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Principal Investigator: Mr. Matthew Wright

Project Title: Investigating multi-decadal climate variations in seasonal
forecasts: the role of aerosol and greenhouse gas forcings

Abstract

Seasonal forecasts provide information on monthly mean weather-statistics a season or more in
advance. Seasonal predictive skill depends on many factors, including the geographical forecast
region and the specific events being predicted. It has recently been found by (Weisheimer et al.,
2021) and (Weisheimer et al., 2022) that seasonal predictive skill for key indices (ENSO, PNA,
NAO) undergoes substantial multi-decadal variations between 1901 and 2010. The physical
mechanisms for these variations are still unclear. Simultaneously, the CONFESS project is
developing a higher resolution aerosol dataset to be used in the IFS.

This three-year project aims to collaborate with CONFESS and Dr. Tim Stockdale from ECMWF to
investigate the role of aerosol and greenhouse gas forcings on the multi-decadal variations in
seasonal forecast skill. Firstly, the 1930s ‘Dust Bowl’ over North America will be used as a case
study to test aerosol sensitivities. Secondly, aerosol and greenhouse gas sensitivities over the boreal
winter for the whole 20™ century will be tested, allowing comparison to Weisheimer et al.’s
previous work. Finally, the spatial variation in aerosol load will be investigated.

The outcomes of this project are consistent with the aims of the World Climate Research
Programme and wider research community and complement the work that CONFESS is doing to
improve aerosol representation in the ECMWF seasonal forecasting system. This will ultimately
help improve ECMWE’s seasonal forecasts.

Project Description

The completed form should be submitted/uploaded at https://www.ecmwf.int/en/research/special-projects/special-
project-application/special-project-request-submission.

All Special Project requests should provide an abstract/project description including a scientific plan, a justification of
the computer resources requested and the technical characteristics of the code to be used.

Following submission by the relevant Member State the Special Project requests will be published on the ECMWF
website and evaluated by ECMWF as well as the Scientific Advisory Committee. The evaluation of the requests is based
on the following criteria: Relevance to ECMWE'’s objectives, scientific and technical quality, and justification of the
resources requested. Previous Special Project reports and the use of ECMWEF software and data infrastructure will also
be considered in the evaluation process.

Requests asking for 3,000,000 SBUs or more should be more detailed (3-5 pages). Large requests asking for
10,000,000 SBUs or more might receive a detailed review by members of the Scientific Advisory Committee.

Motivation and background

The ability to forecast weather and climate reliably on a seasonal timescale is of great societal and
scientific interest. If floods, droughts, and rainfall onset can be reliably predicted a season or more in
advance, the economic and social costs of these events can be significantly reduced (Shukla et al.,
2000; Weisheimer & Palmer, 2014). Examples include being able to better predict tropical droughts
in northern South America, India, parts of southern Africa and Australia, and earlier warnings of
tropical cyclones in the Philippines and other parts of southeast Asia. This is particularly topical as
some extreme weather events increase in frequency and severity due to climate change (IPCC, 2021).

Seasonal predictions provide estimates of seasonal-mean weather statistics, typically up to four
months ahead. Physically, this prediction is achievable because some elements of the coupled
climate system have an intrinsic predictability time greater than that of individual synoptic weather
systems. This includes ocean dynamics and hydrology of land masses, which force the
atmosphere’s lower boundary, and large-scale atmospheric circulation patterns, including the
stratosphere. EI-Nifio Southern Oscillation (ENSO) is the strongest mode of multi-annual
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atmospheric variability. ENSO provides a significant source of predictability around the world
(Barnston et al., 2019; L’Heureux et al., 2020; Tippett et al., 2019; Weisheimer et al., 2009),
through atmospheric and oceanic teleconnections (Yeh et al., 2018).

Seasonal predictive skill has improved markedly over the past century, with successive generations
of operational meteorological forecast systems improving on the accuracy and length of forecasts
that are possible (Johnson et al., 2019). However, there is still generally lower predictive skill in the
extra-tropics compared to the tropics, notably in the North Atlantic (Miller et al., 2005; Shi et al.,
2015), where there is a complex, seasonally dependent relationship between ENSO, the North
Atlantic Oscillation (NAO) and the strength and position of the jet stream (O’Reilly, 2018; Parker et
al., 2019; Woollings et al., 2010).

Recently, there has been interest in finding out how seasonal predictive skill changed over the 20™"
century, by initialising state-of-the-art models on past start dates. These hindcasts can be compared
to reanalysis datasets to conclude how skilfully the model predicts seasonal-mean statistics.
(Weisheimer et al., 2021) and (Weisheimer et al., 2022) used ECMWE’s SEASS system to produce
hindcasts for the whole 20™ century and investigate multi-decadal variations in seasonal predictive
skill. They found that seasonal predictive skill, for ENSO and for the PNA and NAO indices,
undergoes substantial multi-decadal variations between 1901 and 2010. Figure 1 shows how the
PNA, and NAO prediction skill varies in time. Predictive skill is best in recent periods (as expected,
given the models are tuned to current conditions), and comparable between 1900 and 1950. It is,
however, much reduced between approximately 1950 and 1975. Since this variation does not
correlate with the quality of available observations and is seen in both atmosphere-only and coupled
hindcast runs, it is concluded that this is not just a feature of the model but a robust atmospheric
and/or oceanic dynamics phenomenon. The exact details of this are the subject of open research,
and this work hopes to contribute to that effort.

Aerosols are known to have a significant impact on radiative forcing and thus on climate. Aerosols
are small particles suspended in the air. They can be produced naturally (Satheesh & Krishna
Moorthy, 2005), e.g. desert dust, sea salt, or anthropogenically (Charlson et al., 1992), e.g. sulfate,
nitrate. Anthropogenic-driven land use changes are also important for determining how many
natural aerosols are produced (Artaxo et al., 2013), e.g. increased desert dust due to desertification,
increased black carbon due to human-induced biomass burning, decreased biogenic aerosols due to
deforestation. Their direct effect on the climate system is scattering and reflecting incoming short-
wave radiation and absorbing outgoing long-wave radiation. Most aerosols scatter and reflect more
radiation than they absorb, so they have a cooling effect on the earth’s atmosphere. Aerosols also
have indirect effects on the climate system, which are mainly due to their interactions with clouds.
Most anthropogenic aerosols are found in the troposphere, with mainly volcanic aerosols in the
stratosphere. The largest uncertainties are in the troposphere, so we will focus on tropospheric
aerosols in this Special Project.

Despite their known importance, representations in models still lack spatial and temporal resolution
(Ban-Weiss et al., 2014), and there are uncertainties in individual aerosols’ radiative properties.
Feedbacks between aerosols and clouds, which are sub-grid scale processes, are also badly
represented: this is the largest source of uncertainty in global weather and climate models (Wang et
al., 2021). Sensitivity studies have been conducted, e.g. (Dittus et al., 2021). This study investigated
the role of aerosol forcing in Pacific multi-decadal variability in the period 1981-2012, but did so in
a climate context, not a seasonal forecasting one. Thus, aerosol forcing is poorly constrained, even
in state-of-the-art forecast models and there is a gap in understanding seasonal forecasts’ sensitivity
to aerosol forcing. Improving the representation of aerosols has the potential to greatly improve our
understanding of how predictive skill has changed.
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Figure 1: Taken from (Weisheimer et al., 2021). Decadal variability of extratropical forecast skill of the (a) NAO and (b) PNA in
DJF from forecasts initialized in November with 30-year moving-window correlation coefficients of the hindcast ensemble mean with
CERA-20C. Atmosphere-only seasonal forecasts ASF-20C are in red, and coupled seasonal forecasts CSF-20C are in blue. Shading
indicates the 5%-95% confidence intervals. Correlations for each 30-year window are plotted at the central year. Bars on the right

show correlations and confidence intervals over the full hindcast period 1901-2009. The circles on the lines show where the
difference in skill between ASF-20C and CSF-20C is significant at the 95% level. The significance was calculated using a Monte
Carlo significance test in which the two ensembles are shuffled and split into two random ensembles; the difference in the correlation
of these two random ensembles is then calculated and this is repeated 10,000 times to give the final significance levels.

The North American ‘Dust Bowl’ of the 1930s provides a good case study to test aerosol and land
use sensitivity. The ‘Dust Bowl’ was a long drought and associated severe dust storms in American
and Canadian prairies between 1932 and 1939, peaking in intensity in 1934 (Worster, 2004).
Natural variation in the climate system caused a severe drought and recent agriculturally driven land
use changes had increased the soil’s susceptibility to wind erosion. These factors combined to give
a very dry period characterised by dust storms. The dust storms contained a large aerosol load,
potentially leading to a feedback effect which made the drought last longer (Cook et al., 2008).
Some models are able to predict the drought fairly well (Miller et al., 2008) using prescribed SSTs,
but predict a drought centred too far south and without strong cross-continental warming. The ‘Dust
Bowl’ is well studied, but not from the perspective of seasonal predictive skill in the context of the
whole 20™ century. It thus provides an interesting event to test the sensitivity of atmospheric
dynamics and predictive skill to aerosol load and land use changes.

The CONsistent representation of temporal variations of boundary Forcings in reanalyses and
Seasonal forecasts project (CONFESS) project is funded by the EU’s Horizon 2020 research and
innovation programme and coordinated by ECMWEF. It aims to improve representations of land
cover and vegetation, and tropospheric aerosols, in C3S models (CONFESS Project, n.d.). The
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spatial and temporal resolution of land cover and aerosol datasets used in models is being improved
by harmonising CMIP6 and CAMS datasets. This new dataset, and the insights it will provide,
offers a good opportunity to explore aerosol forcing’s impact on seasonal forecasts in ECMWE’s
model.

The World Climate Research Programme’s (WRCP) Explaining and Predicting Earth System
Change Lighthouse Activity (World Climate Research Programme, n.d.) outlines the need for the
scientific community to attribute and predict multi-annual to decadal changes in the climate system.
For example, they suggest large ensemble single forcing experiments over historical periods, which
do not currently exist but will be very useful in meeting their objectives. Incomplete forcing
experiments are similar to this, but they remove one forcing component and leave the rest
unchanged. Like single forcing experiments, these enable the impact and sensitivity of each element
to be assessed but are closer to the real world than single forcing experiments, which are extremely
idealised. Running incomplete forcing experiments with the newest aerosol and land use datasets
will be a valuable asset to the scientific community and contribute to worldwide efforts in this field.

This Special Project aims to investigate the role of different forcing mechanisms on seasonal
predictive skill, working with CONFESS’s new aerosol to test sensitivity to aerosol load,
greenhouse gas concentrations. We will focus on the 1930s ‘Dust Bowl’ as a case study, and then
extend our analysis to the period of reduced predictive skill for large-scale circulation indices as
identified by Weisheimer et al. in the middle of the century. This project will collaborate with
CONFESS and other ECMWEF researchers to help improve future seasonal forecasting systems at
ECMWEF.

Scientific plan

This project will collaborate with ECMWEF’s seasonal forecasting team and the CONFESS
programme to investigate sensitivities of seasonal forecast skill to aerosol forcing and greenhouse gas
forcing. We have developed this scientific plan in consultation with Dr. Tim Stockdale (ECMWF),
who is a supporting researcher for this Special Project. CONFESS has developed a new time-varying
aerosol climatology for 1971-2019, with additional aerosol data going back to 1951. This data can
inform our choices for the sensitivity runs. CONFESS will also run three low-resolution experiments
to look at sensitivity of aerosol variations over the period 1981-2020, which we will be able to use as
a comparison point for our model runs. If the CONFESS dataset is not ready by the time we run our
situations, we would consider other datasets of historical aerosol forcing, including the CMIP6
dataset.

Incomplete, modified forcing experiments will be used to test the sensitivity of atmospheric and
oceanic teleconnections, and predictive skill, to the aerosol load, spatial distribution and temporal
trend, and greenhouse gas concentrations. These experiments complement the scientific community’s
ongoing work to attribute changes to the climate system to specific forcing components (see WRCP’s
projects, outlined above). We are aiming to test sensitivities to these forcings, rather than replicate
exactly the observed trends.

The experiments that we propose running are outlined in Table 1. Coupled runs will be used, as ocean
dynamics may play an important role in circulation and teleconnection changes that influence the
‘Dust Bowl’ and seasonal predictive skill. The initial conditions for the coupled model will be taken
from CERA-20C (Laloyaux et al., 2018), as in previous work from (Weisheimer et al., 2021, 2022).

In the first phase, we will use the ‘Dust Bowl’ as a case study to investigate the sensitivities of
teleconnections and predictive skill to aerosols. For these experiments we will use a shorter time
period of 30 years, 1920-1949. The ‘Dust Bowl’ period of 1932-1939 is completely covered, with
about 10 years of hindcasts before the event to give us baseline predictive skill for the relevant
locations and signals. The model will be initialised in April and run for five months, to enable study
of the end of boreal spring and all of boreal summer, when the ‘Dust Bowl’ had maximum intensity.
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Experiment 1A acts as a control with default aerosol forcing, and 1B and 1C modify the natural
aerosol forcing considerably, by at least a factor of 5. Natural aerosols will be modified because dust
— a natural aerosol — was the predominant contributor to aerosol effects in the ‘Dust Bowl’. These
experiments will enable conclusions to be drawn about the sensitivity of teleconnections that caused
the ‘Dust Bow!’ and predictive skill in the early-mid 20" century to aerosol loading.

The second phase will expand the time period to 81 years, 1930-2010, and focus on aerosols, running
a set of experiments with varying aerosol and greenhouse gas forcings. For these experiments, the
time period we will run is 1930-2010. This gives 81 years of seasonal hindcasts, a large enough
dataset to identify trends in teleconnections and in predictive skill from the early 20" century to the
present day. We will have full coverage of the low skill mid-century period (approximately 1950-
1975), plus periods before and after to compare the skill and circulation to. Runs will be initialised in
November to capture the boreal winter, which is when there is the strongest ENSO signal. Again, 2A
acts as a control for the whole period, with default aerosol forcing used. 2B will remove the
anthropogenic greenhouse gas forcing in the atmosphere, whilst 2C and 2D will increase and decrease
aerosol forcing, respectively. The exact method and scaling that will be used to change the forcings
will be decided using evidence from the literature and the results of the first phase experiments.

Finally, in phase three, we will run three specific sensitivity analyses, focusing on the spatial
distribution of aerosols. Again, the time period 1930-2010 will be used, and the model will be
initialised in November. The current plan is to enhance aerosol forcing over three regions (North
America, south-east Asia and Europe) in three separate experiments, giving a comparison of each
region’s sensitivity to aerosol forcing. However, these experiments are currently not concrete and will
be refined based on the results of the first two phases.

Table 1: Outline of the experiments proposed for this Special Project.

Phase Year | Experiment name Details

2023 | 1A: control

1: ‘Dust Bowl 2023 | 1B: increased natural aerosol 1920-1949, April starts, five
case study months

2023 | 1C: decreased natural aerosol

2 multi-decadal 2023 | 2A: control

variations in 2024 | 2B: decreased greenhouse gas forcing
predictive skill
across the whole | 2024 | 2C: decreased aerosols

20™ century

1930-2010, November

2024 | 2D: increased aerosols
starts, four months

_ 2025
3 regl_opal 3A, 3B, 3C: sensitivity analyses of
sensitivity 2025 , AR
. aerosols’ spatial distribution
analysis
2025

Technical characteristics of code to be used

We propose to use the coupled ECMWF model for the seasonal hindcasts. The atmospheric part of
IFS will be run in Cycle 48r1 at resolution TC0199, with 91 vertical levels (L91). The horizontal
resolution is similar to the model version of the long seasonal hindcasts generated previously
(Weisheimer et al., 2021, 2022), and thus allows a fair comparison. The NEMO version that will be
used is the default version 3.4, run with 1° horizontal resolution and 42 vertical levels. Both the
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atmosphere and the ocean will be initialised using the CERA-20C reanalysis. We will run all
simulations with 25 ensemble members.

Justification of computer resources requested

Whilst the exact details of the forcings to be used are to be finalised, the computer resources required
are independent of the forcings, so we are confident the numbers below are accurate. These numbers
rely on initial testing from the seasonal forecast team at ECMWF on the ATOS machine.

For the proposed model configuration, the anticipated costs in terms of SBUs are shown below,
based on 1 forecast month with 1 ensemble member and 1 start year costing 1,216 SBU. We
multiply this figure by the number of forecast months, ensemble members and start years to get the
total number of SBUs required:

Experiments 1A, 1B, 1C: 1,216 * 5 * 25 * 30 = 4,560,000 SBUs

Experiments 2A, 2B, 2C, 2D, 3A, 3B, 3C: 1,216 * 4 * 25 * 81 = 9,849,600 SBUs

This leads to the following costs:

2023: 3 x 4,560,000 + 9,849,600 = 23,529,600 SBUs
2024: 3 x 9,849,600 = 29,548,800 SBUs
2025: 3 x 9,849,600 = 29,548,800 SBUs

These numbers are rounded up to the nearest hundred thousand in the units requested to allow some
units for testing.

In agreement with the reduced archiving settings of standard seasonal forecast research experiments
at ECMWEF, a total of 1,354 spatial fields per months will be archived. This includes a selection of
6-hourly and daily data together with monthly mean fields at the surface and selected pressure
levels. With one field being of size 3.2 MB, this corresponds to 4.3 GB per month of simulations.
We multiply this figure by the number of forecast months, ensemble members and start years to get
the total number of GB required:

Experiments 1A, 1B, 1C: 4.3 *5* 25 * 30 = 16,248 GB

Experiments 2A, 2B, 2C, 2D, 3A, 3B, 3C: 4.3 * 4 * 25 * 81 = 35,095 GB

This leads to the following storage requirements:
2023: 3 x 16,248 + 35,095 = 83,840 GB

2024: 3 x 35,095 = 105,290 GB

2025: 3 x 35,095 = 105,290 GB

We require data to be accessible for the remainder of the project, so these storage amounts are
cumulative. We therefore require 83,840 GB in year 1, 189,130 GB in year 2 and 294,410 GB in
year 3.
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