
SATELLITE DATA 
 

The principal data source is the SBUV v8.6 NOAA Merged Cohesive dataset of satellite ozone observations 
(ftp://ftp .cpc.ncep.noaa.gov/SBUV_CDR/) provided by the WCRP/SPARC-SI2N framework (SPARC, IO3C, IGACO-O3 and NDACC). 
The spatial resolution is centered on a grid of latitude zonal bands from -87.5 to 87.5 in 5 degree intervals and at 21 Dobson 
altitudinal layers up to the top of the atmosphere. Temporally, the data spans the period 01/1970ς12/2015 with both daily and 
monthly-averages [Tummon et al, 2015]. The dataset is of high quality, stable (trends in TOC vary by only about 1%/decade) and 
multi-decadal - making it suitable for the study of long-term effects [Harris et al 2015]. It also has the required spatial and 
temporal coverage for a study of short-term effects and external forcings.  

 

DATA PREPROCESSING  
 

In this initial study, in order to perform gap-free spectral analysis, we computed monthly means and extracted a subset of the 
data having the highest density temporal coverage (11/1978-12/2015) and restricted the analysis to the latitudinal range: 60N-60S 
so as to avoid sparsity during polar winters. Missing data (never exceeding 2 consecutive months) was interpolated with a 
piecewise cubic spline fit . The first 9 layers up to 32km were combined into a single lower layer such that the vertical structure has 
the characteristics shown in Table 1.  

 
Table 1. The altitudinal structure of the data used in this study. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

The resulting 2D+1 dataset of ozone layer data is therefore of size 13 x 25 x 434. 
 
 

GENERAL APPROACH 
 

We apply the CWT to each of the time series in the 2D spatial grid (altitudinal Dobson layers x latitudinal zones) spanning the 
global domain to calculate the wavelet power spectrum and to identify monthly means that are statistically-significant for each 
oscillation period. We then construct 3D grids of constant period to deduce the 2D+1 distribution of individual oscillations. In 
parallel, we compute least-square linear trend fits to the time series data at each point in the global domain.  

RESULTS I: GLOBAL 2D LINEAR TRENDS 
 
The least-square linear trend coefficient for each time series was calculated at each point (altitude,latitude).  
 
 
 
 

 

 

 

 

 

 

Figure 1. (left) The 2D spatial distribution (altitude,latitude) of trend coefficients (DU/decade) overlaid with quiver arrows showing the local 
gradient. (right) Ozone layer time series at (27.1km,-60o) and at (27.1km,0o) together with the corresponding least-square linear fits. 

We observe that: (i) linear trends are predominantly negative, most strongly below Ғ 33km, (ii) trend coefficients are generally in the range -4.0 
to +1.0 DU/decade, and (iii) a localized region of small positive trends (0 to +1.0 DU/decade) is apparent up to 40km in a 20o band centered on 
the equator. Note that the decreasing ozone layer time series (upper right of Fig. 1) has a local minimum in the mid-1990s which we expect to 
anti-correlate with EESC and other ozone depleting substance concentrations. Note that the linear fit  is poor for this case. We are in the process 
of performing calculations also with piecewise linear trend (PWLT) models and SSA to derive improved estimates of local trends.  
 
RESULTS II: MONTHLY SIGNIFICANCE OF INDIVIDUAL OSCILLATIONS  
 
The CWT was used to compute the power spectrum as a function of period for each time series at a given point (altitude,latitude). This was then 
compared with the AR(1) spectrum for each month to construct a statistical hypothesis test of the significance of each period at the 95% level.   
 
 

 

 

 

 

 

 

Figure 2. (left) The wavelet power spctrum of the ozone layr time series at 49.5km and 15oS together with the time-averaged spectrum and the 
AR(1) reference curve. (right) Months where oscillations are statistically-significant at the 95% level and their prevalence as a proportion of the 
time series of 434 monthly values.  
 
RESULTS III: 2D+1 VISUALIZATION OF INDIVIDUAL OSCILLATIONS  

We then construct 3D grids of wavelet power at constant period in the 2+1D space to trace and study the spatio-temporal topology of individual 
oscillations ς i.e. the distribution of signal strength is a cube of intensity as a function of time, altitude and zonal latitude for each oscillation.  

 

 

 

 

 

 

 

Figure 3. 2D+1 distribution of wavelet power for 3 key oscillations: (left) the annual cycle Ғ 12 months (1.0 yr), (center) the Quasi-Biennial 
Oscillation Ғ 28 months (2.3 yr) (right) possibly a Volcanic-Solar flux cycle modulation Ғ 84 months  (7.0 yr).  

ABSTRACT 
  
In the last few decades ozone research has been strongly shaped by 3 important findings: 
  
i) anthropogenic chlorofluorocarbons can deplete the ozone layer [Molina and Rowland, 1974] 
ii) the discovery of a sizeable ozone hole has been discovered [Farman et al, 1985] 
iii) that the signing and implementation of the Montreal Protocol has helped limit the production and concentration of ozone-

depleting substances (ODSs) [WMO, 2011].  
 
As we now move towards possible ozone recovery, the focus of attention is shifting towards analysis of long-term ozone changes (e.g. 
declining halogen loads, depletion of polar ozone and increases in greenhouse gases), and short-term ozone changes (e.g. due to 
internal variability like the QBO [Baldwin et al 2001], the ENSO [Brönnimann et al 2004] and the NAO [Ossó et al 2011], or due to 
external forcings such as volcanic signals, or the 27-day or 11-year cycles in solar variability [Fioletov, 2009]). For all of these, accurate 
knowledge of the zonal latitude, altitude and temporal structure of the ozone response is required to place constraints on possible 
explanations - i.e. there is need for a 2D+1 spatio-temporal modeling framework.  
 
We have initiated this study to achieve this and to assess the recent multidecadal global ozone record by: 
 
1. analyzing the 2D distribution of linear trends (as a function of zonal latitude and pressure altitude) using least-square fitting and 

local gradients [Greene, 2014] 
2. extracting the 2D distribution of nonlinear trends using singular spectrum analysis (SSA) [Ghil et al, 2002] 
3. extracting the 2D+1 distribution of oscillations at different timescales using the continuous wavelet transform (CWT) [Grinsted et 

al, 2004; Grinsted, 2015] 
4. calculating the statistical-significance of key variations (e.g. bi-annual, annual, QBO, ENSO, NAO and the solar cycle) over a range 

of timescales from 3 months to 16 years using an AR(1) ̝ 2 test 
5. analyzing the causal interaction of variations using transfer entropy [Runge, 2012] 
 
Here, we present some initial results and findings.  

Layer Bottom pressure (hPa) Top pressure (hPa) Bottom altitude (km) Top altitude (km) Central altitude (km) 
1 1013.25 16.06 0 28.7 14.3 
2 16.06 10.13 28.7 31.9 30.3 
3 10.13 6.39 31.9 35.1 33.5 
4 6.39 4.03 35.1 38.3 36.7 
5 4.03 2.55 38.3 41.5 39.9 
6 2.55 1.61 41.5 44.7 43.1 
7 1.61 1.01 44.7 47.9 46.3 
8 1.01 0.64 47.9 51.1 49.5 
9 0.64 0.40 51.1 54.3 52.7 
10 0.40 0.25 54.3 57.5 55.9 
11 0.25 0.16 57.5 60.7 59.1 
12 0.16 0.10 60.7 63.9 62.3 
13 0.10 0.06 63.9 67.1 65.5 
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CONCLUSIONS 
 
The 2D+1 modeling framework introduced here offers additional insight into the structure of trends and oscillations in global ozone: 

 
A.2D least-square trends help point to spatial domains that may benefit from more advanced/nonlinear trend modeling techniques based on 
PWLT or SSA analysis 
B.3D grids of oscillations can be constructed directly from ozone layer measurements by computing the wavelet power spectrum of each 
ozone layer time series 
C.Statistically-significant months where such oscillations manifest themselves can then be identified unambiguously in the spatial domain 
spanning altitude and zonal latitude. 
 
Future work will focus on interpretation of this global description in the context of the 2D distribution of nonlinear trends extracted with SSA. 
We will also assess the potential for applying advanced causal discovery algorithms to the data in an attempt to connect the interaction of 
oscillations with the underlying dynamics.  
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