript is much im-
proved with these modifications.

In addition to the reviewer comments, we have made a few minor corrections to the manuscript.
One change to note is that originally Figs. 1, 2 and 3, panels (c) and (d) had results from the simu-
lations with filter length scales of lambda=0.03 and lambda=0.1 respectively rather than the 0.1
and 0.2 quoted in the caption. These figures have been updated to correctly use lambda=0.1 and
lambda=0.2. This change does not affect any of analysis or conclusions in the paper. We apolo-
gise for this oversight in the original manuscript.

Another note is that Peter has added his affiliation with the Environmental Change Institute at the
University of Oxford, and changed his correspondence email. Please let us know if that causes any
problems.

Please see below our response to each of the reviewer comments. Note that page and line num-
bers refer to the manuscript rather than the document with tracked changes.

Best Regards,
Peter and Marcus

Response to Anonymous Reviewer #1:
General comments:

This paper describes a new spectral nudging scheme that has been implemented in the ACCESS
climate model in order to constrain the model toward ERA-Interim (ERAI) reanalysis. The spectral
nudging approach applies a low-pass spectral filter so that only large spatial scales are con-
strained. This filtering approach offers flexibility compared to Newtonian relaxation methods by al-
lowing for the selection of the length scales as well as temporal scales to nudge. Since it is compu-
tationally expensive, the authors test implementations of 1-D filters compared to 2-D filters, as well
as reducing the frequency that nudging is applied. Their analysis compares 500 hPa temperature
between ERAI and several simulations including control (not nudged), Newtonian relaxation nudg-
ing, and 1-D and 2-D spectral nudging with several length scales. Based on their analysis, they
conclude that using 1-D filters applied first in the meridional then zonal direction, and nudged once
per hour, is the optimal, computationally efficient configuration.

The topic of the paper is a good fit for the scope of the journal. The description of the methods and
results are clear. And the experiment design, testing several length scales and soft vs. hard nudg-
ing, is appealing. However, the analysis is very limited and only evaluates the impact of nudging on
one model field (600 hPa temperature). Major revisions, providing much more detailed evaluation
of the impact of this nudging approach on the simulated results, would be a greater benefit to the
scientific community.

Observationally constraining a climate model, as is done here, implies a balance between (a)
keeping the model state close to that of the host (ERAI) and (b) allowing the model to behave as it
would in a “free-running” mode. The balance between (a) and (b) depends on the application. For
example, Zhang et al. [2014] evaluate the use of nudging for aerosol-climate studies and find an
undesirable impact of nudging on cloud and precipitation processes when strong temperature
nudging is included, therefore suggesting only nudging horizontal winds for these types of studies.
Jeuken et al. [1996] discusses in detail the implications for what variables are nudged and what
relaxation times are used, identifying important considerations including: (1) how well the nudged
fields (e.g. T, U, and V) match the reanalysis, (2) the magnitude of nudging tendencies (model forc-



ing) compared to model physics tendencies, and (3) the impact of nudging on unconstrained model
fields (e.qg. humidity, cloud water content, precipitation, etc.).

In this study only (1), how well the model is constrained, is evaluated, and only for 500 hPa tem-
perature. For any application of this approach, it would be helpful to understand its impact on (2)
model tendencies and (3) unconstrained model fields. The flexibility to nudge only large-scale fea-
tures likely has benefits for reducing impacts on model behavior that can result from Newtonian
relaxation methods, while still constraining circulation and meteorology. It is recommended that the
analysis here be expanded beyond just evaluating 500 hPa temperature.

Response:

Although the original manuscript was focused on verifying that the scale-selective filter worked as
designed, we acknowledge the reviewer’s advice that the manuscript requires more evaluation so
that the reader can better understand the implications of the technique. We have expanded our
analyses to include T,U and V on 850, 500 and 250 hPa levels in section 3.1.1. This shows that U
and V are also well constrained by the nudging and also depicts how errors over land become
more pronounced as we approach the surface, due to differences between ERAI and ACCESS'’s
land-surface parameterisation and topography. On the advice of the reviewer, we have also added
a new section 3.1.2 with analysis of unconstrained variables, precipitation and mean sea level
pressure. These fields were chosen as they are well constrained by observations. As suggested
by the reviewer, we indeed find that the spectral filter has advantages with rainfall compared to the
Newtonian relaxation.

Unfortunately, the particular version of ACCESS used for the experiments did not support output
for model tendencies, although we have investigated the behaviour at diagnostic grid points.
However, we feel that the comparison with the control (non-nudged) experiment provides similar
information in-so-far as to where ERA-Interim and ACCESS disagree and therefore where the
model tendencies would be the greatest (i.e., as for air temperature). We have added a sentence
in section 3 (page 11 line 22) to clarify the use of the control simulation in reference to model ten-
dencies, and we compare nudged simulations with the control simulation throughout the text.

We appreciate the reviewers comments on the design of the scale-selective filter and which fields
to nudge. The Kanamaru and Kanamitsu reference that we mentioned also raises similar issues.
We elected to stay consistent with the Telford approach and constrain ©, U and V, which is a popu-
lar choice with many models. Although we agree that Newtonian relaxation can be detrimental for
cloud and precipitation processes, we found that this issue was reduced for the spectral filter case
and thank the reviewer for suggesting this analysis. This discussion is addressed in section 2.4
(from page 10 line 20) and we thank the reviewer for the additional references.

Specific comments:

1.

Page 6686 - line 17: A more detailed description of how ERAI was interpolated and prepared for
the ACCESS grid would helpful. Vertical interpolation can create artifacts due to differences in
model/reanalysis topography that can impact lower pressure levels high above the surface. Its
possible the high temperature RMSE over mountain regions shown in Figure 1 is the result of
topographic differences that were not properly accounted for in the interpolation scheme. How
were ERAI and ACCESS topographic differences accounted for? What type of horizontal and verti-
cal interpolation was used for temperature and winds? More description of the ERAI regridding
procedure is needed.

The reviewer raises a valid point regarding the vertical interpolation method. For comparison with
the original UM nudging paper by Telford et al, we elected to retain the same vertical interpolation
that is based on a piece-wise linear interpolation based on the log of the pressure. No special
treatment for orography was included for consistency with Telford et. al. Nevertheless, we have
tried to highlight the problem in the revised text (page 10, line 10, page 20 line 8) and acknowledge
that this issue needs to be addressed in future work. This additionally includes comments on other
methods such as exploiting the lapse rate to correct air temperature, such as that used by the



Thatcher and McGregor reference. We have also added the information that ERAI data was inter-
polated to the ACESS horizontal grid using a bicubic interpolation method (page 10 line 5).

2.

Page 6687 - line 25: Figure 2 shows the “difference in variance of air temperature”, but it is not dis-
cussed why this is a useful metric to evaluate or why the annual variance is too large in the control
simulation and generally too small in the nudged simulations. A potentially more useful metric to
quantify the degree to which ACCESS is constrained to ERAI would instead be the “variance of the
difference in air temperature”, which would show how nudging constrains the model to vary in the
same way as ERAI, rather than just the amount of annual variability. Otherwise, more discussion is
needed to clarify and explain the results shown in Figure 2.

Our aim in the original manuscript was to highlight the impact of nudging on the variance of fields
as well as the mean behavior. We have analysed the variance of the difference, but we found that
the errors were similar in spatial patterns and magnitude as was shown for the RMSE plots in fig-
ure 2. For this reason we felt that the difference in variance plots showed that the non-nudged
ACCESS model underestimated this behavior and was somewhat corrected by the nudging. We
have attempted to clarify the purpose of looking at the difference of the variance in the in the re-
vised manuscript (from page 13 line 19).

3.
Page 6689 - line 1: It could be useful to show the map of RMSE with 2D and 1D filters (as in Figure
1) to justify that not only global mean error is similar, but the spatial distribution as well.

For the purposes of the manuscript we thought that showing zonal averaged RMS differences in
figure 3 was the clearest way to represent the differences in spatial distribution of the 1D filters as
the output from the two versions of the 1D filter and the 2D filter can be quite similar when viewed
as a map. After consideration of the reviewer’s comment, we have decided that it is helpful to
modify figure 3 (now figure 7) to show the zonally averaged RMSE relative to ERAI rather than rel-
ative to the 2D filter, and also include the RMSE of the 2D filter in this plot. This shows how similar
the three methods are, apart from in the high latitudes. The text for section 3.2 was adjusted to re-
flect the modification of this plot (from page 16 line 15).

4.

Page 6689 - line 9: Figure 4 shows RMSE levels off after 4 days. Were these first few days includ-
ed in the subsequent analysis (all other figures) or was there some spin up time before the analy-

sis period? Spin up is usually needed, and these differences between the initial conditions and re-
analysis should not be part of the nudging evaluation.

Although we attempted to keep the experimental design simple for the reader, we acknowledge
that the spin-up issue may be of some concern. To address this point, we have regenerated the
plots and recalculated other values after omitting the first 10 simulation days, which avoids any
spin-up problem. The results are very similar to those shown in the original manuscript and do not
affect any of the conclusions of the manuscript. The text in the manuscript has been modified to
reflect the different period of analysis (page 12 line 1).

5.

Page 6690 - line 7: A figure simply showing the difference between ACCESS simulations and ERAI
could be helpful for illustrating that spectral nudging errors are random (positive and negative) and
Newtonian relaxation is systemically warmer. What is the reason for this difference in the structure
of errors with different approaches? Is this a result that is expected with the different implementa-
tions of nudging?

We acknowledge the reviewers comments regarding the confusion on the issue of systematic vs
random errors. In the text, we were attempting to illustrate a possible situation that would result in
one simulation having lower RMSE but greater GAE or vice-versa. We don’t believe that these er-
rors are a systematic result of the nudging and have removed this sentence to avoid confusion. We



have also changed our statement around the GAE to make it clear that when we look at different
variables and different levels, the GAE does not always respond in the same way. In addition to
this, we have made the point that for the control simulation, the standard deviation of the time se-
ries of the GAE is 0.7 K (page 14 line 7). This shows that the fluctuation of the errors in the control
climate is much greater than the magnitude of any of the mean GAE values shown, so the GAE
biases in the nudging simulations may reflect the behaviour of the control climate.

6.
Page 6690: It would be helpful to add the control results to Table 1 and include
RMSE and GAE for U and V as well.

Thank you for these suggestions. We have included the control simulation results. We have also
expanded Table 1 to include 250, 500 and 850hPa levels. We have added additional tables 2 and 3
for the results of U and V respectively.

7.
Do RMSE and RMS (Figures 1 and 3) show a similar result for horizontal winds? What do the er-
rors look like for other pressure levels higher and lower in the atmosphere?

As discussed in the general comments, we are happy to address the reviewers comments with the
inclusion of T, U and V errors for 250, 500 and 850 hPa levels. We have now included maps of
RMSE for T at 250, 500 and 850 hPa in figures 1,2 and 3 respectively. The plots show an increas-
ing difference between ACCESS and ERAI closer to the surface, likely to be arising from differ-
ences in the representation of land-surface processes and the topography, as well as because the
bottom most levels are not nudged. We have produced similar maps for U and V, however decid-
ed that adding these did not add significantly to the manuscript compared to just showing the maps
for T. The comparison between simulations for U and V is instead summarised in tables 2 and 3.
These results are analysed in section 3.1.1 (from page 13 line 7).

8.

What is the magnitude of the nudging tendencies compared to model physics and
dynamics tendencies? How much influence do model physics have on the simulation
when nudging is applied?

As mentioned in the general comments, we acknowledge the reviewers interest in showing the
model tendencies. Although this information was not available in the output of ACCESS in the ver-
sion of the model we used, we instead tried to convey similar information from the comparison with
the control experiment. For example, there is a temperature bias in the control run that the nudg-
ing tendencies will need to correct. Since the magnitude of this temperature error is reduced sig-
nificantly by the nudging for 250 and 500 hPa levels, the nudging tendencies need to be significant
compared to the tendencies arising from the rest of the simulation. For temperature at 850 hPa
where the nudging doesn’t have as strong an influence, is is clear that the model tendencies are
dominating.

It was our intention to try to keep the analysis based on fields that are reasonable well constrained
by observations and use the control experiment to explain where the nudging is making significant
changes to the non-nudged model evolution. We have added a sentence in section 3 (page 11 line
22) to clarify the use of the control simulation in reference to model tendencies, and we compare
nudged simulations with the control simulation throughout the text. We hope this addresses the
reviewer’s concern.

9.
How does the implementation of nudging impact convection, clouds, precipitation, surface fluxes,
TOA radiation, etc.?



We thank the reviewer for their advice on analyzing the unconstrained fields. This is an effective
test of how the non-nudged components of the model respond to the nudged fields. We prefer to
concentrate our analysis on fields that are well constrained by observations and that are relatively
easy to compare between models. So to that end we have concentrated our additional analysis on
precipitation and mean sea-level pressure, which somewhat reflect the implications for convection,
etc. The results for precipitation suggest that the scale-selective filter may have an advantage
over the Newtonian relaxation in that case. This is addressed in section 3.1.2 with additional fig-
ures 5 and 6 presenting maps of RMSE for mean sea-level pressure and precipitation respectively.

10.
Page 6690 - line 5: Should it be A = 0.2 instead of 0.1?

Thank you for this question. We can see that our purpose for this sentence could be clarified, so
we have replaced it with a more general statement in section 3.1.1 (page 14 line 17): “The GAE
can also have the opposite trend to RMSE. An example of this is shown for T in Table 1, where the
hard relaxation nudging simulation, has a smaller RMSE but a larger magnitude of GAE compared
to the hard spectral nudging simulations.”

Response to Anonymous Reviewer #2
General Comments:

This paper describes the implementation of the spectral nudging method described

in Thatcher McGregor (2009) to the ACCESS1.3 model (which uses the Met Office
Unified Model vn7.3 as its atmospheric GCM). This development makes use of the
code existing from the work by Telford et al (2008) which implemented a Newtonian
relaxation nudging method at an earlier Unified Model version. ERA-Interim reanalysis
is used to drive the model. The experimental design is sound, and the technique, which
allows for variations in the length scale of the nudging, is desirable in a model such as
the UM.

The paper is well written and has an appropriate number of references. The various
methods of nudging (occasionally known as "specified dynamics") are also concisely
explained and clear, and the reasoning for the use of a 1D filter to approximate a 2D
filter is sound. However, the use of 500hPa air temperature as the only evaluation
variable is not sufficient and the results section should be greatly expanded to present
results from a number of variables. It is important that the variables include those which
are directly affected by the nudging, and others (such as mean sea-level pressure or
precipitation) which are not.

Thatcher and McGregor presented analysis of 5 variables (surface pressure, mean
sea-level pressure, zonal wind, meridional wind, and air temperature), mainly presented
in tables or as a change in the variable with time. Telford et al examined 6

(potential temperature, zonal wind, vertical wind, surface pressure, precipitation, and
specific humidity) presented these as a mixture of tables, column plots, lat/long plots,
and zonal-mean plots.

The model set up here is similar to Telford et al, where a set year-long integrations are
performed. In Telford et al data was presented for October, January, and July, rather
than as annual means. Given the similarity between this study and Telford et al (in
terms of the model set up) | am surprised that a more detailed analysis similar to that
presented in Telford et al was not performed.

Major revisions to the analysis section are required before this paper is suitable for
publication in GMD.



Response:

We thank the reviewer for their comments on the manuscript. Although our original aim was to fo-
cus on analysis that depicted the correct functioning of the spectral filter, we acknowledge that the
manuscript could be improved by extending the analysis to other fields and other levels. We have
expanded our analyses to include T, U and V on 850, 500 and 250 hPa levels in section 3.1.1. This
shows that U and V are also well constrained by the nudging and also depicts how surface errors
(i.e., over land) become more pronounced as we approach the surface due to differences between
ERA-I and ACCESS'’s land-surface parameterisation and topography. On the advice of the re-
viewer, we have also added a new section 3.1.2 with analysis of the unconstrained variables, pre-
cipitation and mean sea-level pressure. These fields were chosen as they are well constrained by
observations. This has been useful advice as the precipitation errors help to distinguish the scale-
selective filter and Newtonian nudging methods. We have elected to continue with the annual
analysis as it provides a slightly different perspective to the Telford et. al. work.

Specific comments:

1.

p 6682, line 10/p. 6686, line 20: while the behaviour of a is defined for the lower part of the at-
mosphere (near the boundary layer), what is not defined is how a is changed near the top of the
atmosphere. The top panel from Figure 1 of Telford et al (nudging cut-off at level 50) would not
apply here as ACCESS1.3 is in a 38-level configuration. Does the nudging occur all the way to the
top of the model.

We thank the reviewer for pointing out that we have not properly explained the behavior of a in the
upper atmosphere. We have indeed applied the nudging all the way to the top of the model, al-
though ramping down the nudging over the last three levels. This information is now included in
section 2.4 (page 11 line 6).

2.
p 6682, line 19: As the model description section does come until 2.4, it is unclear why the re-
analysis resolution has been changed to 1.875° x 1.25° until we learn that.

The reviewer raises a valid point regarding confusion about the change in our reanalysis resolution
compared to that used in Telford et. al. We chose this resolution to reflect the resolution of the
ACCESS1.3 atmospheric grid. The statement about resolution of the ERAI reanalysis has now
been moved from section 2.1 to the model description section (page 10 line 5) to avoid this confu-
sion.

3.

p 6701, Figure 4: It is clear from this figure that there is a spin-up period of around 5-10 days or so.
It is unclear if this spin-up period is also included in the other plots, which are all annual means.
This could have an effect on these results. It would have been better to have performed a 13-
month simulation and only used the final 12 months, or to take the approach of Telford et al and
focus on specific months.

It was our original intention to keep the methodology simple in the original manuscript. However,
we appreciate that the spin-up issue raises several questions regarding the results. To this end we
have removed the first 10 days of the simulations from the analysis (with the exception of the
monthly precipitation analysis), to avoid the spin-up issue. This is explained in section 3 (page 12
line 1). We have not seen any significant change in the results or for the conclusions of the paper.



We think this addresses the reviewer’s concern, without complicating the description of the exper-
imental design.

4.

p 6691, section 3.4 (Nudging period): | would suggest that this section should come before the
preceding results sections, as it explains why the choice of 1-hour (*hard nudging”) has been used
throughout this paper (whereas e.g. Telford et al used 6-hour "soft nudging”).

Thank you for making this point. We would like to clarify that section 3.4 explains the choice of 1
hourly application of the nudging correction (nudging period) as opposed to the 1 hour e-folding
time (“hard nudging”). We will address the point of why we chose hard nudging as a separate issue
to the order of the sections.

With regards to the order of the sections, there are a number of parameters that need to be ex-
plained and we decided that it suited the purpose of our paper to justify the use of the spectral filter
before the nudging period. To make make the choice of parameters clear earlier in the manuscript,
in section 2.4 (page 11 line 11) and section 3.3 (page 17 line 6) we refer to section 3.4 as to why
we use spectral nudging applied once an hour rather than every time-step (as per Telford et. al.).

With regards to the 1-hour e-folding time “hard nudging”, this was used in the majority of simula-
tions in this paper although we did also present some results using the “soft nudging” as used by
Telford et. al. The hard nudging was used as it is more consistent with our chosen configuration of
the scale-selective filter. Essentially we did not want to unfairly disadvantage the Newtonian relax-
ation nudging, so compared the hard spectral nudging with the hard relaxation nudging. Neverthe-
less, we acknowledge that this point should have been made more clearly in the manuscript. We
now note this point in section 2.4 paragraph 8.

Technical Corrections:

p. 6680, line 8: This should probably be "University of Cambridge, U.K.”

Thanks for this advice. We have made this correction for the University of Cambridge in the re-
vised manuscript (page 4 line 6).
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Abstract

A convolution based method of spectral nudging of atmospheric fields is developed in the
Australian Community Climate and Earth Systems Simulator (ACCESS) version 1.3 which
uses the UK Met Office Unified Model version 7.3 as its atmospheric component. The use of
convolutions allow flexibility in application to different atmospheric grids. An approximation
using one-dimensional convolutions is applied, improving the time taken by the nudging
scheme by 10 to 30 times compared with a version using a two-dimensional convolution,
without measurably degrading its performance. Care needs to be taken in the order of the
convolutions and the frequency of nudging to obtain the best outcome. The spectral nudging
scheme is benchmarked against a Newtonian relaxation method, nudging winds and air
temperature towards ERA-Interim reanalyses. We find that the convolution approach can
produce results that are competitive with Newtonian relaxation in both the effectiveness and
efficiency of the scheme, while giving the added flexibility of choosing which length scales
to nudge.

1 Introduction

Atmospheric modeling is a discipline that has impacts in many fields of scientific study as
well as everyday life. For example, numerical weather prediction (Davies et al., 2005; Puri
et al., 2013) provides us our daily weather forecasts and simulations of global climate (Tay-
lor et al., 2012) give us forewarning of possible impacts of climate change. Global climate
models are powerful tools, but they have limitations due to grid resolution, approximations
to atmospheric physical processes (e.g., convection and turbulent mixing), and also be-
cause of incomplete or imperfect datasets such as for representing land-use. Furthermore,
since the atmosphere is a chaotic system, the simulated synoptic patterns deviate from ob-
servations over time. This makes it more difficult to evaluate modeled behavior, since the
advection of tracers depends on the synoptic scale atmospheric circulation. In some cases,
to reduce biases caused by these issues, it is useful to introduce a correction to align the
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model more closely with a host model, often an observational product such as the ERA-
Interim reanalysis (ERAI; Dee et al., 2011). The process of adjusting dynamical variables
of a model towards a host model is commonly known as nudging (Kida et al., 1991; Telford
et al., 2008).

Nudging is useful for model development and scientific studies, where a more realistic
atmospheric circulation can help determine errors or feedbacks in particular components of
the model. Nudging in atmospheric models has been used to reduce the size of transport
errors of trace gases for atmospheric chemistry (Telford et al., 2008) and carbon cycle
modeling (Koffi et al., 2012), dynamically downscaling to finer resolution (Wang et al., 2004),
and generating regional analyses (von Storch et al., 2000). Two popular approaches to
nudging in atmospheric models are Newtonian relaxation (Telford et al., 2008) and spectral
nudging (Waldron et al., 1996).

This paper describes an efficient method for implementing a convolution based spectral
nudging scheme in atmospheric models, which is demonstrated using the Australian Com-
munity Climate and Earth System Simulator (ACCESS; Bi et al., 2013; Dix et al., 2013).
The spectral nudging scheme can support irregular grids, making the approach applica-
ble to a wide range of other atmospheric models. We have also significantly improved its
computational efficiency by approximating the spectral nudging using one-dimensional (1-
D) convolutions, and show that this does not degrade the performance. A convolution ap-
proach for spectral nudging using a cubic grid has previously been described by Thatcher
and McGregor (2009). However this paper differs from the previous work, as the scheme in
ACCESS has been designed to exploit the symmetries of the ACCESS latitude-longitude
grid. This paper also provides an extended analysis to compare the performance of various
configurations of nudging using Newtonian relaxation and spectral nudging.

ACCESS is a numerical model designed to simulate the Earth’s weather and climate
systems. ACCESS is used for a wide range of applications from climate change scenarios
and numerical weather prediction, to targeted scientific studies into areas such as atmo-
spheric chemistry and aerosols, and the carbon cycle. ACCESS is composed of a number
of different submodels, of which the atmospheric component is the UK Met Office Unified
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Model (UM; Davies et al., 2005; The HadGEM2 Development Team, 2011). The version of
ACCESS used in this study, ACCESS1.3, includes the Community Atmosphere Biosphere
Land Exchange model (CABLE; Kowalczyk et al., 2013) to represent the land surface. AC-
CESS often includes ocean and sea-ice components, but these components are not used
in this study. A full description of ACCESS can be obtained from Bi et al. (2013).

Nudging was originally implemented in the UM at the University of Cambridge, UK
(Telford et al., 2008), using a Newtonian relaxation method. This applies a correction to
the model at every time step, calculated from the difference between the host model and
the UM. The fields that are nudged are the key dynamical variables; © (potential tempera-
ture), U (zonal wind) and V' (meridional wind).

An alternate approach to Newtonian relaxation is spectral nudging (von Storch et al.,
2000; Thatcher and McGregor, 2009; Waldron et al., 1996). The spectral nudging scheme
builds upon and expands the already existing Newtonian relaxation nudging code in the
UM. It applies a low-pass spectral filter on the correction calculated as for the relaxation
nudging, so the correction is only applied to large spatial scales. The spectral filter is ap-
plied using a convolution with a two-dimensional (2-D) Gaussian function. A convolution
based filter was chosen rather than using a more conventional Discrete Fourier Transform,
as it is simple to implement a parallel version within the UM framework and has the po-
tential to be generalized to irregular and limited area grids. It also operates on the physical
distance between grid points, which makes it straight forward to apply consistently across
the whole globe and does not require special treatment of the poles. Spectral nudging gives
the flexibility of being able to nudge the large scale features of the model towards the host,
while allowing the small scales to be determined by the model’s own physics. Because of
this, spectral nudging is particularly useful in regional climate modeling (Denis et al., 2002;
Kanamaru and Kanamitsu, 2007; Kida et al., 1991) and dynamical downscaling (Liu et al.,
2012). In these cases, the model resolution is finer than the host model, so there is no
information to nudge the finest length scales of the model towards, preventing the effective
use of relaxation nudging.
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The paper is structured as follows: Sect. 2 covers the implementation and configuration
of nudging in ACCESS. This includes Sect. 2.1 covering relaxation nudging, then Sect. 2.2
describing the implementation of the spectral filter and the convolution method used to
implement it. A 1-D filter that approximates the 2-D filter is described in Sect. 2.3. The 1-D
filter gives significant improvements in the speed of calculating the filter and reduces the
amount of message passing. The set up of the model used for simulations presented in this
document is covered in Sect. 2.4.

The performance of the spectral nudging is analyzed in Sect. 3. This is split up into sub-
sections relating to different indicators of its performance or looking at the behavior from
different parameter choices. Section 3.1 compares the-nudged-nudged variables of the
ACCESS model with ERAI, as well as the unconstrained fields of Mean Sea Level Pressure
(MSLP) and precipitation. Section 3.2 compares the performance of the 1-D and 2-D spec-
tral filters. Section 3.3 compares a number of different nudging configurations to see how
closely they converge towards ERAI, and the effect of varying the spectral filter length scale.
Lastly, Sect. 3.4 investigates the effect of varying the period of nudging, comparing its effect
on the temporal spectrum and run times.

2 Nudging implementation

The process of nudging aims to perturb prognostic variables 1, of a model (e.g., ACCESS)
toward the corresponding variable 1y, of a host model (e.g., ERAI). The following section
relates how nudging is implemented for each of the different methods used in this paper.

2.1 Newtonian relaxation

The standard Newtonian relaxation is applied by taking the difference between v, and 1y,
Ay = 1pm — Yy, and using this to correct the model,

Ym = hm —al. (1)
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Here a € [0,1] is a dimensionless constant determining the strength of nudging. « is related
to the concept of an e folding time, which is the length of time to reduce the error by e,
where « < 1. The e folding time is At/a where At is the period of nudging. For example,
a 6h e folding time with nudging applied every half hour corresponds to « =1/12. « has
vertical dependence, and is set to zero below 1000 m (i.e., the typical planetary boundary
layer height). This helps avoid conflict between the nudging and the atmospheric model,
since the behavior of the atmosphere in the boundary layer is strongly influenced by the
land-surface, which can be different between the model and its host. o is also typically

ramped down linearly from its full strength to zero over a several model levels to reduce the
discontinuity between the nudged and non-nudged regions. It can also be ramped down

at the top of the atmosphere to avoid any conflict that may occur due to top boundar
conditions of the model.

The code used for the relaxation nudging is based on code from Telford et al. (2008)
with some modifications. The code was restructured to improve parallelism when spatially
interpolating host data and to use the ERAI dataset as the host model instead of other
reanalysis products.

2.2 Spectral nudging

Spectral nudging extends the Newtonian relaxation method by taking the correction term
and applying a spectral (low-pass) filter so that large spatial wavelengths are adjusted while
smaller wavelengths are left essentially unperturbed. The method chosen to do this is based
on Thatcher and McGregor (2009), using a convolution of At with a Gaussian function, w,
to implement the filter. However, the approach in this paper differs from previous work in
its application to the ACCESS grid, requiring different implementation of the convolution for
different underlying grids.
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The correction for spectral nudging is applied as follows:
wm — wm - O‘(Aw * w) (2)

where x is the convolution operator. The convolution is calculated on the surface of a sphere
(assumed to have radius R = 1). This results in:

tsw= [ [ 200,8yw(E 0.6 - 9)cos(o)do'dt 3)
where the Gaussian weighting function is:

1 —Ao?
w(t/ 0.6~ 9) = exp (2;) : (4)

A is the standard deviation of the Gaussian function, which is referred to as the nudg-
ing length scale. # and ¢ are the azimuthal angle and polar angle respectively, and
0" and ¢’ are dummy co-ordinates that are integrated over. b is a normalization factor,

b= [ [exp (‘A°’2> d¢'df’. Note that b is evaluated after the expression is discretized.

2\
No(0'—0,¢ — ¢) is the distance of a chord between the two points (¢’,¢’) and (6,¢):
Ao =2arcsin <§) (5)

where C(0' —0,¢' — ¢) is the Cartesian distance between the points (¢',¢') and (6,¢).
Combining and discretizing Egs. (3), (4) and (5), we get the correction that is applied by the
scale selective filter.

The ACCESS grid is horizontally decomposed into domains that are assigned to individ-
ual processors. The calculation of the convolution at any point requires a global sum. Global
information is not stored on individual processors, so the Message Passing Interface (MPI)
is used to gather the Ay arrays handled by each processor into a global array, and broad-
cast them to all processors. Each processor calculates the convolution just for its domain
using this global information.

7
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The naive implementation of the spectral filter involves a large computational effort (of
order N2 computations for N horizontal grid points). A spectral filter could be implemented
more efficiently via a Fast Fourier Transform (FFT), or a spherical harmonic transform, re-
quiring order N log, N computations, but the convolution gives much greater flexibility to be
used with different grid configurations, from the regular latitude-longitude grid to irregular or
limited area grids. To mitigate the computational effort of the convolution, a 1-D approxima-
tion to the convolution has been developed, described in the following section.

2.3 1-Dfilter

To improve the computational efficiency of the spectral nudging scheme, the 2-D convolution
can be separated into two 1-D convolutions, thereby reducing the computational effort to
order N3/2. The 2-D convolution is separated by splitting the Gaussian function into parts
that depend solely on latitude or longitude. The two integrals in the 2-D filter can then be
evaluated separately as two 1-D convolutions. The expression for the two 1-D convolutions
is equal to the 2-D convolution on a flat Cartesian grid, but is an approximation on a curved
surface such as the global latitude-longitude grid.

1
w(l/ = 0,0 = 6) = 5 w(d/ —0,0)w(0.¢' ~ 9) ©
1 ~No (0 —0,¢)? —Lo(0,¢' — ¢)°
%bexp< 0(2)\2 ))exp( 0(%2 )>, 7)

A 1-D convolution is applied in one direction, then another 1-D convolution is applied on the
result of the first convolution.

A S IOY 5 0@ — )+l ~6,0) ®

= 2/ Uw(9/>¢' - ¢)A¢(9’,¢’)COS(¢’)d¢’} w(6' —0,¢)dd. 9)

Since the integrals are computed independently, w is calculated along horizontal rows and
columns separately, not over the whole globe. Consequently, the code scales better with
8
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increasing numbers of processors. As well as computational speedup, this reduces com-
munication bottlenecks from data passed through MPI. Rather than global arrays being
broadcast to every processor, each processor only needs data passed from processors
associated with the same rows or columns of the horizontal grid.

Using this 1-D approximation, there is a choice in which convolution to apply first (i.e.,
either the zonal or meridional directions). Swapping the order of the integrals (convolutions)
results in numerically different solutions. It is found that to reduce the error it is best to apply
the convolution first along the latitudinal direction then longitudinally. This is discussed in
Sect. 3.2, which compares the different orderings of the 1-D filter with the 2-D filter.

It also needs to be noted that the 1-D spectral filter is dependent on the model grid
and the way the grid is decomposed into domains for each processor. The configuration
of the ACCESS grid allows the convolution to be computed along rows of equal latitude
or longitude and those results efficiently distributed to rows or columns of processors. This
approach needs to be modified for grids which do not have these symmetries. See Thatcher
and McGregor (2009) for an example of a 1-D spectral filter applied on a cubic grid.

2.4 Model configuration/description

This paper uses simulations of ACCESS, in the ACCESS1.3 atmosphere only configuration
(Bi et al., 2013). This uses the atmospheric model UM vn7.3, CABLE 1.8 (Kowalczyk et al.,
2013), as well as prescribed sea-surface temperatures and sea-ice concentrations. The
model horizontally uses a N96 grid (uniform latitude longitude grid with 1.875° east-west
and 1.25° north south resolution). It has 38 vertical levels which are terrain following hybrid
height levels, representing heights from 10 m to 36 km. The model was run with a 30 min
time step.

A series of one year simulations were run, starting from the 1 January 1990, each ini-
tialized in the same state, from a previous climate simulation, i.e. with an initial state un-
related to any historical synoptic patterns. The only differences between simulations were
in the nudging configuration. These short experiments were chosen to to evaluate the per-
formance of different nudging methods and choice of nudging parameters. Longer climate

9
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simulations may also provide more in depth insight into biases in the nudging scheme, but
this evaluation is beyond the scope of this paper.

The nudging component used the ERAI reanalysis product as the host model, provided
at 6 hourly intervals. The ERAI data was interpolated-onte-the-AGCESS-grid-and-linearly
interpolated temporally to each time step. It was interpolated horizontally using bi-cubic
interpolation, from its native 0.75 east-west and 0.75 degrees north-south to a resolution
ACCESS1.3 atmosphere. This is a higher resolution than the ERA-40 reanalysis used in

The ERAI dataset was interpolated vertically to the ACCGESS1.3 model levels, using
interpolation_with respect to the natural logarithm of the air pressure. Some_ nudging
orography between the simulation model and the host model (ACCESS1.3 and ERALin
temperature. However, since our goal in this manuscript is to evaluate the scale-selective
filter compared to Newtonian relaxation, we have elected to retain the original interpolation
interpolated fields is an important topic that we intend to address in further work.

Nudging was applied abeve-to potential temperature (©), zonal wind (U/) and meridional
wind (V). The choice of which prognostic variables to nudge is an important aspect

of the experiment design. Kanamaru and Kanamitsu (2007) argued that the U, V wind

components, temperature, water vapour and surface pressure all needed to be nudged
to sufficiently constrain the large scale biases of the model. Jeuken et al. (1996) also
too large. For simplicity, we have chosen to nudge the ©. U, and V_so as to be consistent
nudging the water vapour due to its potentially highly non-linear behaviour in the presence

10
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of clouds. We specifically consider whether the nudging is unbalancing the model in section
3.4 in the context of the temperature temporal spectra.

The nudging adjustment was only applied from vertical level 7, corresponding to about
1 km in height above the surface terrain. The nudging amplitude o ;-was ramped up from 0

to the full strength over 3 vertical levels so as to reduce the discontinuity between nudged
and non-nudged parts of the atmosphere. o was also ramped down over the top 3 vertical
levels of the model.

The parameters varied in the experiments were the nudging method, nudging period,
maximum nudging strength, and spectral filter length. The relaxation nudging is always ap-
plied every time step, and the spectral filter can be applied at frequencies that are multiples
of the time step and divide into 6 h (e.g. 0.5, 1, 2, 3 or 6 h). Most spectral nudging simulations

Simulations presented use a maximum nudging strength corresponding to either a one
hour e folding time (referred to as hard nudging) or six hour e folding time (referred to as soft

nudging). We note that soft nudging is used in Telford et al. (2008) and is a common choice
for relaxation nudging. In this paper we find it useful to compare soft relaxation nudging with

the soft spectral nudging and hard relaxation nudging with hard spectral nudging. Simula-
tions were run with a range of filter length scales, from 0.03—-0.5 radians.

3 Results and discussion

To determine the performance of the spectral filter, we look at the nudged runs compared
with ERAI, as well as comparing with a control simulation without nudging. The QQ/[IA'[LQJ

Wmmanaw% was conducted HHH
cases-on-the-air temperature-fieldon the nudged air temperature and wind fields, mea-
sured on a-ptane-planes of constant pressure at 250, 500 and 850 hPa. Note that although
the potential temperature © is nudged, we actually evaluate the the air temperature 7,

11
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when comparing the _simulated results with ERAI. Two unconstrained fields, MSLP and
After_describing the impact_of nudging in_section 3.1, we compare different
implementations of the 1-D and 2-D spectral filters in_section 3.2 and then evaluate the

3.1 Analysis of mean state and variance in the nudged model
3.1.1 Effect of nudging on nudged atmospheric fields

Figure 1 shows the spatial distribution of root mean squared error (RMSE) at 250 hPa for
different ACCESS simulations, where we are defining the error as the difference between
ACCESS and ERAland-caleutating—it-. It is calculated over one year of simulation apart
from the first 10 days, for the 6 hourly intervals the ERAI data is provided on. For these
plots, a control simulation with no nudging is compared against simulations using relaxation

nudging and spectral nudging. The different behaviour between the nudged and control

simulations provides an indication of the strength of the nudging tendencies. The 1-D filter
was chosen as the preferred method of spectral nudging as discussed further in Sect. 3.2.

In all cases, the nudged runs have much smaller error than the control simulation, indicating
closer agreement with ERAI. The spectral filter with small length scales nudged (Fig. 221c)
results in behavior similar to the relaxation nudging (Fig. ??1b). As the filter length scale
is increased, larger wavelengths are able to deviate from ERAI, and the magnitudes of the
deviations are larger (Fig. 221d).

| I I I
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of 500 hPa and 850 hPa respectively. As the height decreases, we notice differences in the
simulation over high orographic features such as the Himalayas, Antarctica or the Andes.
These differences become more pronounced with the 850 hPa results, which is close to the
between ACCESS and ERAl near the surface due to different representation of land-surface
models. However, the largest errors are located where there is a-mismateh-in-the likely to be
a mismaitch in orographic height between ACCESS and ERAI and may suggest a limitation

of the current method of interpolating ERAI to the ACCESS grid.

The U _and V_winds show similar_trends in the relative RMSE between different
the global average RMSE of these fields, shown in Tables 2 and 3. These tables present
data at atmospheric levels of 250, 500 and 850 hPa. We note that all of the nudging
simulations _are more strongly constrained in RMSE than the control simulation with no
nudging. This is true for each of the variables, at each level. At 850 hPa which is close to
the lowest atmospheric levels that are nudged, the U and V_ winds have an average RMSE
similar to_the higher atmospheric levels. In contrast, the air temperature average RMSE
the hard nudging simulations are more constrained in RMSE than the equivalent simulations

with soft nudging in all cases.
Since we intend to use the nudging in the simulation over climate timescales (i.e.,

decades), it is useful to determine how well the simulation predicts the variance as well
as the mean air temperature. Figure 4 shows the difference-differences in the variance of
nggvngpgvrg;%between the ACCESS S|mulat|ons and ERAI «'FhevaﬂaﬁeeﬁfﬁheAeGESS

thewaﬂanee%eﬁﬂueh%}e*&elesei%ma%ehﬁe#aﬂaﬁeeﬂf%%%haﬂh&at 500 hPa Note
that ACCESS consistently overestimates the variance of the air temperature in the con-
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physical parametrizations. We note that this overestimate of the variance in air temperature
Itis also useful to compare the performance of the model between small and large spatial

scales. The RMSE gives the error grid point by grid point, at the smallest length scale.
To evaluate the error at the largest length scale (the whole globe), the global mean of

the difference between ACCESS and ERAI can be used. We refer to this as the Global

Average Error (GAE). Values for the GAE are included in Tables 1, 2 and 3 for 7', U and
the GAE tends to fluctuate rather than settle down to a constant value. For example,
the mean GAE of air temperature at 250 hPa for the control simulation is -0.37K but its
standard deviation is 0.7K. The nudged simulations which have lower mean GAE, also
have a corresponding lower standard deviation of GAE of 0.01-0.04K. This shows smaller
fluctuations in the GAE of the nudged simulations and the control simulation.

RMSE do not necessarily result in lower GAE. This is very dependant on the variable
and vertical level looked at. For example, looking at V. at 500hPa in Table 3, the hard
nudging_simulations which are more_constrained in RMSE have a lower GAE than the
control simulation. However for V at 250 hPa, the GAEs for all of the nudged simulations
little difference between the nudged simulations. The GAE can also have the opposite trend
to RMSE. An example of this is for T in Table 1. where the hard relaxation nudging has a

smaller RMSE but a Iar er ma nitude of GAE com ared to the hard spectral nudging simu-
lations. y -

1oded worssnosyq] | Ioded uoIsSnOSI(]

1odeJ UOISSNOSI(]

1odeJ UOISSNOSI(]



20

25

future-work-Hence there is no nudging approach that clearly produces superior GAE results
for all measures. However, the GAE for nudging simulations is comparable or lower than the

3.1.2 Effect of nudging on unconstrained atmospheric fields

the simulated MSLP and precipitation. We _have chosen to concentrate on these fields
since they can be readily compared to ERAI results and can also potentially be tested
to ERAI predictions, noting that ERAI also_produces an imperfect simulation of rainfall.
A_more detailed discussion of how nudging can effect model physics can be found in
Jeuken et al. (1996) . The spatial distribution of the RMSE of MSLP and precipitation
in_this _paper. The results show a reduction in_the RMSE in_the nudged simulations
Fig. 5b-d) compared to the control simulation (Fig. 5a), illustrating that the simulated
MSLP is responding favourably to the nudging. Differences between the ACCESS simulated
MSLP and ERAI are more noticeable for regions of high orography, although this may be
attributable to differences in the method used to calculate MSLP under orography. The
magnitude of the MSLP RMSE is similar for each of the nudged simulations, although
MSLP is a relatively smooth field and can be less sensitive to smaller scale differences

In Fig. 6 we consider the RMSE of the monthly mean rainfall. To cover the whole seasonal
cycle, the one year simulation including the first 10 days was used in this analysis. As the
ERAI precipitation is calculated by a model with different physics to ACCESS1.3, differences
in specific rainfall events are expected. Due to this and the significant spatial and temporal
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allows us to evaluate the spatial distribution of the rainfall rather than the timing of rainfall
events. Each of the nudged simulation have improved the monthly precipitation compared
to the control simulation. However, Fig. 6b, shows a worsening of the RMSE for the hard

relaxation method over a few limited regions such as the Himalayas and Andes compared
to the control simulation (Fig. 6a). This issue is also present in the soft relaxation nudgin

simulation (not shown) and this result is consistent with Zhang et al. (2014) , who found

3.2 Evaluation of 1-D filter approximation

The approximation-used-n-majority of results presented in this manuscript are for nudgin
simulations _using the 1-D speetrat-filter—ean—betested-bycomparing—theresults—with
simutationsilter. To justify this choice of spectral filter method, in this section we compare

the results of different configurations of the 1-D filter to that obtained using the 2-D filter.
There are two ways to order the convolutions in the 1-D filter, with the zonal convolution

followed by the meridional convolution (1-D filter, lon-lat), or the meridional convolution fol-
lowed by the zonal convolution (1-D filter, lat-lon).

The globat-Reot-Mean-Sequared-Error {(RMSE-)-RMSE of air temperature at 500 hPa
is very similar between the different methods of spectral nudging. Simulations using hard
nudging and a filter length of A = 0.1 applied once an hour, give an RMSE of 6:4150.407 K
for the 2-D filter ;-0-4+4K+er-and the 1-D filter lat-lonanda-06-416, compared to 0.408 K for the
1-D filter lon-lat, in air temperature at 500 hPa, over one year of simulation (excluding the
first 10 days).

To more closely compare the different ordering of the 1-D convolutions, Fig. 2?-shows-the
RMS-difference-between-7 shows the zonally meaned RMSE of simulations using the 1-D
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filters and the 2-D filter. In polar regions, there is a greater difference-between-the-BMSE in
the 1-D lon-lat case compared to the 2-D filter and the 1-D fitter-in-theton-tat-caselat-lon.
This indicates that the lat-lon case is a better approximation of the 2-D filter than the lon-lat.

The difference between the lon-lat and the lat-lon version of the 1-D filter occurs be-
cause the grid points near the pole are physically close together in the longitudinal direction.
A small error at the pole could be spread zonally across multiple grid points. In the lon-lat
case, this error will remain after the initial zonal convolution. On the other hand, when the
meridional convolution is applied first, the error near the poles can be reduced. This is be-
cause the values at grid boxes close to the poles have a smaller weighting in the meridional

convolution as they have a smaller area.

?he@%he%d#efeﬁee&befweerrAs the 1 D arad—E—D#H%e%shemm&PﬁHg—”—eaﬁJee

ﬂﬁem—m%ﬂm%ekgﬂ%d#ﬁeﬁ%%m%ﬂ%e%%e%buﬁnter constralns
the model to a -simitar-extent—Because-of-this,-and-thereduction-in-computational-effort
compared-ie-the-similar extent as the 2-D filter, the-with much reduced computational effort,
it is clearly the preferred choice. The 1-D filter with the meridional convolution applied first
is-taken-as-the-optimum-cheicehas better performance at the poles, so it is the optimum
configuration. All simulations using spectral nudging refer to this configuration, except where
specified otherwise.

3.3 Performance of the spectral filter

Figure 8 shows time-series of RMSE of air temperature at 500 hPa for relaxation and spec-
tral nudging simulations, using different filter length scales and e folding times. Each spec-
tral nudging simulation uses hourly nudging —as discussed in Sect. 3.4. The convergence
of RMSE depends on the combination of e folding time and nudging length scale (for the
spectral nudging). The model is more tightly constrained using the shorter e folding time
(hard nudging) and smaller nudging length scales. The spectral filter with A = 0.1 and one
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hour e folding time, gives a RMSE similar to the relaxation nudging with a six hour e folding
time. The more tightly constrained simulations reach a steady state more quickly, and all
the simulations shown have reached a steady RMSE within four days of simulation or less
(not visible for the time scale of this plot).

thevatﬂese#GAI%preseﬁt%HJabte%ﬂetudea%T bles 1 2 and 3 show the tem oraII

and spatiall avera ed RMSE and GAE for each of the nud ed fields 7', U and V at 250,

Whpa | vels The S|mulat|ons shown in these tables have the same relatlonshl
in RMSE as shown in Fig. 8. In particular, for a given strength of nudging, the relaxation
nudging has the smallest RMSE, the spectral nudging with A = 0.03 is closest to the

relaxation nudging, and the RMSE increases for the spectral nudging as the filter length
increases. This is true for each of the GAEvariables 7', U and V, at each level evaluated.

In addition, the hard nudging simulations result in smaller RMSE than the equivalent set u

%atm&h&e—smﬁkeﬂue&aﬂ%wm%the GAEA(not-shown)-

ForexampleGAE is generally improved in comparison to the control simulation. In addition,
the hard spectral nudglng with A—G&—has—agfeateFRMS%batsmaHeFGAEthaﬁtheehard
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filter length, A = 0.03 produces GAE that are reasonably consistent with the relaxation
a smaller temperature GAE at all levels compared to the relaxation nudging, but the same

model performance in terms of GAE.
To further show the effect of the spectral filter at different length scales, the simulation

output was re-gridded to a range of coarser resolutions. Re-gridding to coarser resolutions
removes the fine scale detail in a similar way to the spectral filter, so the performance of
the spectral filter should improve at coarser resolutions. This is shown by Fig. 9, which
compares the RMSE at different re-gridded resolutions for different simulations.

At the highest resolutions, the relaxation nudging has a smaller RMSE, showing that it
constrains the small length scales more tightly than the spectral nudging. For the spectral
nudging, decreasing A reduces the RMSE at all length scales (i.e. shifts the curve down-
ward). At coarser re-gridded resolutions, the spectral nudging simulations with A = 0.1 and
A =0.2 have lower RMSE than the relaxation nudging. Hence, the spectral nudging can
capture the large scale structures of ERAI better than the relaxation nudging. The spec-
tral nudging with A = 0.5 has a greater RMSE for all re-gridded resolutions apart from the
largest, indicating that the filter is not as effective at constraining the model in this case.
From this we can choose relaxation nudging or spectral nudging with a smaller or greater
A, depending on which spatial length scales we want to constrain.

3.4 Nudging period

Figure 10 shows the temporal spectra of the 500 hPa air temperature from simulations us-
ing different nudging configurations. Relaxation nudging is applied every time step, so the
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nudging period is only applicable to the spectral filter. Nudging can be applied at intervals
from every time step (30 min), to the period of the host data (6 h in the case of ERAI).

All valid choices of nudging period are able to sufficiently constrain the model, given
a comparable e folding time. The choice of nudging therefore, is a trade-off between com-
putational effort and increased nudging shock, as constraining the model when nudging
less frequently requires larger adjustments to the perturbed field. Nudging less frequently
hence causes distortions to the temporal spectra as shown in Fig. 10. However less fre-
quent nudging offers a significant speedup as discussed below.

Examining Fig. 10 in more detail, it is evident that nudging with a period of six hours
results in spikes in the Fourier spectrum at certain frequencies. This shows that the nudging
adjustment is unbalancing the atmospheric model, causing it to respond unevenly in the
spectrum. When nudging every hour, these imbalances are removed. Apart from a distortion
in the spectrum below half an hour (one time step), the line for spectral nudging every hour
lies on top on the line for spectral nudging every time step.

The spectra when nudging every time step is qualitatively similar to the control simulation,
but shifted down in magnitude. The spectral nudging every time step has a spectrum in
between the curves for the control and relaxation nudging. The spectrum for the 2-D filter
is indistinguishable to the equivalent simulations using the 1-D spectral filter with the same
filter length scale (2-D filter not shown).

Considering the speed benefits of different nudging frequencies, the 1-D spectral filter
nudged every 6 h adds 3.3 % to the run time (the same as Newtonian relaxation). When the
period is decreased to 1 h or 30 min this increases the run time by 6.7 and 12 % respectively.
The 2-D spectral filter in comparison adds 33 % when nudged every 6 h, increasing to 190
and 376 %, which is not viable for most uses.

Nudging at hourly intervals can be used as a compromise between speed of computation
and reducing the distortions in the spectra, and is the standard period of nudging used for
spectral nudging in this paper.
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4 Conclusions

This paper has introduced the use of spectral nudging in the UM and ACCESS. This is
achieved through a novel convolution method, first described by Thatcher and McGregor
(2009), but generalized in this paper for use with latitude-longitude grids as used by the
ACCESS atmospheric model. Analysis of the different configurations of nudging shows that
the nudging schemes effectively constrain the nudged fields to follow the host model (ERAI).
We have surveyed the spectral filter across a range of filter length scales. The spectral
nudging scheme approaches the Newtonian relaxation nudging when small length scales
are nudged, but allows the flexibility to nudge only large spatial structures when the filter
length scale is increased.

Our results show that simulation errors in air temperature are greater near the surface for
parametrizations. Although our objective was to compare the Newtonian relaxation with the
spectral filter in ACCESS, we note that differences occur where there is a mismatch in the
orographic height between the ACCESS simulation and ERAI, suggesting a problem with
the vertical interpolation to the ACCESS grid used by the nudging. We intend to address
We have also considered the implications of nudging on MSLP and precipitation which
are not directly perturbed by the nudging. MSLP is a reasonably smoothly varying field
and is well constrained by the nudging in all simulations to agree with ERA-Interim. There
method used for calculating MSLP_under orography, rather than the nudging method.
closer_agreement with ERAI, than the relaxation nudging_simulations. This provides an
atmosphere._
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The 1-D spectral filter is shown to perform as well as the 2-D filter, while producing
a speedup of 10-30 times. This is achieved by the approximation of separating the 2-D
convolution into 1-D convolutions and by using symmetries of the model grid to reduce com-
munication between processors. We also identified that due to the geometry of our grid, the
order of convolutions in the 1-D filter was important. To reduce error in the approximation,
the meridional convolution is applied first.

Nudging with different frequencies was also investigated, showing that nudging every six
hours is still able to constrain the model, but introduces distortions to the spectra. Nudg-
ing once an hour produces a speed up in comparison to nudging every time step, while
introducing minimal distortions so was used for the majority of simulations.

The approach used to implement the 2-D and 1-D spectral filters is applicable to many
other models. The 2-D convolution method can be implemented on any grid, though it suf-
fers from being computationally expensive. The 1-D filter can be applied to irregular or more
complex grids, but would require modification to separate the 2-D Gaussian function using
an approximation that is appropriate for the particular grid.

Future work on spectral nudging in ACCESS will involve generalizing the spectral nudg-
ing to limited area and stretched grid configurations. Another potential approach to gain-
ing a speedup in the convolution based spectral filter is to compute the convolutions over
a small neighborhood, rather than the whole globe, ignoring areas where the Gaussian
function has values close to zero. The ability to extend the convolution based spectral filter
within the ACCESS/UM framework and in other modeling systems is an advantage of this
approach.

Cod Habili
Code availabilit

Due to intellectual property right restrictions, CSIRO cannot publish the full source code for
ACCESS or the UM. The Met Office Unified Model (UM) with the spectral nudging source
code and configuration described in this paper can be obtained under an end user license
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agreement (EULA) from CSIRO for educational and non-commercial research use for spe-
cific projects. To request a EULA for the modified UM, and/or to obtain the ACCESS1.3
model configuration used in this paper, please contact Tony Hirst (tony.hirst@csiro.au).
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Table 1. Comparison of RMSE and GAE in air temperature at-568measured in Kelvin, for one year
of simulation excepting the first 10 days, using different nudging methods. Spectral nudging experi-
ments use nudging applied once an hour. Uneertainty-quoted-for-GAE-is-based-on-a-95confidence
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Experiment RMSE GAE-
250 hPa 500 hPa 850hPa 250 hPa
Relaxation, soft 0.42 0.38 1.37 0.030
Speciral, soft, A = 0.1 0-03-+-6:020.68 0.64 155 -0.026
Spectral, sefi; hard, A = 0.03 035 0.29 137 013
Spectral, hard, A = 0.1 065045  —0:65+-0.03041 136 0081
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Table 2. Comparison of RMSE and GAE in [/ measured in ms, for one year of simulation excepting -
applied once an hour. =
Experiment RMSE GAE_ g
250hPa 500 hPa 850hPa  250hPa  500hPa 850hPa

Relaxation, hard 626077  667+06:01058 097  -0.029 0015 -0.068 -
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Table 3. Comparison of RBMSE and GAE in V' measured in m/s, for one year of simulation exceptin
the first 10 days, using different nudging methods. Spectral nudging experiments use nudgin

applied once an hour.
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250hPa 500hPa 850hPa  250hPa 500hPa 850hPa
Gontrol _ 180 117 784 -0061 0021  -0.034
Spectral, soft, \=0.1 263 221 216 0006 0022  0.0017%
Spectral, hard, A =0.03 029116 0:65-+-0:61091 114  0.007  0.013  0.007 -
Spectral, hard, A = 0.1 9ﬂ4+\1N7ng —6:002+6:621.47 165  0.007  0.014 QNOJVQS
Spectral, hard, A\ =0.2 ©:83-3.47  —6:62+6:65296 257 0006 0016  0.011=
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Figure 1. Spatial distributions of the RMSE in air temperature of ACCESS simulations. This is
measured in Kelvin on a 2-D horizontal plane at 250 hPa and averaged over one year of simulation
apart from the first 10 days. (a) is the control with no nudging. (b) is the relaxation nudging with hard
nudging. (¢ and d) are spectral nudging using the 1-D filter with hard nudging, applied once an hour.
Different nudging length scales were used: A = 0.1 in (c) and A = 0.2 in (d). Note, for clarity, (a) uses
a different scale for the contours.
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Figure 2. Spatial distributions of the RMSE in air temperature of ACCESS simulations. This is

measured in Kelvin on a 2-D horizontal

lane at 500 hPa and averaged over one year of simulation
apart from the first 10 days. (@) is the control with no nudging. (b) is the relaxation nudging with hard
nudging. (¢ and d) are spectral nudging using the 1-D filter with hard nudging, applied once an hour.

Different nudgin
a different scale for the contours.

length scales were used: A = 0.1 in (c
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Figure 3. Spatial distributions of the RMSE in air temperature of ACCESS simulations. This i

S

measured in Kelvin on a 2-D horizontal plane at 850 hPa and averaged over one year of simulation

apart from the first 10 days. (@) is the control with no nudging. (b) is the relaxation nudging with har

d

nudging. (¢ and d) are spectral nudging using the 1-D filter with hard nudging, applied once an hour.

Different nudging length scales were used: A = 0.1 in (¢) and A = 0.2 in (d).
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Figure 4. Spatial distributions of the RMSE-difference in variance of air temperature ef-between
ACCESS simulations and ERAI. This is measured in Kelvin squared, on a 2-D horizontal plane at
500 hPa and averaged over one year of simulation apart from the first 10 days. (a) is the control with
no nudging. (b) is the relaxation nudging with-hard nudging. (c and d) are spectral nudging using
the 1-D filter with hard nudging, applied once an hour. Different nudging length scales were used:
A=0.1in(c) and A = 0.2 in (d). Note, for clarity, (a) -uses a different scale for the contours.
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Figure 5. Spatial distributions of the d#fefeﬁeemln vaﬁaﬁeeﬂ*aﬁempefa%ufehPa
between ACCESS simulations and ERAI. This is
500and-averaged over daily mean values for one year of simulation apart from the first 10 days. (a)
is the control with no nudging. (b) is the relaxation nudging hard nudging. (c and d) are spectral
nudging using the 1-D filter with hard nudging, applied once an hour. Different nudging length scales
were used: A=0.1in (¢) and A =0.2 in (d). Note,for—clarity,(a) uses—adifferent-scalefor-the
contours:
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Figure 6. —Spatial distributions of +-B-iliers—compared
to-the 2-D-ilterRMSE of montl mean precipitation in mm/day, between ACCESS simulations and
ERAI. Bata-was-This is averaged temporatty-ane-zonallyfer-over one year of data—sampled-every
Hme—s%ep—EaePrsmulatlonuse&JA) is the samenudging-parameters,—control with no nudging. (b)
is the relaxation nudging hard nudging:. (¢ and d) are spectral nudging using a-the 1-D filter length
seale-of\—6-1with hard nudging, applied once an hour. Different nudging length scales were used:
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Figure 7. RMSE of air temperature at 500 hPa, of 1-D filters and 2-D filter compared to ERAI. Data
was averaged temporally and zonally, for one year (apart from the first 10 days) of data sampled

every six hours. Each simulation uses the same nudging parameters, with hard nudgin

a filter length scale of A = 0.1, applied once an hour.
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Figure 8. RMSE of temperature at 500 hPa, for a year of simulation. Simulations of relaxation and
spectral nudging are compared, with strong or weak nudging, and several different spectral filter
length scales. All of the spectral nudging simulations use the 1-D filter nudged once an hour.
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Figure 9. Plot of average RMSE of temperature at 500 hPa, at different regridded resolutions, for var-
ious simulations using nudging and a control simulation without nudging. All of the spectral nudging
simulations use the 1-D filter nudged once an hour.
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Figure 10. Temporal Fourier spectra for temperature at 500 hPa, for simulations with different nudg-
ing period. Soft nudging was applied and the spectral nudging simulations used a filter length scale

of A=0.1.
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