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Motivation
• observed changes in chemical quantities often a combination 

of forced changes and internal variability
• decadal-scale variability can complicate trend analysis

– not just a problem for atmospheric chemistry, but there is more of a 
temptation to separate dynamics and chemistry

• one example is the series of very cold NH winters seen in the 
mid-1990s

Total column ozone anomalies over 35–60° N from ground-based 
observations (updated from Fioletov et al., 2002)



Motivation
• confounding influence of dynamics and chemistry even 

more clearly seen by looking at polar vortex
• cold winters have both reduced dynamical supply of ozone and 

increased chemical loss

Figure 2-15 from WMO (2010). Updated from Tegtmeier et al. (2008).



Motivation
• similar issues can occur in the troposphere

Monthly average ozone observed at 
Mauna Loa (3.4 km altitude) for 1980-
1995 and 1996-2011.

Model simulated ozone at Mauna Loa for 
the same two time periods assuming 
anthropogenic emissions and methane 
remain constant. Also shown is a diagnostic 
tracer emitted from East Asia with a 50-day 
lifetime.

Figures from Lin et al. (2014) using the GFDL AM3 nudged to 
NCEP/NCAR re-analysis.



Specified Dynamics simulations
• the possibility of separating dynamical and chemical 

effects is attractive for chemistry-climate applications
– inter-annual variability
– long-term trends

• assumption that spurious trends in re-analysis are not contributing

• implementation in existing models can be straight-
forward
– relaxational nudging involves the addition of an extra tendency 

term within the model timestepping

CR is the field from re-analysis 
t is the relaxational time constant

– interpolation in time to derive CR at intermediate times
– Incremental Analysis Update (IAU) is an alternative



Specified Dynamics simulations

The dependence of RMSD between 
CanCM3 simulations and the ERA-40 re-
analysis for different values of t and the 
RMSD between different re-analysis 
datasets. From Merryfield et al. (2013).

• specification of the relaxation time constant can be a bit 
of an 'art' (see CCMI)

• within CCCma we use t = 24 hours derived in Merryfield 
et al. (2013)
– reduce the RMSD in temperature to within the range found 

between different re-analysis datasets

• apply nudging in spectral space
– for T47, apply up to T21



Our experience with SD simulations – CMAM30

Total column ozone over 35-
60°N from CMAM30 
(orange), a twin simulation 
with ODS concentrations 
held at 1960 values (blue) 
and the ground-based 
observations (Fioletov et al, 
2002). The correlation 
coefficient is for 1995-2009.
From Shepherd et al. (2014).

• two year project in collaboration with U of Toronto to 
produce a 're-analysis' of the chemical state of the 
atmosphere
– nudged simulation of the Canadian Middle Atmosphere Model
– 1960 – 2010, with ERA-40 switching to ERA-Interim at 1979
– spectral nudging (to T21) of vorticity, divergence and 

temperature with t=24 hours from surface to 1 hPa 
– six-hourly output publically available for 1980 – 2010



CMAM30

Upper stratospheric monthly 
average global average 
temperatures from ERA-Interim.

• found step-like changes in 
upper stratospheric 
temperatures in ERA-
Interim
– only analysing global 

average temperatures
– no evident discontinuities 

at levels below 5 hPa



CMAM30

Deseasonalized upper 
stratospheric monthly average 
global average temperatures from 
ERA-Interim.  The red line shows 
the results of a MLR fit to solar 
cycle, stratospheric AOD and a 
linear trend.

• more easily seen when 
the annual cycle is 
removed

• due to change in satellite 
radiances above 
radiosondes

• need to correct for jumps 
because of strong 
influence of temperature 
on chemistry

AMSU-A
SSU

NOAA-7

NOAA-9



CMAM30

Steps in removing discontinuities in 
the ERA-Interim temperature 
record. From McLandress et al. 
(2014).

• define magnitude of the 
discontinuities by 
extending the fits to an 
overlap period

• all preceding portions of 
the record were corrected 
towards AMSU-A

• calculated an annual cycle 
correction from differences 
in fitted annual cycle over 
each period

– zero in the annual mean



CMAM30

Six-hourly 
global-average 
temperature 
around the 
discontinuity in 
1998

• the discontinuities were not, in fact, instantaneous jumps
– used an exponential decay of the correction with an e-folding time of 3 

days for 1985 and 5 days for 1998 at 1 hPa

Six-hourly global-
average 
temperature data 
around the 
discontinuity in 
1985



CMAM30

The mixing ratio 
of ozone in 
nudged and 
free-running 
CMAM 
simulations

• effects on ozone in the simulation
– leaving in the spurious jumps produces significant discontinuities in ozone in 

the upper stratosphere (red line)
– adjusting the ERA-I temperatures (blue line) produces a simulation of ozone 

that more closely follows that seen in free-running CMAM (black line)
– note initial transients from 1980- 1984 due to change in water vapour



CMAM30

The adjusted ERA-
Interim global average 
temperature timeseries 
with QBO and solar 
cycle removed.

• derived linear trends 
over 1980-1997 and 
1998-2011

• Randel et al. 2016:
1979-1997
– SSU3 -0.87 K/dec
– SSU2 –0.86 K/dec
1998-2015
– SSU3 -0.28 K/dec
– SSU2 -0.19 K/dec



CMAM30

The approach used to 
adjust the stratospheric 
and tropospheric column 
for the discontinuity 
between ERA-40 and 
ERA-Interim using a 
simulation with ODSs held 
constant at 1960 values 
(cODS). From Shepherd 
et al. (2014).

• A significant avenue of analysis of CMAM30 was to understand 
historical changes in total column ozone

– typically with reference to the pre-1980 state



CMAM30

Total column ozone anomalies from 
the nudged CMAM30 simulation 
(black) and an identical simulation 
with ODS held constant at 1960 
values (blue) for different latitude 
bands. Ground based observations 
(updated from Fioletov et al. (2002) 
are shown in orange. From Shepherd 
et al. (2014).

• the strong asymmetry in the 
change in total column ozone 
between the northern and 
southern hemisphere mid-
latitudes following Pinatubo

• comparing the nudged 
simulation with an identical 
nudged simulation with ODSs 
held at 1960 values the 
effects of circulation changes 
and chemical loss can be 
isolated



CMAM30

The ODS-related loss of ozone defined as the annual average difference in total column 
ozone between the nudged CMAM30 simulation and the simulation with constant ODSs.

• effect of Pinatubo in northern and southern mid-latitudes can be more 
easily seen by looking at the difference between the two nudged 
simulations



CMAM30

Tropical total column ozone anomaly from CMAM30, the constant ODS simulation and the 
ground-based observations.

• have also investigated long-term changes in tropical ozone
– observations show little long-term change, but models do show decreases in 

stratosphere
– loss in upper stratosphere from ODSs
– loss in lower stratosphere from accelerated upwelling



CMAM30

Long-term changes in 
tropical column ozone 
separated into 
stratospheric and 
tropospheric column 
changes.

• we find a chemical loss of around 5 DU since 1980 has been offset by 
an increase of about 4 DU



Artefacts in Specified Dynamics simulations

The1995-2009 average residual vertical velocity at 70 hPa from three free-
running CMAM simulations (REFC1) and a Specified Dynamics simulation 
(REFC1SD).  All simulations use the same time-varying SSTs/sea-ice from the 
HadISST data set.

• addition of extra tendency to drive the CCM towards the re-analysis 
may be having negative effects on the simulation



Artefacts in Specified Dynamics simulations

Timseries of monthly and annual average tropical upwelling mass flux at 70 hPa 
from three free-running ensemble members and a SD simulation. The upwelling 
mass flux is calculated by integrating w* between the 'turn-around' latitudes.

• The SD simulation has a faster residual circulation than free-running 
CMAM



Artefacts in Specified Dynamics simulations

Latitudinal distribution of the 1995-2009 average stratospheric age of air at 50 hPa 
from a three-member ensemble of freely-running CMAM and one SD simulation.

• the changes in residual circulation affect the stratospheric age of air
– both the free-running and SD simulations fall within the uncertainty in the 

observations, but the SD simulation is edging toward the lower bounds
– impacts on the distribution of long-lived gases (halocarbons, CH4, N2O) and 

products (ClOy, …) 



Artefacts in Specified Dynamics simulations

The difference in zonal average ozone (%) for DJF and JJA calculated over 1990-
2009. Overlain are PV (2, 4, and 6 PVU) and potential temperature surfaces (340, 
360 and 380K) with the free run shown with solid lines and the SD run dashed lines.

• may be more subtle differences related to the use of nudging



Artefacts in Specified Dynamics simulations

The PDF of paired ozone and potential vorticity for DJF over 30 - 60°N with the free-
run on the left and the SD run on the right. Instantaneous data was sampled 
between 600 hPa and 420K potential temperature and for 2000 to 2009.  Contours 
for 0.01, 0.1 and 1% from the free-run are overlain on the SD plot.

• relationship between ozone and PV around the tropopause is 
significantly different in the SD simulation



Artefacts in Specified Dynamics simulations

The normalized PDF of ozone at 2 PVU for the free-running and SD simulations for 
DJF and JJA.

• relationship between ozone and PV is significantly different in the SD 
simulation



Artefacts in Specified Dynamics simulations

The PDF of paired ozone and CO concentrations at 10K potential temperature 
above the tropopause (2 PVU) and between 30 and 60°N for DJF. The free-run is on 
the left and the SD run is on the right.

• investigating the relationship between CO and O3 in tropopause-
relative coordinates



Artefacts in Specified Dynamics simulations

The PDF of paired ozone and CO concentrations at the tropopause (2 PVU) and 
between 30 and 60°N for DJF. The free-run is on the left and the SD run is on the 
right.

• investigating the relationship between CO and O3 in tropopause-
relative coordinates



CCM Community Efforts
• the Chemistry-Climate Model Initiative (CCMI) is a 

precursor to AerChemMip, part of CMIP6

• CCMI has specified a historical (1980 – 2010) Specified 
Dynamics simulation
– 12 groups have submitted results

• some are CTMs, while most are nudged CCMs

– the relaxation time constant ranges from 3 to 50 hours
• some increase the time constant with height
• some do not apply nudging in the lowest layers

– all nudge U, V, most also nudge T
• some groups nudge surface heat fluxes (latent, sensible)

– groups have used MERRA, ERA-I and JRA55
• plan to extend the analysis of CMAM to look at 

behaviour of other nudged/free models
• convection?



Conclusions
• use of Specified Dynamics simulations has shown great 

promise in reproducing certain aspects of dynamically-
driven variability
– allows for separation of forced (chemical) and unforced 

(variability) effects

• care must be taken that artefacts in re-analysis do not 
adversely affect simulations
– spurious temperature jumps in upper stratosphere

• much to learn about how other artefacts may affect SD 
simulations
– wide range of approaches to nudging across CCMI models
– sensitivity of parameterizations to nudging
– role of biases in free-running version


