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Abstract Bias correction of General Circulation Model (GCM) is now an essential part of climate
change studies. However, the climate change trend has been overlooked in majority of bias correction
approaches. Here, a novel signal processing-based approach for correcting systematic biases in the time-
varying trend of GCM simulations is proposed. The approach corrects for systematic deviations in spectral
attributes of raw GCM simulations using discrete wavelet transforms. The order one and two moments of
the underlying trend represented by the lowest frequency of wavelet component are corrected to ensure
continuity in the corrected time series from the current to the future simulation period. The approach is
applied to correct two data sets that exhibit opposite time-varying trends representing the global mean sea
level (GMSL) and the Arctic sea-ice extent. Results indicate that bias in trend is corrected, while continuity
in time and observed variability at all frequencies in current climate simulations are maintained.

Plain Language Summary GCMs are an essential tool to assess climate change impacts.
However, they exhibit systematic biases which restrict their direct use. A wide range of alternatives for
correcting biases has been proposed. Most such approaches are unable to correct biases in trend and
variability attributes together. When a variability correction is applied, it reduces biases in trend, however,
introduces a discontinuity in trend between current and future climate bias-corrected simulations.

We present an approach for correcting systematic biases in trend and variability to ensure continuity

of GCM simulations from the current to the future. The application of our approach to two data sets
exhibiting opposite trends - the GMSL and the Arctic sea ice extent - shows a remarkable improvement
that maintains continuity overtime, corrects bias in trends, and preserves observed variability across the
frequency spectrum in current period GCM simulations.

1. Introduction

General Circulation Model (GCM) simulations are an important tool to assess the impacts of climate change
on our society and the environment. However, raw GCM simulations exhibit systematic biases which re-
strict their direct use in impact studies (Bollasina & Nigam, 2008; Johnson & Sharma, 2011; Lhotka &
Farda, 2018; Mehrotra et al., 2014; Randall et al., 2007). Bias correction procedures are, therefore, routinely
applied to improve raw GCM simulations (Haerter et al., 2011; Johnson & Sharma, 2012; Mehrotra & Shar-
ma, 2012) by correcting systematic biases with respect to observational records.

The purpose of performing bias correction in climate change studies is to achieve a high degree of similar-
ity between simulations and observations (Maraun, 2016). This objective can be attained by adjusting the
statistical attributes of the simulations, such as the mean, variance, and persistence as represented in the
observations (Johnson & Sharma, 2012; Mehrotra & Sharma, 2015; Nguyen et al., 2016). Another alternative
often used is to match associated probability distributions (Haerter et al., 2011; Li et al., 2010; Teutschbein
& Seibert, 2013; Wood et al., 2004), such alternatives being broadly referred to as quantile matching (QM) in
the literature. Although bias correction approaches are popular, these are not free from limitations and can
modify the climate change signals for the future by altering spatiotemporal relationship across variables and
possibly violating conservation principles (Ehret et al., 2012; Muerth et al., 2013) a problem that especially
impacts the distribution-based approaches referred to as QM above (Cannon et al., 2015; Maraun, 2016;
Maurer & Pierce, 2014).

The QM algorithm has been shown to cause large deviation of the long-term trend of projected modeled
temperature (Maraun, 2016) and precipitation (Cannon et al., 2015) mainly due to the application of the
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same transfer function to both current and projected climate models. To address this issue, modifications in
the QM transfer function have been proposed (Cannon et al., 2015; Grillakis et al., 2017; Hempel et al., 2013;
Lange, 2019; Maraun, 2016).

Daily or monthly QM bias correction and its variants are popular and have been used in many climate
change impact studies (Boé et al., 2007; Haerter et al., 2011; Wood et al., 2004). However, where low-fre-
quency variability and persistence attributes assume importance, a standard application of QM shows lim-
ited advantage as it corrects for biases at a given time scale, and does not specifically correct for the biases
at higher aggregated time scales (Haerter et al., 2011; Mehrotra & Sharma, 2016). One possible solution to
this is a nesting of corrections for selected attributes at multiple predefined time scales (Haerter et al., 2011;
Johnson & Sharma, 2012; Mehrotra & Sharma, 2016). However, biases at other timescales, not included in
the bias correction procedure, may not be corrected. Another solution is to apply a suitable spectral disag-
gregation procedures to extract the underlying frequency components of the time series thereby making the
bias correction independent of time (Maheswaran & Khosa, 2012). A similar motivation forms the basis for
bias correction procedures in the frequency domain (Nguyen et al., 2016, 2017; Pierce et al., 2015) where a
Fast Fourier Transform (FFT) is used and the variability associated with each frequency corrected. Similar
to FFT, wavelet analysis localizes the signal in the frequency domain. In addition, it also localizes the spec-
tral representation as a function of time, making wavelet analysis more powerful than FFT. Both discrete
and continuous wavelet transform have been used for a range of applications in climatology (Farge, 1992;
Jiang et al., 2020; Torrence & Compo, 1998). DWT disaggregates the time series (signals) into multiple
high- and low-frequency components (Percival & Walden, 2000). Therefore, the slow-moving component
of a time series which represents the underlying low-frequency behavior, can be extracted and separately
modeled (Belayneh, Adamowski, Khalil, & Quilty, 2016; Maheswaran & Khosa, 2012; Sang et al., 2016).
Additionally, the lowest-frequency component can be used to represent the predominant underlying trend
of the original time series (Adarsh & Janga Reddy, 2015).

In this paper, we demonstrate that the most bias correction alternatives currently in use create a temporal
discontinuity following the correction between the current and the future climate. This discontinuity ac-
centuates the mismatch in the trend simulations before and after correction. The present study proposes a
novel way of treating trend-biases by addressing this discontinuity between the current and future climate
simulations. The observed and GCM climate simulations are disaggregated by performing DWT and the
lowest-frequency component is bias corrected to remove trend-related biases. To ensure the continuity of bi-
as-corrected time series of current and future climate simulations, a modification of the well-studied mean
and standard deviation bias correction is proposed. In addition, a similar modification is also performed
across the spectrum to correct systematic bias in variability at all frequency bands. The theoretical basis
and algorithms for the wavelet-based bias correction (WBC) procedure are presented in Section 2. Section 3
discusses the performance of WBC based on application to simulations of two rigorously studied climate
variables, that is, Global Mean Sea Level (GMSL) and Sea-ice extent. Finally, conclusions are presented in
Section 4.

2. Materials and Methods
2.1. Correcting Systematic Bias in Variable Trends

To demonstrate the implications of applying routine bias correction alternatives on trend, a numerical
experiment consisting of two linear time series with different means and slopes (the underlying trend)
is created to represent observed and raw current climate model simulations. The same degree of slope is
maintained for the pseudo-observed-future and future climate model simulations to preserve continuity in
both time series from the current into the future. Next, a simple mean and standard deviation bias correc-
tion (Hawkins et al., 2013) and a variant of QM bias correction, equidistant-quantile matching (EQM) (Li
et al., 2010), are applied to correct both current and future raw climate simulations. Both multiplicative and
additive variants of EQM are applied. The results from this synthetic experiment are presented in Figure 1.

The mean correction procedure resolves the mismatch between the mean of current climate simulations
to observations with notable deviations in the beginning and at the end of the corrected series (Figures 1a
and 1b). The deviation at the end of the corrected current climate simulations increases with time when
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Figure 1. Illustration of the implications of bias correction on variable trend in simplistic linear and nonlinear settings: (a) mean-corrected continuous time-
series, (b) mean-corrected future time-series with N,-gap from the current time-series, (c) mean- and standard deviation-corrected continuous time-series, (d)
mean- and standard deviation-corrected future series with N,-gap from the current time-series (e) corrected raw current and future linear time-series using
additive-EQM, (f) corrected raw current and future linear time-series using multiplicative-EQM, (g) corrected raw current and future nonlinear time-series
using additive-EQM, (h) corrected raw current and future nonlinear time-series using multiplicative-EQM.
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the same mean correction factor is applied to future climate simulations. Following the mean correction, a
variance bias correction using the ratio between the standard deviation of observations and mean corrected
raw climate simulations is implemented. In addition to removing variance biases, the correction also rotates
the current climate simulations at their centroid to create the same gradient as observations (Figure 1c).
When the same correction is applied to the future climate simulations, the deviation at the beginning of the
corrected series becomes larger compared to the post mean bias-corrected case. The procedure shifts the
corrected climate future simulation to become parallel to the pseudo-observed future climate (Figures 1c
and 1d) although now exhibiting a discontinuity between corrected current and future climate simulations
and a constant deviation of A overtime.

A slightly more complex bias correction procedure, that is, EQM with additive correction, provides similar
results as mean and standard deviation bias correction (Figure 1e). The procedure creates the same extent
of discontinuity when it is applied to a linear time series. When EQM with a multiplicative correction is ap-
plied, the deviation between the corrected future climate simulations and pseudo-observed future climate is
reduced (Figure 1f). With further increase in the complexity of the time series structure, such as introduc-
tion of a nonlinear trend (Figures 1g and 1h), the degree of discontinuity between the corrected current and
future climate simulations, A , also increases. The discontinuity in time after mean and standard deviation
or EQM bias correction is notable and represents an issue that needs addressing before the post-processed
simulations are used for further applications.

2.2. Wavelet Based Bias Correction (WBC)

In the following, we denote ¢,, as observations, #,. as current climate, and #,, as the future climate time series
of wavelet decomposed components (details or approximations), with statistics mean denoted #, and stand-
ard deviation, ¢. Our approach aims to transform the current and future climate series to create a mean
and variance corrected times series for the current ¢, and future £, climate. In general, any bias correction

procedure implemented over the current climate simulations can be expressed as

tr. = 2(t.[0) <)

where g() is the bias correction function and @ represents parameters that have been estimated based on

the observed and current climate series. After bias correction, f,, ideally exhibits similar statistical attributes

and trend to ¢,,. The statistical attributes of the future climate series, t,care then bias corrected based on the
correction model applied to ,,..

While the above explanation applies to any correction procedure, the WBC is implemented on a wavelet
decomposition of the variable time series of interest. This decomposition enables the representation of the
underlying time series as a summation of multiple decomposed time series, each representing different
frequency bands (also referred to as “detail”), with the last such series representing the residual (called
“approximation”) and containing the trend. Correction of the detail time series entails ensuring an accurate
representation of variability associated with each frequency band, while correction of trend builds on the
discontinuity illustration presented earlier in Figure 1. More information on the decomposition and the
correction is presented next.

2.3. DWT for Time Series Disaggregation

Climatic variables exhibit variability as a function of the temporal scale they are assessed at, whether it is
daily, monthly, seasonal, annual, or longer. The DWT enables a disaggregation of the variable time series
into different discrete frequency bands, along with a residual series that represents the underlying trend.
A DWT of a time series ¢ is an orthonormal transform (Percival & Walden, 2000) which can be written
as per Equation 2. In the equation, W is column vector of length, N =2’ (DWT follows a dyadic scale);
W is the wavelet coefficient consist of two sets of filter banks having a length of N /2 for each set. Using
each set of filter banks, the various frequency components of the time series can be identified (Percival &
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Walden, 2000; Strang & Nguyen, 1996). By construction, Wisa N x N real-valued matrix defining the DWT
and satisfying W™W = Iy where Iy is the N x N identity matrix.

W =Wt 2

The orthonormality property of wavelet implies that W'W = WTWr = t. Therefore, the reconstruction of
the time series can be done based on the following (Percival & Walden, 2000):

J
t:WTW:ZIDj+AJ ®3)
i

where D; are the detail wavelets (representing the level j frequency component) and 4, is the approxima-
tion wavelets which represents the lowest frequency component at the last level of decomposition J. In the
presence of a trend in the variable time series, the approximation can be used to represent the underlying
trend in the data. The reconstruction of the decomposed time series using Equation 3 is referred to as mul-
tiresolution analysis (Percival & Walden, 2000) in the remainder of this paper.

In DWT, two essential steps are needed to be performed. The first is the selection of a wavelet mother func-
tion and the second is the determination of the maximum level of decomposition. There is no universal
method to help select the right wavelet mother function (Sang et al., 2016) though the Daubechies wavelets
family (Adarsh & Janga Reddy, 2015), are commonly adopted in statistical and hydrological studies for
trend analysis (Craigmile et al., 2004; Maheswaran & Khosa, 2012; Nourani et al., 2014). In our presenta-
tion, the db2 wavelet is adopted to decompose the time series, in consideration of low order of polynomial
the trend represents in the time series. Additional details regarding DWT and the merits and demerits of
alternate wavelet mother functions are presented in Jiang et al. (2020), Maheswaran and Khosa (2012), Sang
et al. (2016), and Torrence and Compo (1998).

The number of disaggregated discrete frequency levels using DWT is a function of the data length. Follow-
ing previous studies using wavelet transforms, the maximum level of decomposition can be determined
using Equation 4 (Belayneh, Adamowski, Khalil, & Ozga-Zielinski, 2014; Jiang et al., 2020).

- k,gw_l)} “

- log2

where J is the maximum level of decomposition, N is the size of the time series and v is the vanishing mo-
ment of the wavelet mother function.

2.4. Correcting Systematic Bias in Simulated Trend

The simple mean bias correction of current (#,.) and future (¢,,) climate simulations with respect to obser-
vations, ¢,. can be performed using Equations 5 and 6.

t;c = trc — Hpe t Hoe (5)

t;f = trf = Hye T Hoc ©)

The mean of mean-corrected current climate simulation (¢,,), p,., now equals u,.. Equations 7 and 8 are
then used to bias correct the standard deviations of current and future climate simulations. After bias cor-
rection, the statistical attributes, that is, mean, standard deviation, and trend of the corrected current cli-

U
re’

mate simulation, ¢/ , are similar to observations.

" ’ ’ O ’
trc = (t"(’ - ”YC) x O_ac + NI‘L’ (7)

rc
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As noted in Section 1, while mean and standard deviation bias correction corrects the trend bias in the cur-
rent climate variable series, the bias correction of future climate simulations (using Equation 8) introduces
a discontinuity (Figures 1la-1d) at the commencement of the future climate series. As a result, bias-correct-
ed future climate simulations, t;f, require a modulation to correct the discontinuity that results. For the

case of simple linear trend, t;f will translate higher (or lower) for the underestimated (or overestimated)
simulations with an increasing (or decreasing) trend. This translation is represented as A in Equation 9
which is obtained by considering the observed and current climate trends. In Equation 10, NV, represents the
time delay between the last point of current climate simulations t(N ) and the start point of future climate
simulations; N , is the length of future climate simulations; and m refers to the slope of the associated time
series. It should be noted that when observations and current climate simulations have the same trend,

Hyp = My + (t(N )n - t(N )rc ), A will be equal to zero and Equation 9 collapses to Equation 8. For a major-

ity of climate simulations that exhibit minimal or no-trend, A = 0 and Equation 8 would instead be used.

O-DL'

- :(t;f—u;f)xa A )

() o)

Finally, the mean, py., and standard deviation, o, of the corrected future climate simulations can be esti-
mated using Equations 11 and 12, respectively. As our main objective is to bias correct the mean, standard
deviation, and trend of climate simulations under the assumption that the future climate simulations will
have the same systematic bias as current climate simulations, the derived equations satisfy all the necessary
conditions of statistical correction and ensure the continuity of current and future climate simulations.

My = My + (t(N);c - t(N)rc) +A (11)

e
Oy = 5 X0, 12)

2.5. WBC Algorithm

With the understanding that the underlying trend of a time-series can be predominantly represented in the
lowest frequency, the following stepwise procedure is used to implement WBC:

1. Obtain maximal decomposition using Equation 4. Perform DWT to form decomposed series at all levels
for,.,t,. and t,,, separately. Through this step, the constituent approximation (A) and detail (D) wavelet
components time series are obtained.

2. Perform bias correction by replacing the current and future simulations of #,. and ¢, in Equations 5-10
by their constituent wavelets A4,,., D;,.. A;,, and D, .. For the current series,

jre?

i. Bias correct the mean using Equation 5 and standard deviation using Equation 7 for the last level of
approximation wavelets (4,,.) and all detail wavelets (D,,.) to obtain (47},.) and (D",.).

Jre jre
"

ii. Perform multiresolution analysis with (47,.) and all (D,

Jjre

) using Equation 3 to obtain the corrected
raw-current series, ;...
3. For the future series,
i. Bias correct the mean using Equation 6 of the last level of approximation wavelets (4,,) and detail

wavelets (D) to obtain (4},.) and (D).
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ii. Ascertain the linear trend of A4, of A}, using weighted least squares fitting to obtain the slope of
current climate simulation, m,,
which the latter is already equal to the slope of observations.

and the slope of the bias-corrected current climate simulation, m,,,

iii. Bias correct the standard deviation of A}, using Equations 9 and 10 and the derived slope obtained
from step 3 ii and using Equation 8 of (D, ) to obtain A}, and D7, ..
iv. Perform the multiresolution analysis with (A},,) and (D},,) using Equation 3. In this step, the bi-
as-corrected future time series, t,r» is obtained.
v. The final step is to verify the mean and standard deviation of ¢, using Equations 11 and 12.

3. Application of WBC
3.1. Data

The observed and GCM simulations for current and future periods for the GMSL and Arctic sea-ice extent
variables are used to assess the robustness of the WBC algorithm. The annual GMSL values from 1900 to
2010 used in this paper are based on the reconstructed GMSL time series published in Figure 5 of Church
and White (2011). While the current period GCM simulation for GMSL is based on the published figure
(Figure 13.7) of the mean of Atmosphere-Ocean General Circulation Model (AOGCM) of Coupled Mod-
el Intercomparison Project Phase 5 (CMIP5) GMSL (Church et al., 2013), the future period is based on
the published time series of the median of 21 CMIP5 AOGCMs GMSL projection (Figure 13.11, Church
et al., 2013). The reconstructed GMSL exhibits a mild increasing trend over the last two centuries and is es-
timated to have significant increase of four degrees in the form of an increasing trend into the future under
the four representative concentration pathway (RCP) scenarios evaluated (Church et al., 2013).

The data for the second variable, Arctic sea-ice extent in September, is collected from the National Snow and
Ice Data Center, National Aeronautics and Space Administration of the USA for the observed time series
and from the fifth assessment report (AR5) of Intergovernmental Panel on Climate Change, IPCC (Flato
et al., 2014), for the GCM simulations for current and future periods. The simulated Arctic sea-ice extent
from 1900 to 2010 is presented as the ensemble mean of 37-CMIP5 models in Figure 9.24 of AR5, IPCC
(Flato et al., 2014) and is given as 5 yr running mean of projected Arctic sea-ice extent from 2010 to 2100
(Figure TS.17, Stocker et al., 2013).

It should be noted that the proposed approach is applied to the above univariate time series, and no attempt
is made to correct spatial biases (Nahar et al., 2017, 2018) that may exist in the above data sets.

3.2. Global Mean Sea Level Simulations

The reconstructed historical GMSL is presented in Figure 2 (solid-black line) and the ensemble medians of
CMIP5 GMSL-current climate time raw series (solid-red line) shows a good agreement with the historical
nonlinear increasing trend from 1900 to 2010. However, the simulated raw GMSL exhibits an underesti-
mation of nonlinearity increment with milder fluctuation which reflects the limitations of the GCMs to
represent the variability in time.

Following the stepwise WBC procedure, the ensemble median of CMIP5-GMSL current period is statis-
tically bias corrected at the lowest level of approximation wavelet and across multiple frequency bands
represented by detail wavelets for correction of variability. The bias correction leads to a correction of the
statistical attributes (details presented in Table S1), the trend, and the variability of the time series as can be
observed in Figure 2 (solid-green line).

It should be noted that our approach has been derived assuming a linear trend in the climate simulations
and the observations, whereas a future time series containing a nonlinear trend may exhibit a residual
bias even though the discontinuity noted is minimized by giving more weight to recent data points of the
current climate simulations to adjust the trend of future climate simulations. This aspect is explored by
implementing this logic to the near future GMSL simulation (Figure 2, dashed-red line). Although WBC
has been applied to all four RCP scenarios, RCP 8.5 represents the scenario with the steepest nonlinear
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Figure 2. Reconstructed historical GMSL (Church & White, 2011), simulated GMSL-current series, WBC-GMSL-
current series, WBC near future simulated GMSL under RCPS.5.

projection (Church et al., 2013), and has been chosen to illustrate the robustness of the proposed approach.
WBC provides a better fit to the CMIP5 bias corrected time series, introduces variability, and matches the
overall trend (Figure 2, solid-black and -green lines). The corrected series for the GMSL-future simulation
(Figure 2, dashed-green line) confirms that WBC also ensures continuity in time. However, the correction
for variability (Table S3) appears to be less significant due mainly to the significant nonlinear trend present.
On the contrary, the Linear Scaling bias correction creates a discontinuity from the current to future series
(Figure S1) with a lower value in 2011 than in 2010 and leads to a lower mean for the corrected future series
(Table S1).

3.3. Sea-Ice Extent Simulations

Similar to GMSL simulations, the ensemble means of Arctic sea-ice extent (Figure 3, solid-red line) under-
estimates the observations but follows the overall decreasing trend of observations which becomes steeper
from 1980 onwards. The application of WBC bias-corrects the series, shifts it up, fixes the trend, and intro-
duces variability equivalent to the observed Arctic sea-ice extent (Figure 3, solid-black and -green lines).

In this second demonstration, a single Arctic sea-ice extent future simulation with the mildest project-
ed-nonlinear decreasing trend of RCP 2.6 scenario (Figure 3, dashed-red line) starting 2011-2100 has been
selected to illustrate the effectiveness of the WBC algorithm. The robustness of WBC is better emphasized
in this case by accurately ensuring the continuity of the corrected future simulation with a steep trend
in the beginning which becomes milder beyond 2040 onwards (Figure 3, green line). The correction of
the variability across the low frequencies (Table S4) can be better observed in the future period (Figure 3,
dashed-green line) which follows the correction for variability in the current period. This application, again,
emphasizes that WBC maintains the continuity of current and future period which cannot be achieved by
simple linear scaling (Figure S2) as it shows a large deviation in the beginning of the corrected future series.
In addition, WBC adjusts the mean of the corrected future series to be higher than the linear scaling mean
bias-corrected (Table S2).
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Figure 3. Five year running mean of observed, raw, and bias-corrected Arctic sea ice extent in September for current
and future climate for CMIP5 RCP2.6 projections.

4. Conclusions

This paper proposes a signal processing based bias correction approach using wavelets (WBC) for bias cor-
rection of variability and trends in climate model simulations. In addition, the paper also addresses an
often-overlooked aspect of discontinuity in the climate simulations, which develops as a result of variance
correction for the future period simulation. A set of synthetic time series representing the observations, cur-
rent, and future simulations are used to illustrate the mismatch of trends after the application of a simple
linear scaling and QM bias correction. A simple modification in the bias correction procedure is suggested
to patch the discontinuity in time.

The robustness of WBC has been demonstrated by applying it to the GCM simulations of GMSL and Arctic
sea-ice extent variables. The WBC enables the representation of continuity in the corrected simulations ex-
hibiting linear or nonlinear trends. The method here uses wavelets to ensure that the correction is across the
entire frequency spectrum as well as the trend of the variable being corrected, and the rationale behind the
trend correction is generic and can be embedded in other more commonly used bias correction alternatives.

Finally, our presentation is incomplete without a discussion of possible limitations our proposed approach
may have. First, the use of wavelets necessitates a long time series of observations and model simulations,
the absence of which will reduce the number of levels (frequencies) that can be considered with stability.
This in turn can compromise the spectral corrections that are imparted. Next, an underlying linear trend
is assumed to characterize the lowest level wavelets approximation time series. The wavelets methodology
allows for a nonlinear trend being present, which suggests that users should assess the nature of the trend
in the approximation time series and choose the best polynomial option that justifies the pattern visible. If
this is used, modifications need to be incorporated into the equations that formed the WBC algorithm or
alternate wavelet mother functions adopted. It should be noted that the use of a weighted linear fit in our
illustrations reduced the need for adopting a nonlinear model, as the nonlinearity was mildly present. A
proper higher-order polynomial or other suitable fits should be considered if this is not the case.
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