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Abstract

Lightning represents a key interaction with climate through its production of

nitrogen oxides (NOx) which lead to ozone production. These NOx emissions are

generally calculated interactively in chemistry-climate models but there has been

little development of the representation of the lightning processes since the 1990s.

In most models the parametrisation of lightning is based upon simulated cloud-

top height. The aims of the thesis are: to explore existing schemes, and develop

a new process-based scheme, to parametrise lightning; to use a new process-

based lightning scheme to give insights regarding the role of lightning NOx in

tropospheric chemistry; and to use alternative lightning schemes to improve the

understanding of the response of lightning to climate change, and the consequent

impacts on tropospheric chemistry.

First, a new lightning parametrisation is developed using reanalysis data and

satellite lightning observations which is based on upward cloud ice flux. This

parametrisation is more closely linked to thunderstorm charging theory. It greatly

improves the simulated zonal distribution of lightning compared to the cloud-top

height approach, which overestimates lightning in the tropics. The new lightning

scheme is then implemented in a chemistry-climate model, the UK Chemistry

and Aerosol model (UKCA). It is evaluated against ozone sonde measurements

with broad global coverage and improves the simulation of the annual cycle of

upper tropospheric ozone concentration, compared to ozone simulated with the
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cloud-top height approach. This improvement in simulated ozone is attributed to

the change in ozone production associated with the improved zonal distribution

of simulated lightning.

Subsequently, data from a chemistry-climate model intercomparison project (AC-

CMIP) are used to study the state-of-the-art in lightning NOx parametrisation

along with its response to climate change. It is found that the models using the

cloud-top height approach produce a very similar response of lightning NOx to

changes in global mean surface temperature of +0.44± 0.05 TgN K−1, for a base-

line emission of 5 TgN yr−1. However, two models using two alternative lightning

schemes produce a weaker and a negative response of lightning to climate change.

Finally, simulations in a future climate scenario for year 2100 in the UKCA model

were performed with the cloud-top height and the ice flux parametrisations. The

lightning response to climate change when using the cloud-top height scheme is

in good agreement with the positive response found in the multi-model results

of the cloud-top height approach. However, the new ice flux approach suggests

that lightning will decrease in future. These opposing responses introduce large

uncertainty into the projections of tropospheric ozone and methane lifetime in the

future scenario. An analysis of the radiative forcing from these two species also

shows the large uncertainty in the individual methane and ozone radiative forcings

in the future. Due to the opposite effect that lightning NOx has on methane (loss)

and ozone (production) the net radiative forcing effect of lightning in present-day

and future is found to be close to zero. However, there is a small positive feedback

suggested by the results of the cloud-top height approach, whereas no feedback is

evident with the ice flux approach.

These results show there are large and crucial uncertainties introduced by

lightning parametrisation choice, not only in terms of the actual lightning

distribution but also atmospheric composition and radiative forcing. The new
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ice-based parametrisation developed here offers a good alternative to the widely-

used approach and can be used in future to model lightning and develop the

understanding of associated uncertainties.
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Lay Summary

Thunderstorms occur in the troposphere – the lowermost layer of the atmosphere

between the surface and approximately 15 kilometres. Lightning flashes form the

gas nitric oxide. Reactions of nitric oxide with other gases leads to the production

of ozone and to the destruction of methane. Ozone and methane are greenhouse

gases which contribute to global warming. As the climate changes there may be

an increase or decrease in lightning. Changes in the number of lightning flashes

could in turn lead to more or less global warming through the interaction with

ozone and methane.

In this thesis, computer models of the meteorology and chemistry in the atmo-

sphere are used to better understand how lightning is affected by and affects the

climate. The aims of the thesis are: to explore alternative methods to represent

lightning in computer models, to use these alternative methods to give new in-

sights regarding the role of lightning in the production of ozone and destruction

of methane, and to use the alternative methods to improve the understanding of

how lightning could be affected by, and affect, global warming.

To begin with, data based on weather observations are compared to observations

of lightning in the tropics and subtropics. It is shown that intense movement of

ice in clouds indicates regions where more lightning occurs. Such a relationship is

consistent with past research which has shown that ice particles in thunderstorms
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become charged and lead to lightning flashes. This work uses an ice-based method

to estimate the location of lightning, which is shown to perform better than other

methods. Most models use a method based on cloud height to predict lightning.

In the tropics, the ice-based approach estimates that there is less lightning

than estimated by the cloud height approach. Such a finding is consistent with

observations of lightning, and an atmospheric chemistry model is used to show

that less lightning leads to less ozone production in the region. The reduced ozone

also results in a better match to observations made of ozone in the tropics.

By applying the model to an example of a future climate where global warming has

occurred, the response of lightning to climate change is determined. Both the ice-

based and the cloud height approach show a general increase in lightning outside

the tropics. However, within the tropics the cloud height approach predicts an

increase in lightning, whilst the ice-based approach predicts a decrease. The

cloud height approach would suggest that increased lightning leads to additional

global warming which leads to increased lightning – a feedback. The ice-based

approach, which better estimates present-day lightning, shows no such feedback

under climate change. It is therefore important to consider whether the current

methods for estimating future lightning and its impact on atmospheric chemistry

should incorporate the ice-based approach.
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Chapter 1

Introduction

1.1 Motivation and research questions

Lightning interacts with with many parts of the Earth and atmosphere. As

will be explained in this thesis, through its interactions, lightning represents

a challenge to both our understanding of atmospheric physics and chemistry.

Lightning is often researched with regard to the global electric circuit and as

a natural wildfire ignition method. Another key research area, with respect to

global lightning activity, is in the study of atmospheric chemistry. Nitrogen oxides

(NOx) produced by lightning flashes interacts with other chemical species to form

ozone (O3) in the troposphere. Tropospheric ozone is of interest in atmospheric

chemistry as a greenhouse gas and as an air pollutant. Lightning has a role in both

aspects but its principal effect is the production of ozone in upper troposphere,

which is of particular importance to greenhouse gas radiative forcing. This is the

main motivation driving studies of atmospheric composition within this thesis. A

discussion and development of the physical representation of lightning in models
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2 1.1 Motivation and research questions

of atmospheric chemistry will provide a useful starting point of the research in

thesis.

The aims of the thesis are given below, along with the main research chapters

used to address the aims. The third aim is addressed by both of the final two

research chapters, each using a different perspective.

1. To explore existing schemes, and develop a new process-based scheme, to

parametrise lightning (Chapter 2)

2. To use a new process-based lightning scheme to give insights regarding the

role of lightning NOx in tropospheric chemistry (Chapter 3)

3. To use alternative lightning schemes to improve the understanding of the

response of lightning to climate change, and the consequent impacts on

tropospheric chemistry (Chapters 4 and 5)

The following sections introduce the physical processes driving lightning activity

(Section 1.2) and discuss the measurement of lightning, including the main

satellite instrument dataset used throughout the thesis (Section 1.3). Section

1.4 introduces the details of the production of nitrogen oxides from lightning, and

the subsequent chemical processes. A general method for representing lightning in

global models is then described (Section 1.5), and previous evaluation studies of

lightning in chemistry-climate models are discussed (Section 1.6). Finally, Section

1.7 gives an introduction to previous studies regarding the response of lightning

to climate change.
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1.2 Dynamics, microphysics and electrification

of a thunderstorm

A thunderstorm begins with convection, initiated by surface heating or topogra-

phy, in unstable atmospheric conditions. The rising air parcels carry moisture

up to the level of free convection where they can continue rising uninhibited. As

the parcel cools, condensate forms and can freeze, with both effects resulting in

latent heating of the air. The latent heating of air drives further convection to

develop deep convective thunderstorms. Such storms can extend to the full height

of the troposphere, and in vigorous cases overshoot the tropopause and extend

into the lower stratosphere by several kilometres (Pan et al., 2014). This is de-

spite air above the tropopause having a higher potential temperature, and hence

stable and convection inhibiting. Within the cloud, between isotherms of approx-

imately 0 ◦C and -40 ◦C, the phase of cloud condensate can be mixed (Rosenfeld

and Woodley, 2000). The mixed-phase region is comprised of small ice crystals,

larger ice particles called graupel, and supercooled water droplets.

Ice particles are generated in storms by a variety of mechanisms. As well as

freezing by homogeneous (without condensation nuclei) and heterogeneous (onto

condensation nuclei) mechanisms, ice particles are generated through secondary

processes such as the Hallet-Mossop process (Latham et al., 2004). The Hallet-

Mossop process is a result of splinters of ice being expelled when riming occurs -

freezing of supercooled water onto an already frozen ice particle. The ice splinters

can then go on to generate ice particles through heterogeneous freezing in collisions

with other water droplets. Riming is also the mechanism by which graupel grows

in size. As graupel from the top of the cloud falls through the mixed-phase

region, supercooled droplets freeze (rime) to the particles. This releases latent

energy and can further drive the convection. In intense storms, graupel can go

through the cycle of falling, riming and be lifted within updraughts many times



4 1.2 Dynamics, microphysics and electrification of a thunderstorm

thereby growing larger and larger before eventually being overcome by gravity

and falling as hail.

The collision of smaller rising ice particles and falling graupel, and the transfer of

ions between them, is the basis for the accepted theory for thunderstorm charging,

the Non-Inductive Charging Mechanism (Reynolds et al., 1957). It is still an

active area of research to establish how charge is transferred between the particle

types (Dash et al., 2001; Ávila et al., 2013) but several laboratory experiments

have demonstrated that ice particles do transfer charge, as reviewed by Saunders

(2008). The experiments also demonstrate that the sign of charge transfer is

dependent on temperature and water vapour content which results in different

charge centres forming in different parts of the thundercloud (Figure 1.1).

An example of an experimental study by Jayaratne et al. (1983) showing the

temperature dependence of charge transfer to graupel, for a given liquid water

content, is shown in Figure 1.1A. These show that, for temperatures colder than

approximately -20◦C graupel becomes negatively charged, whereas for warmer

temperatures it becomes positively charged. The rising ice crystals will gain the

opposite charge of graupel during the collision. This temperature dependence

can be used to explain the typical tripole charge structure of thunderstorms,

illustrated in Figure 1.1B as a small positive charge below a large negative charge

below another large positive charge. The critical temperature for a shift in the

sign of charge transferred varies with water vapour content as well as impurities

in the ice particles (Jayaratne et al., 1983; Saunders, 2008). Charge separation

within the cloud provides a means to generate an electric field from which lightning

can form. The electric field that forms from the processes described, holds the

potential energy which is discharged when a lightning flash occurs.

It is worth noting that the charging of a cloud is not the whole picture of the

processes leading to a lightning flash. Electric field measurements of storms
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Figure 1.1: Experimental results and their relation to thunderstorm charging taken

from a review of thunderstorm charging processes by Saunders (2008). A) The

temperature-dependency of charge transfer to a graupel particle from ice crystal

collisions from a laboratory experiment (Jayaratne et al., 1983). B) A diagram of

charge transfer between graupel and ice crystals, and the consequent charge structure

in an idealised thunderstorm.
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suggests that the magnitude of the field is an order of magnitude less than

that needed for classic dielectric breakdown, i.e. for the attractive force between

charges to overcome the electrical resistance of the atmosphere (Solomon et al.,

2001). Another branch of research explores how lightning is initiated within

these lower electric fields (Gurevich and Karashtin, 2013; Owens et al., 2014).

This aspect of lightning, whilst potentially important, is not yet implemented in

chemistry-climate models and would be difficult at this time to reliably develop.

As such, it is not considered in any further detail in this thesis, with focus

instead being on the Non-Inductive Charging Theory as the primary control on

the formation of lightning.

1.3 Lightning observational data

There are three distinct data types currently available to measure lightning activ-

ity. These are: human-observed thunderstorm activity (Changnon and Changnon,

2001), detection of electromagnetic disturbances between 3 Hz–300 MHz (Rakov,

2013; Nag et al., 2015), and visual detection by satellite imaging (Cecil et al.,

2014; Nag et al., 2015). Human-observed thunderstorm activity is provided by

meteorological records generally as the number of days where thunder was heard

at a weather station. Electromagnetic disturbances are detected by ground-based

instruments which work together in a network to pin-point the time and location

of disturbances made by lightning up to distances of tens to thousands of kilome-

tres, depending on the frequency band used. Higher frequency electromagnetic

waves attenuate quicker as they propagate over the Earth’s surface so each detec-

tion system has a limit based on the frequency it measures. Satellite instrument

data uses a charge-coupled device (CCD) to observe flashes in the visible part of

the electromagnetic spectrum.
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Satellite instrument measurements of lightning will be the main source of ob-

servations in this thesis. The satellite based measurement method can provide

long-term (over a decade) of relatively accurate and homogeneous detection effi-

ciency spatially. While the data is not continuous, it can be averaged over longer

time periods to attain useful climatological information.

Human-observed records provide little accuracy regarding lightning location,

frequency and time, and also have great uncertainty associated with local

topography and weather conditions. There is still some use for such data as it is

the key data source when studying past conditions prior to the 1990s (Changnon

and Changnon, 2001; Pinto et al., 2013). I will not use this data due to its

shortcomings and because the thesis aims to study present-day conditions for

which more accurate data is available. Electromagnetic detection provides useful

data for present-day. However, such measurements are predominantly useful over

regional scales as variation in detection efficiency is complex, depending on the

position of the lightning within the network and over time as detectors are added

and removed. Due to the inhomogeneous detection efficiency, this dataset will

also not be used for my analysis.

In summary, satellite instrument measurement of lightning has been chosen as the

main data source for the thesis as it provides greater accuracy than meteorological

records of thunderstorm days and has less variation in detection efficiency over

such large regions than ground-based detection systems. Section 1.3.1 introduces

the satellite lightning detection systems and Section 1.3.2 provides an overview

of general features in the climatology of lightning as observed by satellite

instruments.
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1.3.1 Method and uncertainties of satellite instrument

observation

Satellite-based measurements of lightning to date have been made by instruments

aboard low-earth orbit satellites (Cecil et al., 2014). There are planned lightning

measurements from geostationary satellites over the Americas with the Geosta-

tionary Lightning Mapper (Goodman et al., 2013) and Europe with the Meteosat

Third Generation-Lightning Imager. However, for the observational datasets dis-

cussed here the methods and uncertainties are related to low earth orbit satellite

characteristics.

The Lightning Imaging Sensor (LIS) is the main data source used to represent

lightning observations in this thesis (Boccippio et al., 2002). It was on board

the Tropical Rainfall Measuring Mission (TRMM) satellite in a low earth orbit

with an inclination of 35◦ between January 1998 and April 2015. It orbited the

earth several times each day scanning the surface at different locations between

±38◦ latitude for approximately 90 seconds at a time. Over the course of 99

days the instrument will have sampled the diurnal cycle of all locations within its

range twice (Cecil et al., 2014). Using the climatologies and smoothed products

described by Cecil et al. (2014) helps to address uncertainties associated with the

LIS measurements but it is still important to bear in mind that the instrument

is not observing all locations at all times. An example of LIS tracks and

measurements over the course of its last day of measuring is shown in Figure 1.2.

The predecessor to LIS, the Optical Transient Detector (OTD) (Christian et al.,

2003), had a range of ±75◦ latitude and a longer viewing time for each location

of ∼3 min. The OTD produced measurements from May 1995 to March 2000.

The OTD instrument extends the time period of the LIS data and can be used to

extend the coverage of a lightning climatology to cover all global locations where



CHAPTER 1. Introduction 9

Figure 1.2: Quality controlled measurements made by LIS on 7th April 2015

(Downloaded from http://thunder.msfc.nasa.gov/lisib/lisbrowsecal on 16/03/2016).

Blue/orange regions show the viewing regions of the instrument over ocean/land.

Grey/white regions are unobserved on this day. Red dots show the flash measurements,

with the time series of measurements shown in the bottom panel.
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substantial lightning activity occurs. All locations in the long term climatologies

have been sampled for 100s of hours.

The LIS and OTD instruments used a CCD to image the surface. They then

applied 4 stages of filtering to discern lightning flashes as described by Christian

et al. (2003). This includes the removal of the background scene and spectral

filtering to the atomic oxygen emission wavelength of 777.4 nm, which further

helps to separate flashes from the background cloud.

Bitzer et al. (2016) used a ground-based network to estimate an upper limit on the

detection efficiency of LIS. Using the assumption that the two networks combined

detect all occurrences of lightning, they find the detection efficiency of LIS has an

upper limit of 96.8%. Two key sources of error are present in the measurements:

1) the diurnal variability in detection efficiency, and 2) difficulty in measuring

within the South Atlantic Anomaly (SAA). These are described in detail below.

First, the instrument had its highest detection efficiency at night since the flashes

are more easily discerned from the dark background image. Boccippio et al. (2002)

estimated that the detection efficiency of LIS ranged from 69% at midday to 88%

at midnight, and the detection efficiency of OTD between 38 % at midday to

49 % at midnight. These detection efficiencies were used by Cecil et al. (2014) to

account for diurnal variability in detection when forming the LIS/OTD lightning

climatology products.

Second, the SAA is a region over the South Atlantic and parts of South America

where the LIS and OTD instruments experience a greater intensity of radiation.

The increased radiation is a result of a weaker magnetic field in the region,

which allows energetic space particles to reach closer to the Earth’s surface.

The measurements affected by disturbances were filtered from the data products
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though this results in less viewing time over the SAA region and as such reduced

confidence in the observation estimates.

1.3.2 A global lightning climatology from LIS and OTD

satellite observations

The measurements made by the two satellite instruments, LIS and OTD, have

been combined by Cecil et al. (2014) to form monthly climatologies of lightning

activity between ±75◦ latitude. As already discussed, many uncertainties in

measurements have been accounted for in the products through either quality

control of which measurements to include or applying adjustments according to

quantified detection efficiencies. To form the climatology product, measurements

are totalled within daily, 0.5◦ × 0.5◦ grid boxes. Then spatial and temporal

smoothing is applied to remove noise. Spatial smoothing is applied using a

2.5◦ × 2.5◦ boxcar moving average and temporal smoothing is applied using a

31-day boxcar moving average. The final dataset is the High Resolution Monthly

Climatology (HRMC) product.

The seasonally averaged spatial distributions of the HRMC product are shown

in Figure 1.3. Generally, flash rates are much lower over the oceans than over

land, and flash rates are higher in the tropics - reducing substantially towards the

poles. These features are also apparent in observations made by ground-based

networks (Said et al., 2013; Virts et al., 2013). Some features in the ground-based

observations can be different such as which continents in the tropics have the

greatest flash rates. In the case of LIS/OTD data this is Africa, but in the case

of the World Wide Lightning Location Network (WWLLN) data the lightning

peaks are larger over North and South America (Virts et al., 2013). However,

there are fewer ground-based measurement stations in Africa and this leads to a

reduced detection efficiency in this region (Hutchins et al., 2012). The LIS/OTD
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climatology has much less variation in detection efficiency (with the exception of

the SAA) and therefore provides the more robust climatology product.

Figure 1.3 demonstrates that lightning occurs year-round in some locations in

the tropics such as Central Africa and Indonesia. However, there are very

large seasonal peaks in the subtropics and mid-latitudes. These peaks can be

related to the monsoon seasons as in the case of India (MAM and JJA), or the

greater surface heating and atmospheric instability in mid-latitudes in the summer

months. During the course of the thesis, evaluation of the simulated lightning will

consider the key regional features discussed here including the annual cycles and

their regional variation.

Recent publications have explored the satellite lightning climatology in greater

depth. For example, Cecil et al. (2015) considered how the frequency of

thunderstorms in each location viewed by LIS contributes to the annual flash rate.

They found that subtropical locations such as Argentina, the US and Pakistan

exhibit much higher ‘conditional’ mean flash rates than their annual mean flash

rate suggests, i.e. there are relatively fewer occurrences of thunderstorms,

but they have higher flash rates than in other locations. Furthermore, using

measurements from 1998-2013, a new very high resolution (0.1◦ x 0.1◦) data

product using LIS has now been developed (Albrecht et al., 2016). This exhibits

the same large-scale spatial features presented in Figure 1.3 along with features

associated with the much greater detail. Albrecht et al. (2016) identifies the

location with the most intense lightning activity, within the LIS viewing range,

to be Lake Maracaibo, Venezuela. This lake is surrounded by mountains which,

along with lake and sea breezes, drives the convective activity in the region.

Albrecht et al. (2016) finds that many of the principal lightning hotspots are

located near mountain ranges and lakes.
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Figure 1.3: A seasonal climatology of lightning produced from the combined satellite

High Resolution Monthly Climatology (HRMC) product of Cecil et al. (2014) using

LIS and OTD measurements over the period May 1995 and December 2011.
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1.4 Lightning and chemistry

A principal aim of this thesis is to improve the understanding of how the

lightning source of NO impacts tropospheric chemistry, in present-day and in

the future. Lightning NO emissions are not the only, nor the largest, source

of NO in the atmosphere, however, lightning is the principal source of NO

in the middle and upper troposphere where the only other source of NO is

from aircraft. Furthermore, as a natural NO source which responds to climate

change, and which affects the composition of greenhouse gases such as ozone

and methane, lightning may represent a climate feedback. Due to its effect on

chemical composition, lightning is represented in atmospheric chemistry models.

All atmospheric chemistry models simulate the relevant chemistry and physical

processes controlling atmospheric composition. However, meteorological processes

may be represented using either: pre-defined offline meteorology from a general

circulation model (GCM) or reanalysis (as in a Chemistry Transport Model

(CTM)), or meteorology simulated online using a GCM coupled to a CTM (as in

a Chemistry-Climate Model (CCM)).

Definition: Reanalysis data. ”Estimates of historical atmospheric or oceano-

graphic quantities, such as temperature, wind or currents. The datasets are pro-

duced by processing past meteorological or oceanographic observational data us-

ing a single version of a state-of-the-art weather forecasting or ocean circulation

model with data assimilation techniques” (based upon Planton, 2013).

The following sections describe: the chemical mechanism of NO production by

lightning and estimates of the amount of lightning NO produced (Section 1.4.1),

and the chemical reactions of NO affecting tropospheric composition and past

research regarding the impact of lightning on tropospheric chemistry (Section

1.4.2).
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1.4.1 NO emission from lightning

For a fraction of a second, a lightning spark heats the air to temperatures over five

times that of the surface of the sun. Molecular bonds of nitrogen and oxygen are

broken. In another fraction of a second, the air rapidly cools and the free atoms

react to form new compounds. NO is one of the predominant trace gas products

as found in the thermal equilibrium modelling of Chameides (1986). This is then

rapidly oxidised, by peroxy radicals (OH or HO2) or ozone, to nitrogen dioxide

(NO2) to form an equilibrium NOx (NO + NO2) level.

A literature review of 39 studies between 1976 and 2007 by Schumann and

Huntrieser (2007) reported a mean estimate of 250 mol NOx per flash with an un-

certainty range of 33-660 mol NOx per flash. A selection of more recent studies us-

ing theoretical considerations or aircraft measurements, some in combination with

satellite or model data, have provided estimates with a range of 31-700 mol NOx

per flash thereby providing little modification to the review uncertainty range

(Huntrieser et al., 2008; Cooray et al., 2009; Huntrieser et al., 2009; Bucsela et al.,

2010; Ott et al., 2010; Huntrieser et al., 2011; Miyazaki et al., 2014; Pollack et al.,

2016).

Laboratory experiments provide a means to more accurately measure NO produc-

tion of an electrical discharge. However, extrapolation of the discharge produced

in the laboratory to a realistic lightning flash is required. A recent theoretical

study by Cooray et al. (2009) has developed the theory underlying NO production,

and compared their theoretical assertions to existing laboratory results. They con-

clude that extrapolation of laboratory results can be made more robust through

the use of the measured current as well as energy. In addition, Cooray et al.

(2009) consider how the NO production would vary at different stages of a light-

ning flash, and conclude that the previously ignored, slower discharge processes

occurring at the beginning and end of a lightning flash are the main source of



16 1.4 Lightning and chemistry

NO production. Following their line of reasoning, Cooray et al. (2009) conclude

that the global average NO production per lightning flash is 90 mol NOx. This

estimate is based on a combination of theory and available laboratory results, but

one key assumption is a typical flash length of 45 km. The flash length cannot

be well-constrained on the global scale, however, this study does provide a useful

development on previous laboratory-based estimates considered in the Schumann

and Huntrieser (2007) review.

A satellite study by Beirle et al. (2010) found that observed column NO2 was

unrelated to flash density, and estimated that LNOx production rates were

generally far lower than expected based on literature estimates such as that of

Schumann and Huntrieser (2007). They commented that there is large variability

in emissions per flash but that their results may have been biased through

sampling of weaker flash rates. The satellite-based (SCIAMACHY) measurements

of NO2 used were taken at 10am local time and many (56%) of their cases were

over the ocean. Higher lightning activity occurs over land and much of that

activity occurs in the afternoon or evening (Albrecht et al., 2016). The under-

sampling of these times and locations is a source of potential bias in the findings

of Beirle et al. (2010).

Martin et al. (2007) used the GEOS-Chem CTM to constrain the magnitude

of the global source of lightning NOx (LNOx) to the observations of column

NO2 and other species measured upon satellites such as SCIAMACHY. They

found that a lightning source was necessary and was best represented by a global

source of 4-8 TgN yr−1. Assuming 44 flashes s−1 (Christian et al., 2003) (from

now on flash is denoted as fl.), their top-down estimate is within the range of

the review by Schumann and Huntrieser (2007) (Note that later in the thesis

46 flashes s−1 is referenced from Cecil et al. (2014) which is an estimate made

since the Martin et al. (2007) study). One recent study used data assimilation

of multiple satellite-based measurements of NO2, O3, HNO3 and CO into the
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CHASER CTM (Miyazaki et al., 2014). They determined the NOx production

rate of lightning was 310 mol NOx per flash with the uncertainty derived from

sensitivty tests being ±70 mol NOx per flash. This estimate is also within the

review range of Schumann and Huntrieser (2007). However, both of these last two

methods of using satellite data include an assumption of a flash rate distribution

based on the Price and Rind (1992) scheme, a scheme which will be discussed

further in Section 1.5.

The most recent contribution to LNOx estimates is an extensive aircraft campaign

over the central and southern US which has been used to estimate the LNOx

production in that region (Pollack et al., 2016). The study found that there

was 117-332 mol NOx produced per flash with the range including both variability

between storms and uncertainty in the NOx production estimate.

Globally, Schumann and Huntrieser (2007) report lightning to emit 5 TgN yr−1

with an uncertainty range of 2–8 TgN yr−1. A 5 Tg NOx source makes up

approximately 10 % of total global NOx emission which includes natural and

anthropogenic sources such as fossil fuel burning, biomass burning, soil release

and aviation (Schumann and Huntrieser, 2007). However, assuming a constant

NO emission rate for each lightning flash is an over-simplification. For instance,

Huntrieser et al. (2008) found that lightning in tropical storms may produce

less NO than subtropical storms. Beirle et al. (2010) reported that their results

were consistent with the result of Huntrieser et al. (2008). Emissions have been

found to vary with energy, peak current, atmospheric pressure and flash length

(Schumann and Huntrieser, 2007; Cooray et al., 2009). Whilst the consequences

for NO emission have not yet been explored, several studies have shown, with

different datasets, that flashes over the ocean can be more energetic, have higher

peak currents and be larger and brighter than flashes over land (Fullerkrug et al.,

2002; Hutchins et al., 2013; Peterson and Liu, 2013; Said et al., 2013; Beirle

et al., 2014). For the research in this thesis, a constant NO production per flash
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is assumed, as causes of variability are not yet understood sufficiently well to

parametrise in a CCM.

1.4.2 The role of NO in tropospheric chemistry

The NO emitted by lightning, along with other sources of NO, enter the NOx cycle

whereby NO is oxidised to NO2 and then photolysed back to NO (Figure 1.4A).

The NOx cycling ends when NO2 reacts with a hydroperoxy radical (OH) to form

nitric acid (HNO3) which can then be wet or dry deposited. In the cycling stage,

NO can be oxidised to NO2 by either ozone or peroxy radicals (HO2 or RO2). The

balance between NO oxidation by ozone and by peroxy radicals will depend on

the concentrations of the various species. Any oxidation by peroxy radicals leads

to an increase in net ozone production from NO emissions through the mechanism

illustrated in Figure 1.4B.

Figure 1.4: NOx cycling and formation of ozone from NO. A) The oxidation,

photolysis and loss in the NOx cycle. B) Production of ozone from NO. RO2 represents

any organic peroxy radical. In orange are emitted species, in blue are the reactions

leading to ozone production from NO, in red is the loss reaction for NOx, and in

purple is the loss of ozone through reaction with NO.

Figure 1.4B shows that, given a sufficient supply of methane (CH4), carbon
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monoxide (CO) or Volatile Organic Compounds (VOCs), the HOx (OH and HO2)

cycle is driven in such a way to compliment the catalytic production of ozone by

NOx. As OH is produced from the oxidation of NO, additional OH is available

to oxidise methane, CO or VOCs to form RO2, which can then oxidise NO, and

its products then react to form HO2 again. Limitations on this process are the

availability of VOCs to be oxidised by OH, the availability of light to photolyse

NO2, and the loss of NO2 through reaction with OH to form nitric acid. The

other main source of tropospheric ozone is through stratosphere to troposphere

transport during tropopause folding events, typically occurring in mid-latitude

cyclones but which can also occur during deep convective storms (Pan et al.,

2014).

The production of tropospheric ozone is balanced by: photolysis to O(1D)

then reacting with water (Equation 1.1), direct loss through reaction with

HOx (Equations 1.2 and 1.3), dry deposition of ozone, and by troposphere to

stratosphere transport of ozone in convective storms overshooting the tropopause

(Huntrieser et al., 2016). The chemical loss reactions above are given by:

O(1D) + H2O→ 2OH (1.1)

O3 + HO2 → OH + 2O2 (1.2)

O3 + OH→ HO2 + O2 (1.3)

By the chemical mechanism illustrated in Figure 1.4, lightning impacts the

relatively short-lived greenhouse gas, ozone. The lifetime of ozone can vary from

hours to months depending on the chemical environment, making it relatively

difficult to model, yet it is estimated to have an important radiative forcing effect

in present-day compared to the pre-industrial period (Myhre et al., 2013, Fig.

8.15). As well as impacting ozone, lightning NOx modifies the OH concentration
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through oxidation of NO by peroxy radicals. OH is an important oxidation

component of the troposphere which in turn is the key loss reaction for methane.

Through its formation of OH, LNOx acts to reduce the lifetime of methane.

Methane, like ozone, is estimated to have a large radiative forcing effect (Myhre

et al., 2013).

Definition: Radiative forcing: ”The change in net downward radiative flux

at the tropopause after allowing for stratospheric temperatures to readjust to

radiative equilibrium, while holding surface and tropospheric temperatures and

state variables such as water vapor and cloud cover fixed at the unperturbed

values” (Myhre et al., 2013).

Lacis et al. (1990) showed that ozone produced in the upper troposphere had the

greatest global warming potential of ozone produced anywhere in the troposphere

or stratosphere, due to the region having the greatest difference in temperature to

the surface. Several studies have estimated lightning’s role in affecting radiative

fluxes and forcing through its ozone production (Toumi et al., 1996; Dahlmann

et al., 2011; Liaskos et al., 2015). Dahlmann et al. (2011) attributed ozone

radiative forcing to its various sources and found that LNOx had a 5 times

higher ozone production efficiency than surface sources of NOx, and that the

ozone produced had the highest radiative efficiency because it occurs at lower

latitudes and higher altitudes. Liaskos et al. (2015) performed simulations of

zero lightning emissions and with emissions increased from 124 to 492 mol NOx

per flash. This factor of four increase in emissions (i.e., using the value of 492

compared to 124), is within the uncertainty of NOx production per flash (Section

1.4.1), enhances ozone by 60%, and increases the mean net radiative flux at the

tropopause attributable to lightning-produced ozone by a factor of three. The flux

attributable to lightning-produced ozone was calculated as the difference between

the simulations with lightning NOx and a simulation with no lightning NOx. None

of the above studies calculated the corresponding radiative cooling resulting from
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lightning NOx through its impact on methane. Wild et al. (2001) showed that

the time-integrated radiative forcing from a pulse of lightning NOx is negative,

because the radiative cooling of methane dominates over the short-term warming

of ozone.

Due its variable lifetime, ozone concentration both responds to local conditions

and is transported substantial distances, but is not well-mixed like many other

greenhouse gases. As such, ozone exhibits substantial spatial and temporal

variability. Using several ozone tracers, Grewe (2007) modelled the natural and

anthropogenic emission sources of NO, and reported the NO source contribution

to zonal and vertical ozone distributions. Lightning was shown to impact ozone

throughout the troposphere by at least 10% and was the largest source in the

southern hemisphere and tropics with up to 40% contribution. Murray et al.

(2013) found that imposing the observed interannual variability (IAV) in lightning

improved the modelling of tropical ozone IAV. They also found that lightning IAV

was a more important driver than biomass burning IAV for IAV of ozone, even

though the IAV of biomass burning is greater than that of lightning.

As mentioned above, the lifetime of ozone can be sufficiently long that transport

of ozone and its precursors play a significant role in its distribution (Grewe et al.,

2002). Due to the role of lightning emissions influencing ozone concentrations in

the troposphere, dynamical effects are important in redistributing ozone produced

by LNOx not only around the troposphere but into the stratosphere (Grewe et al.,

2002; Banerjee et al., 2014). Substantial dynamical transport of lightning NOx

emissions and associated ozone was found by Grewe et al. (2002) who estimated

that around 10% of ozone and 50% of NOx in the lowermost stratosphere in the

northern hemisphere was of tropical lightning origin. Banerjee et al. (2014) also

concluded that ozone produced by LNOx was transported into the stratosphere,

finding that increased LNOx emissions in future contributed to a 6.4% increase
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in stratosphere-troposphere exchange (STE) due to the transport of ozone from

the tropical upper troposphere into the lower stratosphere.

The abundant evidence in the literature of the effect of lightning on ozone, in

particular, on ozone in the region in which it acts as a strong greenhouse gas, has

been presented. This demonstrates the importance of including LNOx emissions

in CCMs and understanding the uncertainties associated with the simulated LNOx

source.

1.5 Lightning parametrisation

Sections 1.2 – 1.4 described the observations and scientific understanding of how

lightning behaves in the environment. There are large uncertainties in the

measurement and modelling of lightning at many stages in the process. However,

lightning is a key component of atmospheric chemistry and, through impacts on

ozone and methane, it also has a radiative forcing effect. The inclusion of lightning

emissions in CCMs and CTMs is essential.

One method to represent lightning in CCMs might be to produce an NO emission

distribution based on a lightning climatology (Section 1.3.2). In the early stages

of development of the LNOx emission source in atmospheric chemistry models,

such a method was used. However, this method is generally no longer used

since LNOx will not necessarily coincide with simulated convective events, and

the transport and chemical reactions will not align. Furthermore, for climate

simulations other than present-day there are no such observations to provide

an emission distribution. Following these lines of reasoning, it is important to

simulate lightning, and hence LNOx, interactively based on convective activity in

the model.
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To model such small-scale processes, approximations must be used since the

spatial and temporal resolution of GCMs are generally insufficient to capture the

process. In the case of lightning, the scales of the convective and microphysical

processes driving the thunderstorms vary on the order of metres to kilometres.

Global models generally use a much coarser resolution on the order of 100s of

kilometres. A parametrisation is the term used for the large-scale approximation

of a sub-grid process and it is a modelling method that aims to represent the

general features of the parametrised process on the scales that the model is

considering.

Figure 1.5 demonstrates the different stages of a generic lightning NO emission

parametrisation which are described in further detail along with variations in the

parametrisation method in Sections 1.5.1–1.5.3.

1.5.1 Horizontal flash distribution

Of all the components of the lightning emission parametrisation, the lightning

flash distribution (Part 1 in Figure 1.5) is the component being most focused upon

within this thesis. The flash distribution is the first stage of the parametrisation,

with input meteorology from reanalysis or a GCM applied to empirical lightning

relationships to establish the flash rate in each model grid cell. Lightning flashes

are three dimensional in nature. It is not currently possible to measure their

3D distribution on a global scale. It is, however, possible to measure the global

and large-scale horizontal distribution of flash rate in each grid cell column with

satellites (Section 1.3.1). Even though these measurements also have uncertainty

associated with them, they are much better constrained than the LNOx emission

distributions. Therefore, the horizontal distribution of lightning flash rate is the

most testable component of the parametrisation.
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Figure 1.5: The generic form of lightning emission parametrisation as typically used

in chemistry-climate and chemistry-transport models. The parametrisation would be

calculated in each time step with new meteorology. Purple is used to indicate inputs

to parts of the parametrisation, and green is used to indicate outputs. A distinction is

often made between two types of lightning flash, cloud-to-ground (CG) and intra-cloud

(IC). This distinction is discussed further in Section 1.5.2.

There have been many studies attempting to develop empirical relationships to

parametrise lightning (Price and Rind, 1992; Grewe et al., 2001; Meijer et al.,

2001; Allen and Pickering, 2002; Deierling et al., 2008; Yoshida et al., 2009;

Romps et al., 2014; Basarab et al., 2015). The parametrisations from these

studies are all broadly related to components of the non-inductive charging theory

described in Section 1.2. Mostly the studies use input meteorological variables

that are convection-based such as updraught velocity, updraught mass flux or

Convective Available Potential Energy (CAPE) (Price and Rind, 1992; Grewe
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et al., 2001; Allen and Pickering, 2002; Romps et al., 2014). More recently, one

study attempted to develop relationships between lightning and convective and

ice-based variables to link more closely to the charging theory (Deierling et al.,

2008). In addition, a relationship between lightning and aerosols has been found

which represents the indirect effect of aerosol on lightning through the control of

aerosol on microphysical properties of clouds and radiation heating the surface

(Altaratz et al., 2010; Murray, 2016). So far these relationships using alternative

variables have not been incorporated into large-scale CCMs.

By far the most commonly used parametrisation was developed by Price and Rind

(1992) which uses cloud-top height as the input variable. The parametrisation is

made up of two power-law relationships, one for continents and one for oceans.

The continental relationship is based on storm measurements made at three

locations in the US (Williams, 1985). The oceanic lightning relationship was

formed by modifying the continental lightning relationship using the relationship

between cloud-top height and maximum updraught velocity in oceanic and

continental storms. The modification accounts for a shallower gradient between

oceanic updraught velocity and cloud-top height. The two datasets and the

parametrisations are shown in Figure 1.6. The adjustment over the ocean

critically depends on the assumption that the relationship between maximum

updraught velocity and flash rate (which they establish through combining the

relationships for Fc and wc in Figure 1.6) is independent of location. Price and

Rind (1992) apply these relationships to International Satellite Cloud Climatology

Project (ISCCP) data of cloud top heights. They show that globally the

parametrisation is similar to global measurements of lightning made by a satellite

instrument in 1977–1978.

Several studies since Price and Rind (1992) have looked to further develop

understanding of the relationship between cloud height and lightning. Ushio et al.

(2001) used coincident measurements of lightning and cloud-top height made upon
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Figure 1.6: Three panels from Price and Rind (1992) to demonstrate the devel-

opment of the widely-used cloud-top height parametrisation. A) The relationship

between flash rate and cloud-top height in measurements of storms in the US. B)

Relationships between maximum updraught velocity from literature separated into

continental and oceanic measurements. C) The Price and Rind (1992) lightning

parametrisation relationships.
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the TRMM satellite to calculate power-law relationships. They found that the

relationship is non-linear but has high variance and best fits vary with location

and season. The parametrisation of Price and Rind (1992) was originally inspired

by the research of Vonnegut (1963) who developed a theoretical model relating

electrical power to storm geometry. As already stated, Price and Rind (1992)

made assumptions regarding the application of relationships over the ocean, which

Boccippio (2001) proposed are inconsistent with the original theory of Vonnegut

(1963). Using revised formulations, Boccippio (2001) find that the original theory

of Vonnegut (1963) is, to first order, consistent with satellite-based observations.

Finally, Yoshida et al. (2009) used coincident measurements of cold cloud depth

and flash rate of individual convective clouds from TRMM to show that a fifth-

power relationship between these variables exists which is regionally independent

(although the coefficient of the relationship is regionally dependent). To my

knowledge the results of these studies have not been implemented in the lightning

parametrisations of any CCMs. The aim of this thesis is to explore the use of an

ice-based parametrisation based on the non-inductive charging theory (Chapter

2). A standard implementation of the Price and Rind (1992) parametrisation is

used for comparison with this new scheme. However, the considerations above

(e.g. used of cold cloud depth) could be used to improve the application of the

cloud-top height based schemes in future.

1.5.2 Horizontal column NO emission distribution

From the flash distribution, a column NO emission distribution is determined

by a simple method which considers each flash to have the same emission

characteristics (Part 2 in Figure 1.5). This may be as simple as defining a

parameter for the NO emission per flash based on studies discussed in Section

1.4.1 which use laboratory, aircraft measurements or theoretical considerations to
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make estimates of production. There is much uncertainty in these estimates as

each measurement method has its own advantages and disadvantages.

Whilst it is currently difficult to incorporate into CCMs, it is thought that flash

energy, flash length or peak current may affect how much NO is produced by

each flash (Cooray et al., 2009). Therefore, this step in a parametrisation should

include modelling of a variable NO production per flash depending on some or all

of the three above characteristics of flashes. That would then modify the total

NO emission by lightning. Simulating such fine detail is beyond the capability

of CCMs at present. In some cases, two parameters have been used in CCMs

to represent this level of complexity. For instance, in the UK Chemistry and

Aerosol model (UKCA), a parameter for the energy per flash is multiplied by the

NO production per Joule to derive the LNOx production. This is equivalent to

the single parameter method, since the product of the two parameters gives a

single parameter for NO production per flash. However, there may in future be

the potential to replace the energy per flash parameter with a calculation of the

energy per flash dependent on the simulated meteorology.

One common differentiation made between flashes is to estimate how many are

between the cloud and ground (CG) and how many occur within the cloud (intra-

cloud, IC). This is done using a relationship between the cold cloud depth and the

ratio of IC to CG (Price and Rind, 1993). The cold cloud depth may be modelled

or determined using an empirical relationship of the variation of cold cloud depth

with latitude from the same paper by Price and Rind (1993). With this method

there are more IC flashes than CG, as has been found in multiple studies presented

in the review by Schumann and Huntrieser (2007). The differentiation made is

that the two flash types may produce different amounts of NO emissions or emit

NO in different parts of the troposphere. The ratio of NO production by IC to

CG flashes has been estimated to vary between 0.1-1 (Schumann and Huntrieser,

2007), but more recent estimates suggest that the ratio is likely to be much closer
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to 1.0 (Ridley et al., 2005; Cooray et al., 2009; Ott et al., 2010). I use a ratio of

1.0 in this thesis to correspond with these recent findings.

1.5.3 Vertical distribution of column NO emissions

A key feature of lightning emission is its three dimensional nature. Emissions

occur throughout the tropospheric column, thereby requiring a vertical aspect to

LNOx parametrisation (Part 3 in Figure 1.5). A method to distribute column NO

emissions to different altitudes uses prescribed percentages of emissions for each

vertical cell, up to the model diagnosed cloud top.

A widely-used prescribed LNOx vertical profile is from a study by Pickering et al.

(1998). The study used a cloud-resolving model to estimate the distribution of

emissions vertically following convective transport. Such a method is used in

order to account for the transport that CTMs/CCMs are unable to reproduce

due to the small spatial and temporal scales over which it occurs. In the study

by Pickering et al. (1998), for a selection of observed storms, lightning NOx

emissions were initialised using the Price and Rind (1992) parametrisation, along

with consideration of typical vertical distributions of lightning channels, and with

NO production along the vertical extent of lightning flashes proportional to air

density. The cloud-resolving model simulated NOx transport, but not chemistry,

on a 10 second time-scale and 1 km spatial resolution for each storm. After a few

hours of simulation, the resulting domain-average lightning NOx distribution was

proposed as a useful distribution to be used in CTMS and CCMs. The authors

note the uncertainty resulting from not allowing NOx to be oxidised to other

nitrogen compounds along with transport. However, they suggest that at the

low altitudes of a convective storm there would be only small UV fluxes thereby

slowing oxidation reactions, and at higher altitudes the lifetime of NOx is on the
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order of days and therefore there would not be substantial loss of NOx over the

course of a few hours.

Many aspects of the Pickering et al. (1998) study have since been improved upon

in a study by Ott et al. (2010). In this latter study a 3D, instead of 2D, cloud-

resolving model was used to determine vertical LNOx profiles. Therefore, winds

could be fully resolved. Furthermore, in the Ott et al. (2010) study, the initial

distribution of lightning included greater detail through the use of observations

of the vertical distribution of lightning. A CTM was also used with a three

minute resolution to apply ozone photochemistry to the lightning NOx. Studying

the lightning NOx distribution formed with and without chemistry, Ott et al.

(2010) reported that NOx was reduced by 5 and 20-33 % in two of the storms

they considered. The large variation in oxidation occurring across the two storms

highlights the sub-timestep chemical processes as a current uncertainty in the

representation of LNOx in CCMs. A key difference between the Pickering et al.

(1998) and Ott et al. (2010) vertical profiles is that much less NO emission is

placed at the surface by the Ott et al. (2010) profiles, as can be seen in Figure 1.7.

Other vertical LNOx emission approaches use an initial lightning NOx vertical

distribution that is either uniform or with emissions distributed proportional to

air density (Goldenbaum and Dickerson, 1993; Stockwell et al., 1999; Jourdain and

Hauglustaine, 2001). The updraughts and downdraughts in the CTM or CCM can

then be used to re-distribute emissions resulting from simulated convection before

applying the chemistry scheme. Such alternative approaches require: A) the time

and spatial resolution of the model to be sufficiently small to resolve the convective

processes that occur during emission, or B) the convective parametrisation used to

distribute NO emissions in a way that produces a similar final LNOx distribution

to the work of Ott et al. (2010). If either case A or B is satisfied then the

initial lightning NOx emission profiles will be more consistent with the dynamics

simulated in the underlying atmospheric model. However, since the common
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Figure 1.7: Prescribed vertical profiles, plotted from Pickering et al. (1998) and

Ott et al. (2010), to be applied in different zonal bands to distribute column NO

emission vertically in models. Note that the Pickering distribution has been scaled

from a 16 km top to a 17 km top to correspond to the Ott distributions.

approach in CTMs/CCMs is to use prescribed vertical LNOx profiles, this is the

method chosen for use in this thesis. The most recent vertical profiles of Ott et al.

(2010) will be used. The Ott et al. (2010) distributions assume an IC/CG ratio

of 1.0. For consistency, and as already stated, the same ratio of unity is used in

this thesis.

1.6 Past evaluation studies of lightning parametri-

sations

A selection of studies have included evaluation of different lightning parametrisa-

tions. These studies span from storm to regional to global scales.

The cloud-top height based lightning parametrisation (Price and Rind, 1992) has
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been evaluated in more studies than any other parametrisation due to its wide

usage in CTMs/CCMs. Meijer et al. (2001) and Allen and Pickering (2002) both

found that the cloud-top height approach was less able to reproduce the observed

lightning distributions than the parametrisations developed in those studies based

on convective precipitation and on updraught mass flux, respectively. Allen and

Pickering (2002) note that the fifth power dependence of the Price and Rind (1992)

relationship is extremely sensitive to model biases in cloud-top height calculation.

Using the Weather Research and Forecasting (WRF) model to reproduce two US

storms, Barthe et al. (2010) found the Price and Rind (1992) parametrisation to be

less reliable for a weaker storm and less robust in general because of its dependence

on horizontal resolution. However, using a global CCM, Tost et al. (2007) found

that the Price and Rind (1992) scheme was the most robust parametrisation, of

those they tested, to the use of different convective schemes, although they noted

the cloud-top height approach is only indirectly linked to the cloud electrification

process.

Wong et al. (2013) examined in detail the use of the cloud-top height approach

in a cloud-resolving model and found that some biases in simulated flash rate are

associated with biases in simulated precipitation or convection. However, even

once those biases were considered, Wong et al. (2013) concluded that the cloud-top

height approach was not able to reproduce the observed frequency distribution of

lightning flash rates. Flash rate frequency distributions are an under-researched

metric of lightning compared to metrics based on averaging which, in particular,

do not capture information regarding high-end extreme lightning flash rates.

Of the meteorological variables considered by Meijer et al. (2001), a lightning

parametrisation based on a linear relationship with convective precipitation was

found to best match lightning observations over Europe. The results of Meijer

et al. (2001) are based upon meteorological variables provided by the European

Centre for Medium-Range Forecasting (ECMWF) model, and compared to
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ground-based lightning observations over Europe. Meijer et al. (2001) found

that total cloud ice column was much less able to reproduce the observed

lightning activity than their precipitation-based scheme. To my knowledge the

precipitation-based lightning parametrisation of Meijer et al. (2001) has not been

evaluated in any other studies.

A fitted polynomial relationship of updraught mass flux against lightning was

determined to be a better lightning parametrisation that the cloud-top height

approach, in a study by Allen and Pickering (2002). Allen and Pickering

(2002) used convective fields from the Goddard Earth Observing System Data

Assimilation System (GEOS DAS) and lightning observations over the US from

the National Lightning Detection Network (NLDN) in a comparison study.

Their analysis included comparison of the parametrisations to OTD global

measurements of the spatial distribution of lightning flash rates, and ground-

based measurements of the frequency distribution of lightning flash rates in 4

locations in the US. They found that fitted polynomial relationships of updraught

mass flux performed better than their fitted polynomial relationships of convective

precipitation, as well as the cloud-top height approach, in estimating the spatial

and temporal distributions of lightning. The polynomial relationships of Allen

and Pickering (2002) using updraught mass flux and convective precipitation have

been evaluated in the studies by Tost et al. (2007) and Murray et al. (2012).

Compared to other parametrisations, Tost et al. (2007) found that the updraught

mass flux scheme of Allen and Pickering (2002), as well another updraught mass

flux-based scheme (Grewe et al., 2001), was sensitive to the choice of convective

scheme. Tost et al. (2007) found that the precipitation-based scheme of Allen

and Pickering (2002) was able to produce reasonable annual averages of lightning

flash rate if the precipitation distribution was reproduced with the convective

scheme. However, the temporal variability of lightning was poorly captured by

the precipitation-based approach. Murray et al. (2012) evaluated the spatial
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distribution of lightning produced by the cloud-top height scheme and the two

Allen and Pickering (2002) schemes against the LIS/OTD lightning climatology.

They found that while none of the parametrisations performed strongly, the

Allen and Pickering (2002) schemes dramatically overestimated tropical marine

lightning activity. The overestimation of lightning in the tropical Pacific by the

polynomial relationships of Allen and Pickering (2002) seems to be the case across

the majority of evaluations.

Barthe et al. (2010) used the Weather Research and Forecasting (WRF) model to

reproduce two US storms, and compared the simulated lightning of six lightning

parametrisations in the literature to observations. Barthe et al. (2010) had very

mixed results concluding that the different parmetrisations each had faults but

suggested that maximum updraught velocity would serve as a good proxy for the

severe storm. Regarding ice-based parametrisations, Barthe et al. (2010) found

that temporal development of storm flash rate was well produced, but not the

magnitude.

In addition to evaluating lightning schemes against observations of flash rate,

Meijer et al. (2001) compared the cloud-top height approach and linear convective

precipitation approach, as well as two vertical LNOx distributions, to aircraft

chemistry observations over Europe. They found that all parametrisations

underestimated the NO concentrations but attributed this to their coarse CTM

resolution. In addition, Meijer et al. (2001) found that the Pickering et al. (1998)

prescribed vertical NO distribution (with the convective precipitation flash rate

parametrisation) resulted in a better match with regards to NO measurements

taken during a set of aircraft campaigns, when compared to an alternative vertical

distribution method. The alternative method placed CG emissions between the

surface and the -15◦C isotherm, and IC emissions between the -15◦C isotherm

and cloud top.
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Allen and Pickering (2002) used a box model to study the impact on ozone

production efficiency of differences in flash frequency distribution. They found

that the cloud-top height approach, which has lower extremes and more mid-range

flash rates, has a higher ozone production efficiency than when using frequency

distributions based on observations of lightning.

Tost et al. (2007) looked at the average NOx vertical emission profiles when

a prescribed vertical LNOx profile was applied between cloud base and cloud

top. They found that, due to the differences in convective schemes, even with

exactly the same lightning parametrisation there could be large differences in

the vertical LNOx profile. The updraught mass flux approaches were found to

be more sensitive to varying the convective scheme than the cloud-top height or

convective precipitation approaches.

The convective schemes of ECMWF model (Tiedtke, 1989) and UK Met Office

Unified Model (UM) (Walters et al., 2014) which are used in this thesis are based

upon a mass flux approach which uses specific criteria to determine a single cloud

type for each model grid cell. Cloud types are shallow, mid and deep convective.

The criteria for cloud selection is based upon the stability and updraught velocity

in the vertical column as found by computing the ascent of a surface air parcel.

For deep convective clouds, both schemes determine updraught mass flux at the

cloud base by using convective available potential energy (CAPE) closure based on

Fritsch and Chappell (1980). This assumes that CAPE is removed over a defined

timescale, which is nominally one hour for both the UM and ECMWF model.

Updraught mass flux in the rest of the column uses the cloud base mass flux, and

entrainment and detrainment rates. In chapter 2, the detrainment rate in the top

part of the cloud from the ECMWF model is used. The ECMWF calculates this

from the decrease in vertical velocity which arises due to negative buoyancy at

the top of the cloud. Given the main focus of this thesis is the inclusion of cloud

ice in a parameterisation, it is useful to have two similar convective schemes so
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that differences in the behaviour of an ice-based lightning parameterisation can

be more closely linked to differences in the representation of cloud ice in the two

models. The cloud schemes of the ECMWF and UM are described in chapters 2

and 3, respectively. An indication of differences in the results that would arise

with different convective schemes can be gained from studies such as Tost et al.

(2007), which includes similar convective schemes to that of the ECMWF model

and the UM.

Following a variety of evaluation methods, several lightning parametrisations

have been proposed as performing reasonably well. Unfortunately, there is

little agreement on the best parametrisation to use. In addition, the best

parametrisation appears likely to depend on the convective parametrisation used

by the underlying meteorology (Tost et al., 2007). The cloud-top height approach

does produce relatively good results across several of the evaluations. However,

several papers note deficiencies with the approach, such a high sensitivity to

biases in simulated cloud-top height due to the fifth power relationship, and only

an indirect link with charging theory. Many CTMs and CCMs employ the cloud-

top height approach, although based on the evaluations discussed here, the choice

of lightning parametrisation remains an unresolved issue. This will be a key topic

of research in this thesis.

1.7 Climate change and lightning

Since lightning is a meteorological phenomenon, it is inherently connected to the

climate. It is possible that as the climate changes and the drivers of lightning

generation change then the lightning activity will also change (Williams, 2005).

Such responses to climate change are as relevant for the past as for the future.

However, for this thesis the focus is on the response of lightning to future climate
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change. An aim will also be to understand how changes to the LNOx source

influences key atmospheric constituents such as ozone.

On the whole, observations over large regions have not been taken for a long

enough time period to comment on a long-term climate trend in lightning activity.

Over the period 1995-2010, Cecil et al. (2014) reports that measurements of

lightning by the LIS and OTD show no significant trend. However, this result is

based on monthly mean values, whilst some current research looking at trends in

the instantaneous measurements from LIS suggests there are negative trends in

many parts of the tropics (Albrecht et al., 2011). Furthermore, some studies of the

trends in lightning have found significant regional trends across several decades

in the number of thunderstorm days recorded by weather stations (Changnon

and Changnon, 2001; Pinto et al., 2013). Changnon and Changnon (2001) used

data from US weather stations over the period 1896-1995 and Pinto et al. (2013)

used data for three Brazilian cities over the period 1951-2009. Changnon and

Changnon (2001) found that different parts of the US exhibited different trends

in thunderstorm days over the period, with the west and south-central regions

showing a significant positive trend and the eastern US showing a significant

negative trend. Several US regions showed no significant trend. Pinto et al.

(2013) found that two out of the three Brazilian cities showed significant positive

trends in thunderstorms days. These findings suggest that there are some regional

long-term trends in, and possibly a climate change affect on, thunderstorms but

it is unclear if there is a long-term trend in global lightning activity.

Studies have also compared lightning observations over large regions to El Nino

events (Williams, 2005; Satori et al., 2009). The studies find that in general

lightning activity increases during an El Nino event but that lightning can decrease

in some regions such as the Pacific ocean. In addition, Doherty et al. (2006)

reported a decrease in tropospheric column-average NOx over Indonesia and South

America during simulated El Nino events, due to suppressed convection, and
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therefore lightning in these regions. Although the response of lightning to an El

Nino event may not be the same as a response to climate change, the results

above do at least provide a useful perspective regarding the lightning response to

internal climate variability.

Through lack of sufficient observations, GCMs are the main source of estimates for

the response of lightning and lightning NOx emissions to climate change. A metric

widely reported is the percentage change in global flashes or LNOx, per degree

change in global mean surface temperature. Schumann and Huntrieser (2007)

reviews the reporting of these values in the literature. For 18 GCM studies

between 1994 and 2006 there is a range in estimates from 4-60 % K−1 with a

median of 15 % K−1. Additional studies since 2007 have a range of 5.5-16 % K−1

(Zeng et al., 2008; Jiang and Liao, 2013; Banerjee et al., 2014). This metric

provides a useful means to compare the response of lightning across different

models and parametrisations.

The majority of the above estimates are based on models using the cloud-top

height approach. In contrast, a reduction in lightning in year 2030 is simulated

by Jacobson and Streets (2009), who used an ice-based parametrisation. They

find that decreasing ice content in convective clouds leads to decreased lightning.

Such a parametrisation provides a closer link to the non-inductive charging

theory than the cloud-top height approach. However, the temperature changes

which the study considered are small and not necessarily relevant to the larger

temperature changes expected to occur over the 21st century. There remains a gap

in understanding of the climate change impact on lightning, especially regarding

the lightning parametrisation uncertainty. I will look to address this in Chapters

4 and 5.
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1.8 Outline of research chapters

The main research chapters of this thesis are presented in the style of scientific

journal articles. Where chapters have been published, a preamble will provide a

link to the published paper and describe the relative contributions of myself and

co-authors. Chapters 2 to 5 address the research aims of the thesis. Chapter 6

provides a summary and discussion of the main conclusions, along with limitations

of the research and ideas for future research.

Chapter 2 - Using cloud ice flux to parametrise large-scale lightning.

Aim: To explore existing schemes, and develop a new process-based scheme, to

parametrise lightning

Lightning data from the LIS satellite instrument are compared to convective

and ice variables in the ERA-Interim reanalysis dataset of the European Centre

for Medium-range Weather Forecasting for a single year. A relationship is

developed for use in parametrising lightning based on the upward cloud ice flux.

Temporal and spatial distributions of lightning simulated by this parametrisation

are evaluated, along with other parametrisations in the literature, against five

years of LIS data. The new process-based parametrisation based on upward

ice flux (hereafter the ice flux approach) simulates more realistic spatial and

temporal distributions of lightning than the existing parametrisations evaluated,

most notably it is more realistic than the cloud-top height approach. And in

particular, the ice flux approach simulates a more realistic zonal-average lightning

distribution.

Chapter 3 - The impact of lightning on tropospheric ozone chemistry

using a new global lightning parametrisation.
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Aim: To use a new process-based lightning scheme to give insights regarding the

role of lightning NOx in tropospheric chemistry

The lightning parametrisation, developed in Chapter 2, is applied globally within

the UK Chemistry and Aerosol model (UKCA). The ice flux and cloud-top

height approaches of parametrising lightning are evaluated against the LIS/OTD

climatology of lightning. The lightning distributions are used in the model

to produce LNOx emissions and simulate the impact upon tropospheric ozone

chemistry. Ozone distributions arising from the two lightning schemes and from

a simulation with no LNOx emissions, are evaluated against satellite instrument

and sonde measurements of ozone. Through a more realistic zonal distribution

of lightning, the ice flux approach highlights the biases in upper tropospheric

ozone resulting from overestimation of tropical lightning with the cloud-top

height approach. The effect of the different lightning parametrisations on ozone

chemistry are presented as well as an analysis of the impact of differences in

the flash rate frequency distribution on ozone production. With the frequency

distribution analysis it is found that, whilst higher flash rates lead to more ozone

production, each flash has a lower ozone production efficiency than for lower flash

rates.

Chapter 4 - Response of lightning NOx emissions and ozone production

to climate change: Insights from the Atmospheric Chemistry and

Climate Model Intercomparison Project.

Aim: To use alternative lightning schemes to improve the understanding of

the response of lightning to climate change, and the consequent impacts on

tropospheric chemistry (a multi-model perspective)

Using time slice experiments of historical, present-day and future scenarios made

by state-of-the-art CCMs in the Atmospheric Chemistry and Climate Model
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Intercomparison Project (ACCMIP), two key aspects of LNOx are explored. First,

the response of lightning to climate change by CCMs with different interactive

lightning parametrisations is presented. In this analysis, it is shown that different

lightning parametrisations can simulate opposing responses to climate change,

but in all cases the response is linear. Second, the ozone production efficiency of

LNOx is compared to other emission sources involved in ozone production. The

LNOx source is found to be much more efficient at producing ozone than surface

NOx sources, but that the ozone production efficiency from LNOx varies greatly

across different CCMs.

Chapter 5 - An uncertain future for lightning and the consequences for

the atmospheric composition and radiative forcing.

Aim: To use alternative lightning schemes to improve the understanding of

the response of lightning to climate change, and the consequent impacts on

tropospheric chemistry (a process-based perspective)

Using the same CCM and two lightning parametrisations as in Chapter 3, a future

climate scenario for the year 2100 is simulated. The response of lightning to

climate change simulated by the ice flux approach is compared to that simulated

by the cloud-top height approach. The responses to climate change simulated

by the two schemes are opposing, as found for the different lightning schemes

in Chapter 4 described above. The negative response of the ice flux scheme

is due to reduced cloud ice and updraught mass fluxes in the tropical regions,

whilst the positive response of the cloud-top height scheme is a result of a global

deepening of clouds. The impact of the responses from each lightning scheme on

tropospheric chemistry is analysed. As greenhouse gases, the changes in methane

and tropospheric ozone have a radiative forcing effect. The radiative forcing effect

resulting from LNOx simulated by each of the two lightning parametrisations is

determined. The radiative forcing results suggest that whilst the cloud-top height
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based approach may simulate a small positive feedback, the ice flux approach

simulates no such feedback.



Chapter 2

Using cloud ice flux to

parametrise large-scale lightning

This chapter has been published in the open-access journal Atmospheric Chem-

istry and Physics (ACP), in collaboration with my PhD supervisors: Dr Ruth Do-

herty, Dr Oliver Wild, Dr Hugh Punphrey and Prof Alan Blyth. An additional co-

author on the publication was Dr Heidi Huntreiser. The paper is available online

from the ACP website (http://www.atmos-chem-phys.net/14/12665/2014/acp-

14-12665-2014.html). I did the analysis and wrote the initial draft. My supervi-

sors and other co-authors provided feedback before the manuscript was submitted

for publication.

Finney, D. L., Doherty, R. M., Wild, O., Huntrieser, H., Pumphrey, H. C., and

Blyth, A. M. (2014) Using cloud ice flux to parametrise large-scale lightning,

Atmospheric Chemistry and Physics, 14, 12665-12682, doi:10.5194/acp-14-12665-

2014.
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2.1 Introduction

Lightning is always occurring somewhere on Earth with an average of 46 flashes

every second (Cecil et al., 2014). Every flash has enormous quantities of energy

and can extend over tens of km which allows for the dissociation of nitrogen

(N2) and oxygen (O2) molecules in the air. The dissociation products combine

to form reactive nitric oxide (NO) which quickly oxidises to NO2, and an

equilibrium between NO and NO2 is reached, together they are known as NOx,

as discussed in Section 1.4. Air is predominantly detrained in the upper anvil

levels of a thunderstorm thereby providing the principal natural source of these

ozone precursors to the middle and upper troposphere (Grewe, 2007). In total,

lightning is estimated to contribute approximately 10 % of the global NOx source

(Schumann and Huntrieser, 2007). Lightning has a large spatial variability

as well as a seasonal cycle and interannual variability. As an important but

highly variable source of NOx driven by meteorological processes, both chemistry

transport models and coupled chemistry–climate models require parametrisations

of lightning (Section 1.5).

The first stage of a parametrisation is to estimate the large-scale distribution

of flashes. Previous investigations have found several empirical relationships

between lightning and convective variables including relationships based on cloud-

top height (Price and Rind, 1992), updraught mass flux (Grewe et al., 2001; Allen

and Pickering, 2002) and convective precipitation (Meijer et al., 2001; Allen and

Pickering, 2002). The cloud-top height parametrisation is the most widely, almost

universally, used but this is not considered ideal because it lacks a direct, physical

link with the charging mechanism and because it has a fifth-power relationship for

land which introduces large errors for any model bias in cloud-top height (Allen

and Pickering, 2002; Tost et al., 2007).

Satellite observations of lightning have enabled useful testing of the ability of
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parametrisations to reproduce the large-scale distribution (e.g. Tost et al., 2007).

The Lightning Imaging Sensor (LIS) has good quality measurements of lightning

for over a decade which allow model comparison over longer climatological periods.

These most recent satellite observations lie between ±38◦ latitude. Bond et al.

(2002) estimate that 76–85 % of all global lightning occurs within this region.

Therefore, there is scope for using several years of observations to look at how

well the parametrisations match the various statistical features of a lightning

climatology. How the parametrisations differ with respect to their input variables,

functional form and their strengths and weaknesses may guide development of new

parametrisations.

Atmospheric reanalysis data (defined in Section 1.4) provide the closest represen-

tation of global meteorological conditions maintaining a spatially complete and

coherent record. These type of data are used to drive chemistry transport and

nudge global climate models towards real conditions. By using reanalysis data

offline several parametrisations can be directly compared to the lightning obser-

vations.

As well as large-scale data enabling a top-down approach to evaluation and

development, much work has been done with storm-scale models and field

campaigns which offer insight for bottom-up development. Charge separation

is necessary for the production of lightning in thunderstorms and occurs via

the non-inductive charging mechanism (Reynolds et al., 1957; Latham et al.,

2004)(Section 1.2). This postulates that light ice crystals in clouds that rise

on convective updraughts collide with heavier, falling graupel and in doing so the

two particle types become oppositely charged. The result is net accumulation

of opposite charge in different parts of the thundercloud. This has been shown

to be a realistic theory through a combination of laboratory, field measurement

and satellite studies (Williams, 1989; Blyth et al., 2001; Petersen et al., 2005;

Saunders, 2008; Deierling et al., 2008; Liu et al., 2012).
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Global climate models are still at the early stages of representing large-scale

distributions of ice in clouds. However, development is on-going with satellite

and field measurements helping to form a picture of the current distributions of

cloud ice (Waliser et al., 2009; Stith et al., 2014). The objective of this chapter is

to test the usefulness of the current state of cloud ice modelling within a lightning

parametrisation. It introduces a parametrisation that is more physically based

and tests it against existing parametrisations.

The next two sections describe the data and existing parametrisations to be

evaluated. Section 2.4 explains the development of a simple cloud-ice-based

parametrisation. Section 2.5 evaluates the climatological performance of all the

parametrisations. This is followed by a discussion and conclusions.

2.2 Data description

2.2.1 ECMWF ERA-Interim

The European Centre for Medium-Range Weather Forecasting (ECMWF) pro-

vides the ERA-Interim global atmospheric reanalysis data product (Dee et al.,

2011). ERA-Interim spans from 1989 to near present. The dynamical core is

based on a T255 spectral grid which can be interpolated to a regular 0.75 ◦ lat–

lon grid. In the vertical, a hybrid sigma-pressure grid is used with 60 levels up to

0.1 hPa. Some variables, such as updraught mass flux, are only archived as fore-

cast data on 6 and 12 h steps initialised at 00:00 and 12:00 UT. While analyses

exist for some other variables used here, such as temperature, only the forecast

type is used to maintain consistency. There is also a distinction between accumu-

lated (e.g. updraught mass flux) and instantaneous (e.g. temperature) variables.

The accumulated variables have been divided by 6 h to obtain an average over the
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period and are used in combination with the instantaneous variables at the end

of the 6 h period - a necessary approximation given the output data available.

A selection of variables have been used as input to lightning parametrisations:

surface pressure, temperature, cloud cover, specific cloud ice water content,

convective precipitation, updraught mass flux and updraught detrainment rate.

Processing of the raw data allowed the formation of 6-hourly data for cloud-top

height, cold cloud depth, convective precipitation, updraught mass flux at 440 hPa

and upward cloud ice flux at 440 hPa on a 0.75 ◦ regular grid. The use of each of

these variables are explained in Sections 2.3 and 2.4.

Cloud-top height was taken as the highest level containing a non-zero updraught

detrainment rate. This definition follows that used in the TM5 model which also

uses ECMWF reanalysis data (P. Le Sager, 2012, personal communication). The

cold cloud depth was calculated as the difference between cloud-top height and the

interpolated height of the 0 ◦C isotherm. Updraught mass flux was interpolated

to the 440 hPa level (typically about 6 km and −25 ◦C), as were cloud cover and

specific cloud ice water content, which are used along with the updraught mass

flux to calculate the upward cloud ice flux at 440 hPa as described in Section 2.4.

The cloud parametrisation in the ECMWF model version used for ERA-Interim is

based on Tiedtke (1993) with moisture-related prognostic variables for humidity,

cloud condensate and fractional cloud cover. Sources and sinks describe the major

generation and destruction processes of cloud and precipitation including direct

detrainment from parametrised convection. The phase of the cloud condensate is

diagnosed according to a temperature-dependent function with all liquid phase for

temperatures warmer than 0 ◦C, an increasing fraction of ice in the mixed-phase

temperature region between 0 ◦C and −23 ◦C and all ice phase for temperatures

colder than −23 ◦C. The parametrisation of convection is based on Tiedtke (1989)

and detrains directly into the prognostic humidity, condensate and fractional
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cloud cover variables following the same temperature-dependent phase function

as above, and provides a direct link between the convection and stratiform cloud

schemes.

State-of-the-art reanalysis data are the best input available over regions as large

as the tropics/subtropics and for the range of input parametrisations needed

to evaluate model performance. However, several known issues exist with the

data that will affect the performance of parametrisations during the evaluation

regardless of the correctness of their relationship with lightning. Broadly, it can

be assumed that where observations are less dense there will be less accuracy, e.g.

over Africa and the oceans.

Dee et al. (2011) provide an in-depth evaluation of ERA-Interim with respect

to observations and improvements upon its predecessor, ERA-40. Several im-

provements, with reference to International Satellite Cloud Climatology Project

(ISCCP) observations, have been made to the representation of clouds. Those

relevant here are improved tropical cloud cover resulting from an improved hy-

drological cycle and the introduction of ice supersaturation which delays the for-

mation of ice clouds (Tompkins et al., 2007), and from improved deep convective

triggering and a new boundary-layer scheme. There are few other studies directly

evaluating the cloud properties as observations of clouds have their own large un-

certainties. However, Schreier et al. (2014) and Ahlgrimm and Köhler (2010) have

studied trade cumulus clouds represented in ERA-Interim. These are not directly

related to deep convective clouds but at least can hint at some of the differences

between the reanalysis and observations. A main finding was that the population

of trade cumulus is over-estimated while the cloud fraction was under-estimated

by ERA-Interim. Meanwhile, the cloud top was biased high by about 500 m.

Much more research has been done on the evaluation of precipitation. Dee et al.

(2011) found that both the mean daily precipitation rate, compared to the Global
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Precipitation Climatology Project (GPCP), and the mean total column water

vapour, compared to microwave imager satellite retrievals, have improved from

ERA-40 to ERA-Interim. There are still biases remaining over the tropical oceans,

specifically around the western Pacific and Southeast Asia where the precipitation

rate is up to 5 mm day−1 greater in some parts. The time series of precipitation

rate over total land performs well whilst during the 2007–2011 period there is an

over-estimation by approximately 0.4 mm day−1 over total ocean when compared

to GPCP. Many independent studies have looked at precipitation compared to

observations and other reanalysis sets (Kim et al., 2013; Peña-Arancibia et al.,

2013; Pfeifroth et al., 2013; Zhang et al., 2013; Lin et al., 2014). Generally, ERA-

Interim was found to perform well. Most notably though was further confirmation

of biases in Southeast Asia (Kim et al., 2013), and the over-estimation of small

and medium precipitation but under-estimation of high amounts compared to

rain gauge data in the tropical Pacific (Pfeifroth et al., 2013) and to the Tropical

Rainfall Measuring Mission (TRMM) satellite in the tropics (Kim et al., 2013).

While the errors in variables such as updraught mass flux remain unknown, it is

assumed that ERA-Interim has remaining problems with the hydrological cycle

over the western Pacific and Southeast Asia and that this is likely to affect all input

variables. This will be considered when drawing conclusions from the evaluation.

2.2.2 Lightning Imaging Sensor

The LIS was a lightning detection instrument aboard the TRMM satellite

(Boccippio et al., 2002; Cecil et al., 2014)(Section 1.3.1). Measurements were

taken between 1998 and 2015 but the satellite received an orbit boost in 2001

which resulted in a larger field of view and slightly longer sampling duration.

Lightning was detected by pulses of illumination in the 777.4 nm atomic oxygen

multiplet above background levels. TRMM was in a low earth orbit, with coverage
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between ±38◦ latitude and viewed each surface location for ∼ 90 s with more time

spent viewing the edges of its latitudinal coverage. Over the course of 99 days,

LIS sampled the full diurnal cycle twice for each location (Cecil et al., 2014). Its

spatial resolution was approximately 5 km. Detection efficiency ranged between

69 % at local time noon to 88 % at midnight (Cecil et al., 2014). The Optical

Transient Detector (OTD) was a similar instrument which is also obsolete but

provided a broader latitudinal coverage of ±75◦ until 2000 (Christian et al., 2003).

OTD is not heavily used in this chapter but it contributes to the product used to

determine the total global flash rate. As with all low-orbit satellites, the accuracy

of OTD and LIS reduced within the South Atlantic anomaly (SAA) which reduces

the robustness of the evaluation within this region. This point is elaborated upon

in the discussion.

Several products have been produced by the NASA Marshall Space Flight Center

lightning team using LIS data which are described fully in Cecil et al. (2014).

The LIS–OTD low-resolution full climatology (LRFC) total flash count is used

here to scale all lightning models to the same global annual total. The main

product, used throughout this paper, is the LIS–OTD low-resolution monthly

time series (LRMTS). The LRMTS provides one flash rate density per month on

a 2.5◦ regular lat–lon grid for every month from May 1995 to present; post-2000

it contains data from the LIS instrument only.

It is useful to determine the number of years necessary to produce a lightning

climatology. Using 10 years (2002–2011) of LRMTS data as the true climatology,

different numbers of years are compared to determine their ability in representing

that true 10 year climatology. Figure 2.1 shows some example plots from

the approach with the 10 year average annual total spatial distribution with

differences to the 5-year (2007–2011) and 2-year (2010–2011) sets, along with

standard deviations for the three cases. It demonstrates that using 2-year averages

would not be appropriate for evaluating this climatological period of lightning in
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terms of the spatial distribution or the interannual variability, but that 5 years is

representative.

For each set of years, significance tests were applied to each grid cell of average

annual total spatial distribution as compared to the decade to determine which

grid cell estimates diverged from the decadal climatology. An additional compar-

ison was made using the spatial distribution of the standard deviation of annual

totals to ensure there were no grid cells where the spread of annual totals was be-

ing over-estimated or under-estimated. It was found that a 5-year set was needed

to satisfy these tests. Hence, the years 2007–2011 have been chosen to evaluate

the lightning parametrisations in Section 2.5.

A lightning parametrisation based on upward ice flux is developed using the

LRMTS product in Section 2.4. To reduce the bias that may occur by using the

same data for development and evaluation, a year within 2002–2006 was chosen to

develop the parametrisation which was most different from the 5-year evaluation

set. The LRMTS average annual total spatial distribution was calculated for the

5-year climatology and each individual year. The sum of the absolute differences

between the 5-year climatology and any given year was used as a metric for the

difference. The equation for this metric is

dyear =
1

A

∑
i=cells

ai|fi,year − fi,5|, (2.1)

where d is the total area-averaged, absolute difference in flash density between

the annual mean of any year in the range 2002–2006 and the climatological mean

of the 5 years, 2007–2011. On the right of the equation, A is the total area, i loops

over spatial grid cells, a is the area of a grid cell and f is the flash rate density.

The difference, dyear, was greatest for 2002.
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Figure 2.1: Average annual total LIS flash density spatial distributions of (A) the

10 year climatology (2002–2011) and differences between the (C) 10 year and 5 year

(2007–2011) and (E) 10 year and 2 year (2010–2011) climatologies. (B), (D) and

(F) show the standard deviations of annual LIS totals for each of the 10 year, 5 year,

and 2 year climatologies, respectively.
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2.3 Existing parametrisations

Four existing parametrisations have been chosen for testing with ERA-Interim

data. These chosen parametrisations include the commonly used cloud-top

height scheme, along with three others which use different input variables and

functional forms. Previous evaluation studies of these lightning parametrisations

are described in Section 1.6.

Lightning flashes can be classified in different ways and in chemistry models

they are typically separated into cloud-to-ground and intra-cloud types as these

have different emissions. Some of the parametrisations have been developed to

calculate total flashes and some to calculate cloud-to-ground flashes. The LIS

satellite instrument measures total flashes, it does not discriminate between flash

types and therefore, where necessary, parametrisation outputs for cloud-to-ground

flashes are adjusted to represent total flashes by dividing by the proportion of total

flashes that are cloud-to-ground, p. The ratio is determined by a fourth-order

polynomial based on cold cloud depth as found by Price and Rind (1993):

p =
1

64.09− 36.54D + 7.493D2 − 0.648D3 + 0.021D4
, (2.2)

where D is the depth of cloud above 0 ◦C. In addition, a minimum depth of 5.5 km

is required for any flashes to occur (Price and Rind, 1993).

This approach is required to make like-for-like comparisons of parametrisations

and is important for their use in estimating lightning emissions. However,

it will introduce the error associated with determining cold cloud depth into

parametrisations which include the use of Equation (2.2).

Some parametrisations include scaling equations to account for different model

spatial resolutions. However, it is found here that none of these scalings produce
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the correct magnitude for the total global flash rate as estimated by LIS. This

problem has been raised in other studies. In particular, Tost et al. (2007) shows

that scaling factors can vary by three orders of magnitude depending on the

input from different convective schemes. Here, the same convective scheme

is used throughout so variation between parametrisations is partly due to the

use of different input variables and partly because the parametrisations were

developed using different scales and regions. In this chapter, the global flash

rate has been calculated from the LIS LRFC product to be 44 fl. s−1 (fl. is used

throughout to abbreviate flashes). Only the average global annual total of the 5-

year climatology for each parametrisation has been scaled. Spatial, seasonal and

interannual distributions are produced using the parametrisations. On this basis,

the additional global annual total scaling factors are 0.05, 1.39, 0.32 and 0.70 for

the cloud-top height, updraught mass flux, convective precipitation (polynomial)

and convective precipitation (linear) parametrisations of Section 2.3.1–2.3.4,

respectively, and 1.09 for the new cloud ice flux scheme of Section 2.4. These

additional scaling factors are smaller, and in the case of the cloud-top height

parametrisation much smaller, than previously stated scalings (Tost et al., 2007;

Murray et al., 2012). Much of this is expected to be related to a greater spatial

resolution than those used in Tost et al. (2007) and Murray et al. (2012), and

the 6-hour temporal resolution that this chapter is based upon. The increase of

9 % needed for the newly developed parametrisation is due to the combination of

the use of different years for forming and evaluating the parametrisation, and the

fitting of a parametrisation over anything less than the full globe is likely to mean

that it does not predict exactly the same LIS–OTD global magnitude. Lightning

scalings need to be more frequently discussed in future studies so that a clear

picture of their dependencies can emerge.

In the title to each subsection a label is shown which is used to refer to the



CHAPTER 2. Using cloud ice flux to parametrise large-scale lightning 55

parametrisation throughout the paper. For example the following cloud-top

height-based parametrisation will be referred to as CTH.

2.3.1 Cloud-top height (CTH)

A commonly used proxy for lightning flash density is cloud-top height as proposed

by Price and Rind (1992). Price and Rind built on theories developed by Vonnegut

(1963) and Williams (1985) using storm measurements and satellite data to form

the following parametrisation:

Fl = 3.44× 10−5H4.9 (2.3)

Fo = 6.2× 10−4H1.73, (2.4)

where F is the total flash frequency (fl. min−1), H is the cloud-top height (km) and

subscripts l and o are for land and ocean, respectively. The separation between

land and ocean is used to incorporate the difference in updraught velocity over

the two surface types. In cases of a cloud depth less than 5 km the flash value

was set to zero. The use of 5 km is based on the range of data used to develop the

relationship in Price and Rind (1992). Note that Price and Rind (1994) developed

an equation to translate the above equations to varying model resolutions. The

equation used to calculate the scaling factor is

C = 0.97241e0.048203R, (2.5)

where R is the product of longitude and latitude resolution (degrees2) and C

is a multiplication factor applied to Equations (2.3) and (2.4). In this chapter

the scaling factor is applied to the initial flash estimates on the regular 0.75 ◦

grid. The scaling factor used is 0.9992. While this scaling has been included for

consistency with the parametrisation, it is clear that at resolutions used in this
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chapter and higher resolutions the scaling has very little impact. As discussed

above, an additional scaling factor of 0.05 was applied to match the LIS global

total flash rate.

2.3.2 Updraught mass flux (MFLUX)

A parametrisation based on updraught mass flux at ∼ 440 hPa was obtained by

Allen and Pickering (2002). The choice of 440 hPa is based upon definitions of

deep convective clouds in the International Satellite Cloud Climatology Project

(ISCCP) (Rossow et al., 1996). In this parametrisation no distinction is made

between land and ocean locations. The equation is

F =
∆x∆y

A
(a+ bM + cM2 + dM3 + eM4), (2.6)

where F is the flash frequency of cloud-to-ground flashes (fl. min−1), M is the

updraught mass flux at 440 hPa (kg m−2 min−1), ∆x∆y is the area of a grid cell

andA is the area of a 2.0 ◦× 2.5 ◦ box centred at 30 ◦ N. The polynomial coefficients

a–e have the respective values of −2.34 × 10−2, 3.08 × 10−1, −7.19 × 10−1,

5.23× 10−1 and −3.71× 10−2.

Equation (2.6) only estimates cloud-to-ground flashes and is therefore divided

by p in Equation (2.2). Following the condition on Equation (2.2), cases where

the depth is less than 5.5 km are set to zero. The use of areas in this equation

is again an approach to account for varying horizontal resolutions. As with the

cloud-top height parametrisation, the scaling grid-box area is based on that of

a regular 0.75 ◦ grid. Limitations exist on the values of mass flux such that

0 < M < 9.6 kg m−2 min−1; all values outside this range are set to their nearest

acceptable value in the range.
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2.3.3 Convective precipitation (polynomial) (CPPOLY)

A parametrization based on convective precipitation is also presented by Allen

and Pickering (2002). There are separate polynomial expansions for land and

ocean,

Fi =
∆x∆y

A
(ai + biP + ciP

2 + diP
3 + eiP

4), (2.7)

where F is the flash frequency of cloud-to-ground flashes (fl. min−1), Pi is the

daily grid cell convective precipitation (mm day−1) during the time step for grid

cell type i: i = l for land and i = o for ocean. The polynomial coefficients al–el

have the respective values of 3.75× 10−2, −4.76× 10−2, 5.41× 10−3, 3.21× 10−4

and −2.93 × 10−6. The polynomial coefficients ao–eo have the respective values

of 5.23× 10−2, −4.80× 10−2, 5.45× 10−3, 3.68× 10−5 and −2.42× 10−7.

Equation (2.7) only estimates cloud-to-ground flashes and is therefore divided by

p in Equation (2.2). Following the condition on Equation (2.2), cases where the

depth is less than 5.5 km are set to zero. The use of area is the same as for

Equation (2.6). Limitations exist on the values of convective precipitation such

that 7 < P < 90 mm day−1; all values outside this range are set to their nearest

acceptable value in the range.

2.3.4 Convective precipitation (linear) (CPLIN)

An alternative parametrisation based on convective precipitation which uses

a linear relationship is proposed by Meijer et al. (2001):

F = 14 700cp + 1.7, (2.8)
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where F is the mean number of flashes and cp is the convective precipitation

(m). Under this scheme ocean flashes are 10 times less than calculated by

Equation (2.8) based on findings that convection over oceans is 10 times less

efficient at generating lightning (Levy II et al., 1996; Boersma et al., 2005).

Equation (2.8) only estimates cloud-to-ground flashes and is therefore divided

by p in Equation (2.2).

2.4 A new ice-flux-based parametrisation (ICE-

FLUX)

The non-inductive charging mechanism is widely accepted as the primary means

for charge separation and therefore lightning generation (Barthe and Pinty, 2007;

Saunders, 2008). However, only indirectly related convective characteristics have

so far been introduced into large-scale lightning parametrisations. Improved

representation of cloud ice in models now allows the implementation of another

aspect of the theory, the upward flux of ice crystals. Deierling et al. (2008) have

shown that the upward ice flux displays a strong linear correlation with lightning

flashes in 11 observed US storms.

The direct implementation of the fitted equation in Deierling et al. (2008) for

non-precipitating ice (i.e. upward ice crystal) mass flux above −5 ◦C (kg s−1)

was explored but it was found that anomalously high flash densities would be

estimated along mid-latitude storm tracks. The bias not only could be due to

underlying meteorology but also may be attributable to the form of the ice flux

variable. In this chapter, the cloud fraction in the grid cell is used to propose an

alternative measure of ice flux in storms which is related to the intensity of the

flux (kg m−2 s−1) as opposed to the mass of ice alone.
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There have been past comparisons of the ECMWF ice water content product to

satellite measurements of cloud ice content (Li et al., 2007; Waliser et al., 2009;

Wu et al., 2009; Delanoë et al., 2011). They show that while the ice content may

be under-estimated, there is at least good spatial agreement between ECMWF

and the satellite measurements. The ERA-Interim specific cloud ice water content

product is an estimate of the non-precipitating ice (i.e. suspended ice crystals)

in the grid cell. ERA-Interim also contains updraught mass flux and fractional

cloud cover.

As with the parametrisations of Allen and Pickering (2002) and as defined by

the International Satellite Cloud Climatology Project (Rossow et al., 1996), the

440 hPa level is used as a pressure level representative of fluxes in deep convective

clouds. An estimate for upward cloud ice flux at 440 hPa, φice (kgice m−2
cloud s−1),

for each 6-hourly time step has been calculated using the following equation:

φice =
q × Φmass

c
, (2.9)

where q is specific cloud ice water content at 440 hPa (kgice kg−1
air ), Φmass is the

updraught mass flux at 440 hPa (kgair m−2
cell s

−1) and c is the fractional cloud cover

at 440 hPa (m2
cloud m−2

cell). Upward ice flux was set to zero for instances where

c < 0.01 m2
cloudm−2

cell. The relationship between this newly formed variable and

lightning is explored below.

2.4.1 The upward ice flux–lightning relationship

To develop a relationship between lightning and upward ice flux, the ice flux

produced using Equation (2.9) is compared to the lightning flash density of the

LRMTS product. As described in Section 2.2.2, the year 2002 has been chosen

as the training year as it is most different in terms of the spatial distribution to
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the lightning climatology of years used in later sections. To compare to LRMTS,

upward ice flux values between ±38◦ latitude were averaged to monthly values

and interpolated to the LIS grid. A scatter plot of all monthly cell values is shown

in Figure 2.2A and B for land and ocean regimes, respectively.

Lower levels of lightning over ocean have been attributed to weaker updraught

strengths within ocean storms (Xu and Zipser, 2012). Many parametrisations are

unable to predict these lower oceanic levels of lightning. Likewise, it is necessary

to separate ocean and land regimes in the ICEFLUX parametrisation since ocean

flash densities for a given upward ice flux were ∼ 1
7

of the land flash densities, as

can be seen in Figure 2.2. This difference between land and ocean regimes is not

quite as large but is of the same order of magnitude as the differences in existing

parametrisations. The equations of the best fit lines in Figure 2.2A and B are

fl = 6.58× 10−7φice (2.10)

fo = 9.08× 10−8φice, (2.11)

where fl and fo are the flash density (fl. m−2
cell s

−1) of land and ocean, respectively.

The best fit equations use only one parameter, the slope of the regression. Other

fits were tested including a two-parameter linear fit, polynomial fits and power

fits. The single- and two-parameter linear fits produced the best results. The

intercepts from the two-parameter linear fit for both land and ocean were small

and positive. A positive intercept within the modelling environment results in

erroneous flashes in time steps which contain no upward ice flux. Since the

intercepts are small, there is little change to the fit if only a single-parameter

fit is used. Furthermore, an intercept at the origin remains consistent with the

non-inductive charging mechanism as charging would not be expected in cases of

zero upward ice flux. These are the justifications for the single-parameter linear

functional form.
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Figure 2.2: Scatter plots of upward ice flux at 440 hPa formed from ERA-Interim

reanalysis against LIS flash density. Shown in (A) are land grid cells and (B) are ocean

grid cells. Also shown is the cloud-top height formed from ERA-Interim reanalysis

against LIS flash density over (C) land and (D) ocean. Each point represents the

monthly average of each variable for a grid cell in the range ±38◦ latitude. The

scatter points highlighted in (A) are used in Figure 2.3 for studying under-estimation

(light blue) and over-estimation (light red) of this regression. All scatter points, even

within the highlighted regions, were used to create the linear regression.
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2.4.2 Application of the ICEFLUX relationship

Clearly there are shortcomings of the upward ice flux relationship when applied

over such a large region. The correlation over the ocean is poor, r = 0.25, but this

was also found when comparing cloud-top height against flash density, shown in

Figure 2.2D. The land correlation is stronger at r = 0.63 but there are persistent

deviations from the best fit. ERA-Interim reanalysis data, while being the best

spatially complete representation of reality, are not equivalent to observations.

Where observations are sparse, as over Africa and the oceans, there could be

large errors. It does, however, offer a bridge between observation and modelling

studies, providing the opportunity to compare model behaviour to measurements

of lightning. While the correlation is only 0.06 greater than the cloud-top height

variable, the use of upward ice flux is also a step towards a more physically based

lightning parametrisation. This is also a step towards the possible future inclusion

of a downward graupel flux, the other component of ice collisions and charging

theory (Section 1.2), offering potential improvements in lightning estimation.

The regions and months for which continental lightning would have a large under-

estimation (points with f > 1.8×10−12 fl. m−2
cell s

−1, φ < 1.8×10−6 kgice m−2
cloud s−1)

or over-estimation (f < 1.0× 10−12 fl. m−2
cell s

−1, φ > 2.5× 10−6 kgice m−2
cloud s−1) are

shown in Figure 2.3. These regions are highlighted in Figure 2.2 as light blue and

red, respectively. There are large portions of Central Africa and northwest India

where flashes will be under-estimated, a problem found in other studies (Tost

et al., 2007). To explain flash density differences between continental regions,

Williams and Sátori (2004) explore a novel concept by describing meteorology in

the Amazon as more oceanic in nature than that in Africa. This may suggest

that fits of continental lightning are an average of different convective regimes

with Central Africa representing the continental extreme thereby explaining its

under-estimation in the continental fit.
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Figure 2.3: Continental regions that would be under- or over-estimated with the

proposed ice flux parametrisation. Under-estimation in blue and over-estimation in

red. Any coloured cell in the figure contains at least one month of large under- or over-

estimation. Shown at the bottom is the number of cells of under- or over-estimation in

each month. Under- and over-estimation are defined as scatter points in Figure 2.2 in

the axis ranges of y axis > 1.8×10−12 fl. m−2
cell s

−1, x axis < 1.0×10−6 kgice m−2
cloud s−1

and y axis < 1.8×10−12 fl. m−2
cell s

−1, x axis > 2.5×10−6 kgice m−2
cloud s−1, respectively.

The scatter points used to produce this plot are highlighted as the light-coloured

regions in Figure 2.2.
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In addition to the full-region scatter plot in Figure 2.2, relationships have been

found for each grid cell individually using the twelve monthly data points. This

uses the same data points but splits them so that each grid cell can be studied

separately. Gradients and significance for the under-estimated portion of Central

Africa are shown in Figure 2.4. Only 3 grid cells out of 32 corresponding to

the Central African blue region in Figure 2.3 do not have significant correlation

between flash density and upward ice flux. As demonstrated in Figure 2.4, the

reason for under-estimation of the overall fit in Central Africa is not because

a linear model does not apply but because the gradient is steeper, and the

relationship between upward cloud ice and lightning is stronger. Gradients are up

to three times greater than the full-region relationship in Equation (2.10). This

could be accounted for using regional gradient lookup tables but the focus of this

chapter is to explore a process-based parametrisation that is globally applicable.

A lookup table would not allow consistent study of time periods with meteorology

that is substantially different than present-day conditions.

Figure 2.3 shows adjacent grid cells with over-estimation and under-estimation

in northeast India which suggest a lightning peak in that area that is misplaced

to the east. There is some over-estimation near the southern Andes and under-

estimation in Argentina and southern Brazil. This is a region where LIS has lower

accuracy due to the SAA which makes it difficult to draw significant conclusions

about the region (Section 1.3.1). Figure 2.3 also shows which months contain

model over- and under-estimation of flash density. The under-estimation occurs

throughout the year but with the least in January and February and the highest

levels between August and November. Over-estimation of lightning occurs over

much fewer regions and decreases gradually through the year.
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Figure 2.4: The gradients from single-parameter fitting of individual grid cells in

Central Africa. The stippling shows grid cells with correlations significant at the 95 %

level. Grid cell fits are made using the 12 monthly points for the cell in the year 2002.

The solid blue line outlines the model under-estimated cells from the blue region in

Figure 2.4.
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2.4.3 Robustness on the 6-hourly timescale

Due to the temporal resolution of LIS data products it has been most appropriate

to develop the ICEFLUX parametrisation using monthly data. However, in

chemistry transport and chemistry–climate models the temporal resolution is of

the order of an hour. To check that the parametrisation behaves reasonably when

applied at these temporal scales, 6-hourly ECMWF data are used. A histogram of

6-hourly flash densities in the year 2011 using the five parametrisations is shown in

Figure 2.5. All the tested parametrisations had approximately 95 % of instances

less than 0.075 fl. km−2 6 h−1.
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Figure 2.5: Histograms of 6-hourly flash density in the year 2011 for each

parametrisation. Bin size is 0.02 fl. km−2 6 h−1. The total number of time steps

represented by each curve is the same. Grid cells from the full global region are used

(±90◦ latitude).
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Wong et al. (2013) used hourly values from Earth Networks Total Lightning

Network observations and shows that the CTH parametrisation produces fewer

low and high flash frequencies compared to the observations. In another study

for the US by Allen and Pickering (2002), National Lightning Detection Network

and Long Range Flash Network observations at four locations for June 1997 were

used to compare CTH, MFLUX and CPPOLY estimates of lightning. They

found that CTH did not pick out the variability in flash rates as the model

did not accurately represent the variability in cloud-top height. MFLUX and

CPPOLY generally produced much more realistic distributions than CTH but at

one location (Carlsbad, New Mexico) the instances of high flash rates are greatly

under-estimated. This was attributed to the inability of the model to represent

the North American monsoon.

Problems with the CTH frequency distribution are possibly a result of modelled

convection or representation of cloud-top height within models, opposed to a

failure of the relationship of the cloud-top height to lightning. A smaller-

scale study measuring frequency distributions of cloud-top height and lightning

would be required for confirmation. Given that this is a further study to find

discrepancies in the lightning frequency distribution of the cloud-top height

parametrisation, it may be important to determine how this affects the chemistry

associated with lightning emissions.

In Figure 2.5 ICEFLUX is qualitatively more similar to MFLUX and CPPOLY

than CTH but gives fewer high flash densities. Given that it lies between

existing parametrisations and has a similar distribution, ICEFLUX is considered

appropriate to apply at 6-hourly timescales.
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2.5 Evaluation of the large-scale lightning

parametrisations

The years 2007–2011 have been chosen to evaluate the performance of five

different lightning parametrisations against LIS observations. As explained in

Section 2.2.2, these five years provide a good estimate of the lightning climatology

within the tropics and subtropics. There is a small (+1.0× 10−5 fl. km−2 day−1),

significant (p = 0.02) trend in the deseasonalised, monthly climatological global

annual total LIS flashes over the 5 years. The trend is at least an order of

magnitude smaller than the statistics used here so the findings are considered

to represent lightning behaviour independent of climate change. However, that is

not to say that the small trend found over this short time period describes any

long-term trends in lightning activity.

The parametrisations have been applied to the 6-hourly, 0.75 ◦ resolution ERA-

Interim data to estimate flash density. For comparison to LIS measurements the

parametrisation flash density is then averaged to monthly values, re-gridded to

the 2.5 ◦ LIS grid, scaled to the same global total and the LIS viewing region of

±38◦ latitude selected.

The climatological average annual total flash density for the observations and

parametrisations is shown in Figure 2.6. These results show that all parametrisa-

tions under-estimate flash density over Central Africa compared to LIS satellite

measurements, suggesting that either an important component of lightning gen-

eration is missing from all parametrisations or the underlying meteorology data

are biasing the results of parametrisations. In addition, the ocean flash density

distribution of all parametrisations is focused heavily along the Inter-Tropical

Convergence Zone, whereas LIS measurements do not show such a focus. Given

that the ICEFLUX scheme has been developed here using separate ocean and
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land equations, and scaled to the global total, one might expect the ocean and

land total flashes to be the same as in the observations. However, since the fit-

ted relationships (Figures 2.2A and B) are not perfect it can be expected that

the land-ocean ratio in observations will not be perfectly captured. Indeed, it

appears the ICEFLUX is broadly overestimating oceanic lightning flash rate in

this region. This is in contrast to the CTH scheme which greatly underestimates

ocean lightning activity.

The zonal and meridional average distributions are shown in Figure 2.7 to

demonstrate that there are significant changes in the zonal distribution and ratios

of lightning in the tropical chimneys. ICEFLUX has greatly improved on the

ratio of tropical to subtropical lightning compared to the parametrisations, as

can be seen in the zonal mean plot. The meridional mean plot highlights the

under-estimation in Africa (0–30◦ E) and the over-estimation over the Americas

(60–90◦ W) and Asia (90–120◦ E) of all parametrisations. ICEFLUX has made

definite improvements within the latter two regions. Table 2.1 shows the spatial

correlations and errors of average annual total between LIS measurements and

each of the five parametrisations. By far the best spatial correlation with the

LIS measurements over this period is with ICEFLUX, r = 0.77. The ICEFLUX

parametrisation also shows the lowest RMSE of 4.65 which is almost half of the

RMSE of CTH at 8.61.

CTH shows very large flash densities over northern South America and Southeast

Asia while having low flash densities in most subtropical locations. ICEFLUX

is spread much more evenly zonally and meridionally (Figure 2.7). MFLUX

has a very different distribution to the other schemes. It shows high flash

densities in southern South America and lower values elsewhere. Out of all the

parametrisations it best estimates the activity in the southern US. This is to

be expected as the parametrisation was developed using US data. As the only

parametrisation not to distinguish between ocean and land it is unsurprising to
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LIS measurements
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Figure 2.6: Five-year climatological annual total flash density (2007–2011). Results

are shown for the LIS measurements and the five parametrisations.
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Figure 2.7: Five-year climatological (A) zonal and (B) meridional average flash

density distribution (2007–2011). The meridional average is only taken within the LIS

viewing region of ±38◦ latitude. Results are shown for the LIS measurements and the

five parametrisations.
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see the over-estimation in the ocean. CPPOLY also shows very high ocean flash

densities. CPLIN is qualitatively similar to CTH but with a smaller land–ocean

contrast.

CTH has a reasonable correlation with the LIS observations but large errors, while

CPLIN shows a similar correlation but reduced errors. MFLUX and CPPOLY

have very poor spatial correlations with LIS. ICEFLUX has a good correlation

and low errors.

Figure 2.8 shows the climatological annual cycle over the northern and southern

tropical and subtropical regions. In both hemispheres, a delay of the peak month

by ∼ 1 month for all parametrisations can be seen. Statistics regarding timing of

the peak month in each grid cell are shown in Table 2.1. The statistics give a more

precise measure of the delay by finding the difference in peak month for each grid

cell in the LIS viewing region. They show that on average the peak month in

each grid cell is shifted by 0.16 of a month, with the parametrisations ranging

in their delay from 0.09 to 0.24 of a month. The average absolute difference has

been calculated as it will better represent the total bias in the distribution of peak

month. It shows that ICEFLUX performs best and MFLUX the worst for this

metric. Interestingly with ICEFLUX there is a larger average delay in peak month

but lower overall error in peak month compared to the other parametrisations.

As well as the delay of the peak month, Figure 2.8 shows there are biases

in the magnitude. In the Southern Hemisphere all parametrisations except

ICEFLUX over-estimate the magnitude of flashes. In the Northern Hemisphere

the magnitude is well produced by CTH, CPPOLY and CPLIN and under-

estimated by ICEFLUX and MFLUX. An inspection of the spatial distributions

for July has shown that CTH, CPPOLY and CPLIN achieve the correct Northern

Hemisphere flash density magnitude although large over-estimation occurs over

India and Southeast Asia and under-estimation occurs in other areas. ICEFLUX
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Figure 2.8: Five-year climatological annual cycle of flash density for 2007–2011

for (a), the northern region (0 ◦ –38 ◦ N) and (b), the southern region (38 ◦ S–0 ◦).

Results are shown for the LIS measurements and the five parametrisations.
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does not contain the same over-estimation but does under-estimate lightning

activity in West Africa, leading to the overall under-estimation in the Northern

Hemisphere peak. Another important issue is that none of the parametrisations

establish the difference in total lightning between the Northern and Southern

hemispheres seen in LIS measurements.

Figure 2.9 depicts the climatological seasonal peak-to-peak difference (difference

of the minimum monthly value and the maximum monthly value during a year),

and correlations and RMSEs are given in Table 2.1. This metric brings together

the spatial and temporal variation in lightning; moreover, it highlights where

inter-seasonal variation is large and therefore areas which can be dominant regions

of lightning activity, even if they are not so prominent when considering yearly

totals alone. The notable features in the observations that differ from the annual

total plots are the low seasonal variation at the Central African location of

maximum annual total and increased importance of northern India and North

America.

CTH and ICEFLUX provide a reasonable distribution around Central Africa

but have large biases elsewhere particularly in Asia and the US. ICEFLUX also

under-estimates the seasonal variation in West Africa. Ocean seasonal variations

are under-estimated by CTH and over-estimated by ICEFLUX. MFLUX and

CPPOLY both produce too much inter-seasonal variation over the oceans.

MFLUX over-estimates the seasonal variation in South America. CPLIN, as with

other metrics, is qualitatively similar to CTH. The correlations and errors have

the same ranking of ability as for the annual totals, with ICEFLUX consistently

performing well.

Figure 2.10 shows the average change in lightning activity between consecutive

years during the 5-year sample, and correlations and errors are given in Table 2.1.

This metric is used to study the interannual peak-to-peak difference of the
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Figure 2.9: Five-year climatological seasonal peak-to-peak difference spatial distri-

bution of flash density for 2007–2011. The seasonal peak-to-peak difference is the

difference between the minimum monthly value and the maximum monthly value.

Results are shown for the LIS measurements and the five parametrisations.
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LIS measurements
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Figure 2.10: Five year climatological interannual peak-to-peak difference spatial

distribution of flash density for 2007–2011. The interannual peak-to-peak difference

has been calculated as the average difference between consecutive years over the five

year period. Results are shown for the LIS measurements and the five parametrisations.
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parametrisations and LIS measurements. Unlike other results so far, the spatial

distribution is more heterogeneous with large differences in interannual variation

between neighbouring cells. For example, the interannual variation in Central

African grid cells differs by over an order of magnitude even though all cells display

the same high annual total flash density. The ocean, unsurprisingly, shows lower

interannual change compared to the land. The northeast and northwest of India

are the two regions that stand out as having the greatest interannual variation

which is expected to be related to monsoonal variability. Cecil et al. (2014)

discussed lightning activity in northeast India in depth as it contains the greatest

monthly flash density measured by LIS. The study of Cecil et al. (2014) and this

chapter both support the significance of India with respect to the interannual and

seasonal peak-to-peak differences of global lightning distributions.

All schemes have a low correlation of interannual peak-to-peak difference with

the LIS measurements and fail to pick out northern India as having the greatest

variation. Instead the parametrisations find that Southeast Asia has the greatest

variation. Out of all the lightning statistics studied, the interannual peak-to-peak

difference is the least well simulated across all parametrisations. This will be in

part due to the underlying meteorology. Despite these difficulties ICEFLUX has

made some improvement on the abilities of the other schemes in its ability to

simulate interannual peak-to-peak difference of lightning flash density.

2.6 Discussion

This chapter compares one new and four existing lightning parametrisations using

6-hourly meteorological data. Other studies have compared some of the same

existing parametrisations used here (Section 1.6). Tost et al. (2007) and Murray

et al. (2012) give correlations for CTH, MFLUX and CPPOLY and reach the same
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conclusions as in this study. CTH has a reasonable correlation whereas MFLUX

and CPPOLY have poor correlations, with CPPOLY slightly better. Barthe

et al. (2010) compared CTH, two updraught-based parametrisations and three ice

and ice-flux-based parametrisations in cloud-resolving model simulations for two

storms of different types. Most parametrisations had some success for particular

storms and particular features with none standing out above the rest as best

overall. This is contrary to our larger-scale findings which suggest that an ice-flux-

based parametrisation successfully captures many large-scale features compared

to the parametrisations based only on convective characteristics. A difference

between the two studies is the nature of the upward ice flux variable; an intensive

property was used in our case, whilst an extensive property was used in the case

of Barthe et al. (2010), i.e. mass per area per time was used in our case opposed

to only mass per time. The use of areal density provides a better measure of

intensity of ice movement in the grid cell, whereas mass alone would have high

values even if there is a high amount of cloud ice in a grid cell but rising slowly. As

discussed in Section 2.4, this appears to be an important choice when including

ice flux into the modelling environment.

By looking at several years of lightning satellite measurements this study has been

able to quantify the annual total, seasonal and interannual behaviour of lightning

across the tropics and subtropics. In line with other studies, Central Africa

stands out as the most important feature with the greatest annual total lightning

flashes. However, when considering seasonal and interannual spatial distributions

the subtropics are just as important. India shows the greatest seasonal and

interannual variation. There is substantial evidence linking these variations in

lightning activity to monsoon seasons (Kumar and Kamra, 2012; Pawar et al.,

2012; Chaudhuri and Middey, 2013; Penki and Kamra, 2013). The ability of

models to represent the monsoon as well as the links between the monsoon and

lightning is important to consider when studying lightning in India.
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In some of the parametrisations, most notably CTH, there is a clear bias towards

the tropics which is not evident in the LIS measurements. While a significant

portion of global lightning activity occurs in the tropics, demonstrated by the

global annual peak located on the equator, the next most active regions are in

the subtropics. CTH exhibits this tropical bias due to its foundation in cloud-top

height which is limited by tropopause height, since tropopause height reduces

away from the equator. ICEFLUX goes a long way to addressing this issue with

the incorporation of updraught mass flux. Updraught mass flux on its own is

typically not enough to provide a robust parametrisation – at least not with the

formulation here. An alternative parametrisation by Grewe et al. (2001) exists

which incorporates updraught mass flux into Equation 2.3. It was tested by Tost

et al. (2007) and performed similarly to the other existing parametrisations being

evaluated in this chapter.

To aid in understanding the sensitivities of the ICEFLUX parametrisation, some

additional relationships using different independent variables have been found

using the same approach as for Figure 2.2. These used the same LIS data but

compared against (1) updraught mass flux only at 440 hPa, (2) upward cloud ice

flux but at 540 hPa and (3) upward cloud ice flux at 340 hPa. The correlations over

land were found to be 0.51, 0.47 and 0.65, respectively. Correlations over ocean

varied by no more than 0.03. This suggests that the upward cloud ice variable

significantly improves upon the correlation of updraught mass flux alone over land.

The sensitivity to pressure is also demonstrated with higher pressures reducing

the correlation but lower pressures maintaining a similar level of correlation. The

gradients found for the 340 hPa level are 7.33× 10−7 fl. m−2
cell/kgice m−2

cloud over land

and 1.30× 10−7 fl. m−2
cell/kgice m−2

cloud over ocean. These are similar to those at the

440 hPa level though larger. The gradients for the 540 hPa level are larger again

which suggests the 440 hPa level gradients are sitting close to a minima in the

gradient values. The significance of such a minima is not obvious and further
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investigation at this point does not seem necessary since only slight gains can be

made by arbitrarily optimising the pressure level.

A long standing problem when parametrising lightning has been over-estimation

in the Amazon Basin and under-estimation in Central Africa. Complicating the

study of this problem and evaluation of parametrisations in South America is the

SAA which reduces the accuracy of LIS. So whilst this chapter has found that

the ICEFLUX parametrisation reduces the Amazon bias, though not solving it, a

robust conclusion cannot be drawn about lightning in the region. Regarding

Central Africa, the good correlation but higher sensitivity to ice flux than

elsewhere suggests additional factors are involved in the charging process. It is

hoped that through presenting the results, they act as extra information to inform

possible future satellite-based studies using the upcoming GOES-R and Meteosat

Third Generation lightning detectors. These detectors, by operating continuously

over the Americas and Europe and Africa on a geostationary satellite unaffected

by the SAA, will provide a new and more robust perspective on lightning activity

in these regions.

Error characteristics in both seasonal variation and annual total appear to depend

very much on the functional form of the parametrisation. The power law form of

CTH leads to large errors where biases in lightning flashes exist as demonstrated

by it having the largest errors in the annual total spatial distribution. The

polynomial forms of CPPOLY and MFLUX display less coherence between

neighbouring grid cells, especially in the seasonal peak-to-peak difference plots,

compared to the linear forms of CPLIN and ICEFLUX. The effect of functional

form on errors is worth remembering when applying a parametrisation, which

may have been developed for a specific region, on the global scale.

All the parametrisations have an average delay across all the grid cells in

the seasonal peak of approximately 3–7 days. This may be a consequence
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of inaccuracies in the reanalysis data, or the smoothing and averaging of LIS

measurements which uses a 99 day and 7.5◦ × 7.5◦ boxcar moving average (Cecil

et al., 2014). It could also be related to the occurrence of lightning in relation

to other features of storms. It has been discussed in some papers that lightning

peak months precede the rainfall peak months in monsoonal regions (Chaudhuri

and Middey, 2013; Penki and Kamra, 2013). This may be relevant to variables

such as convective rain and cloud-top height; however, one would expect the use

of upward ice flux to begin to correct the delay. On the contrary, the ICEFLUX

parametrisation shows the greatest delay bias although the lowest absolute bias.

This suggests it could be an issue with the input meteorology or the need for an

extension of the model to include a graupel flux, as in Deierling et al. (2008),

to fully account for the seasonal cycle. Cloud resolving models would provide

an appropriate means of testing the importance of graupel and other features of

ice-based parametrisations as they include more explicit representations of cloud

parameters. They can also be used in combination with field measurements to

study the applicability of the ICEFLUX parametrisation on smaller scales which

is vital in determining how widely the parametrisation can be used.

One other factor that may be important for explaining the variance in flash

frequency density is geographical differences in flash characteristics. Recent

research using a variety of data types has demonstrated different characteristics

between land and ocean flashes such that ocean flashes are more energetic,

powerful or longer (Hutchins et al., 2013; Said et al., 2013; Peterson and Liu, 2013;

Beirle et al., 2014). If this is the case then using the charging theory alone may

not account for locations where there are fewer, more energetic flashes as opposed

to more, less energetic flashes. The characteristics of lightning may also hold

important information regarding the variance in emissions from lightning. Future

development of lightning parametrisations should consider if flash characteristics

contribute to observed lightning distributions.
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2.7 Conclusions

A large-scale lightning parametrisation based on upward ice flux at 440 hPa (ICE-

FLUX) closely connected with the non-inductive charging mechanism has been

developed here. While its development highlighted the challenge of forming

a parametrisation for lightning over large scales, it showed no weaknesses that

are not already inherent in existing parametrisations and which are, in part, due

to the modelled input meteorology especially over Southeast Asia and the western

Pacific. Its evaluation compared to satellite observations demonstrated several im-

provements on existing parametrisations regarding the large-scale spatial features

of lightning in the tropics and subtropics. Under-estimation of Central African

lightning remains but it has usefully been shown that linear relationships apply

in this region; however, the flash rate here is highly sensitive to the upward ice

flux compared to the rest of the tropics and subtropics.

The evaluation applied five different lightning parametrisations to the ECMWF

ERA-Interim reanalysis, four well known and one newly developed, and com-

pared their 5-year climatologies to Lightning Imaging Sensor (LIS) satellite mea-

surements for the same period. The new ICEFLUX parametrisation showed the

highest correlation and lowest bias for the spatial distributions of three proper-

ties: average annual total lightning density, and average seasonal and interannual

peak-to-peak differences. It also represented well the annual cycle of lightning in

the southern tropics and subtropics but under-estimated it in the northern tropics

and subtropics principally due to a low bias in West Africa.

The Price and Rind (1992) parametrisation based on cloud-top height (CTH) had

reasonable correlations with the spatial distributions and the least delay in the

annual peak. However, it showed large biases in the zonal average distribution of

lightning. The large biases were attributed to functional form which exacerbates

any regional biases in the parametrisation.
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The convective precipitation-based linear parametrisation (CPLIN) of Meijer

et al. (2001) was qualitatively similar to CTH for all studied metrics. Two

polynomial parametrisations based on convective precipitation (CPPOLY) and

updraught mass flux (MFLUX) by Allen and Pickering (2002) were tested but

found to perform poorly for the metrics and ERA-Interim meteorological input

used here.

The simple ICEFLUX parametrisation more closely linked to the charging theory

has been developed which now requires testing online in chemistry transport

models to ensure its applicability for simulating NO emissions. The sensitivity

of the chemistry to the different lightning features discussed in this chapter

such as the seasonal variation will also be studied in Chapter 3. Results

obtained indicate the potential of the parametrisation but rely on the convective

scheme used in the ECMWF model. Therefore, use of the parametrisation by

different modelling groups and other evaluation studies is needed to confirm the

merits presented here. While individual chemistry–climate models are needed

to confirm the wider use of the parametrisation, the conclusions presented here

are directly applicable to chemistry transport model simulations performed using

ERA-Interim meteorological input.

The upward ice flux parametrisation is presented as a means to explore the

importance of cloud ice while models are still in the process of improving their

cloud ice schemes. In future field campaigns it would be helpful to estimate

the areal coverage of the storm along with the ice flow rate which can then be

combined to give ice flux in units of kgice m−2
cloud s−1. This may aid the formation of

a global parametrisation based on storm observation data rather than reanalysis

data as was necessary in this chapter. Even with this reanalysis approach,

good improvements are made on the existing parametrisations compared here.

Furthermore, there may be an opportunity in the future, as models of cloud ice
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develop, where a downward graupel flux can be combined with the upward ice

flux to represent both aspects of the non-inductive charging mechanism.
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Chapter 3

The impact of lightning on

tropospheric ozone chemistry

using a new global lightning

parametrisation

This chapter has been published as an open-access publication in Atmospheric

Chemistry and Physics (ACP) in collaboration with: Dr Ruth Doherty, Dr Oliver

Wild and Dr Luke Abraham. The paper is available online from the ACP website

(http://www.atmos-chem-phys.net/16/7507/2016/acp-16-7507-2016.html). I did

the analysis and wrote the initial draft. My supervisors and other co-authors

provided feedback before the manuscript was submitted for publication. Dr

Luke Abraham also provided technical assistance in the setup of the chemistry-

climate model. In addition, Dr Paul Young provided processed sonde and

satellite measurements of ozone. For the comparison of simulated ozone to sonde

measurements I interpolated the model data to the same locations as sonde
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measurements. For the comparison of simulated ozone to sonde measurements

I used the NCEP tropopause climatology to mask the model data.

Finney, D. L., Doherty, R. M., Wild, O., and Abraham, N. L. (2016) The impact of

lightning on tropospheric ozone chemistry using a new global lightning parametri-

sation, Atmospheric Chemistry and Physics, 16, 7507-7522, doi:10.5194/acp-16-

7507-2016.

3.1 Introduction

Lightning is a key source of nitric oxide (NO) in the troposphere. It is estimated to

constitute around 10% of the global annual NO source (Schumann and Huntrieser,

2007). However, lightning has particular importance because it is the major source

of NO directly in the free troposphere. The oxidation of NO forms NO2 and the

sum of these is referred to as NOx. In the middle and upper troposphere NOx has

a longer lifetime and a disproportionately larger impact on tropospheric chemistry

than emissions from the surface.

Through oxidation, NO is rapidly converted to NO2 until an equilibrium is

reached. NO2 photolyses and forms atomic oxygen which reacts with an oxygen

molecule to produce ozone, O3 (Figure 1.4B). As a source of atomic oxygen, NO2 is

often considered together with O3 as odd oxygen, Ox. Ozone acts as a greenhouse

gas in the atmosphere and is most potent in the upper troposphere where

temperature differences between the atmosphere and ground are greatest (Lacis

et al., 1990; Dahlmann et al., 2011). Understanding lightning NO production and

ozone formation in this region is important for determining changes in radiative

flux resulting from changes in ozone (Liaskos et al., 2015)(Section 1.4.2).

As reported by Lamarque et al. (2013), the parametrisation of lightning in



CHAPTER 3. The impact of lightning on tropospheric ozone chemistry using a
new global lightning parametrisation 89

chemistry transport and chemistry-climate models (CCMs) most often uses

simulated cloud-top height to determine the flash rate as presented by Price and

Rind (1992). However, this and other existing approaches have been shown to lead

to large errors in the distribution of flashes compared to lightning observations

(Tost et al., 2007). Several studies have shown that the global magnitude of

lightning NOx emissions is an important contributor to ozone and other trace gases

especially in the upper tropical troposphere (Labrador et al., 2005; Wild, 2007;

Liaskos et al., 2015). Each of these studies uses a single horizontal distribution of

lightning so the impact of varying the lightning emission distribution is unknown.

Murray et al. (2012, 2013) have shown that constraining simulated lightning to

satellite observations results in a shift of activity from the tropics to extratropics,

and that this constraint improves the representation of the ozone tropospheric

column and its interannual variability. In Chapter 2, it was shown using reanalysis

data that a similar shift in activity away from the tropics occurred when a more

physically based parametrisation based on ice flux was applied.

The above studies and also that of Grewe et al. (2001) find that the largest impact

of lightning emissions on trace gases occurs in the tropical upper troposphere.

This is a particularly important region because it is the region of most efficient

ozone production (Dahlmann et al., 2011). Understanding how the magnitude

of lightning flash rate or concentration of emissions affects ozone production is

an ongoing area of research, and so far has focussed on individual storms or

small regions (Allen and Pickering, 2002; DeCaria et al., 2005; Apel et al., 2015).

DeCaria et al. (2005) found that whilst there was little ozone enhancement at

the time of the storm, there was much more ozone production downstream in the

following days. They found a clear positive relationship between downstream

ozone production and lightning NOx concentration which was linear up to

∼ 300 pptv but resulted in smaller ozone increases for NOx increases above this

concentration. Increasing ozone production downstream with more NOx was also
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found by Apel et al. (2015). Allen and Pickering (2002) specifically explored the

role of the flash frequency distribution on ozone production using a box model.

They found that the cloud-top height scheme produces a high frequency of low

flash rates which are unrealistic compared to the observed flash rate distribution.

This results in lower NOx concentrations and greater ozone production efficiency

with the cloud-top height scheme. Differences in the frequency distribution

between lightning parametrisations were also found across the broader region

of the tropics and subtropics in Chapter 2. The importance of differences in flash

rate frequency distributions to ozone production over the global domain remains

unknown.

In this chapter, the lightning parametrisation developed in Chapter 2 which uses

upward cloud ice flux at 440 hPa is implemented within the United Kingdom

Chemistry and Aerosols model (UKCA). This parametrisation is closely linked

to the Non-Inductive Charging Mechanism of thunderstorms (Reynolds et al.,

1957)(Section 1.2) and was shown to perform well against existing parametrisa-

tions when applied to reanalysis data (Chapter 2). Here the effect of the cloud-top

height and ice flux parametrisations on tropospheric chemistry is quantified using

a CCM, focussing especially on the location and frequency distributions. Section

3.2 describes the model and observational data used in the study. Section 3.3

compares the simulated lightning and ozone concentrations to observations. Sec-

tion 3.4 analyses the ozone chemistry through use of Ox budgets. Section 3.5 then

considers the differences in zonal and altitudinal distributions of chemical Ox pro-

duction and ozone concentrations simulated for the different lightning schemes.

Section 3.6 provides a novel approach to studying the effects of flash frequency

distribution on ozone. Section 3.7 presents the conclusions.
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3.2 Model and data description

3.2.1 Climate-chemistry model

The model used is the UK Chemistry and Aerosols model (UKCA) coupled to the

atmosphere-only version of the UK Met Office Unified Model version 8.4. The

atmosphere component is the Global Atmosphere 4.0 (GA4.0) as described by

Walters et al. (2014). Tropospheric and stratospheric chemistry are modelled,

although the focus of this chapter is the troposphere. The UKCA tropospheric

scheme is described and evaluated by O’Connor et al. (2014) and the stratospheric

scheme by Morgenstern et al. (2009). This combined CheST chemistry scheme

has been used by Banerjee et al. (2014) in an earlier configuration of the Unified

Model. There are 75 species with 285 reactions considering the oxidation of

methane, ethane, propane, and isoprene. Isoprene oxidation is included using the

Mainz Isoprene Mechanism of Pöschl et al. (2000). Squire et al. (2015) gives a

more detailed discussion of the isoprene scheme used here.

The model is run at horizontal resolution N96 (1.875◦ longitude by 1.25◦ latitude).

The vertical dimension has 85 terrain-following hybrid-height levels distributed

from the surface to 85 km. The resolution is highest in the troposphere and lower

stratosphere, with 65 levels up to ∼ 30 km. The model time step is 20 minutes

with chemistry calculated on a 1 hour time step. The exception to this is for

data used in section 3.6 where it was required that chemical reactions accurately

coincide with time of emission and hence where the chemical time step was set to

20 minutes. The coupling is one-directional, applied only from the atmosphere to

the chemistry scheme. This is so that the meteorology remains the same for all

variations of the lightning scheme, and hence, differences in chemistry are solely

due to differences in lightning NOx.
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The cloud parametrisation (Walters et al., 2014) uses the Met Office Unified

Model’s prognostic cloud fraction and prognostic condensate (PC2) scheme (Wil-

son et al., 2008a,b) along with modifications to the cloud erosion parametrisation

described by Morcrette (2012). PC2 uses prognostic variables for water vapour,

liquid and ice mixing ratios as well as for liquid, ice and total cloud fraction. The

cloud ice variable includes snow, pristine ice and riming particles. Cloud fields

can be modified by shortwave and longwave radiation, boundary layer processes,

convection, precipitation, small-scale mixing, advection and pressure changes due

to large-scale vertical motion. The convection scheme calculates increments to

the prognostic liquid and ice water contents by detraining condensate from the

convective plume, whilst the cloud fractions are updated using the non-uniform

forcing method of Bushell et al. (2003).

Evaluation of the distribution of cloud depths and heights simulated by the

Unified Model has been performed in the literature. For example, Klein et al.

(2013) conclude that across a range of models, the most recent models improve

the representation of clouds. They find that HadGEM2-A, a predecessor of the

model used in this chapter, simulates cloud fractions of high and deep clouds

in good agreement with the International Satellite Cloud Climatology Project

(ISCCP) climatology. In addition, Hardiman et al. (2015) studied a version of

the Unified Model which used the same cloud and convective parametrisations as

used here. They found that over the tropical Pacific warm pool that high cloud

of 10-16 km occurred too often compared to measurements by the CALIPSO

satellite. This will bias a lightning parametrisation based on cloud-top height,

over this region. Cloud ice content and updraught mass flux, which are used in

the ice flux based lightning parametrisation presented in this chapter, are not

well constrained by observations and represent an uncertainty in the simulated
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lightning. However, these variables are fundamental components of the Non-

Inductive Charging Mechanism and therefore it is appropriate to consider a

parametrisation which includes such aspects.

Simulations for this chapter were set up as a time-slice experiment using sea

surface temperature and sea ice climatologies based on 1995-2004 analyses

Reynolds et al. (2007), and emissions and background lower boundary GHG

concentrations, including methane, are representative of the year 2000. A one

year spin-up for each run was discarded and the following year used for analysis.

3.2.2 Lightning NO emission schemes

The flash rate in the lightning scheme in UKCA is based on cloud-top height by

Price and Rind (1992, 1993), with energy per flash and NO emission per joule as

parameters drawn from Schumann and Huntrieser (2007). The equations used to

parametrise lightning, as in Chapter 2, are:

Fl = 3.44× 10−5H4.9 (3.1)

Fo = 6.2× 10−4H1.73, (3.2)

where F is the total flash frequency (fl. min−1), H is the cloud-top height (km) and

subscripts l and o are for land and ocean, respectively (Price and Rind, 1992). A

resolution scaling factor, as suggested by Price and Rind (1994), is used although

it is small and equal to 1.09. An area scaling factor is also applied to each grid

cell, which consists of the area of the cell divided by the area of a cell at 30◦

latitude.

This lightning NOx scheme has been modified to have equal energy per cloud-

to-ground and cloud-to-cloud flash based on recent literature (Ridley et al.,
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2005; Cooray et al., 2009; Ott et al., 2010). The energy of each flash is 1.2 GJ

and NO production is 12.6 × 1016 NO molecules J−1. These correspond to 250

mol(NO) fl.−1 which is within the estimate of emission in the review by Schumann

and Huntrieser (2007). It also ensures that changes in flash rate produce a

proportional change in emission independent of location since different locations

can have different proportions of cloud-to-ground and cloud-to-cloud flashes. As a

consequence, the distinction between cloud-to-ground and cloud-to-cloud has no

effect on the distribution or magnitude of lightning NOx emissions in this chapter.

The vertical emission distribution has been altered to use the recent prescribed

distributions of Ott et al. (2010)(Section 1.5.3, Figure 1.7) and applied between

the surface and cloud top. Whilst the Ott et al. (2010) approach is used for both

lightning parametrisations, the resulting average global vertical distribution can

vary because the two parametrisations distribute emissions in cells with different

cloud top heights. This simulation with the cloud-top height approach will be

referred to as CTH.

Two alternative simulations are also used within this chapter: 1) lightning

emissions set to zero (ZERO), and 2) using the flash rate parametrisation in

Chapter 2 (ICEFLUX). As in Chapter 2, the flash rate equations used are:

fl = 6.58× 10−7φice (3.3)

fo = 9.08× 10−8φice, (3.4)

where fl and fo are the flash density (fl. m−2 s−1) of land and ocean, respectively.

φice is the upward ice flux at 440 hPa and is formed using the following equation:

φice =
q × Φmass

c
, (3.5)

where q is specific cloud ice water content at 440 hPa (kg kg−1), Φ is the updraught

mass flux at 440 hPa (kg m−2 s−1) and c is the fractional cloud cover at 440 hPa
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(m2 m−2). Upward ice flux was set to zero for instances where c < 0.01 m2m−2.

Where no convective cloud top is diagnosed, the flash rate is set to zero.

Both the CTH and ICEFLUX parametrisations when implemented in UKCA

produce flash rates corresponding to global annual NO emissions within the range

estimated by Schumann and Huntrieser (2007) of 2-8 TgN yr−1. However, for this

chapter I choose to have the same flash rate and global annual NOx emissions for

both schemes. A scaling factor was used for each parametrisation that results in

the satellite estimated flash rate of 46 fl. s−1, as given by Cecil et al. (2014). The

flash rate scaling factors needed for implementation in UKCA were 1.57 for the

Price and Rind (1992) scheme and 1.11 for the ICEFLUX scheme. The factor

applied to the ice flux parametrisation is similar to that used in Chapter 2, which

used a scaling of 1.09. This is some evidence for the parametrisation’s robustness

since Chapter 2 is based upon reanalysis data, however, the scaling may vary

in other models. Given that each parametrisation produces the same number

of flashes each year and each flash has the same energy, a single value for NO

production can be used. As stated above, a value of 12.6× 1016 NO molecules J−1

was used for both schemes which results in a total annual emission of 5 TgN yr−1.

3.2.3 Lightning observations

The global lightning flash rate observations used are a combined climatology

product of satellite observations from the Optical Transient Detector (OTD) and

the Lightning Imaging Sensor (LIS) (Section 1.3.2). The OTD observed between

±75◦ latitude from 1995-2000 while LIS observed between ±38◦ from 2001-2015

and a slightly narrower latitude range between 1998-2001. The satellites were

low earth-orbit satellites so did not observe everywhere simultaneously. LIS, for

example, took around 99 days to twice sample the full diurnal cycle at each

location on the globe. The specific product used here is referred to as the High
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Resolution Monthly Climatology (HRMC) which provides 12 monthly values on

a 0.5◦ horizontal resolution made up of all the measurements of OTD and LIS

between May 1995 - December 2011. Cecil et al. (2014) provides a detailed

description of the product using data for 1995-2010, which had been extended

to 2011 when data was obtained for this chapter. The LIS/OTD climatology

product was regridded to the resolution of the model (1.875◦ longitude by 1.25◦

latitude) for comparison.

3.2.4 Ozone column and sonde observations

Two forms of ozone observations are used to compare and validate the model and

lightning schemes. Firstly, a monthly climatology of tropospheric ozone column

between ±60◦ latitude, inferred by the difference between two satellite instrument

datasets (Ziemke et al., 2011). These are the total column ozone estimated by

the Ozone Monitoring Instrument (OMI) and the stratospheric column ozone

estimated by the Microwave Limb Sounder (MLS). The climatology uses data

covering October 2004 to December 2010. The production of the tropospheric

column ozone climatology by Ziemke et al. (2011) uses the NCEP tropopause

climatology so, for the purposes of evaluation, simulated ozone in this chapter

is masked using the same tropopause. In Section 3.3.2, the simulated annual

mean ozone column is regridded to the MLS/OMI grid of 5◦ by 5◦ and compared

directly to the satellite climatology without sampling along the satellite track.

In an evaluation against ozone sondes with broad coverage across the globe,

the MLS/OMI product generally simulated the annual cycle well (Ziemke et al.,

2011). The annual mean tropospheric column ozone mixing ratio of the MLS/OMI

product was found to have a root mean square error (RMSE) of 5.0 ppbv, and a

correlation of 0.83, compared to all sonde measurements. The RMSE was lower
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and correlation higher (3.18 ppbv and 0.94) for sonde locations within the latitude

range 25◦ S to 50◦ N.

Secondly, ozone sonde observations averaged into 4 latitude bands were used.

The ozone sonde measurements are from the dataset described by Logan (1999)

(representative of 1980–1993) and from sites described by Thompson (2003)

for which the data has since been extended to be representative of 1997–

2011. The data consists of 48 stations, with 5, 15, 10 and 18 stations in the

southern extratropics (90S-30S), southern tropics (30S-Equator), northern tropics

(Equator-30N) and northern extratropics (30N-90N) respectively. In Section

3.3.2, the simulated annual ozone cycle is interpolated to the locations and

pressure of the sonde measurements. The average of the interpolated points is

then compared to the annual cycle of the sonde climatology without processing

to sample the specific year or time of the sonde measurements. Both of these

observational ozone datasets are the same as used in the Atmospheric Chemistry

and Climate Model Intercomparison Project (ACCMIP) study by Young et al.

(2013).

3.3 Comparison to observations

3.3.1 Global annual spatial and temporal lightning distri-

butions

Using the combined OTD/LIS climatology allows extension of the evaluation

made in Chapter 2 which was over a smaller region. Figure 3.1 shows the

satellite annual flash rate climatology alongside the annual flash rate estimated

by UKCA using CTH and ICEFLUX. The annual flash rate simulated by UKCA

is broadly representative of the decade around the year 2000 as it uses SST and
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sea ice climatologies for that period. A spatial correlation of 0.78 between the

flash rate climatology estimated by ICEFLUX and the satellite climatology is an

improvement upon the correlation of flash rates estimated by CTH which is 0.65.

Furthermore, the root mean square error (RMSE) of the ICEFLUX climatology

to the satellite data of 3.7 fl. km−2 yr−1 is favourably reduced compared to the 6.0

fl. km−2 yr−1 RMSE of the CTH climatology.

These results are similar to those found in Chapter 2 where offline ERA-Interim

meteorology was used as the input to the parametrisation. Neither approach for

simulating lightning achieves the observed ocean to land contrast despite using

separate equations, and neither displays the large peak flash rate in central Africa.

The ICEFLUX approach over the ocean provides a contrast to the CTH approach

by being an overestimate instead of an underestimate compared to the satellite

lightning observations. While not achieving the magnitude of the observed Central

African peak the ICEFLUX scheme does yield closer agreement over the American

and Asian tropical regions.

Figure 3.2 shows comparisons of the monthly mean flash rates for 4 latitude

bands. The focus on the HRMC mean as this provides the highest resolution

data. The range provided by the low resolution monthly climatology (LRMTS)

product is referred to where appropriate to place the single year simulation results

in context. The monthly mean of the LRMTS product can differ from the HRMC

product because it is produced at a coarser resolution and undergoes a 99-day

boxcar temporal smoothing instead of the 31-day boxcar temporal smoothing of

the HRMC product. Therefore the comparison also provides an indication of how

this difference in smoothing window influences the estimated lightning activity.

The ICEFLUX approach simulates lightning well in the extratropics with good

temporal correlations with the LIS/OTD HRMC product in both hemispheres.

The correlation of CTH with LIS/OTD is higher in the southern extratropics but
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Figure 3.1: Annual flash rates from (A) a combined climatology from LIS/OTD

satellite observations spanning 1995-2011, (B) the CTH scheme using the year 2000

of UKCA output and (C) the ICEFLUX scheme using the year 2000 of UKCA output.

The horizontal resolution of the climatology product has been degraded to match that

of the model which is 1.875◦ longitude by 1.25◦ latitude. Boxes for the regions R1–R6

correspond to regions of interest for which the annual cycles are shown in Figure 3.3.
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Figure 3.2: Mean monthly flash rate averaged over four latitudinal bands for the

two different schemes for 2000 and two LIS/OTD climatology products spanning

1995-2011. HRMC is the high resolution monthly climatology and LRMTS is the low

resolution monthly time series as used in Chapter 2. The LRMTS product range is

the highest and lowest values for each month based on individual year data. For the

extratropical locations 4 years provide the mean and range of the LRMTS product

based on OTD data, whereas there are 17 years in the tropics based on OTD and LIS

data. The simulated values use one year of UKCA model output. Also given are the

temporal correlations (r) between the CTH scheme (blue) and LIS/OTD HRMC mean

and between ICEFLUX (orange) and LIS/OTD HRMC mean. The corresponding root

mean square errors (RMSE) are given in units of 10−3 fl. km−2yr−1.

this improvement compared to ICEFLUX is contrasted by much larger absolute

errors. Correlations for both approaches are lowest in the southern tropics.

Figure 3.2B shows that CTH has very large root mean square errors during

December to April in the southern tropics. A more detailed analysis (not shown)

suggests that these errors are due to overestimation over South America. In the

northern tropics the temporal correlation with the LIS/OTD HRMC product

suggests CTH performs slightly better than the ICEFLUX approach, although

Figure 3.2C shows that the CTH approach is not capturing the double peak

characteristic of this latitude band. The ICEFLUX approach appears to simulate

a double peak but it does not achieve the timing, which leads to a poor correlation.
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However, since the double peak does not appear in the mean of the LRMTS

product, its significance is unclear. The CTH scheme has simulated lightning

within the range of the LRMTS whilst the ICEFLUX scheme has underestimated

the summertime lightning in this latitude band. In the northern tropics, the more

detailed analysis found that both schemes failed to match the observed magnitude

of the August peak of Central America and the Southern US, nor the duration

of the lightning peak over Northern Africa which lasts from June to September.

The delay in the lightning peak that was apparent in annual cycles shown in

Chapter 2 over the tropics and subtropics is not so apparent here although there

may be some delay in the southern tropics. The underestimation of ICEFLUX in

the northern tropics and overestimation of CTH in the southern tropics found in

Chapter 2 is also found here.

Overall, the ICEFLUX approach reduces the errors in the annual cycles of

lightning. This scheme improves the correlation between simulated and observed

lightning compared to CTH scheme in the northern extratropics and southern

tropics. It has a lower correlation in the northern tropics, where both approaches

for simulating lightning have difficulties, and in the southern extratropics, where

the magnitude of the bias is much reduced compared to the CTH approach.

To further understand how the schemes perform on a regional scale, the annual

cycles of the simulated and observed lightning, for a selection of key regions,

are shown in Figure 3.3. A box showing each region is plotted on Figure 3.1A.

The regions of Figure 3.3 include many of the peak areas of lightning shown in

Figure 3.1A or, in the case of Europe, are an area in which a higher density

of measurement studies are undertaken including using ground-based lightning

detectors.

Figure 3.3A shows the Central African peak lightning region where both

parametrisations successfully simulate the observed peak months of lightning in
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(C)  R3: Northern South America
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(E)  R5: Southern USA
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Figure 3.3: Mean monthly flash rate averaged over six regions (R1–R6) for the

two different schemes for year 2000 and the LIS/OTD climatology products spanning

1995-2011. Means and ranges of the LRMTS products in D-F use 4 years of data

as parts of these regions lie outside the LIS range and therefore rely on OTD data

only. Lines represent the lightning simulated using the CTH approach (blue) and

the ICEFLUX approach (orange), and the LIS/OTD observed climatology (black).

Regions R1-R6 are shown as boxes on Figure 3.1.
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the LIS/OTD data. For the most part, both parametrisations produce similar

flash rates. However the simulated flash rates generally underestimate lightning

compared to the observations. Interestingly, the ICEFLUX approach has a greater

underestimation of the observed Spring lightning peak compared to the CTH ap-

proach. This suggests that the input meteorology for the ICEFLUX scheme over

the Central African region is less well simulated during this season, or that the

ICEFLUX scheme does not capture some necessary aspect of thunderstorm ac-

tivity during the season. Over the Indian region (Figure 3.3B), the two schemes

substantially differ in their flash estimates. The ICEFLUX scheme achieves a

much more realistic annual cycle than the CTH scheme. This suggests that as-

pects of charging during the Indian monsoon seasons may not be captured by

the cloud-top height approach. Two regions in South America are shown in Fig-

ure 3.3 C and D. Both schemes capture the southern South American annual

cycle of lightning flash rates well but both perform poorly in the northern region

(the ICEFLUX approach results in a much lower bias). Biomass burning aerosols

could be a key control on lightning activity in the region, as was shown by (Al-

taratz et al., 2010). The flash rate peak in the southern USA region is greatly

underestimated by both schemes (Figure 3.3). The lack of difference between

the two schemes suggests that it may not be the best study region for distin-

guishing which is a more successful parametrisation. Finally, over the southern

European region, both schemes show an underestimation of flash rates compared

to LIS/OTD, although the bias is less in the case of the ICEFLUX approach.

The August peak in this region is not captured by either approach, which may

relate to lightning activity over the Mediterranean Sea, given that both schemes

also underestimate the annual flash rate over the Mediterranean Sea as shown in

Figure 3.1.

The analysis of the annual cycle of flash rates in some key regions has shown

that the ICEFLUX scheme is similar to or improves upon the simulated annual
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cycle by the CTH scheme when compared to the LIS/OTD satellite climatology.

The exception is for the Central African peak in Spring. Any future studies

of the Central African region could explore this difference further. Neither

parametrisation captures the magnitude of flash rates over the southern USA

or southern European regions. The high density of measurements in these regions

it should be possible to study why this underestimation occurs in future studies.

Finally, one of the greatest sources of bias in the flash rate estimates by the CTH

scheme are over northern South America. The ICEFLUX scheme reduces this

bias but still does not capture the annual cycle. In southern South America both

parametrisations reproduce the observed annual cycle of lightning. Therefore,

I suggest that field campaigns comparing the southern and northern regions of

South America would be particularly useful in improving the understanding of

lightning processes and finding reasons for large-scale biases in models.

3.3.2 Global annual spatial and temporal ozone distribu-

tions

Ozone has an average lifetime in the troposphere of a few weeks and can be

transported long distances during that time. It can therefore be challenging

to identify the sources of measured ozone but two types of measurements

are used here to analyse how lightning emissions influence ozone distribution.

Satellite column ozone measurements provide estimates of effect on the annual

horizontal distribution of ozone whilst ozone sonde measurements demonstrate

the altitudinal effect of lightning emissions on monthly varying ozone.

Comparisons with the MLS/OMI tropospheric column ozone climatology are

made using Pearson correlations, RMSE and mean bias assessments. The model

ozone is masked to the troposphere by applying the NCEP tropopause climatology

to each month and regridding to the 5◦ by 5◦ horizontal resolution of the
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MLS/OMI climatology. Table 3.1 gives the annual results for the three simulations

using CTH, ICEFLUX and ZERO lightning.

Table 3.1: Spatial comparisons of correlation, errors and bias of annual tropospheric

ozone column between model runs and the MLS/OMI satellite climatology product

over the range ±60◦. Adjusted root mean square error (RMSE) refers to the RMSE

following the subtraction of the mean bias from the field.

Run r RMSE (DU) Mean bias (DU) adjusted RMSE (DU)

CTH 0.82 5.5 -2.8 4.1

ICEFLUX 0.84 5.7 -3.2 3.9

ZERO 0.83 10.7 -7.4 4.6

The inclusion of lightning emissions from either scheme has a large effect on

the amount of ozone in the column as shown by the reduced mean bias and

RMSE compared to the ZERO simulation, however, there is little difference

between the two lightning schemes. There is a slightly larger mean bias with

the ICEFLUX approach. To analyse the error in distribution without the

bias present, an adjustment is made by subtracting the mean biases from the

respective simulated ozone column distributions. Once this adjustment is made

the ICEFLUX approach shows a slightly lower RMSE than the CTH approach

(Table 3.1).

Figure 3.4 uses sonde measurements averaged over four latitudinal bands and

taken at three pressure levels. The temporal correlations and mean biases of the

model monthly means, interpolated to the same pressure and locations, against

the sonde observations are shown.

Both lightning schemes show a reduction in mean bias compared to the ZERO

run throughout all latitude bands and altitudes (Figure 3.4). The greatest impact

of lightning is on the tropical, middle and upper troposphere. In these locations
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the ozone concentration simulated by the ICEFLUX scheme has a much better

temporal correlation with sonde measurements than that simulated by the CTH

scheme. The ICEFLUX approach has a larger bias than the CTH approach which

is discussed further in the following paragraph.

Figure 3.5 shows the monthly ozone comparisons between sonde measurements

and the model at 250 hPa and 500 hPa for the northern and southern tropics.

It is clear that in the middle and upper troposphere the lightning scheme is

important in achieving a reasonable magnitude of ozone. Both schemes still show

an underestimate compared to observations all year round in the southern tropics

and during spring in the northern tropics, but are within the variability of sonde

measurements. Other aspects of simulated ozone chemistry or uncertainty in

total global lightning emissions, which is ±3 TgN on the 5 TgN used here, may

contribute to this bias.

Figure 3.4: Temporal correlations and mean biases of the annual cycle of modelled

ozone in UKCA over the year 2000 compared to a climatology of ozone sonde

measurements averaged over 1980-1993 and 1997-2011. The simulated ozone data

was interpolated to the location and pressure level of the sonde measurements. The

sonde and modelled ozone were then averaged into 4 latitude bands which correspond

to the bands used in Figure 3.2.
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Figure 3.5: Middle and upper tropospheric UKCA simulated ozone concentration

for the year 2000 compared to a climatology of sonde measurements averaged over

1980-1993 and 1997-2011. These cycles correspond to the 500 hPa and 250 hPa

correlations for 30S-EQ and EQ-30N in Figure 3.4. The vertical black bars show the

average interannual standard deviation for each group of stations.
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In Wild (2007) and Liaskos et al. (2015) the ozone burden and mean tropospheric

column ozone respectively, scaled approximately linearly with increases in light-

ning emissions. Using the mean bias data in Table 3.1, the mean increase in ozone

column associated with each TgN emission from lightning can be calculated. The

average mean bias in ozone column of the ICEFLUX and CTH simulations is

-3.0 DU, where as the mean bias of the ZERO simulation is -7.4 DU. Therefore,

5 TgN of lightning emissions has increased the mean ozone column by, on average,

4.4 DU. If the effect of emissions is assumed to be linear, these biases imply that

the mean global effect of lightning on ozone column is 0.9 DU TgN−1. Changing

lightning emissions to 8 TgN could increase the ozone column by 2.7 DU and result

in a bias of less than 1 DU. Such bias potentially introduced by the uncertainty in

total emissions or other aspects of the model is much greater than the difference

in mean bias between the two lightning schemes given in Table 3.1. Therefore,

the small difference in mean bias between the two lightning schemes does not nec-

essarily imply greater accuracy, instead the correlation values between the model

and sonde data (Figure 3.4) provide a more useful evaluation of parametrisation

success.

In Figure 3.5 some features of the results from the simulations with lightning

emissions stand out as being different from that in the ZERO run. These fea-

tures occur as ozone peaks in April in the northern tropics (most notably at

500 hPa)(Figure 3.5D) and in October in the southern tropics (most notably at

250 hPa)(Figure 3.5A). The northern tropics peak in ozone improves the compar-

ison to sondes at 500 hPa, if slightly underestimated. However, the 250 hPa April

peak in Figure 3.5B does not appear in any of the model simulations. Poten-

tially, the modelled advection is not transporting the lightning NOx emissions or

ozone produced to high enough altitudes. An anomalous southern tropical peak

in March in Figures 3.5A and C, particularly shown by CTH, is not shown in the
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sonde measurements, but this corresponds to a month where the CTH scheme es-

pecially is overestimating lightning, as seen in Figure 3.2. The ICEFLUX scheme

is a much closer match to the lightning activity in the southern tropics in March

and correspondingly the modelled ozone is less anomalous compared to the ozone

sonde measurements in that month. The well modelled lightning activity in the

southern tropics in October (Figure 3.2C) results in a correctly matched peak

in the ozone sonde measurements at both pressure levels which does not occur

in the ZERO run. From these comparisons to ozone sondes I conclude that the

lightning emissions have impacts in particular months which include the months

of peak ozone. Figure 3.2 shows that these are not necessarily the month of high-

est lightning activity in the region, but instead as the lightning activity builds in

the region. It may be of particular use for field campaigns studying the chemical

impact of lightning to focus on these months and, as discussed in Section 3.3.1,

South America could provide a useful region in which to develop understanding

of lightning activity and therefore also its impacts on tropospheric chemistry.

3.4 The influence of lightning on the global

annual Ox budget

The Ox budget considers the production and loss of odd oxygen in the troposphere.

Several studies have used Ox budgets to study tropospheric ozone (Stevenson

et al., 2006; Wu et al., 2007; Young et al., 2013; Banerjee et al., 2014). Here, the

Ox approach has particular use because it responds more directly to the emission

of NO than O3 which may form in outflows of storms and take several days to

fully convert between Ox species (Apel et al., 2015).

There are different definitions of Ox family species and here a broad definition is

used that includes O3, O(1D), O(3P), NO2 and several NOy species (Wu et al.,
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Figure 3.6: The UKCA definition of Ox species and the Ox budget. Major

contributors are shown in bright colours and black outlines, minor contributors in

pale colours. Grey arrows are reactions between Ox species and therefore result in no

production or loss. The stratospheric influx is not determined for individual species.

Instead the total Ox influx is inferred to balance the production and loss terms. The

burden and stratospheric influx of Ox are dominated by the burden and stratospheric

influx of O3.

2007). The Ox species and the different terms of the budget are illustrated in

Figure 3.6. Of particular relevance to this chapter is the chemical production

of Ox, the majority of which occurs through oxidation of NO to NO2 by peroxy

radicals. The ozone burden is considered along with the budget terms as it is the

key species of interest and it makes up the majority of the Ox burden.

The global annual Ox budgets for CTH, ICEFLUX and ZERO are given in Table

3.2. These budget terms are for the troposphere. Here, the tropopause is defined

at each model time step using a combined isentropic-dynamical approach based
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Table 3.2: Global annual tropospheric Ox budget terms for the year 2000 for three

different simulations: CTH, ICEFLUX and ZERO. All terms in Tg yr−1 except Burden

which is in Tg and lifetime which is in days. The percentage difference with respect to

the CTH budget is shown in brackets. In addition to the tropospheric budget terms,

the whole atmospheric ozone burden is also included. Stratospheric influx is inferred

to complete the Ox budget through balancing the chemical loss and production and

deposition.

CTH ICEFLUX ZERO

Chem. prod. 4472 4443 (-1%) 3638 (-19%)

Chem. loss 3848 3821 (-1%) 3115 (-19%)

Net chem. prod. 624 622 (0%) 522 (-16%)

Deposition 1006 1006 (0%) 899 (-11%)

Strat. influx* 382 384 (0%) 376 (-2%)

Trop. O3 burden 267 261 (-2%) 205 (-23%)

Whole atm. O3 burden 3253 3240 3162

τO3 19.8 19.5 (-2%) 18.4 (-7%)

on temperature lapse rate and potential vorticity (Hoerling et al., 1993). Clearly,

the ZERO simulation demonstrates the large control that lightning has on these

budget terms with changes of around 20% in the ozone burden and chemical

production and losses when lightning NOx emissions are removed (Table 3.2). The

Ox budget for the ZERO simulation shows that through reduced ozone production,

there is reduced ozone burden and therefore chemical losses and deposition fluxes

are reduced. The lifetime of ozone is given by the burden divided by the losses.

Since the burden decreases more than the losses, the ozone lifetime reduces overall,

although to a lesser extent than the burden and loss terms individually.

There is uncertainty in the global lightning NOx source of 2-8 TgN emissions

(Schumann and Huntrieser, 2007), and there will be an associated uncertainty in
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the Ox budgets. Using no lightning (ZERO) corresponds to a reduction of 5 TgN

emissions over the year - less than the range of uncertainty in LNOx. Therefore

large changes in Ox budget terms can be expected within the uncertainty range

of the global lightning NOx emission total. In contrast, it would seem that for

constant emissions of 5 TgN and a reasonable change in the flash rate distribution

by using the ICEFLUX approach instead of the CTH approach, there are only

small differences in the global Ox budget terms. The largest differences between

the Ox budgets of the ICEFLUX and CTH approaches are in the ozone burden

and lifetime but these are only 2 %.

The Ox budget discussed so far represents the troposphere, but if the whole

atmospheric ozone burden is considered (Table 3.2) then it is apparent that there

is also a reduction in ozone in stratosphere which must be due to changes in the

troposphere-stratosphere exchange of ozone. Previous studies have also found

that ozone produced from lightning is transported into the lower stratosphere

(Grewe et al., 2002; Banerjee et al., 2014). In this chapter, I quantify the different

transport between the two lightning schemes by considering differences in whole

atmospheric ozone burden against differences in tropospheric ozone burden. The

whole atmospheric ozone burden simulated with the ICEFLUX approach is 13 Tg

less than that simulated by the CTH approach. Given that the tropospheric ozone

burden simulated by the ICEFLUX approach is only 6 Tg less than that of the

CTH approach, this means that the majority of the difference in ozone burden

(∼55%) occurs in the stratosphere. On the other hand, the whole atmospheric

ozone burden simulated in the ZERO run was 91 Tg less than that of the CTH

approach. The tropospheric ozone burden was 62 Tg less so accounts for around

two thirds of the total difference in this case. The ICEFLUX approach has

resulted in less lightning emissions in the upper tropical troposphere and therefore

less ozone is available in the region to be transported into the stratosphere.

Such a change in the lightning distribution, whilst maintaining the same level
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of total emissions, results in reduced net ozone production but much, and even

the majority, of this reduction in ozone can occur in lower stratospheric ozone.

3.5 Differences in the zonal-altitudinal distribu-

tions of Ox and O3 between the two lightning

schemes

In the previous section, it was demonstrated that the global tropospheric Ox

budget is affected principally by the magnitude of emissions and not the location

of emissions. This was achieved by using the same total emissions but different

distributions of lightning in the CTH and ICEFLUX approaches (Figure 3.1),

which simulate little difference in the global Ox budget terms. This section now

considers changes in the zonal and altitudinal location of Ox chemistry and ozone

concentration as a result of changes in the lightning emission distribution. The

zonal-altitudinal net chemical Ox production, as well as its components of gross

production and loss, are shown in Figure 3.7A-C for the CTH scheme as well as

changes as a result of using ICEFLUX instead of CTH in Figure 3.7D-F.

The difference in net Ox production when using the ICEFLUX scheme compared

to the CTH scheme is dominated by the change in gross production (Figure 3.7D

and E). Figure 3.7E shows a shift away from the tropical upper troposphere

to the middle troposphere and the subtropics. There is over a 10% reduction

in the upper troposphere net production and 100% changes in the subtropics

(Figure 3.7D). However, the high subtropical percentage change is principally

due to small net production in these regions. The changes in Ox production

result as a shift in emissions which happens by: 1) reduced and more realistic

lightning in the tropics (see Figure 3.8), and 2) decoupling of the vertical and
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Figure 3.7: Annual total zonal-altitudinal distributions of Ox reaction fluxes for

CTH for the year 2000. These fluxes are A) Net production, B) gross production,

and C) gross loss of Ox. The respective differences between simulations using the

ICEFLUX scheme and the CTH scheme are shown in D-F. All units are Tg(O3).

Values are annual and meridional totals. The solid line is the annual mean tropopause

and dashed lines contour 10% and 100% changes. The Ox fluxes were masked with

the model tropopause every time step.
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horizontal emissions distributions by not using cloud-top in both aspects (as is

the case in CTH). As described in section 3.2.2, the column LNOx is distributed

up to the cloud-top, and this is how a coupling exists between the horizontal LNOx

distribution simulated by the CTH approach and the height that LNOx emissions

reach. This means that, by basing the horizontal lightning distribution on cloud-

top height and then distributing emissions to cloud top, LNOx is most effectively

distributed to higher altitudes. Hence, a lightning parametrisation for which

the horizontal distribution is different to that of cloud-top height will, to some

extent, naturally distribute emissions at lower altitudes. This is demonstrated

best in Figure 3.7E which shows gross production in the northern tropics. Whilst

both lightning schemes have similar total lightning at these latitudes (shown in

Figure 3.8), and therefore similar column Ox production, the gross Ox production

occurs less in the upper troposphere and more in the middle troposphere when

using the ICEFLUX scheme.

Results with the ICEFLUX approach are consistent with observations of the

zonal distribution of lightning, i.e. that there is less lightning in the tropics

than estimated by CTH here. The results are also consistent with current

understanding that the most intense lightning flash rates do not always occur

in the highest clouds. I would therefore suggest that the change to the net Ox

production using the ICEFLUX approach is a more realistic representation of the

distribution of production than with the CTH approach. The improved sonde

correlations presented in section 3.3.2 support this conclusion.

Whilst Ox gross production changes, mainly representing oxidation of NO to

NO2 by peroxy radicals, show a close resemblance to the lightning NO emissions

changes, they are only part of the picture with regard to changes in the

distribution of ozone. This is because the lifetime of ozone is much longer than

the timescales for NO forming an equilibrium with NO2. Furthermore, ozone

precursors are transported downwind of convection, and into the stratosphere by
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means of overshooting convection, before they form ozone. The difference in Ox

production (Figure 3.7) between the two lightning schemes influences not only

ozone locally but also downwind where ozone is transported to. Additionally, the

differences in Ox production in the stratosphere due to differences between the

two schemes will influence the ozone distribution. The differences in stratospheric

Ox production of Figure 3.7 have been masked out to focus on the troposphere.

These stratospheric differences will be much smaller than differences in the upper

troposphere since the upper troposphere is where the majority of LNOx is formed

and where Ox production is most efficient. As in the troposphere, stratospheric

Ox production and loss, and the balance of the two, will depend on the chemical

environment.

Figure 3.9 presents the percentage changes in ozone distribution as a result of

using the ICEFLUX scheme instead of the CTH scheme. There is reduced

tropical upper tropospheric ozone of up to 10% (Figure 3.9) due to reduced NO

emission in that region. This results in less ozone transported into the lower

stratosphere under the ICEFLUX scheme compared to the CTH scheme. The

lower stratospheric ozone may also be lower due to less NOx being available for

transport, and therefore reduced chemical production in the stratosphere. Whilst

ozone is lower in most of the lower stratosphere in the simulation with ICEFLUX

the percentage changes are largest (up to 5%) nearer to the tropopause.

In the middle and lower tropical troposphere there is also a reduction in ozone

concentration (Figure 3.9) despite increased net Ox production (Figure 3.7D).

This is because there is less ozone produced in the upper troposphere, and

therefore there are lower ozone concentrations in the air transported within the

vertical circulation in the tropics. In the southern tropics, the net Ox production

increase is due to reduced Ox loss as a result of lower ozone concentrations in

the region. Note that both schemes experience the same meteorology because the

chemistry is not coupled. The percentage changes in ozone in the northern tropics
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two lightning schemes
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Figure 3.9: Annual mean distribution of ozone concentration modelled using the

CTH approach, and the percentage difference between ICEFLUX and CTH simulated

ozone concentration. The solid line shows the mean annual tropopause as diagnosed

using the modelled meteorology.
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are less than in the southern tropics (Figure 3.9). This is likely to be in part due to

offsetting through increased lightning emissions in the northern tropical middle

troposphere. Finally, the increased lightning emissions in the subtropics with

the ICEFLUX compared to the CTH scheme results in small changes in ozone

throughout the extratropics.

It is worth noting that OH concentrations (not shown) respond in a similar manner

to ozone concentration with the change from the CTH to the ICEFLUX scheme.

These changes are more localised to emission changes but are still apparent in

the lower stratosphere and extratropics. A change from the CTH to ICEFLUX

scheme results in only small changes in the methane lifetime as a result of the

changes in OH. Hence, in this setup it is not expected that ozone changes would

be greatly modified with the use of interactive methane.

Liaskos et al. (2015) identified that even with the same total global emissions, the

magnitude and distribution of radiative forcing resulting from lightning emissions

is dependent on the method for distributing the emissions horizontally and

vertically. The changes in zonal-altitudinal distribution discussed in this section

show that these changes could be expected as a result of changes in ozone in the

upper troposphere.

3.6 Frequency distributions of lightning and as-

sociated Ox production

Lightning is a highly dynamic process. This section presents analysis of the

frequency distribution of flash rates as a means to study the finer scale effects.

The CTH scheme simulates extremely low flash rates over the ocean. For
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Figure 3.10: Frequency distribution of continental lightning flash rates using all

time steps, for one month (September 2000) as modelled by the CTH and ICEFLUX

schemes. The binsize used is 0.001 fl. km−220min−1 with crosses placed at the centre

value of each bin.

instance, the maximum September oceanic flash rate using CTH was 1.1 ×

10−4 fl. km−2 20min−1 where as using ICEFLUX the maximum was over 100

times greater. This difference is not surprising given the difference in annual

oceanic lightning activity shown in Figure 3.1. CTH tends to underestimate

ocean lightning compared to satellite observations. The focus here will be on

continental lightning. Other studies of frequency distribution in the literature

have also focussed on continental locations so this work can be more directly

compared to those.

Figure 3.10 shows the hourly continental flash rate frequency distribution for one

model month (September). September was chosen as a month with a reasonable

balance of lightning activity between the hemispheres and where total lightning

activity, and therefore emissions, was similar for the two lightning schemes.
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When compared to the frequency distribution simulated by ICEFLUX, CTH has

lower maximum flash rates, fewer occurrences of low flash rates and more oc-

currences of mid-range flash rates (Figure 3.10). Other studies have drawn sim-

ilar conclusions regarding the frequency distributions of CTH when comparing

to other parametrisations and lightning observations (Allen and Pickering, 2002;

Wong et al., 2013). The ICEFLUX approach produces a similar distribution to

that produced by the same scheme applied in Chapter 2. In that chapter (Fig-

ure 2.5), the ICEFLUX frequency distribution had a fairly average distribution

compared to four other lightning parametrisations with slightly more occurrences

of low flash rates.

In Figure 3.10, the CTH frequency distribution displays some unusual periodic

characteristics in the occurrence rate, most notably towards high flash frequencies.

These features are also apparent in the cloud-resolving simulations presented in

Wong et al. (2013). I suggest here that these features may arise due to discretised

nature of the cloud-top height input variable.

The importance of the global flash rate frequency distribution to atmospheric

chemistry frequency distributions is currently unknown but simplified model

studies have suggested some key features:

• Compared to a set of observations over the US, a simulation using the CTH

approach led to a greater ozone production efficiency due to the non-linear

nature of ozone production and NOx (Allen and Pickering, 2002).

• Total ozone production increased approximately linearly up to 300 pptv of

lightning NOx and then increased at a slower rate beyond that. This may

be due to the ozone production approaching the maximum possible for the

given altitude, solar zenith angle and HOx concentration (DeCaria et al.,

2005).
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In the following analysis, Ox production rather than ozone production is con-

sidered because it exhibits a more immediate response to NO emission. This is

important given the difficulty and errors associated with tracking ozone produc-

tion associated with each emission source in a global model. However, there are

some comparable results which I will compare to the previous findings above, as

well as new insights into the consequences of different frequency distributions and

lightning parametrisations.

Figure 3.11 presents two metrics of the gross column chemical Ox production

resulting from continental lightning in each of the frequency bins of Figure 3.10.

The metrics are: A) the mean column Ox production, and B) the mean Ox

production per flash. Each flash corresponds to 250 mol(NO) emission so the

Ox production per mole of emission can easily be inferred from the Ox production

per flash. Ox production resulting from lightning is calculated as the difference

between the model run with lightning and the model run with no lightning, using

the grid cells from the no lightning run that correspond to the cells used in

each bin for the relevant lightning parametrisation. This means that this work

is focussing on the initial Ox production occurring in the 20 minute time step

in which emissions are produced. Where grid cells are close to other grid cells

containing lightning there will be some cross-transport of LNOx and associated Ox

production. However, for the average over all grid cells containing lightning this is

likely to be small. The initial Ox production described above has been calculated

to be approximately 15% of total Ox production associated with lightning for both

parametrisations. The calculation was made as the difference between the total

Ox production resulting from lightning in the sampled grid cells and the total Ox

production resulting from lightning over the whole globe in all time steps. The

remaining 85% of production must occur after the initial time step and be a result

of advected emissions or changes to the large-scale distributions of constituents

such as ozone or OH as discussed in section 3.5.
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Figure 3.11: Two metrics of initial gross column Ox production as a result of

continental lightning simulated by the CTH and ICEFLUX schemes. The cells used in

each bin correspond to those used in Figure 3.10. The metrics are A) mean column

Ox production in each bin, and B) mean column Ox production per flash in each bin.

The Ox production resulting from lightning was determined by subtracting the column

Ox production in the no lightning run from the each lightning parametrisation for the

corresponding cells. To reduce noisiness, data is only plotted up to the highest bin

of each parametrisation where there are at least two occurrences in Figure 3.10. The

units of Ox are expressed as a mass of ozone.
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The mean column Ox production in Figure 3.11A shows, as expected, that increas-

ing flash rate (i.e. more NO emissions in a cell) results in increased column Ox

production. The higher extreme flash rates of ICEFLUX compared to CTH result

in greater column Ox productions as a result of individual occurrences. A linear

increase in Ox production is apparent up to approximately 0.02 fl. km−2 20min−1

at which point the two schemes produce 1 to 1.5 kg km−2 20min−1 of Ox. Beyond

this point, the Ox production simulated by the ICEFLUX approach increases still

linearly but with a shallower gradient. The ICEFLUX scheme produces less Ox

for a given flash rate than the CTH scheme at higher flash rates but more at

lower flash rates (Figure 3.11A). This is due to emissions from high flash rates in

ICEFLUX not necessarily being distributed to such high altitudes as with CTH.

At the higher altitudes that emissions reach when using the CTH scheme, NOx

has a greater ozone production efficiency, as discussed in section 3.5. Conversely,

in the ICEFLUX scheme, lower flash rates can occur in relatively deeper cloud

so in these there can be greater Ox production efficiency compared to the CTH

scheme because the CTH scheme will always place these low flash rates at lower

altitudes. On larger scales, whilst high extreme flash rates produce more Ox, they

occur relatively infrequently so do not greatly affect the global Ox budget.

Figure 3.11B shows the mean column Ox production per flash for each flash rate

bin. It is derived by dividing the data in Figure 3.11A by the mid-point flash

rate of each bin. Whilst Figure 3.11A shows that lower flash rates produce less

Ox, they do produce Ox more efficiently than higher flash rates. Flash rates of

0.0005 fl. km−2 20 min−1 produce ∼ 10 times more Ox per flash than flash rates of

0.05 fl. km−2 20min−1. This suggests that as the NO increases, NOx cycling and

therefore ozone production decreases in efficiency. This is likely a result of peroxy

radical availability and VOC abundance limiting the rate of NOx cycling (Section

1.4.2). Evidence for such control of VOC precursors on ozone production in US

thunderstorms has been presented by Barth et al. (2012).
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ICEFLUX displays the greatest contrast in efficiency between high and low flash

rates of the two parametrisations (Figure 3.11B). As with the column mean

production, because the CTH scheme places the most emissions in the highest

cloud tops it is more efficient at producing Ox at higher flash rates but the

ICEFLUX scheme is more so at lower flash rates. Using the NO production per

flash of 250 mol(NO) fl.−1 stated in Section 3.2.2, the range of initial Ox production

per mol of emission is 25 mol(Ox) mol−1(NO) at low flash rates for ICEFLUX to

less than 2 mol(Ox) mol−1(NO) for the highest flash rates in the ICEFLUX scheme

(Figure 3.11B).

In summary, and as found by Allen and Pickering (2002), Ox production becomes

less efficient at higher flash rates. It is important to consider that, with the method

used here, the higher flash rates are less efficient at the point of emission - the

emissions may go on to produce Ox elsewhere following advection. Also, similarly

to DeCaria et al. (2005), it is found that the mean column Ox production increases

linearly up to a point, in this chapter 0.02 fl. km−2 20min−1, then increases at a

slower, but still linear rate beyond that. New insights provided through the use

of a global model are:

• Both lightning schemes produce about 15% of the Ox associated with

lightning in the first 20 minutes after the time of emission

• For the CTH approach, oceanic flash rates are so low that associated Ox

production at the time of emission is negligible for the global production

• Because CTH places the most emissions in the highest clouds (where ozone

production efficiency is greater), more Ox is produced by the CTH scheme

than ICEFLUX at high flash rates, but ICEFLUX produces more at low

flash rates
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• Initial Ox production per flash is approximately 10 times greater for low

flash rates than high-end flash rates

These findings regarding the Ox production per flash provide a useful metric

to evaluate lightning parametrisations with observations. Several differences

between the CTH and ICEFLUX scheme suggest further study is needed to

determine the true nature of Ox production. For instance, the almost negligible

proportion of Ox production that will occur over the ocean when using the CTH

scheme due to very low flash rates would benefit from oceanic measurements

of ozone and NOx in the vicinity of storms. This chapter has analysed the Ox

production occurring in the first 20 minutes, but further Ox production can occur

over longer time periods. An extension of the work here could be to run idealised

experiments of pulse lightning emissions in a global model to see how the Ox

and ozone production develop with time and hence, assess the lag between NO

emission and ozone production.

3.7 Conclusions

A new lightning parametrisation based on upward cloud ice flux, developed in

Chapter 2, has been implemented in a chemistry-climate model (UKCA) for the

first time. It is a physically based parametrisation closely linked to the Non-

Inductive Charging Mechanism of thunderstorms. The horizontal distribution and

annual cycle of flash rates as calculated through the new ice flux approach and

the commonly-used, cloud-top height approach were compared to the LIS/OTD

satellite climatology. The ice flux approach is shown to generally improve upon

the performance of the cloud-top height approach. Of particular importance is

the realistic representation of the zonal distribution of lightning using the ice flux
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approach, whereas the cloud-top height approach overestimates the amount of

tropical lightning and underestimates extra-tropical lightning.

The ice flux approach greatly improves upon the cloud-top height approach in

UKCA with regards to the temporal correlation to the observed annual cycle

of ozone in the middle and upper tropical troposphere. Through considering a

simulation without emissions and the simulated annual cycle of lightning, it is

clear that the ice flux approach reduces the biases in ozone in months where the

cloud-top height approach has the largest errors in simulating lightning.

The zonal flash rate distribution when using the ice flux approach instead of

the cloud-top height approach results in a shift of Ox production away from

the upper tropical troposphere. As a consequence there is a 5-10% reduction

in upper tropical tropospheric ozone concentration along with smaller reductions

in the lower stratosphere and small increases in the extratropical troposphere.

These changes in ozone concentration are a result of the change in distribution of

lightning emissions only, the total global emissions are the same for both schemes.

I conclude that biases in zonal lightning distribution of the cloud-top height

scheme increase ozone in the upper tropical troposphere and, as demonstrated

by comparison to ozone sondes, this reduces the correlation to observations in

ozone annual cycle in this region.

Analysis of the continental flash rate frequency distribution shows the cloud-

top height approach has lower high-end extreme flash rates, more frequent mid-

range flash rates and less frequent low-end flash rates, compared to the frequency

distribution using the ice flux approach. Such features simulated by the cloud-

top height approach have been found in comparisons to the observed frequency

distribution over the US and this current evidence suggests such a frequency

distribution is unrealistic. A novel analysis is applied to determine the impact of

the differences in flash rate frequency distribution on the initial Ox production



128 3.7 Conclusions

resulting from lightning emissions. As expected, the higher the flash rate, the

more Ox is initially produced. However, the Ox production efficiency reduces

for higher flash rates; lower flash rates initially produce approximately 10 times

as much Ox as higher flash rates. Further study is warranted to determine how

emissions produce ozone downstream of a storm in complex chemistry models, but

the result here is relevant to aircraft campaigns measuring NOx and ozone near to

the thunderstorms. It would be useful to study such measurements to determine

if less intense storms exhibit such a difference in Ox production efficiency.

The global lightning parametrisation using upward cloud ice flux has proven

to be robust at simulating present-day annual distributions of lightning and

tropospheric ozone. The reduced ozone in the upper tropical troposphere could

be important for the understanding of ozone radiative forcing. In addition, the

differences in the frequency distribution when using different lightning schemes is

shown to affect the chemical Ox production. The parametrisation is appropriate

for testing in other chemistry transport and chemistry-climate models where it

will be important to determine how the parametrisation behaves using different

convective schemes. Furthermore, this new parametrisation offers an opportunity

to diversify the estimates of the sensitivity of lightning to climate change which

will be the focus of Chapter 5.
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Response of lightning NOx

emissions and ozone production

to climate change: Insights from

the Atmospheric Chemistry and

Climate Model Intercomparison

Project

This chapter has been published as an open-access letter in Geophys-

ical Research Letters (GRL) in collaboration with: Dr Ruth Doherty,

Dr Oliver Wild, Dr Paul Young and Dr Adam Butler. The let-

ter and supplementary material is available online from the GRL website

(http://onlinelibrary.wiley.com/doi/10.1002/2016GL068825/full). The supple-

mentary material has either been incorporated into the main text or added as

supplementary material at the end of the chapter. I did the analysis and wrote

129



130 4.1 Introduction

the initial draft. My supervisors and other co-authors provided feedback before

the manuscript was submitted for publication. Dr Paul Young processed the raw

ACCMIP data of emissions, surface temperature and ozone production to pro-

duce annual values for each time-slice and model. Dr Adam Butler advised on

technical aspects of the statistical method.

Finney, D. L., Doherty R. M., Wild O., Young P. J., and Butler A.

(2016), Response of lightning NOx emissions and ozone production to

climate change: Insights from the Atmospheric Chemistry and Climate

Model Intercomparison Project, Geophysical Research Letters, 43, 5492?5500,

doi:10.1002/2016GL068825.

4.1 Introduction

Lightning is the dominant source of nitric oxide in the upper troposphere. In

this region of the atmosphere, nitrogen oxides (NOx) are much more efficient

at catalysing ozone production than surface emissions (Wild, 2007; Wu et al.,

2007; Dahlmann et al., 2011). Lightning, driven by meteorological conditions, is

expected to respond to any future changes in climate (Section 1.7). Understanding

the sensitivity of this response is important for assessment of future ozone

concentrations and associated radiative forcing. In addition, the radiative forcing

from methane, which is indirectly influenced by NOx through reactions with OH,

is affected by changes in lightning (Section 1.4.2).

Observational studies suggest that warmer surface temperatures are correlated

with increased lightning across diurnal to interannual timescales, although

whether such a relationship also applies to longer term climate change remains

uncertain (Williams, 2005). Estimates from chemistry-climate models suggest

that lightning NOx emissions will increase by 4-60% per degree increase in global
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mean surface temperature (Schumann and Huntrieser, 2007). More recent esti-

mates have been: 5.5 % K−1 (Zeng et al., 2008), 10 % K−1 (Jiang and Liao, 2013)

and 16 % K−1 (Banerjee et al., 2014). The value for Jiang and Liao (2013) was

calculated from the LNOx change published and with a temperature change of

1.6 K over the period 2000-2050 (Hong Liao, pers. comm., 27 July 2015).

There is a gathering concensus on the sensitivity of lightning NOx emissions to

climate, but this may primarily be due to the similarity of lightning parametri-

sations used in most models. One isolated study using an alternative lightning

parametrisation based on ice particle collisions (Jacobson and Streets, 2009) found

that lightning NOx emissions decreased as temperatures increased.

The approach used in most global scale models applies a relationship between

cloud-top height and lightning (Price and Rind, 1992; Price et al., 1997), as has

been evaluated in Chapters 2 and 3. This cloud-top height relationship provides a

reasonable proxy for lightning activity but has several limitations. These include

a high sensitivity to any biases in modelled cloud-top height and a relatively

indirect link to the underlying physical processes (Tost et al., 2007; Wong et al.,

2013) (Section 1.6), which are described by the non-inductive charging theory of

storms (Reynolds et al., 1957) (Section 1.2). Other parametrisations, related to

convection (e.g. Meijer et al., 2001; Allen and Pickering, 2002; Grewe et al., 2001;

Romps et al., 2014) or cloud ice (e.g. Deierling et al., 2008; Jacobson and Streets,

2009; Basarab et al., 2015, and Chapter 2), have been demonstrated successfully

in individual studies but have yet to be widely adopted (Section 1.6). To date

there has been little investigation into how these alternative approaches respond

to climate change.

The recent Atmospheric Chemistry and Climate Model Intercomparison Project

(ACCMIP) provides lightning NOx emission (LNOx) distributions from 12 models

using three distinct interactive lightning parametrisations under past, present-day
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and a range of future emission scenarios (Lamarque et al., 2013). There are 92

relevant multi-year time slice experiments to compare to a multi-year baseline

centered around the year 2000 (Table 4.1), allowing a more complete assessment

of lightning sensitivity than has been possible in any previous study.

The availability of three distinct parametrisations allows an exploration of how

the choice of parametrisation is important for the emission response to climate

change. Ten of the models use the same lightning parametrisation based on

cloud-top height (Price and Rind, 1992), and this allows for the the most rigorous

assessment of the climate response of the cloud-top height approach to date.

A subset of models, from which ozone production was archived, is then used to

explore how these climate-driven changes in lightning NOx emissions can influence

global ozone production.

4.2 Statistical Methods

A linear regression assumes independence of data points. However, data produced

using the same model share a dependence. To determine robust estimates of the

standard errors of regression coefficients when using a multi-model dataset such

as in this chapter, it is appropriate to use a linear mixed effect regression.

Linear mixed effect regressions are extensions of linear regression models which

include random effects as well as fixed effects (Pinheiro and Bates, 2000; Bolker

et al., 2008). Fixed effects are either numeric or categorical variables for which

interest lies in the specific effects of each category. Random effects are categorical

variables for which the effects of each category can be regarded as being sampled

from a larger population of possible categories, so that interest lies in variation

between categories.
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In the context of this chapter, the inclusion of ‘model’ as a random effect allows

for differences in model configuration to be accounted for (through random

effects) while estimating the role of explanatory variables (as fixed effects). Both

applications of a linear mixed effect regression in this chapter use a random-slope

regression which determines an individual slope and intercept, the random effect,

for each model. The random slopes and intercepts are assumed to be correlated.

As with a simple linear regression, it is useful to calculate the variance explained

by the regression model, the R2 value. For linear mixed effect models two values

of R2 can be calculated: the marginal R2, reflecting the proportion of the variance

explained by fixed effects, and the conditional R2, reflecting the variance explained

by both fixed and random effects (Nakagawa and Schielzeth, 2013; Johnson, 2014).

The marginal R2 is an estimate of the predictive capability of the fixed effects,

whereas the conditional R2 represents the the variance explained in the dataset

and models used in this chapter.

The linear mixed effect regressions were carried out using R, for which the

statistical methods are described by Pinheiro and Bates (2000). The steps below

describe the R packages and functions used to carry out the analysis:

1. From the package lmerTest, a linear mixed effect regression can be fit-

ted using lmer where a correlated mixed-slope effect for LNOx with

each chemistry-climate model (chemModel) is included with the term

(LNOx|chemModel).

2. The use of the function, summary, provides the details of the regression

including coefficients, standard errors and p-values for each fixed effect.

Random effect coefficients are displayed using the function, ranef.

3. Significance of the random effects can be determined with a likelihood ratio

test provided by the function, rand.
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4. The R package MuMIn, includes the function, r.squaredGLMM. The use

of this function on the regressed fit implements the statistical analysis

described by Nakagawa and Schielzeth (2013) and Johnson (2014) to

determine the marginal and conditional R2 of the linear mixed effect

regression. In the case of a random-slope regression it is necessary to use

version 1.10.0 or later of the MuMIn package, which includes the extension

of Johnson (2014).

5. The step function can be used to perform the AIC stepwise selection process.

4.3 Response to Temperature

Generation of thunderstorms is only partly related to the surface temperature,

and reflects local rather than global conditions. However, based on past studies

(Section 1.7), surface temperature provides a simple proxy for changes in the

atmosphere that affect lightning.

Figure 4.1A shows the relationship between total annual lightning NOx emissions

and global mean surface temperature. Each data point is from a single time slice

experiment, averaged over multiple years as specified in Table 2 of Lamarque

et al. (2013), where each year has identical anthropogenic and biomass burning

emissions. The data used encompasses time slices of the present-day baseline,

historical 1850 and 1980 simulations, and all future scenarios using the Represen-

tative Concentration Pathways (RCPs) produced by each model. A significant

linear relationship between LNOx and surface temperature is evident for each

model. This is the first time enough comparable data have been produced from a

range of models to allow robust conclusions regarding the form of the relationship.

Despite the clear conclusion that each model exhibits a linear relationship,
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Figure 4.1: Total annual lightning NOx emissions against global mean surface

temperature for the ACCMIP models with interactive lightning schemes. Absolute

global emissions and surface temperatures are shown in panel (A); changes in lightning

NOx emissions with respect to the year 2000 baseline, normalised to 5 TgN in year

2000, and grouped according to lightning parametrisation are shown in panel (B).

Circled points in A are from the year 2000 baseline simulations.
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Figure 4.1A shows a substantial spread between the models. Sources of inter-

model spread include the magnitude of the baseline emissions, which vary from 1.3

to 9.7 TgN yr−1, and differences in the baseline mean surface temperature which

ranges from 286.0 to 288.2 K (see circled points Figure 4.1A). These variations

are removed by normalising the baseline lightning NOx emissions in each model

to 5 TgN and considering changes in temperature and lightning NOx emissions

relative to this baseline (Figure 4.1B). The choice of 5 TgN is based on the best

estimate for present-day emissions (Schumann and Huntrieser, 2007).

Results from models using the cloud-top height approach are grouped together.

These models show a consistent linear response of LNOx to temperature once

the differences in present-day surface temperature and global emission totals are

adjusted for. A linear mixed effect regression on the data points simulated

by models using the cloud-top height approach has been applied. Surface

temperature is the regressed fixed effect, while random effects are a random

intercept for each model and a random slope for the interaction between each

model and the effect of surface temperature. All effects considered are significant

at the 5% level and the regression model has a marginal R2 of 0.82 and a

conditional R2 of 0.96.

A robust estimate of the lightning NOx emission climate response of 0.44 ±

0.05 TgN K−1 is found for models using the cloud-top height approach (in-

dividual model fits are provided in Table 4.8). This corresponds to 8.8 ±

1.0 %(baseline) K−1, where the uncertainty range represents one standard error.

This is lower than the median determined by Schumann and Huntrieser (2007) but

similar to recent estimates which have a range of 5.5-16 % K−1 (Zeng et al., 2008;

Jiang and Liao, 2013; Banerjee et al., 2014). Differences in the LNOx response

among models using the cloud-top height approach arise from differing responses

to climate change from convective and microphysical schemes, the vertical reso-

lution for resolving cloud-top height and structural differences in implementation
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of the approach. Details of the lightning parametrisation used by each model are

described in Table S2.

The ACCMIP data allow for a robust estimate of the sensitivity of the cloud-

top height approach. However, the two ACCMIP models using alternative

parametrisations provide rather different estimates. The EMAC model uses a

combination of updraft mass flux within the cloud and cloud depth (Grewe et al.,

2001) and shows a much weaker sensitivity (0.14 TgN K−1) than the cloud-top

approach. The CMAM model uses a parametrisation based on updraft mass flux

at 440 hPa (Allen and Pickering, 2002) and shows the opposite response of a

reduction in LNOx with increasing temperature (-0.55 Tg K−1).

The various responses described above for each parametrisation fundamentally

depend on the changes in convection simulated by the models. It is possible

that these two models are anomalous in their responses to climate change

for convection. Further investigation of convection in the different models

or application of different parametrisations would be needed to establish this.

However, it is unlikely that the models with different lightning parametrisations

also have anomalous convection responses and therefore it is suggested that the

lightning parametrisations are the source of the different responses seen. It is also

possible that changes in cloud-top height differ somewhat from changes in the

intensity of convective updrafts. Stevenson et al. (2005) and Banerjee et al. (2014)

have found that in some locations the occurrence of deep convection decreases

under climate change but that the depth increases. Findings here suggest that

it is vital to determine whether the cloud-top height approach provides the most

appropriate representation of lightning, or whether a greater diversity of lightning

parametrisations is needed. Uncertainty remains as to whether lightning NOx

emissions will increase or decrease in future.
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4.4 Spatial Variation of Response to Tempera-

ture

The impacts of LNOx on atmospheric chemistry and radiative forcing are depen-

dent on the spatial distribution of emissions as well as the global total (Liaskos

et al., 2015, and Chapter 3). I consider here the spatial distribution of LNOx and

change in LNOx between present-day and future, and whether there is anoma-

lous behaviour underlying the distributions. The results of MOCAGE have been

excluded from analysis of the spatial distribution of changes because it displays

anomalous wave-like features. Following advice from the model contact, Beatrice

Josse, I have chosen to include the model in the analysis of annual LNOx totals

in previous section as these values have not been compromised.

Figure 4.2A-C shows the mean baseline (year 2000) distribution of lightning

NOx emissions from eight models using the cloud-top height approach for which

spatial distributions of emissions are available, as well as from each of the models

using alternative schemes. The emission distributions of all three approaches

represent, to a reasonable extent, the climatological distribution of lightning flash

rate provided by the Lightning Imaging Sensor and Optical Transient Detector

(Cecil et al., 2014). In particular, they show lightning NOx emission peaks in

tropical continental locations, and lower values towards the poles and over the

oceans. The distributions of change in surface temperature (Figure S4.4) and

precipitation (Figure S4.5) between the present-day and year 2100 using the

RCP8.5 scenario are shown in supplementary material. CMAM and EMAC do not

simulate anomalous temperature or precipitation changes compared to the other

ACCMIP models. The robustness of these two models, which use alternative

lightning parametrisations, among the other ACCMIP models regarding these

three variables gives confidence that they are not outliers in terms of their broad

representation of climate change.
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Figure 4.2: Annual vertically-integrated lightning NOx emission distribution for the

year 2000 baseline and absolute and percentage change with respect to RCP8.5 year

2100. Annual emissions for year 2000 baseline are normalised to 5 TgN for all models

with the same normalisation factors applied to year 2100 RCP8.5 emissions. The

number of model years contributing to the year 2100 time slice average are: CTH (79

years across 8 models), EMAC (9 years) and CMAM (10 years). The top row shows

the baseline distributions for year 2000, the second row shows the absolute changes

in distribution for the year 2100 RCP8.5 experiments, and the bottom row shows the

equivalent percentage changes. The left column panels are the mean of eight models

using the cloud-top height approach. The middle and right columns plots are the

individual results for the EMAC and CMAM models, respectively. Mean values are

calculated after scaling and regridding all models to a common resolution (5◦ x 5◦).

In (G) the greyed cells represent grid cells in which there is not at least five models

that estimate the same sign of change.
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Figures 4.2D-F show the absolute changes in lightning NOx emissions between the

present-day and year 2100 using the RCP8.5 scenario for each type of lightning

parametrisation. As with the global total LNOx changes in Figure 4.1, the three

approaches represent largely positive (Figure 4.2D), mixed (Figure 4.2E) and

largely negative changes (Figure 4.2F). From all three approaches, it is clear

that changes in LNOx under future climate change are non-uniform. The largest

absolute changes typically occur where there are highest baseline lightning NOx

emissions and the sign of these changes are generally consistent with the sign of

global total LNOx changes found with each lightning parametrisation.

The percentage changes in lightning NOx emissions between the present-day and

year 2100 using the RCP8.5 scenario are shown in Figures 4.2G-I. The changes

in the models using alternative schemes appear more noisy. This is partly due

to averaging over a number of models that use CTH (Figure 4.2G), but even

compared to individual model simulations of LNOx based on cloud-top height the

alternative schemes produce a more heterogeneous response (Figure S4.3). The

cloud-top height will be partly limited by the tropopause which will vary smoothly

and, therefore, may lead to smoothness in the simulated LNOx distribution by

models using the CTH approach.

Percentage changes between present-day and future are generally large over ocean

as well as over land. Most of the globe experiences changes of >10%. While

absolute changes in LNOx are small away from dominant source regions, the

percentage changes are larger away from high emission regions. Such large relative

changes may be important in remote locations where there are few other sources

of NOx.

There is agreement between the different schemes on the sign of the change in

some locations which can be seen in Figure 4.2 G-I. Mostly these are located in the

mid-latitudes. Increases in LNOx in the Northwest Atlantic and Pacific suggest
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an increase in lightning activity within northern mid-latitude storms or a shift in

location of the storm tracks. Decreases in the Southeast Pacific are consistent with

significant drying reported in the IPCC AR5 report by Collins et al. (2013, Fig.

12.22). Collins et al. (2013) indicated significantly increased rainfall in Russia

and eastern Canada in year 2100 under RCP8.5, corresponding to increases in

LNOx in Figures 4.2 G-I, thereby suggesting the changes in rainfall in these

regions correspond to changes in the frequency or intensity of thunderstorms.

There are many other locations where changes in lightning NOx emissions do

not correspond to similar changes in precipitation. The non-uniformity of these

changes in lightning is an important argument for using interactive lightning

schemes that are not constrained spatially by present-day observations.

4.5 Ozone Production

Ozone is sensitive to a large number of variables influenced by climate change and

so it is difficult to attribute changes in ozone concentration directly to changes

in lightning NOx emissions. Changes in temperature, humidity, deposition, other

ozone precursor emissions and stratosphere-troposphere exchange all contribute

to changes in ozone (Fiore et al., 2012; Doherty et al., 2013; Young et al., 2013)

(Section 1.4.2). The most direct impact of lightning NOx emissions on ozone is

through chemical production. Based on model sensitivity studies, Wild (2007)

found that an increase in LNOx produced ∼ 3 times more global tropospheric

ozone production per Tg(N) than an increase in surface NOx emissions. Using

alternative methods, Wu et al. (2007) and Dahlmann et al. (2011) found that

LNOx produced six and five times more ozone than surface NOx, respectively.

This disproportionately large effect is due to lightning NOx emission in the middle

and upper troposphere where temperatures are cooler, NOx and ozone have longer

lifetimes, and where ozone production efficiency is high.
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Tropospheric ozone chemical production fluxes were archived from a subset of

six models during ACCMIP. Relevant emission variables from all time slices and

scenarios (Table 4.1) are used here to perform a linear mixed effect regression to

describe global tropospheric ozone production. Fixed effects for lightning NOx,

surface NOx, CO and NMVOC emissions and the methane tropospheric burden

were included within the initial mixed effect regression, along with random effects

for ‘model’ and for the interaction between ‘model’ and the effect of lightning.

The surface NOx variable includes NOx emissions from aircraft but these are less

than 2% of the total emissions and their effects are assumed to be small.

A stepwise selection process, based on the Akaike information criteria (AIC)

(Burnham and Anderson, 2002), was used to identify whether the initial regression

model could be simplified, and this led to NMVOC emissions and CO emissions

being removed. The remaining explanatory variables all have significant coeffi-

cients with p < 0.05. The model has a marginal R2 of 0.57 and a conditional R2

of 0.99. An equation for the fitted linear model is given by:

P̂ = 104(±37)ELNOx + 16.0(±0.9)EsurfNOx + 0.0793(±0.0104)BCH4

− 1.85(±14.74) + U1,mELNOx + U2,m (4.1)

where P̂ is the estimated global tropospheric ozone production (mol(O3)yr−1),

ELNOx and EsurfNOx are emissions of lightning NOx and surface NOx

(mol(N)yr−1), and BCH4 is methane tropospheric burden (mol(CH4)). Ranges

given in Equation 4.1 are the standard errors associated with each coefficient.

The random model slope, U1,m, represents an adjustment to the fixed lightning

effect, and the random model intercept, U2,m, an adjustment to the regressed

intercept, for each model, m. There are six models and therefore U1 and U2 are



144 4.5 Ozone Production

each a vector of six values. The mean of the values of any random effect, U ,

is zero. The standard deviations of the values of U1,m and U2,m are 75 and 28,

respectively.

The coefficients of Equation 4.1 represent the number of moles of ozone produced

for each mole of the species, i.e., the ozone production efficiency (OPE). For

example, the OPE associated with surface NOx sources is 16 mol(O3) mol−1(N).

The underlying fixed LNOx effect found in the regression is 6.5 times larger

than that of surface NOx sources, similar to that found by Wu et al. (2007)

and Dahlmann et al. (2011), and representing a disproportionally larger efficiency

of LNOx in producing ozone.

It is important to consider the size of the emissions or burden in combination with

regression coefficients to fully understand the context of the statistical regression

results. By applying the regressed ozone production efficiencies of Equation 4.1

for ELNOx including the random slopes, EsurfNOx , and BCH4 to the emissions

in each time slice experiment, a proportion of the estimated ozone production

can be attributed to each of the individual effects. There are 50 time slice

experiments used (summarized in Table 4.1). The mean and range for the three

effects is: ELNOx41%(3− 78%), EsurfNOx38%(12− 68%) and BCH421%(9− 51%).

These results show that the three effects, at least for the range of experiments in

ACCMIP, produce similar amounts of ozone, with CH4 generally producing less

ozone and with a wider range of contributions to ozone production from LNOx

across the experiments.
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4.6 Causes of Variability in Ozone Production

Efficiency

The regression model described by Equation 4.1 provides a means to remove

the estimated ozone production by species other than LNOx and therefore study

the production by LNOx alone. In addition, the random slope values, U1,m,

determined in the regression can either be removed to see the estimated underlying

ozone production from LNOx across models, or included to see the estimated ozone

production from LNOx in each model. These components of ozone production are

shown by the partial residuals of ozone production against LNOx in Figures 4.3A

and B.

The partial residual is the actual ozone production with the estimated ozone

production of some terms in the regression removed. Figure 4.3A is the conditional

partial residual of ozone production with respect to lightning NOx emissions, ε1,

i.e., the general relationship across models given by the fixed effect of ELNOx in

Equation 4.1 and described by Equation 4.2:

ε1 = P̂ − 16.0EsurfNOx − 0.0793BCH4 − 1.85− U1,mELNOx − U2,m (4.2)

Figure 4.3B shows the individual model relationships between ozone production

and LNOx, ε2, i.e., the combination of the fixed effect, ELNOx , and individual

random slopes, U1,m. This partial residual residual is described by Equation 4.3:

ε2 = P̂ − 16.0EsurfNOx − 0.0793BCH4 − 1.85− U2,m (4.3)

These partial residuals demonstrate the effect of lightning NOx emissions and

clearly reveal the differences in OPE between the models.

The vertical distribution of LNOx differs greatly between the models, as shown
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Figure 4.3: Tropospheric ozone production from lightning NOx emissions and the

role of NMVOC emissions and the vertical distribution of lightning NOx emissions.

A) “General ozone production from LNOx” is a partial residual with respect to LNOx

described by Equation 4.2. B) “Individual model ozone production from LNOx” is

a partial residual with respect to LNOx described by Equation 4.3. The text in

B) for each model is, from top to bottom, the ozone production efficiency (OPE)

from LNOx, the percentage of baseline lightning NOx emissions in the middle and

upper troposphere [500-100 hPa], and the mean NMVOC emissions. C) is the baseline

global LNOx vertical distribution. The MIROC model is not included in (C) because

the emission distribution was not archived. For (C), values of pressure are based on a

uniform 1000 hPa surface pressure and annual lightning NOx emissions are normalised

to 5 TgN.
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in Figure 4.3C. Vertical distribution methods are based upon modelled updrafts,

prescribed distributions (Pickering et al., 1998; Ott et al., 2010), or air density

(Goldenbaum and Dickerson, 1993; Stockwell et al., 1999; Jourdain and Hauglus-

taine, 2001). The LNOx vertical distribution method used by each model in

ACCMIP is given in Table S2.

The proportion of lightning NOx emission in the middle and upper troposphere

(500-100 hPa) and the gradient (OPE) for each individual model determined by

the mixed effect regression are presented in Figure 4.3B. Although there are

relatively few models, there is a direct relationship between the amount of ozone

in the middle and upper troposphere and the OPE of lightning. An exception

is the CMAM model which has a relatively weak relationship between ozone

production and LNOx and a low OPE. It would require a targeted study to

identify the cause of this difference, but I note that CMAM does not include

NMVOC chemistry, representing this instead through extra CO emissions. The

majority of NMVOC emissions are in the form of biogenic emissions and are high

over tropical rainforests where lightning activity is also high. It is possible that

the combined emissions of NMVOC and LNOx increase OPE in these regions

through a greater radical pool. CMAM also has a different spatial distribution

of the response of LNOx to climate change compared to other models. Changes

in regions of lower ozone production may contribute to a weaker relationship

between ozone production and LNOx.

The considerations above encourage further research to understand variability

among models. LNOx and OPE will have seasonal and regional responses to

climate change which have not been investigated here. Furthermore, research into

the effect on OPE of LNOx being concentrated within convective outflow plumes

would be valuable, given that this feature is not captured by the resolutions

of ACCMIP models. Dedicated sensitivity simulations within a chemistry-

climate model would allow quantification of the role of the vertical emission
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distribution of lightning NOx and the representation of NMVOCs on the OPE

of LNOx. This would permit these effects to be isolated and allow determination

of the contribution of LNOx differences to the inter-model variation of OPE in

Figure 4.3B. The standard deviation of individual model estimates of OPE can be

used as a proxy for the uncertainty on the fixed LNOx effect discussed in Section

4.5, suggesting that the OPE of LNOx is 6.5 ± 4.7 times that of surface NOx

sources.

4.7 Conclusions

The large dataset of model results archived for ACCMIP has allowed a rigorous

analysis of the climate sensitivity of lightning NOx emissions for models using the

cloud-top height parametrisation of Price and Rind (1992). This parametrisation

is widely used and performs very similarly across models with a positive linear

response of 0.44 ± 0.05 TgN K−1 for a baseline annual emission of 5 TgN. Two

models using different parametrisations of lightning simulate a weaker and an

opposite climate response of lightning NOx emissions. Therefore, despite the

important role that lightning NOx emission plays in ozone chemistry, it is clear

from the two ACCMIP models using alternative lightning schemes that there

cannot be complete confidence in the magnitude or even sign of the lightning

NOx emission sensitivity to climate change. While there is agreement among the

three parametrisations in a few locations regarding the projected spatial change

of LNOx in future, generally this is as uncertain as the global changes.

There is no indication that the models using alternative schemes are outliers

in terms of their representation of surface temperature or precipitation change.

I therefore conclude that the different responses of lightning to climate change

are due to the use of different lightning parametrisations. Studies establishing
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the climate sensitivity of multiple lightning parametrisations within the same

model, as will be carried out in Chapter 5, are needed to confirm whether the

results here solely reflect the different parametrisations. The cloud-top height

approach has been well characterised in this chapter thereby providing a useful

reference point in understanding the behaviour of alternative schemes. I therefore

suggest that chemistry-climate modelling groups consider additional simulations

with alternative lightning schemes, as a greater diversity of schemes would help

advance understanding of uncertainties in the response of lightning NOx to climate

change and its subsequent effects on ozone.

Uncertainty in the climate response of lightning will undoubtedly lead to uncer-

tainty in the changes in ozone production from LNOx. The tropospheric ozone

production from LNOx and other sources has been quantified using the data from a

selection of models in ACCMIP. The results suggest that lightning NOx emissions

are 6.5 ± 4.7 times more efficient than surface NOx sources at producing ozone in

the troposphere. The method for distributing emissions vertically as well as the

treatment of emissions of NMVOCs appear to be responsible for at least some

of this variability in ozone production efficiency from lightning. Therefore, direct

determination of the role of the vertical LNOx distribution for ozone production

is necessary before a consistent approach among models can be developed.
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4.8 Supplementary material

This supporting information provides additional figures and tables which show in-

dividual model analysis, including for models using the cloud-top height approach

to parametrize lightning which are generally combined in the main text. Figures

showing the distribution of surface temperature and precipitation change simu-

lated by the models between year 2100 RCP8.5 and present-day is provided which

is discussed in the main text regarding the robustness of these climate indicators

across the models.
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G: CMAM
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Figure S4.1: Year 2000 baseline LNOx for each model regridded to a common

resolution of 5◦ x 5◦ and normalised to 5 TgN emissions.
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Figure S4.2: LNOx absolute changes for each model and CTH model mean

regridded to a common resolution of 5◦ x 5◦ and normalised to 5 TgN emissions

in year 2000 baseline. MOCAGE is excluded for reasons stated in Section 4.4.
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Figure S4.3: LNOx percentage changes between year 2000 and year 2100 RCP8.5,

for each model and the CTH model mean. Data is regridded to a common resolution

of 5◦ x 5◦ and normalised to 5 TgN in year 2000 baseline. MOCAGE is excluded for

reasons stated in Section 4.4.
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Figure S4.4: Surface temperature change between year 2000 and year 2100 RCP8.5,

for each model and CTH model mean. Data regridded to a common resolution of 5◦

x 5◦. Surface temperature is defined as the temperature of the lowest model level.

Area-weighted global mean surface temperature change for each model is given in

brackets. MOCAGE is excluded for reasons stated in Section 4.4.
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Figure S4.5: Precipitation change between year 2000 and year 2100 RCP8.5, for

each model and CTH model mean. Data regridded to a common resolution of 5◦ x

5◦. MOCAGE is excluded for reasons stated in Section 4.4, whilst precipitation data

for the NCAR and LMDz models were not available.
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Chapter 5

An uncertain future for lightning

and the consequences for

atmospheric composition and

radiative forcing

This chapter has not yet been submitted for publication. I have carried out the

analysis. Dr Oliver Wild provided the HTAP value of 0.95 for the ozone response

to a methane change, given in Section 5.2.4.

A draft publication of this chapter, written by myself, is currently a work in

progress. The draft publication has received feedback from co-authors: Dr Ruth

Doherty, Dr Oliver Wild, Prof David Stevenson, Dr Ian Mackenzie, and Prof Alan

Blyth.
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5.1 Introduction

Changes in climate over the coming century are expected to alter atmospheric

temperature, humidity, stability and dynamics (Collins et al., 2013). The

occurrence of lightning depends on all of these factors through their effect on the

convection and ice particles which generate electrical charge in thunderstorms

(Reynolds et al., 1957) (Section 1.2). As an important source of NOx (NO

+ NO2), lightning needs to be represented interactively in chemistry-climate

models (CCMs) to fully simulate the response of NOx, and hence ozone, OH and

methane lifetime, to climate change. Both ozone and methane are greenhouse

gases meaning that changes in their concentrations can lead to a warming or

cooling the atmosphere.

The distribution of lightning flash rates is determined interactively in CCMs based

on the simulated meteorological variables (Section 1.5.1). Several studies have

simulated lightning under future climate scenarios to estimate the response of

lightning to climate change (Section 1.7). A comprehensive review by Schumann

and Huntrieser (2007) reported a median estimate of a 15% increase in lightning

NOx emissions (LNOx) per degree increase in global mean surface temperature,

with more recent estimates in the range of 5-16 % (Zeng et al., 2008; Jiang and

Liao, 2013; Banerjee et al., 2014, and Chapter 4). However, the majority of these

models use the same lightning parametrisation based on cloud-top height.

In Chapter 4, I showed that models using alternative parametrisations to the

cloud-top height approach project weaker or negative responses. In addition,

Jacobson and Streets (2009) used an alternative parametrisation based on cloud

ice fluxes and found a decrease in lightning as temperature increased, although

only a small change in global mean surface temperature was examined due to the

short time period considered. While the cloud-top height approach provides a

reasonable estimate of the present-day lightning distribution, it is only indirectly
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related to lightning generation following the non-inductive charging theory of

thunderstorms (Reynolds et al., 1957; Saunders, 2008), described in Section 1.2.

This theory describes the transfer of charge during collision of small, rising ice

crystals and larger, falling ice particles within thunderstorms, and provides a

physical basis for parametrising lightning generation.

A global lightning parametrisation based on upward cloud ice flux at 440 hPa

has been presented in Chapter 2. By using cloud ice flux, this parametrisation

incorporates more aspects of the charging theory than the cloud-top height

approach. Present-day lightning simulated using this ice flux approach has been

compared to that simulated using the cloud-top height approach in a CCM

(Chapter 3). The ice flux scheme was generally found to provide closer agreement

than the cloud-top height scheme with the satellite-observed global lightning

distribution. Through the corresponding changes in the lightning NOx source,

the annual cycle of ozone was improved compared to ozone sonde observations.

Numerous studies have shown the impact of changes in the lightning NOx

source on key tropospheric oxidants, ozone and OH, as well as methane lifetime.

Murray et al. (2013) found that variations in the lightning NOx source were

more important than variations in biomass burning sources in determining the

interannual variability of OH. Banerjee et al. (2014) found that under the RCP8.5

climate scenario, the tropospheric ozone burden increased by 33 Tg in the year

2100, due to an increase of 78 % in lightning NOx. In addition, future increases in

lightning NOx due to climate change may result in enhanced OH in the tropical

upper troposphere, decreasing methane lifetime by as much as 0.75 years or 10 %

(Banerjee et al., 2014). However, both of these studies use the cloud-top height

approach. The uncertainty in future ozone and OH concentrations associated

with the choice of lightning parametrisation is currently unknown.

Changes in the concentrations of ozone and methane exert a radiative forcing
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on the atmosphere. Ozone produced by LNOx has a higher radiative efficiency

than that produced by other NOx sources because it enhances ozone in low

latitude, high altitude regions (Dahlmann et al., 2011). In these regions the

temperature contrast between the atmosphere and the surface is greatest thereby

increasing the radiative forcing efficiency (Lacis et al., 1990). Futhermore, Toumi

et al. (1996) suggest that a positive feedback may exist between lightning and

climate whereby lightning and LNOx increase with increased surface temperature,

producing more ozone which further warms the climate. They found using a global

two-dimensional atmospheric model that following an increase in global surface

temperature, lightning increased and the total ozone forcing from the temperature

increase was + 0.1 Wm−2. However, lightning also generates a methane radiative

forcing through changes to the OH concentration, with increases in NOx emissions

decreasing the methane forcing. Wild et al. (2001) found that this negative

methane radiative forcing offsets the positive ozone forcing, resulting in a net

integrated forcing over 50 years of - 2.8 mW m−2 yr, based on a 0.5 TgN lightning

NOx perturbation over one year.

In this chapter, I use the two LNOx parametrisations used in Chapter 3, to

estimate the response of lightning activity to future climate change and the impact

on atmospheric composition and radiative forcing. The cloud-top height and

ice flux approaches for parametrising lightning are described in Section 5.2.2.

Sections 5.2.3 and 5.2.4 describe the analysis methods used. The response of each

LNOx parametrisation to climate change is presented in Section 5.3, along with

discussion of the changes in the driving meteorology in Sections 5.3.3 and 5.3.4 .

The corresponding impacts on atmospheric composition and on radiative forcing

are presented in Sections 5.4 and 5.5, respectively.
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5.2 Model and methods

The UK Chemistry and Aerosols model (UKCA) coupled to the atmosphere-only

version of the UK Met Office Unified Model version 8.4 is used for this chapter.

The atmosphere component is the Global Atmosphere 4.0 (GA4.0) (Walters et al.,

2014). Both tropospheric and stratospheric chemistry processes are represented.

The tropospheric scheme, most relevant to this chapter, is described and evaluated

by O’Connor et al. (2014). There are 75 species with 285 reactions that include

the oxidation of the hydrocarbons: methane, ethane, propane, and isoprene.

The model is run at horizontal resolution N96 (1.875◦ longitude by 1.25◦ latitude).

The vertical dimension has 85 terrain-following hybrid-height levels between the

surface and 85 km. The resolution is highest in the troposphere and lower

stratosphere, with 65 levels below ∼ 30 km. The chemistry-climate coupling is

one-directional, applied only from the atmosphere to the chemistry scheme, i.e.

meteorological fields from the atmosphere component are applied to the chemistry

scheme but ozone and aerosol fields in the radiative scheme are prescribed

climatologies. Cloud processes and variables are identical to those described in

Section 3.2.1, where additional details on the GA4.0 cloud parametrisation are

provided.

5.2.1 Experimental set-up

In this chapter, seven experiments have been performed with different lightning

schemes and representing either the year 2000 or the year 2100 under Repre-

sentative Concentration Pathway 8.5 (RCP8.5). Each experiment is run for ten

years and in all cases the chemistry scheme uses natural (including isoprene) and

anthropogenic emissions, and Greenhouse Gas (GHG) concentrations, represen-

tative of the year 2000. GHG concentrations in the future scenario are altered in
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Table 5.1: Experiment details and global annual LNOx production. IFLUX

and IFLUX390 experiments use sampling pressure levels of 440 hPa and 390 hPa,

respectively.

Experiment Lightning scheme SSTs, sea ice LNOx source

and GHGs (TgN yr−1)

ZERO-2000 no LNOx 2000 0.00

ZERO-2100 no LNOx 2100 0.00

CTH-2000 Price and Rind (1992) 2000 4.91

CTH-2100 Price and Rind (1992) 2100 7.03

IFLUX-2000 Finney et al. (2014) (Ch. 2) 2000 4.96

IFLUX-2100 Finney et al. (2014) (Ch. 2) 2100 2.92

IFLUX390-2100 modified Finney et al. (2014) 2100 4.19

the radiative scheme in order to represent changes to the radiative properties of

the atmosphere under RCP8.5. Methane mixing ratios in the chemistry model are

fixed at present-day levels in all experiments using a prescribed lower boundary

condition to avoid lengthy spin-up times. Sea surface temperatures (SSTs) and

sea ice concentrations for present-day simulations are taken from decadal average

climatologies based on 1995 - 2004 analyses (Reynolds et al., 2007). For SSTs and

sea ice in the future scenario, decadal average anomalies from the Coupled Model

Intercomparison Project Phase 5 (CMIP5) HadGEM2-ES simulations for 1995 -

2005 and 2095 - 2105 were applied to the present-day SST and sea ice analysis

fields. A summary of the lightning parametrisation and climate scenario used

for each experiment is given in Table 5.1. There are three present-day simula-

tions (for the two lightning schemes and a no lightning case). The two lightning

schemes and the no lightning case are also applied to a future scenario, as well as

a variation on the lightning scheme based on ice flux. All simulations within the

same time period experience the same meteorology and consequently the same

changes in surface temperature between the two time periods.
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5.2.2 Lightning parametrisations

The cloud-top height (CTH) and ice flux (IFLUX) parametrisations described

below determine the flash rate interactively from meteorology as simulated by

the atmospheric model (GA4.0). The flash rate is used to determine the LNOx

emission per model grid cell. Each flash corresponds to a NOx emission of

approximately 250 mol(N), which is within the range of estimates of Schumann

and Huntrieser (2007). The LNOx is distributed vertically based upon the

prescribed vertical profiles of Ott et al. (2010) (Figure 1.7) between the surface

and the cloud top. Both schemes are normalised to give a global annual average

of 46 flashes s−1 (or 1.5 × 109 flashes yr−1) (Cecil et al., 2014) (flashes denoted as

fl. hereafter) in a one-year present-day simulation, using factors of 1.57 for the

CTH scheme and 1.11 for the IFLUX scheme, as provided in Chapter 3. The

same factors are used in the future climate change experiments but the global

annual flash rate changes in response to the changing meteorology.

The widely-used parametrisation based on cloud-top height, which has also been

used in Chapters 2–4, is described by Price and Rind (1992, 1993). The equations

used to parametrise lightning are:

Fl = 3.44× 10−5H4.9 (5.1)

Fo = 6.2× 10−4H1.73, (5.2)

where F is the total flash frequency (fl. min−1), H is the convective cloud-top

height (km) and subscripts l and o are for land and ocean, respectively. A

resolution scaling factor is used, as suggested by Price and Rind (1994), but is

small (1.09). An area scaling factor is also applied to each grid cell by normalising

the area of the cell with the area of a cell at 30◦ latitude.

The parametrisation based on upward cloud ice flux is described in Chapter 2
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and implemented in UKCA in Chapter 3. The equations used to parametrise

lightning are:

fl = 6.58× 10−7φice (5.3)

fo = 9.08× 10−8φice, (5.4)

where fl and fo are the flash density (fl. m−2 s−1) over land and ocean, respectively.

φice is the upward ice flux at 440 hPa and is calculated using the following equation:

φice =
q × Φmass

c
, (5.5)

where q is specific cloud ice water content at 440 hPa (kg kg−1), Φ is the grid cell

mean updraught mass flux at 440 hPa (kg m−2 s−1) and c is the fractional cloud

cover at 440 hPa (m2 m−2). The flash rate is set to zero where c < 0.01 m2m−2 or

where no convective cloud top is diagnosed.

The choice of the 440 hPa pressure level is based upon the definition of deep con-

vective clouds by the International Satellite Cloud Climatology Project (Rossow

et al., 1996). In Section 5.3.1, the choice of sampling pressure level is revisited in

the context of climate change.

5.2.3 Lightning and atmospheric composition analysis

For each of the experiments, 10 years of simulation were averaged to form a

decadal climatology (time-slice) for the meteorological and chemical variables

used in this chapter. This permits investigation into the effect of changing climate

independent of interannual variability.

To investigate finer temporal variability of lightning and its meteorological drivers,

frequency distributions of lightning flash rate were studied for a single year using
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the first simulated year of each experiment. There is some interannual variability

of the frequency distribution but this variability is relatively small (not shown).

Therefore analysis of the 1-year frequency distributions can be considered as

broadly representative of the year 2000 and year 2100 time-slices.

Changes in climate have direct impacts on atmospheric composition which may

mask the effects of changes in lightning alone. Therefore, to isolate the impacts

of lightning on distributions of ozone and OH, I remove the effect of changes in

atmospheric composition between the present-day and future using simulations

with no lightning emissions (ZERO-2000 and ZERO-2100, Table 5.1).

5.2.4 Radiative forcing analysis

Lightning impacts radiative forcing through its effect on the concentrations of

methane and tropospheric ozone (Section 5.1). LNOx will also affect nitrate

aerosol and other aerosols indirectly via changes in oxidants (Murray, 2016), but

these effects are not simulated here. The lower boundary condition for methane

used by the model chemistry scheme is prescribed in all present-day and future

simulations as 1746 ppbv. This limits the changes in atmospheric composition to

changes in short-lived species resulting from lightning NOx emission changes and

the direct impact of climate change. Only the lower boundary is constrained, but

the global methane burden varies by less than 3% over all the simulations.

With a fixed lower boundary condition, the methane mixing ratio does not adjust

to the oxidation rate as the OH concentration is modified by changes in climate

and LNOx. Therefore the feedback between methane and OH is not accounted

for. However, the equilibrium methane mixing ratio can be calculated using the

change in methane lifetime and a feedback factor which is typically around 1.3

in ACCMIP models (Stevenson et al., 2013) with a range in the literature of
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1.19 to 1.53 (Prather et al., 2001; Stevenson et al., 2013; Voulgarakis et al., 2013;

Banerjee et al., 2014). I calculate the equilibrium methane mixing ratio for each

experiment relative to the CTH-2000 experiment. This is then used to determine

the methane radiative forcing (RF) following Myhre et al. (1998).

For ozone, the short-term radiative forcing is calculated using the differences in

the annual mean spatial distribution of tropospheric ozone column between each

experiment and CTH-2000. These differences are multiplied by the horizontal

spatial distribution of the radiative forcing efficiency of ozone (mW m−2 DU−1),

using an average derived from models contributing to ACCMIP (Stevenson

et al., 2013). The area-weighted mean over the distribution provides the global

short-term ozone radiative forcing. As ozone is also influenced by changes

in methane, there is an additional long-term ozone radiative forcing resulting

from the equilibrium methane change. The tropospheric ozone response to a

20% reduction in methane from present-day levels across a range of models

contributing to the Task Force on Hemispheric Transport of Air Pollution (TF-

HTAP) studies is 0.95±0.25 DU. This range is used to estimate the long-term

ozone change associated with the inferred methane change, accounting for the

non-linear response of ozone to methane changes following Wild et al. (2012).

The long-term ozone RF is calculated from this change, and the combined long

and short term ozone RFs provide the total ozone radiative forcing.

5.3 Changes in lightning between present-day

and future

Figure 5.1 shows the simulated change in horizontal distribution of annual mean

surface temperature and lightning flash rate between year 2000 and year 2100

under RCP8.5 for the two parametrisations. The changes in surface temperature
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(Figure 5.1A) are broadly as expected, with generally increases across the globe

and the strongest warming around the North Pole. The global mean increase

in surface temperature is +4.87 K which is at the higher end of the warming

simulated by the models in ACCMIP for year 2100 (Figure S4.4).

The two parametrisations simulate approximately the same global total flashes

in present-day, although the simulated spatial distributions of flash rate do

differ. The IFLUX scheme simulates less lightning in the tropics and more in

the extratropics than the CTH approach (Figure 3.8). The lightning simulated

using the IFLUX scheme was shown, in Section 3.3.1, to correlate well with

a climatology of satellite observations, and generally improved upon lightning

simulated with the CTH scheme.

The simulated changes in lightning flash rate between present-day and future

differ greatly depending on the lightning parametrisation used. The CTH scheme

in Figure 5.1B simulates an increase in magnitude of the global flash rate by

0.61×109 fl. yr−1 in future. Conversely, the IFLUX scheme simulates a global total

decrease of 0.58 × 109 fl. yr−1 (Figure 5.1C). Changes in LNOx are proportional

to changes in flash rate as each flash produces 250 mol(NO) fl.−1 (Section 5.2.2).

The change in horizontal distribution of lightning also differs between the two

schemes. With the CTH approach, there are increases everywhere except over

some tropical ocean locations and a few locations over land (Figure 5.1B). Changes

are largest over tropical land where present-day flash rates are also much higher

(Figure 3.1). The decrease in magnitude of the global total lightning simulated

by the IFLUX approach stems from changes in the tropics (Figure 5.1C). The

flash rate simulated by the IFLUX scheme generally increases in the extratropics,

although there are some regions in the mid-latitudes where flash rate decreases

such as in the Central USA (Figure 5.1C).
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Figure 5.1: Spatial distributions of changes in surface temperature and lightning

flash rate between year 2000 and year 2100 RCP8.5. A) is the change in annual mean

surface temperature. B) and C) are the change in annual total lightning flashes as

simulated by the CTH and IFLUX approaches, respectively. Annual means and annual

totals are calculated as the average over the 10 years of simulation.



CHAPTER 5. An uncertain future for lightning and the consequences for
atmospheric composition and radiative forcing 175

A decrease in tropical lightning flashes is consistent with some ongoing research

regarding the trend observed by the Lightning Imaging Sensor (LIS) satellite

instrument (Albrecht et al., 2011) (Section 1.7). Albrecht et al. (2011) find that

over 13 years of LIS measurements there is generally a decreasing trend in tropical

flashes. Over such a short time period the relevance to climate change is uncertain

but it does suggest that in a warming climate there may be changes to tropical

dynamical and microphysical processes that decrease lightning flashes.

Results in Chapter 4 showed a significant linear response of LNOx to global mean

surface temperature in atmospheric chemistry models using the CTH lightning

parametrisation as well as for two models using alternative parametrisations.

In this chapter there is only one present-day and one future experiment which

precludes the assessment of the relationship between lightning and global surface

temperature. However, the CTH approach suggests a response of 0.44 TgN K−1

given a present-day emission of ∼ 5 TgN. This is the same as the average value

estimated in Chapter 4 of 0.44± 0.05 TgN K−1, thereby providing confidence that

the CTH scheme applied to the meteorology simulated with this CCM produces

a similar climate response to other CCMs. Interestingly, the IFLUX approach

simulates an opposite response of −0.42 TgN K−1.

The next section will look to develop the estimate based on upward ice flux

by considering the sensitivity to sampling pressure level used in the context

of climate change. Section 5.3.2 will present the frequency distribution of

lightning in present-day and future, followed by the frequency distributions of

meteorological drivers of the simulated lightning in Section 5.3.3. Section 5.3.4 will

analyse vertical distributions of meteorlogical drivers to place both the frequency

distributions and sampling sensitivity experiment in context.
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5.3.1 Sensitivity under climate change of the IFLUX

parametrisation to pressure level sampling (IFLUX390)

The IFLUX parametrisation was developed using present-day observations and

samples the upward cloud ice flux through the 440 hPa pressure level. This

pressure level was chosen based on the definition of deep convective clouds by

the International Satellite Cloud Climatology Project (Rossow et al., 1996). The

definition is based on present-day observations and the pressure level choice may

not hold for a future climate in which the vertical structure, for example the

vertical temperature profile, of the atmosphere could change.

A new pressure level for the future climate can be calculated and used in the

year 2100 experiment. The following section describes the approach used to

calculate a future pressure level which is suitable for the time-slice simulations

used here. However, studies using transient simulations would need to generalise

this approach, for which I provide a discussion in Section 5.7.

For this study, to calculate the new pressure level, two reference levels are defined,

between which the future sampling pressure level will have the same relative

position as the 440 hPa level does in the present-day climate. The basis for

the reference levels will be atmospheric properties related to the thunderstorm

charging process. A key feature is the region in which ice can form, i.e. regions

where the temperature is less than 0◦C. This isotherm will be used as a lower

reference level. Two options for an appropriate upper reference level, shown

in Figure 5.2A, are: the tropopause (as a soft limit on thunderstorm vertical

development), or the -40◦C level (as an approximate limit on the mixed phase

region of clouds since at colder temperatures homogeneous freezing of all cloud

droplets would be expected (Rosenfeld and Woodley, 2000)). Alternatively, an

appropriate reference may be to sample at the same mean temperature level as



CHAPTER 5. An uncertain future for lightning and the consequences for
atmospheric composition and radiative forcing 177

Baseline 2100 RCP8.5
1000

900

800

700

600

500

400

300

200

100

0

10009008007006005004003002001000

P
re

s
s
u

re
 (

h
P

a
)

Sampling level

 0 degrees C

-40 degrees C

Tropopause

Sampling level

 0 degrees C

-40 degrees C

Tropopause

A

Global total change: -0.22 x109 fl. yr-1  
Global total LNOx change: -0.77 TgN yr-1

-100.00

-10.00

-1.00

-0.10

-0.01

0.01

0.10

1.00

10.00

100.00
Flash rate change 2100 RCP8.5 - 2000 

using IFLUX390 (fl. km-2 yr-1)

180W 120W 60W 0 60E 120E 180E
90S

60S

30S

0

30N

60N

90N

B

Figure 5.2: Global mean pressure levels used to determine the IFLUX sensitivity

experiment and the lightning spatial change between year 2000 and year 2100 RCP8.5

using IFLUX390. A single year is used for the 2000s and 2100s in calculation of

pressure levels.

the present-day temperature of the 440 hPa level to ensure that the same part of

the charging region is sampled.

Consistent with the original parametrisation, a single pressure-level is chosen at

which to sample the upward ice flux. This is done by considering the mean

global pressure level associated with the isotherms and tropopause (as discussed

above) in the first year of the simulation for the present-day decade compared to

the first year of the future decade. Three cases have been considered: 1) where

the relative position of the pressure-level is between 0◦C and the tropopause, 2)

where the relative position of the pressure-level is between 0◦C and -40◦C, and 3)

whereby the global average temperature of the pressure-level (which is 250 K in

present-day) is maintained in the year 2100.

All cases result in a pressure-level of approximately 390 hPa for year 2100 RCP8.5.
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Hence, this pressure level will be used in an experiment for 2100 as an alternative

to the 440 hPa level since it captures the new positions in the future atmosphere,

of the key features discussed above.

This alternative experiment for year 2100 will use the same equations as IFLUX

but with an input variable of upward cloud ice flux at 390 hPa (IFLUX390-

2100, Table 5.1). Comparing the IFLUX390-2100 experiment to the IFLUX-

2000 experiment (hereafter, the IFLUX390 variant), the simulated change in the

horizontal distribution of lightning flash rate, when using the 390 hPa level in the

future time period and the 440 hPa level in present-day, is shown in Figure 5.2B.

The IFLUX390 variant results in a similar change in spatial distribution of

lightning flash rate but a weaker response than the IFLUX approach, when

compared to the IFLUX-2000 experiment (Figures 5.1C and 5.2B). When using

the 390 hPa pressure level in the future climate, global total flash rate decreases by

0.22× 109 fl. yr−1 between present-day and future, with a corresponding decrease

in LNOx. This is compared to a 0.58 × 109 fl. yr−1 decrease when using the

440 hPa pressure level. The lightning NOx response relative to the change in

global mean surface temperature is estimated to be - 0.15 TgN K−1, compared to

- 0.42 TgN K−1 using the 440 hPa level.

The results simulated with the IFLUX-2100 and IFLUX390-2100 represent two

different methods for applying the ice flux based scheme in a future climate.

Therefore, the results of these two schemes do not represent a range of uncertainty

of lightning simulated using the ice flux based lightning parameterisation, but

instead provide the sensitivity associated with the fixed pressure level against

varying pressure level methods. It will be for further studies to determine

uncertainty for each given method.

The use of 390 hPa to determine the response of lightning to future climate change

produces results consistent with recent regional studies (Brooks, 2013; Romps



CHAPTER 5. An uncertain future for lightning and the consequences for
atmospheric composition and radiative forcing 179

et al., 2014). Romps et al. (2014) used convective available potential energy

and precipitation to parametrise lightning. They found that, for the models

they considered, lightning was projected to increase over the US in the late 21st

century in response to climate change under RCP8.5, with a mean response of

+12 % K−1. The results using the 390 and 440 hPa pressure levels produce a

change in lightning flash rate over the US, between present-day and future, of

+3.4 and -1.1 % K−1, respectively . As for the IFLUX390 variant and the work of

Romps et al. (2014), the CTH approach also simulates an increase in US lightning

(+14.2 % K−1). Brooks (2013) also proposed that changes in convective available

potential energy could drive increased thunderstorms in the US. However, they

suggested that drivers of change in thunderstorm activity in Europe may not be

so simply linked to global warming. Uncertainty in the response of European

lightning to climate change is also apparent in the results here; over continental

Europe the estimated responses of lightning are -2.3, +9.4 and +4.5 % K−1 using

the IFLUX390 variant, and the IFLUX and CTH schemes, respectively. The

global results here highlight that changes in extratropical locations such as the

US may not be representative of the global total lightning changes which are

largely driven by changes of meteorology in the tropics.

5.3.2 Future changes in lightning frequency distribution

The change in the mean state of lightning activity, as so far discussed, is useful

for studying the change in the annual lightning NOx source but does not provide

information regarding changes in the frequency or intensity of flash rates. The

frequency distributions of flash rates for a year of simulation in present-day and

in future (Section 5.2.3), for each parametrisation, in the tropics (30S-30N) and

extratropics, are shown in Figure 5.3. The total number for flashes over each

region (tropics and extratropics) during the year are provided in Table 5.2, along
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with the probability of lightning, based on hourly data. The probability increases

if either lightning occurs in more grid cells or during more hours over the course

of the year. A value of 1 would correspond to lightning occurring in every grid

cell in every hour during the year.

The CTH approach exhibits periodic spikes in the distribution (Figure 5.3A and

C). The cloud-top height variable is determined as the height of the centre of the

model level in which the cloud top lies. This results in a limited set of possible

cloud-top heights and therefore of possible flash rates within each grid cell. There

are the same number of peaks as model levels in the range of the cloud-top height

variable so it is inferred that this periodicity is an artefact of vertical discretisation

of the cloud-top height variable. For the remainder of the study, the focus is on

the general form of the distribution, ignoring the periodic features.

In the tropics, all future experiments simulate a reduction in the probability of

lightning of between 6–20 % (Table 5.2). With the CTH scheme, even though

there is a reduction in probability, there is a shift in the lightning frequency

distribution to higher flash rates (Figure 5.3A). Overall, this shift to higher flash

rates increases the total tropical flashes (Table 5.2). In contrast the IFLUX

approach simulates a decrease in mid-range and high flash rates and therefore

simulates a decrease in total tropical flashes. When using the 390 hPa pressure

level in the future instead of the 440 hPa, there is little change in the frequency

distribution compared to present-day. Therefore, total tropical flashes decrease

by a similar proportion to the reduction in probability of lightning when using the

390 hPa level for the future climate. Overall, these results suggest that lightning

will occur less often in the tropics in future, but that this may be accompanied

by a shift in the frequency distribution to higher or lower flash rates depending

on the lightning parametrisation used.

In the extratropics, all future experiments simulate an increase in total flashes,
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Figure 5.3: Tropical (30S-30N) and extratropical frequency distribution of lightning

simulated by the CTH, IFLUX and IFLUX experiments, and for year 2000 and year

2100 RCP8.5 using instantaneous hourly values for all grid cells from the first year

simulated in each respective experiment. Solid purple and dotted orange lines are

results for the year 2000 and year 2100, respectively. Dashed red lines in (C) and (D)

are the IFLUX390-2100 simulation.
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and either no change or an increase in the probability of lightning, compared to

present-day. The frequency distribution of flash rates simulated with the ice flux

based experiments, for both pressure levels, changes little. However, the CTH

approach shows a greatly increased occurrence of high flash rates in the future

climate which leads to the increase of 73 % in extratropical flashes.

Total extratropical flashes increase proportionally more than total tropical flashes

within all future experiments. Although, in the case of the ice flux based

experiments for both sampling pressure levels, this is because there is a decrease

in tropical flashes but a small increase in extratropical flashes. Consequently the

results here suggest that in future, extratropical lightning (primarily in the mid-

latitudes) may play a more substantial role in the global lightning distribution.

5.3.3 Frequency distributions of meteorological drivers of

future changes in simulated lightning

Differences in the projected changes in lightning between the lightning parametri-

sations arise through their use of different aspects of meteorology to parametrise

lightning. In this section, I consider how the variables used by each parametrisa-

tion alter with climate change.

It is important to note that there will be uncertainty in the representation

of the meteorological variables in both present-day and in their response to

climate change. By presenting analysis of the meteorological drivers of the

lightning parametrisations, it will be possible for further studies to consider how

the parametrisations would behave if the driving meteorological variables are

simulated respond differently to climate change.

Lightning simulated using the CTH approach is based on the cloud-top height
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variable with a condition that the cloud depth must be greater than 5 km. The

changes of the cloud-top height variable (not shown) are the main driver of changes

in simulated lightning by the CTH approach. However, the cloud-base height must

also play a role in the number of occurrences of lightning flashes as it is used to

determine the cloud depth. In the tropics and for the 2100s (using the first year

of simulations as discussed in Section 5.2.3), the mean height of the cloud-top, in

grid cells where lightning is determined to occur, increases by 900 m compared to

the 2000s, whilst the mean cloud-base height only increases by 40 m. This implies

that in the tropics the clouds are deepening. In the extratropics, a deepening

of thunderstorm clouds in the future is also found, where the mean cloud-top

height increases by 680 m whilst the mean cloud-base height increases by only

300 m. The simulated future changes in cloud height are in combination with the

projected decrease in the probability of lightning in the tropics and the increase

in probability of lightning in the extratropics, discussed in Section 5.3.2. This

implies that there are fewer but deeper clouds with lightning in the tropics, and

more occurrences of, as well as deeper clouds with lightning in the extratropics.

Interpreting the future changes in lightning simulated by the IFLUX approach is

more complex since three meteorological input variables are used to parametrise

flash rate. The frequency distributions of specific cloud ice content, updraught

mass flux and cloud fraction for instances where the IFLUX or IFLUX390

experiments have simulated lightning to occur are shown in Figure 5.4. In

the tropics, the projected changes in lightning by the IFLUX approach are

driven through reduced cloud ice content and reduced updraught mass flux. The

projected changes in lightning by the IFLUX390 variant occur for similar reasons

although the shift in Figure 5.4A to lower ice contents is less apparent. Instead

the reduction in the probability of lightning, as discussed in Section 5.3.2, is the

dominant cause of reduced lightning flashes in the tropical region when using the

390 hPa pressure level in the future simulation. In the extratropics, increases in
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Figure 5.4: Frequency distributions in the tropics and extratropics for year 2000

and year 2100 RCP8.5 of: specific cloud ice content, updraught mass flux and cloud

fraction, using only occurrences when lightning was deemed to occur. Purple solid

and orange dotted lines are results using IFLUX for the year 2000 and year 2100,

respectively. Red Dashed lines are results for year 2100 using IFLUX390. Results also

use the first year of simulation for the two time periods as in Figure 5.3.

lightning are mainly due to increased probability of lightning once again, although

when using the 440 hPa sampling level in the 2100s, the increased probability is

mainly through more occurrences at low ice and high ice contents, with mid-range

ice contents occurring to a similar extent in future as for present-day.

The shifts in ice content are principally decreases due to increased temperature,

but some increases in ice may also occur due to increased moisture content in

the atmosphere. Changes in updraught mass flux relate to the stability of the

atmosphere. In this chapter, increased stability appears to occur most of all in

the tropical region, since this region shows the largest reduction in updraught
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mass flux. Increased tropical static stability can arise as a result of the decreased

moist adiabatic lapse rate in a warmer atmosphere (Knutson and Manabe, 1995;

Lu et al., 2008). It has also been suggested by Held and Soden (2006) that the

convective updraught mass flux would be expected to decrease in the tropics

due to changes in the hydrological cycle under climate change - a feature that

is apparent amongst simulations in the IPCC CMIP5 ensemble (Collins et al.,

2013). Furthermore, the results here are consistent with the mechanism proposed

by Chou and Chen (2010) whereby a future increase in tropical tropopause

height (∼1 km in the simulations here, as shown in Figure 5.7), allows for deeper

convection and stabilises the tropical atmosphere. Overall, Collins et al. (2013)

highlight several mechanisms which contribute to reduced tropical ascent under

climate change which supports the simulation of a reduction in updraught mass

flux in this Chapter.

5.3.4 Annual average vertical distribution of meteorolog-

ical variables driving lightning

Section 5.3.3 has described the input variables for the ice flux based experiments

in the present-day and future climate. In this section, it is considered whether the

pressure levels used have represented broader changes in the atmosphere through

analysis of the annual mean vertical distributions of relevant meteorological

variables.

Figure 5.5 shows the decadal average vertical distributions of cloud ice content,

updraught mass flux in convective cloud, convective cloud fraction and bulk cloud

fraction for the present-day and future time-slices. These are the variables which

are sampled at the 390 and 440 hPa pressure levels for use within the IFLUX

and IFLUX390 experiments. The grid cell mean updraught mass flux for use in

the IFLUX parametrisation is formed by multiplying the updraught mass flux
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in convective cloud by the convective cloud fraction. Examining the vertical

distributions of these key variables provides further insights into the importance

of the sampling pressure level (dashed lines) on the simulated lightning flash rate.

It also enables links to be made between the meteorological drivers of the two

lightning parametrisations.

In the tropics, cloud ice content (Figure 5.5A) reduces at most levels except where

the cloud height increases, i.e. where the bulk cloud fraction increases at the lower

pressures (Figure 5.5D). In Figures 5.5 B and C, the updraught mass flux and

convective cloud fraction, above ∼900 hPa, generally decrease. The bulk cloud

fraction (Figure 5.5D) generally decreases which acts to intensify the upward ice

flux since the flux is occurring within a smaller region. However, the change in

the cloud fraction is likely to be outweighed at most levels by the reduction in

cloud ice content and updraught mass flux. Except where additional cloud occurs

due to an increase in cloud height, most altitudes within the tropical region show

a decrease in updraught mass flux and ice content suggesting the changes in

lightning projected using the ice flux approach are capturing broader changes in

dynamics and microphysics within the clouds.

In Section 5.3.2 it was shown that using both the 390 and 440 hPa pressure levels

in the ice flux approach, there was only a small increase in extratropical lightning

in future. When using the 440 hPa level for year 2100, this was due to an increase

in lightning probability. When using the 390 hPa level for year 2100, the small

increase is likely due to a slight increase in cloud ice content which is evident over

pressures less than ∼450 hPa (Figure 5.5E).

Finally, in both the tropics and extratropics there is an increase in cloud fraction at

higher levels (< 200 hPa) in 2100 (Figures 5.5D and H) which suggests an increase

in the average cloud-top height, consistent with the mean cloud-top height results

discussed in Section 5.3.3. Along with higher cloud in the future, there is a shift in
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Figure 5.5: Vertical distributions, in the tropics and extratropics and for the 2000s

and 2100s under RCP8.5, of the decadal climatology of: specific cloud ice content,

updraught mass flux in convective cloud, convective cloud fraction and bulk cloud

fraction. Values for the meteorological variables are taken at the sampling pressure

level used in each experiment. Solid purple and dotted orange lines are results for the

2000s and 2100s, respectively. Dashed lines show the 440 and 390 hPa sampling levels

used in the IFLUX and IFLUX390 experiments. Unlike the analysis for Figures 5.3

and 5.4, this figure includes all data for each variable, not only that where lightning

is deemed to occur.
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the vertical distribution of cloud ice content and updraught mass flux to higher

levels. I therefore conclude that the higher level of 390 hPa has appropriately

accounted for the shift in vertical distribution between present-day and future

of the key meteorological variables in the charging process. Whilst the CTH

approach has captured the increase in cloud-top height, it does not capture these

key reductions of updraught mass fluxes and ice contents within the tropical

convective clouds and therefore has simulated a different response of lightning to

climate change than the ice flux based experiments.

5.4 Future atmospheric composition change

driven by changes in lightning

The following sections describe the impacts of changes in lightning NOx on

tropospheric ozone, OH and methane lifetime.

5.4.1 Ozone

Both the global total and the spatial distribution of lightning and LNOx simulated

by the lightning parametrisations substantially change in the future (Section

5.3). These changes in LNOx impact tropospheric ozone. Table 5.3 shows the

tropospheric ozone burden and lifetime for each experiment described in Table

1. There is a small increase in total tropospheric air mass between the present-

day and future scenarios of 0.7%. Such a change implies there could be a small

increase in ozone burden and other tropospheric constituents, however, based on

the results of Table 5.3, any increase is outweighed by the decreasing effects of

both climate change and LNOx.
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The change in ozone between the ZERO-2000 and ZERO-2100 experiments

represents the direct impact of climate change on tropospheric ozone independent

of LNOx. The direct climate change effect simulated with the present-day and

future ZERO experiments is a reduction of tropospheric ozone burden and ozone

lifetime. This direct climate change effect on tropospheric ozone will be through

increases in atmospheric temperature and humidity (Jacob and Winner, 2009;

Doherty et al., 2013; Stevenson et al., 2013). In particular, ozone in low NOx

regions will be reduced through increased loss of O(1D) by reaction with water

vapour, as described in Section 1.4.2.

For experiments including LNOx emissions, the change in ozone burden between

present-day and future will be a combination of the change in LNOx and the

direct climate change effect described above. The CTH approach simulates a

smaller reduction in the ozone burden between the present-day and future than

the equivalent ZERO experiments. This is because the increased LNOx response

to climate change, simulated by the CTH scheme, offsets much of the reduction in

ozone burden that would otherwise have occurred due to the direct climate change

effect. The tropospheric ozone lifetime is much less affected because the smaller

reduction in ozone burden that occurs in the CTH experiments is counteracted

by a larger increase in chemical loss in the CTH experiments (not shown). The

IFLUX approach, which simulates a decrease in future LNOx, has the opposite

effect of the CTH approach, with a greater decrease in tropospheric ozone burden

and lifetime. Using the 390 hPa pressure level in the future leads to a smaller

reduction in LNOx than using the 440 hPa level, and therefore smaller decreases

in ozone burden and lifetime.

For each of the seven experiments in Table 5.3, the tropospheric ozone burden is

plotted in Figure 5.6 along with gross and net ozone production. Within each of

the climate time-slices there is a linear response of all three variables to LNOx.

Linearity is also found in the response to LNOx changes of methane lifetime and
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other terms in the ozone budget (not shown). The results are consistent with

the study by Wild (2007) who find approximate linearity in ozone burden in

present-day in response to LNOx changes over the range 0-7.5 TgN yr−1.

Banerjee et al. (2014), who applied the CTH scheme in present-day and future

climates, found that ozone production responded linearly, and ozone burden non-

linearly, to LNOx changes. However, as Banerjee et al. (2014) notes, these changes

were across different climates in which meteorological factors can also influence

the ozone burden. Figure 5.6 also shows the response of ozone production, loss and

burden per TgN yr−1 change in LNOx. This was calculated for each experiment

by dividing the difference of each variable with its value in the corresponding

ZERO experiment by the total annual LNOx emission. For the CTH approach,

there is only a slight difference in gross ozone production efficiency (OPE) of

LNOx between the present-day and future time periods, whereas the net ozone

production and ozone burden are substantially less affected by LNOx in the future

climate compared to present-day. These two findings are consistent with the

findings of Banerjee et al. (2014), and suggest that some of the non-linearity seen

across different climates in ozone burden changes, is due to a weaker effect of

LNOx in the future climate. However, the ice flux approach, using either pressure

level in the future climate, produces larger changes in gross OPE and less change

in the ozone burden than the CTH experiments. The most consistent response

across experiments is a reduction of net OPE from LNOx in the 2100s compared

to present-day.

Figure 5.7 shows the percentage change between present-day and future in the

zonal mean distribution of ozone mixing ratio resulting from the CTH and IFLUX

lightning parametrisations and the IFLUX390 variant. The changes in ozone

mixing ratio due to climate change (within the ZERO experiments) have been

removed from the overall changes in ozone distributions to show the effect of

LNOx only. The general response across all three cases is consistent with the
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Figure 5.6: Gross and net tropospheric ozone production and tropospheric ozone

burden change due to lightning NOx. The left column shows the raw values of ozone

production and burden grouped into the present-day (purple) and the 2100s RCP8.5

(orange) experiments. The right column shows the ozone production efficiency and

the change in ozone burden, per TgN change in lightning NOx only. This change was

calculated by subtracting the ozone production or burden in the ZERO experiment

from the production or burden in the CTH/IFLUX/IFLUX390 experiment in the

equivalent time-slice and dividing by the total LNOx emissions in that experiment.
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Figure 5.7: Zonal mean percentage change in ozone mixing ratio, and OH

concentration, between the 2000s and 2100s under RCP8.5 for the CTH and IFLUX

approaches and the IFLUX390 variant. The direct effect of climate changes has

been removed by first subtracting the change in the ozone mixing ratio, and OH

concentration, between the ZERO-2000 and ZERO-2100 experiments. The present-

day (solid) and future (dotted) zonal annual mean tropopause are shown. The

tropopause is determined using the combined isentropic-dynamical definition as

described by (Hoerling et al., 1993).



CHAPTER 5. An uncertain future for lightning and the consequences for
atmospheric composition and radiative forcing 195

global ozone burden changes shown in Table 5.3. However, the distribution of

change is markedly different for the CTH and IFLUX approaches. The CTH

scheme simulates an increase in ozone with a maximum around the mid to upper

troposphere, as a consequence of the shift to higher flash rates and therefore LNOx

emissions in the tropics under climate change, as shown by Figure 5.3A. The

IFLUX scheme simulates more vertically spread changes throughout the tropical

troposphere with a maximum in the mid troposphere. This is a consequence of

a reduction in mid-range and high flash rates reducing lightning NOx emissions

throughout the whole troposphere. The change of ozone between present-day

and future simulated using the IFLUX390 variant is similar to, but less than,

that using the IFLUX approach. The largest percentage changes in ozone

between present-day and future for all lightning schemes are located in the tropics,

corresponding to the largest changes in LNOx. However, the vertical location of

changes in ozone are not fully co-located with changes in the NOx emission source

but are also affected by transport and chemical losses of ozone.

5.4.2 OH and Methane lifetime

OH is a key oxidant in the atmosphere and the main sink for methane in the

troposphere, controlling the methane lifetime. As noted in Section 5.2.1, methane

concentrations are constrained to present-day levels in the present-day and future

simulations. Hence, the methane lifetime is affected only by changes in loss

rate. The global methane lifetime for each experiment is given in Table 5.3

where additional methane loss mechanisms in the stratosphere, from tropospheric

chlorine, and soil uptake are assumed fixed at values provided by Prather et al.

(2012, their Table S1). An increase in OH, and decrease in methane lifetime, is

expected due to increased water vapour in the future climate (Section 1.4.2), and

this is apparent as a 21% reduction in methane lifetime in the ZERO experiments
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(Table 5.3). The LNOx source drives production of OH which also acts to decrease

the methane lifetime (Figure 1.4). Therefore, changes in methane lifetime between

present-day and future, for the experiments including LNOx emissions, will be a

combination of the climate change effect and the effect of LNOx changes.

The experiment using the CTH lightning scheme simulates an increase of LNOx

in the 2100s, which leads to an increase in OH and therefore a greater reduction in

methane lifetime occurs than from climate change alone. In contrast, the IFLUX

scheme, and to a lesser extent the IFLUX390 variant, simulate a decrease in LNOx

in the future which offsets some of the reduction in methane lifetime seen in the

climate change only (ZERO) experiments.

The changes in OH due to LNOx changes between the present-day and future

simulations are mainly located in the tropics (Figure 5.7). In the case of the

CTH and IFLUX approaches, the percentage changes in OH are greater than

30% (positive and negative, respectively) in some locations, and consistent with

changes in the methane lifetime discussed above. The IFLUX390 variant simulates

a less coherent change across the tropics with much smaller percentage changes.

5.5 Radiative forcing driven by changes in light-

ning

The radiative forcing (RF) associated with the substantial changes in tropospheric

ozone burden and methane lifetime described in Section 5.4 are now considered. In

this chapter, methane concentration is not interactive and therefore the feedback

on OH concentration and on the ozone burden is accounted for through feedback

factors provided in literature, as described in Section 5.2.4. Typical factors are

used to calculate RFs which are shown in Figure 5.8. In addition, uncertainty



CHAPTER 5. An uncertain future for lightning and the consequences for
atmospheric composition and radiative forcing 197

CTH−2000 IFLUX−2000

CH4

O3

net

Y
e

a
r

2
0

0
0

R
F

re
la

ti
v
e

to
Z

E
R

O
−

2
0

0
0

(m
W

m
−
2
)

A

−400

−300

−200

−100

0

100

200

300

ZERO CTH IFLUX IFLUX390
variant

CH4

O3

net

Y
e

a
r

2
1

0
0

R
F

re
la

ti
v
e

to
th

e
e

q
u

iv
a

le
n

t
y
e

a
r 

2
0

0
0

(m
W

m
−
2
)

B

−400

−300

−200

−100

0

100

200

300

Figure 5.8: Radiative forcing (RF) of ozone, methane and the net forcing resulting

from changes in lightning emissions and climate. Uncertainty bars are the RF

estimated using two sets of parameters for a high and a low methane feedback as

described in Section 5.2.4. A) shows the RF of LNOx in present-day with respect to

an atmosphere with no LNOx. B) shows, for each future experiment, the RF relative

to its corresponding present-day experiment (in the case of the IFLUX390 variant this

is IFLUX-2000). In addition, for the CTH, IFLUX and IFLUX390 RF values, the RF

as a direct result of climate change given by the ZERO experiments has been removed

so only the LNOx effect is shown.

ranges in factors for the methane feedback and the ozone response are used to

provide an estimate of the uncertainty in radiative forcing, and these are presented

as error bars.

Figure 5.8A shows the radiative forcing of present-day LNOx using the CTH and

IFLUX approaches relative to the ZERO-2000 experiment which has no lightning

NOx. With both approaches, it is clear that there is strong radiative warming

from ozone produced by LNOx but that this is counteracted by a strong radiative

cooling resulting from reduced methane. The smaller ozone forcing simulated by

the IFLUX scheme arises because less ozone is produced in the upper tropical

troposphere than by the CTH scheme, and in this region ozone has its greatest

radiative forcing efficiency. The net radiative forcing of LNOx generated by the
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CTH (39.8 mW m−2) and by the IFLUX (11.1 mW m−2) schemes are both positive.

However, the uncertainty represented by the error bars spans zero, indicating that

with a stronger methane feedback the net forcing could be zero or negative.

The radiative forcing due to methane and ozone for the future climate relative

to present-day, based on the simulations without LNOx (ZERO) is shown in

Figure 5.8B. The direct effect of climate change on methane and ozone thus

reduces the radiative forcing of both species, resulting in a strong net radiative

cooling of -309 (-278 to -365) mW m−2 in the year 2100 under RCP8.5 from these

two chemical species. For the remaining experiments depicted in Figure 5.8

this RF due directly to climate change is removed so that only the future RF

from LNOx is shown. The direct climate change RF in the ZERO experiments

is different to that in the CTH and IFLUX experiments since background

concentrations of ozone and OH vary. Therefore, a small direct climate change

RF remains within the future RFs from LNOx, but it is reasonable to associate

this with the lightning NOx emissions themselves.

Relative to the year 2000, changes in LNOx projected with the CTH scheme

for the 2100s represent a predominantly positive radiative forcing due to an

increase in ozone burden. The RF uncertainty is small due to a small methane

radiative forcing. The net RF from methane and ozone in 2100 relative to 2000

is 25.2 mW m−2 using this CTH scheme (Figure 5.8B). This implies that the

CTH approach would induce a positive climate feedback overall as postulated by

Toumi et al. (1996), given that it also simulates a positive response of lightning to

increased surface temperatures. The IFLUX scheme and its IFLUX390 variant,

relative to present-day, show approximately zero net forcing due to future climate

change, but could have small positive or negative forcing depending on the size of

the uncertainty in the methane feedback. The zero net forcing of these schemes is

due to a balance of the RF arising from changes in ozone and methane. Because

methane is a well-mixed GHG, whilst ozone is regionally variant, there may be
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regional variation in the RF despite the global net forcing being close to zero.

However, the global balance suggests that for the climate change scenario in 2100

investigated here, although lightning activity is affected by climate change, there

is no lightning-climate feedback when using the IFLUX/IFLUX390 approach.

5.6 Conclusions

A lightning parametrisation based on upward cloud ice flux has been shown

in a CCM, UKCA, to project a reduction in global total lightning in the

2100s in response to climate change under the RCP8.5 climate scenario. This

reduction occurs through both reduced cloud ice and updraught mass flux in

the tropics. The widely-used parametrisation based on cloud-top height (Price

and Rind, 1992) exhibits a contrasting response of increased lightning in future

due to a general deepening of convective clouds. Given the close link of the ice

flux approach to thunderstorm charging theory, the difference in the simulated

response of lightning between the parametrisations raises the question of whether

the cloud-top height approach fully incorporates the necessary meteorological

variables to simulate the response robustly. However, it is acknowledged that

the changes to meteorological variables, such as cloud ice and updraught mass

flux, driving the ice flux approach in future climates are also uncertain. As

understanding of the response of convective and microphysical processes to climate

change improves, projections made using lightning parametrisations should also

become more robust. Based on the evidence presented here, and in Chapter 4, a

diversity of parametrisations is currently necessary to capture the uncertainty in

simulated lightning under climate change.

The simulated responses of global annual lightning NOx emissions to global

mean surface temperature change are +0.44 TgN K−1 and -0.42 TgN K−1, given a
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present-day source of ∼5 TgN, for the cloud-top height and ice flux approaches,

respectively. A sensitivity study with the ice flux approach, adjusting the

sampling pressure level in the future climate to reflect changes in atmospheric

structure with climate change, provides a more robust estimate of the lightning-

climate response for the ice flux approach of -0.15 TgN K−1. The sensitivity study

used here could be generalised with a time-varying pressure level thereby providing

an appropriate lightning parametrisation for different models and climates. Such

a generalisation has not been implemented in this chapter and would require

evaluation against present-day observations.

Simulations with lightning switched off are used to show that climate change,

primarily through changes in humidity, leads to a decreased tropospheric ozone

burden and a decreased methane lifetime. The simulated changes in lightning

NOx due to climate change are shown to modify these underlying climate change

effects on tropospheric ozone, OH and the methane lifetime. Increases in the

global tropospheric ozone burden, due to a change in lightning simulated using

the cloud-top height approach, offsets much of this reduction in tropospheric ozone

due to climate change. In contrast, the reduction in lightning simulated by the

ice flux approach, especially in the tropics, reinforces the climate change effect in

tropospheric ozone burden. In addition, the enhanced lightning NOx simulated

with the cloud-top height approach reinforces the reductions in methane lifetime

due to climate change, while the ice flux approach counteracts the climate change

effect.

By using the simulated changes in ozone and calculating an equilibrium change in

the methane mixing ratio, the radiative forcing of lightning NOx in the present-

day and future are estimated. It is found that the production of lightning NOx

in the present-day leads to large and opposing radiative forcings from ozone

and methane. The net radiative forcing is close to zero but most likely small

and positive. The simulated future change in lightning by the cloud-top height
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approach results in a small net positive forcing in the year 2100 under RCP8.5

of 25.2 mW m−2. The individual forcings of ozone and methane due to future

lightning changes simulated by the ice flux approach are large and opposite, thus

cancelling to give a net radiative forcing in the year 2100 of approximately zero.

The choice of lightning parametrisation greatly affects the simulated changes

in lightning associated with climate change. This has important consequences

for our understanding of tropospheric ozone, OH and methane and their likely

responses to climate change. This uncertainty in future atmospheric composition

and radiative forcing is not captured by models which largely use the cloud-

top height scheme for parametrising lightning. Further research using improved,

more physical representations of lightning in models is needed to reduce these

uncertainties and improve our understanding of future lightning, and lightning

NOx driven changes in atmospheric composition.
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5.7 Supplementary text: Generalisation of the

IFLUX390-2100 experiment

In this supplement, a generalisation of the changing pressure-level approach of

the IFLUX390-2100 experiment is presented for possible use in further studies.

For different CCMs or different time periods the sampling pressure level would

vary depending on the position of the pressure levels plotted in Figure 5.2A. It

is beyond the scope of this chapter to implement and evaluate a generalisation of

the variable sampling level, however, the following paragraph describes a method

that further studies could use.

The relative position of the variable sampling level, based on the mean pressure

of the 0◦C isotherm and the tropopause, as described above, can be generalised

using the following equations:

psample(t) = p̄0C(t)−K2000(p̄0C(t)− p̄trop(t)) (5.6)

with K2000 =
p̄0C(year2000)− 440hPa

p̄0C(year2000)− p̄trop(year2000)
(5.7)

where psample is the pressure level at which to sample the upward cloud ice flux, t

is the time period, K2000 is a constant determined from the present-day climate,

p̄0C is the simulated global mean pressure of the 0◦C isotherm, and p̄trop is the

simulated global mean pressure of the tropopause. In the simulations made here,

it has been calculated that K2000 ' 1
3
. Alternatively, the simulated global mean

pressure of the -40◦C isotherm could be used instead of p̄trop in Equations 5.6 and

5.7.
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Conclusions

6.1 Summary

For some time scientists have been aware of the importance of lightning to

atmospheric chemistry. Through the generation of lightning nitrogen oxides

(NOx) in the upper troposphere, there can be large impacts on tropospheric ozone

and OH. The connection of lightning to atmospheric composition necessitates

its inclusion in chemistry-climate models (CCMs). However, there remain large

uncertainties regarding the representation of lightning in CCMs. Therefore the

aims of this thesis have been to:

1. To explore existing schemes, and develop a new process-based scheme, to

parametrise lightning

2. To use the new process-based lightning scheme to give insights regarding

the role of lightning NOx in tropospheric chemistry

3. To use alternative lightning schemes to improve the understanding of the

203
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response of lightning to climate change, and the consequent impacts on

tropospheric chemistry

The research carried out to achieve these aims has led to the advancement of

scientific knowledge in several key areas.

It has been shown in Chapter 2 that cloud ice fluxes, fundamental to the non-

inductive charging theory, can be used to simulate lightning activity globally.

Several lightning parametrisations in the literature have been developed through

explicit measurement of individual thunderstorms followed by application of the

parametrisation on a larger scale. However, in this thesis a large-scale method has

been adopted whereby reanalysis data is used to provide the best approximation

of global meteorological conditions to compare to satellite lightning observations.

As a result, a new global lightning parametrisation based on cloud ice flux

has been constructed. A comparison of the new parametrisation to existing

parametrisations, based on alternative meteorological variables, suggests that the

novel process-based approach improves upon existing methods for parametrising

lightning. In particular, the ice flux approach simulates a more realistic annual

zonal mean distribution of lightning than the existing parametrisations, including

that based on cloud-top height.

In chapters 3 and 4, the effect of lightning NOx on atmospheric chemistry

is studied using a range of lightning parametrisations and CCMs, including

a detailed study with one CCM. The chapters provide a number of insights

regarding the uncertainties and sources of bias within simulations of atmospheric

composition associated with lightning parametrisation. First, in Chapter 3,

the more realistic zonal lightning distribution simulated with the new ice flux

approach compared to the widely-used cloud-top height approach, leads to

reduced tropical ozone and improved correlation with ozone sonde measurements.

Second, in Chapter 4, six models from a model intercomparison project are
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shown to have large variation in the ozone production efficiency of lightning NOx.

Some evidence suggests that the source of variation could be in the method

to distribute lightning NOx vertically, or the representation of Non-Methane

Volatile Organic Compounds (NMVOCs). These two insights provide modellers

with new knowledge regarding the effect of lightning on simulated ozone and its

uncertainties, when considering results across experiments. They also highlight

areas of the parametrisation, such as the vertical distribution of lightning NOx,

which would benefit from further research in measurements campaigns.

Finally, in Chapters 4 and 5, the response of lightning and lightning NOx to

climate change was quantified using a range of lightning parametrisations and

CCMs. Chapter 4 quantified the lightning NOx response using 11 CCMs and 1

chemistry transport model (CTM) from a model intercomparison project with

interactive lightning schemes: 10 models using the cloud-top height approach, 1

model using updraught mass flux and cloud depth, and 1 model using updraught

mass flux 440 hPa. Once normalised to the same baseline emissions, the mod-

els using the cloud-top height approach demonstrated a consistent response to

an increase in global mean surface temperature of +0.44± 0.05 TgN K−1. How-

ever, the other two schemes demonstrated a much weaker response and a neg-

ative response. These contradictory responses clearly show that there is large

parametrisation uncertainty of the lightning response to climate change. The

parametrisation uncertainty was further highlighted in Chapter 5, in which the

cloud-top height approach and the ice flux approach are shown to have oppos-

ing responses to climate change. Study of the meteorology driving the ice flux

scheme, highlights that, in the CCM used, cloud ice content and convective ac-

tivity reduce in the tropics leading to a simulated reduction in lightning activity.

The cloud-top height approach does not capture such a change in the conditions

in convective clouds suggesting that the consistent response of models using the

approach in Chapter 4 may not be as reliable as it seems.
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6.2 Discussion of the main results

6.2.1 The parametrisation of lightning

Aim: To explore existing schemes, and develop a new process-based

scheme, to parametrise lightning

The motivation for this work is based upon the lack of variation in lightning

parametrisation choice amongst CCMs. Almost all models use a lightning scheme

based on cloud-top height, which does not represent the underlying lightning

generation processes of the non-inductive charging theory, as described in Section

1.2. In Chapter 2, meteorological reanalysis fields from the European Centre

of Medium-range Weather Forecasting (ECMWF) ERA-Interim dataset together

with lightning observation products of the Lightning Imaging Sensor (LIS) were

used to develop and evaluate lightning parametrisations between ±38◦ latitude.

The first part of the chapter used one year of data from 2002 to develop a possible

new parametrisation for lightning using an upward ice flux variable derived from

the reanalysis dataset. This lightning parametrisation is more closely linked to

the non-inductive charging theory than the cloud-top height approach. The

second part of the chapter used five years of data (2007-2011) to evaluate the

new parametrisation and four existing parametrisations against the lightning

observations, across a range of spatial and temporal metrics. The main results

from Chapter 2 are:

• A new process-based lightning parametrisation was developed based on the

upward cloud ice flux at 440 hPa.
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• When compared to existing lightning parametrisations, the new parametri-

sation improves the correlation and reduces the errors, with respect to ob-

servations, regarding the spatial distribution of annual total lightning, as

well as the seasonal and interannual variability of lightning.

• The cloud-top height based parametrisation showed large meridional and

zonal biases in lightning flash rate, whilst the two parametrisations of Allen

and Pickering (2002) showed large over-estimation of lightning flash rate

over the tropical pacific.

• A clear improvement in the zonal mean distribution of lightning was

demonstrated with the ice flux approach, with less overestimation in the

tropics and underestimation in the subtropics than the cloud-top height

approach.

There have been previous studies to relate cloud ice to lightning but the work of

Chapter 2 provides the first large-scale evaluation of a lightning parametrisation

based on cloud ice. Relationships between cloud ice properties and lightning have

been found previously by Deierling et al. (2008) for individual US thunderstorms.

However, the relationships have not been adopted on the larger-scale, and whilst

the same relationships were explored in Chapter 2, they over-estimated lightning

activity over midlatitude oceans. The reason for such over-estimation may be that

the relationships consider bulk ice fluxes, and when this is applied to a grid cell

the distinction between large synoptic storms and smaller-scale and more intense

tropical thunderstorms may be lost. The ice flux parametrisation developed in

Chapter 2 uses the ice flux per area of cloud, thereby capturing such differences

in the intensity of ice flux.

To demonstrate that the ice flux approach could be applied to a CCM as well as

reanalysis data, the first part of Chapter 3 implemented the new approach in the

UK Chemistry and Aerosol (UKCA) model. Then the simulated lightning was
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evaluated, along with that generated by the cloud-top height approach, against

the LIS and Optical Transient Detector (OTD) combined lightning climatology.

The relevant conclusions regarding CCM lightning parametrisations from Chapter

3 are:

• The ice flux approach shows a higher spatial correlation (r=0.78 vs r=0.65)

and generally reduced biases than the conventional cloud-top height ap-

proach when compared to the combined LIS/OTD climatology between

±75◦ latitude.

• The ice flux approach is shown to represent the annual mean zonal distribu-

tion well over this broader evaluation region, and generally the biases in the

annual cycle of lightning flash rate in different latitudinal bands are smaller

with the ice flux approach than with the cloud-top height approach.

• In southern South America both parametrisations capture the annual cycle

well, but both have large biases in northern South America, although these

are less with the ice flux approach. The comparison of measurements in the

two locations may offer new insight into lightning processes.

A range of existing lightning schemes, including the traditional cloud-top height

approach, have been studied using reanalysis data and using the UKCA CCM

(Chapters 2 and 3). The cloud-top height approach performs similarly across

the two research chapters which consider offline and online meteorology. By

considering both offline and online cases, the lightning schemes have been

evaluated against the most complete representation of present-day observed

meteorology (reanalysis), as well as within the physically consistent framework of

a state-of-the-art CCM. A similar behaviour is also seen across the CTMs/CCMs

simulating lightning using the cloud-top height approach in the Atmospheric

Chemistry and Climate Model Intercomparison Project (ACCMIP) (Chapter 4).
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However, this consistency across CTMs, CCMs and reanalysis using the cloud-top

height scheme also includes consistently large biases involving the overestimation

of lightning in northern South America and underestimation in the extratropics

and over the ocean. The simulated lightning distributions of other existing

parametrisations in Chapter 2 and 4, such as those of Allen and Pickering (2002),

seem less consistent across CCMs and reanalysis. For instance, the Allen and

Pickering (2002) lightning scheme based on updraught mass flux implemented in

the CMAM model (Chapter 4) does not display the same tropical ocean biases

in lightning as the same scheme using ECMWF reanalysis (Chapter 2). The new

ice flux parametrisation, developed in Chapter 2, reduces many of the biases in

flash rate associated with the cloud-top height approach and performs consistently

across the study using reanalysis (Chapter 2) and using a CCM (Chapter 3).

6.2.2 The impact of lightning on tropospheric chemistry

Aim: To use a new process-based lightning scheme to give insights

regarding the role of lightning NOx in tropospheric chemistry

Chapter 3 continues with a comparison study of how the cloud-top height

approach and the ice flux approach impact the simulation of tropospheric ozone

chemistry within UKCA. First, simulated ozone is evaluated against satellite

and sonde observations of ozone. Then, Ox (odd oxygen) production is used

to understand the chemistry underlying ozone production as it represents the

amount of NOx cycling occurring. Analysis has been carried out of the impact

of lightning NOx on the global Ox budget and the distribution of Ox production.

In addition, a finer-scale analysis has studied how Ox production is influenced by

the frequency distribution of flash rates. The relevant conclusions regarding the

impact of lightning on tropospheric chemistry from Chapter 3 are:
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• An evaluation against satellite column ozone observations of the simulated

ozone with different lightning schemes did not show a large difference

between the schemes. However, an evaluation of the simulations against

ozone sondes showed that the ice flux approach provided a better correlation

with the observed annual ozone cycle, than the cloud-top height approach,

in all latitude bands and pressure levels.

• It was shown that ozone simulated when using the ice flux approach had

particularly higher correlations with observed tropical upper tropospheric

ozone than the cloud-top height approach (e.g. r=0.93 vs r=0.79 in the

southern tropical upper troposphere). Importantly, when using the ice flux

scheme, lightning was reduced during key months when lightning was over-

estimated by the cloud-top height scheme.

• An analysis of the effect of flash rate on Ox production occurring after

the emission of lightning NOx found that, whilst more Ox is produced

with higher flash rates (0.1 fl. km−1 20min−1), Ox is approximately ten times

more efficiently produced at lower flash rates (0.001 fl. km−1 20min−1). This

is likely due to the availability of other ozone precursors not increasing

in tandem with higher flash rates, therefore limiting the additional Ox

production that is possible with each additional mole of NOx produced.

The overestimation of tropical lightning activity by the CTH approach has been

shown here to lead to biases in tropospheric ozone. Murray et al. (2012) also

found that the cloud-top height scheme over-estimated tropical lightning. They

used local scaling factors to better match lightning activity to observations,

resulting in a reduction in tropical upper tropospheric ozone. Here, the ice flux

parametrisation achieves the observed zonal distribution of lightning without the

need for regional scaling factors. Therefore, it offers a robust means to improve

the representation of tropospheric ozone whilst maintaining the direct link to

simulated meteorology.
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In order to understand how ozone chemistry associated with lightning varies across

CCMs, in Chapter 4, a statistical regression of ozone production against the

emissions of the ozone precursors is performed using data from six CCMs from

ACCMIP which archived ozone budget terms. This statistical regression model

allowed an ozone production efficiency for lightning NOx to be determined in

the context of other ozone precursors. In addition, an estimate for the ozone

production efficiency for each atmospheric chemistry model was provided. The

relevant conclusions regarding the impact of lightning on tropospheric chemistry

from Chapter 4 are:

• The ozone production efficiency of lightning NOx emissions across the six

ACCMIP CCMs used was found to be 6.5±4.7 times larger than the ozone

production efficiency of surface NOx emissions.

• The vertical distribution methods of lightning NOx and the representation

of NMVOCs are highlighted as a possible causes of the large variability in

ozone production efficiency from lightning NOx amongst the models.

This range of the ozone production efficiency of lightning NOx is consistent with

previous estimates from individual CTM/CCM studies (Wild, 2007; Wu et al.,

2007; Dahlmann et al., 2011). The research in Chapter 4, which encompasses

a range of models with different lightning and chemistry schemes in a range of

climate scenarios, has illustrated more robustly the large differences in ozone

production efficiency from lightning NOx across CCMs. Future studies should

aim to identify and quantify the causes of the inter-model variability.
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6.2.3 Interactions between lightning and climate change

Aim: To use alternative lightning schemes to improve the understand-

ing of the response of lightning to climate change, and the consequent

impacts on tropospheric chemistry

The relationship between LNOx and global mean surface temperature is described

in Chapter 4, based upon the data from the twelve CTMs/CCMs from ACCMIP

with interactive lightning schemes. The data spans time slice experiments of his-

torical, present-day and future scenarios. Simulated lightning NOx emissions are

approximately proportional to the lightning flash rate. The relevant conclusions

regarding the response of lightning NOx to climate change from Chapter 4 are:

• The ten CTMs/CCMs in ACCMIP using the cloud-top height approach were

shown to simulate a consistent response of lightning to climate change. A

regression of their response of lightning NOx to a change in global mean

surface temperature, across all time slice experiments, provided an estimate

of +0.44± 0.05 TgN K−1 for a baseline emission of 5 TgN yr−1.

• A CCM using a parametrisation based on updraught mass flux and cloud

depth simulated a small positive response of +0.14 TgN K−1, whilst a CCM

using a parametrisation based on updraught mass flux at 440 hPa simulated

a contrasting response of -0.55 TgN K−1.

• The spatial distribution of the lightning response to climate change in

all parametrisations showed regions of increases and decreases. There

were some regions (mainly in the midlatitudes) where the parametrisations

agreed on the sign of the lightning response. However, in the majority of

regions, and particularly in tropical regions, the parametrisations were not

in agreement on the sign of change. The lack of agreement in the tropics,
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led to the contrasting global total lightning responses across models using

different parametrisations.

Recent estimates by CCMs using the cloud-top height approach have been similar

to that found here (Zeng et al., 2008; Jiang and Liao, 2013; Banerjee et al.,

2014) and these are contrasted by the negative response found by Jacobson and

Streets (2009) who used an ice-based parametrisation. The parametrisation of

Jacobson and Streets (2009) is complex. For example it includes various sizes

and types of hydrometeors. The complexity of the parametrisation means that

many models may not explicitly simulate the variables needed to implement the

scheme. Furthermore, the largest global mean temperature change explored by

Jacobson and Streets (2009) was an increase of 0.14 K. This small change in

temperature limits the applicability of the response to longer-term climate change.

However, the contrasting response to many other parametrisations suggests that

an ice-based parametrisation may incorporate meteorological changes important

to lightning generation, not otherwise captured by lightning schemes.

In Chapter 5, the conventional cloud-top height approach and the new ice flux

approach are used to simulate how lightning responds to climate change within the

UKCA model. The detailed responses of both the lightning and meteorology are

analysed. The radiative forcing of lightning NOx, which results from its impact on

atmospheric composition, is then calculated. The relevant conclusions regarding

the response of lightning to climate change from Chapter 5 are:

• As with the ACCMIP model results, the cloud-top height approach using

the UKCA model shows a response of +0.44 TgN K−1 to a change in global

mean surface temperature in the year 2100 under the RCP8.5 scenario.

• The ice flux approach shows a response of -0.42 TgN K−1; however, once an
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adjustment is made to the sampling pressure level used, in order to better

represent the future climate, the response is -0.15 TgN K−1.

• The contrasting global total response of the ice flux approach arises from a

reduction of lightning in the tropics due to decreased cloud ice content and

updraught mass flux.

• Both parametrisations exhibit an increase in the proportion of global

lightning occurring in the extratropics in the future climate.

• The tropospheric ozone burden change due to lightning NOx emissions

is different in the present-day and future climates. By considering the

changes in ozone production and ozone loss between present-day and a

future scenario, it is shown that the net ozone production efficiency of

lightning NOx decreases with climate change.

• The opposite global responses of the two parametrisations to climate change

result in opposite responses in tropospheric ozone, OH and methane lifetime.

• The radiative forcings arising from the two parametrisations for ozone and

for methane act in opposite directions. However, for both parametrisations

the net forcing is close to zero though is slightly positive in the case of the

cloud-top height approach.

• The small positive net radiative forcing in the future for the cloud-top height

approach suggests that there may be a small positive feedback given that the

lightning simulated by the cloud-top height approach responds positively to

increases in the global mean surface temperature. For the ice flux approach,

the net forcing is approximately zero and therefore no feedback between

lightning and climate would be expected.

The research in this thesis has provided a detailed account of our current under-

standing of the response of global lightning to climate change. This has involved a
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study of many state-of-the-art CCMs and the new ice flux parametrisation. There

is very little agreement across parametrisations even regarding the sign of the

response, highlighting the large uncertainty in simulating future lightning NOx

emissions. The traditional cloud-top height scheme of parametrising lightning

shows a strong increase in lightning with global warming, while other parametri-

sations show either negative or weaker responses. An analysis of the meteoro-

logical changes driving the negative global lightning response simulated by the

ice flux approach are consistent with current understanding of potential large-

scale changes in tropical stability (Section 5.3.3). There is still much uncertainty

underlying the future changes in meteorological variables relevant to lightning

generation. However, the changes in several of these meteorological variables are

not captured by the cloud-top height approach, which gives false confidence in

the projected lightning NOx increase by the scheme. The ice flux approach offers

a physically based alternative the cloud-top height approach, but further studies

should look to develop the definition of the sampling pressure level as well as

quantify its uncertainty.

The impacts of lightning NOx emission on tropospheric ozone chemistry are shown

to depend on the climate in which changes in lightning NOx emissions occur. A

consistent response with the cloud-top height approach and the ice flux approach

is that net ozone production efficiency decreases in the future climate compared to

present-day. This is despite an increase in the gross ozone production efficiency,

thereby suggesting that the loss of ozone changes by more than the production of

ozone. This is likely due to the greater availability of water vapour to react with

O(1D), a key loss reaction described in Chapter 1.

Toumi et al. (1996) proposed that lightning represented a positive feedback

through the radiative warming caused through production of ozone. However,

Wild et al. (2001) showed using a pulse lightning NOx experiment that there could

be net radiative cooling in the long-term through the reduction in methane. In this
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thesis, the radiative forcing in a future climate resulting from the simulated change

in lightning activity has been calculated for ozone and methane. As discussed

above, the results show that the radiative warming of ozone is mostly offset by

the radiative cooling of methane. However, there is a small positive feedback

identified with the cloud-top height approach which is not evident in the ice flux

approach. This is mainly because the ozone radiative forcing component from the

cloud-top height approach is slightly larger than the ozone forcing simulated by

the ice flux approach. The consequence is that the ozone forcing is not balanced

by the methane forcing. Given the demonstrated bias of lightning and ozone

in the tropics using the cloud-top height scheme, and the large radiative forcing

efficiency of tropical ozone, the lightning-climate feedback suggested by the cloud-

top height approach result is also likely biased.

6.3 Limitations

Using meteorological variables from a reanalysis dataset to develop a lightning

parametrisation has its benefits and drawbacks. As acknowledged in Section 2.2.1,

evaluations of the reanalysis data in the literature have highlighted biases in some

meteorological variables, for example in precipitation over the tropical Pacific.

The above biases are known biases, but there are also unknown biases relating

to a lack of sufficient observations to either analyse or evaluate some variables,

such as updraught mass flux. However, the reanalysis data do provide the

best available, spatially and temporally complete, physically consistent dataset

based on observations. Further work with the ice flux parametrisation should

involve evaluation on a smaller scale, using direct measurements of meteorological

variables in thunderstorms. Evaluation against other reanalysis datasets would

also improve the robustness of the conclusions in Chapter 1.
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Determination of the ozone production efficiency of lightning NOx was performed

in Chapter 4 using a statistical regression approach across six CCMs. Six CCMs

was sufficient in Chapter 4 to give a significant result but the statistical regression

method would benefit from an increase in the number of CCMs used. Not only

would more CCMs improve the robustness of the ozone production efficiency

estimate but it would offer more CCMs from which to explore the drivers of the

differences in ozone production efficiency. Future model intercomparison studies

should consider the above suggestion since the regression method used in Chapter

4 can be directly applied in order to establish how CCMs are developing between

intercomparison projects.

The research in Chapter 4 was able to illustrate the potential for relationships

between the simulated ozone production efficiency from lightning NOx and

the vertical distribution method of the lightning parametrisation. There also

appeared to be a link to the abundance of NMVOCs. However, there was an

insufficient number of CCMs available in this study to conclusively determine

the source of variation in the ozone production efficiency from lightning NOx

emissions. An alternative study would use a single CCM (as in Chapter 3)

but vary parameters in different simulations, such as the vertical distribution of

lightning NOx or NMVOC emissions, along with other possible controls on ozone

production efficiency. Further understanding of the ozone production efficiency

of lightning NOx emissions, and why it varies substantially across models, is

important given that lightning NOx has a much larger ozone production efficiency

than surface NOx sources.

Throughout the thesis, study of ozone production has been based on simulations

where lightning NOx is spread throughout the grid cell. In reality, lightning NOx

is concentrated within a “plume” on a much smaller scale than the resolution of

a CCM. Gressent et al. (2016) has recently demonstrated the potential for a sub-

grid plume parametrisation for lightning NOx. Further studies of LNOx should



218 6.3 Limitations

attempt to use such a plume parametrisation since plumes represent a different

chemical environment to that of the diluted grid cell environment.

The final research chapter of this thesis, Chapter 5, presents one of the most

comprehensive studies to connect: the effect of climate change on lightning,

related meteorological processes, atmospheric composition, and radiative forcing.

However, there remains scope to improve the robustness of these conclusions.

For example, a single CCM has been used to explore the climate change effects.

It is possible that other CCMs would project different responses of cloud ice

and convective activity. Such differences between CCMs do not represent

a flaw in the ice flux approach but offer an opportunity to determine the

uncertainty in future lightning activity, based on uncertainty in the underlying

meteorology. Furthermore, as the understanding and simulation of microphysical

and convective processes improves within CCMs, the simulated lightning using

the ice flux approach should improve. Improved representation of microphysical

processes may also allow for greater level complexity to input variables of lightning

parametrisation through incorporating graupel fluxes for example, a component

of the non-inductive charging mechanism (Section 1.2) not included in the ice flux

approach presented in this thesis.

Transient simulations of lightning flash rate require a parametrisation that is

applicable as the climate changes. In Section 5.7, a sensitivity experiment was

described, where the sampling pressure level was adjusted to be appropriate for

the future climate of Chapter 5. Whilst this was all that was required for the time-

slice experiments used in Chapter 5, for transient experiments the adjustment of

the sampling level would need to be an interactive component of the lightning

parametrisation. Further studies are required to build upon the generalisation

presented in Section 5.7. A key aspect for further studies to determine is the

frequency of re-calculating the sampling level, i.e. whether re-calculation should

occur during every simulation time step, or whether it should occur on a monthly
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or annual basis. Evaluation of any new scheme against lightning observations is

necessary to ensure it is appropriate in the present-day climate.

6.4 Future work

The detailed investigation of flash rate frequency distributions using different

lightning schemes in this thesis has been informative. Frequency distributions

provide a useful metric to transition from evaluations on the larger scale to

smaller scale with regards to temporal and spatial characteristics. Individual

measurements made by satellites or ground-based networks can be used to produce

frequency distributions to evaluate parametrisations over a range of scales and

regions. Then storm-scale measurement campaigns can place results from the

individual storms within the larger scale context of these observed frequency

distributions.

In Chapter 3, the simulated annual cycle of lightning was evaluated against a

satellite climatology over a number of regions to offer some direction to future

measurement campaigns. South America in particular was identified as a region

where focussed measurements would be useful to improve understanding of

lightning processes. Biases in lightning over the northern part of South America

were found to lead to biases in upper tropospheric ozone compared to ozone

sonde measurements. Future research campaigns in the region could provide new

information that would benefit the global-scale modelling of lightning.

Over the coming decade, one of the most promising resources for large-scale

lightning research will be the use of lightning detectors on geostationary satellites.

First, in the second half of 2016 there is a planned launch for the new generation

GOES satellite, which will observe over North and South America and measure

lightning with the Geostationary Lightning Mapper (GLM). Second, within a few
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years the third generation of Meteosat will be launched to observe over Europe

and Africa, and will also operate with a lightning detector. These satellites will

introduce continuous measurement of lightning over a large proportion of the

world.

With these new observations from geostationary satellites, there will be many

possible avenues of research. There will be much greater overlap of satellite

measurements with ground-based lightning measurements than occurred with

low-earth orbit satellite measurements. The low-earth orbit satellites were not

constantly measuring over regions with high-accuracy detector networks, as will be

the case with the new geostationary satellites. Greater overlap of measurements

will allow for a more robust analysis of the uncertainties associated with the

different measurement techniques. Furthermore, overlapping measurements allow

the study of multiple aspects of lightning in the same storms, since different

detection methods measure different components of lightning flashes. In addition,

the lightning measurements from the different geostationary satellites may be

combined to provide much more data to understand differences in storms between

land and ocean, between Africa and South America, and between the tropics and

extratropics. Hence, these new measurements represent a promising resource

to develop lightning parametrisations in CCMs and potentially reduce biases in

lightning flash rate.

As well as offering opportunities to understand lightning processes, the geosta-

tionary satellites introduce greater opportunity to study the chemical processes

associated with lightning. There will be many more coincident measurements of

lightning by satellite and atmospheric composition by sondes and aircraft cam-

paigns. By studying cases when storms occur near ozone sonde sites, there is scope

to improve understanding of the ozone production resulting from storms. Finally,

lightning measurements will be continuously measured along with cloud imagery,



CHAPTER 6. Conclusions 221

overlapping measurements of atmospheric composition, and ground weather sta-

tion measurements. This offers a raft of evaluation datasets to evaluate CCMs

nudged by reanalysis data, providing an opportunity to improve understanding

and reduce the uncertainty associated with global lightning parametrisation.

Measurements of lightning during recent El Nino events provide an observational

record of the response of lightning to an atmospheric warming. Whilst, the

response of the atmosphere to El Nino events may not be the same as the response

to climate change (Lu et al., 2008), examining the processes driving the response

of lightning may provide new insight regarding the processes that could drive the

response of lightning to climate change. Several studies have already proposed

changes in lightning activity and lightning NOx in response to El Nino and La

Nina events (Doherty et al., 2006; Satori et al., 2009; Dowdy, 2016). Through

the use of a CCM, scenarios of both greenhouse gas forcing and El Nino events

can be studied, and their meteorological and atmospheric composition responses

compared in detail. Furthermore, the response of lightning to recent El Nino

events provides an opportunity to evaluate simulated lightning and atmospheric

composition against observations.

In summary, this thesis has established a link between large-scale parametrisation

of lightning and theory which has described the generation of lightning as a

result of vertical fluxes of cloud ice in storms. From this reference point, many

important aspects of lightning relevant to atmospheric chemistry modelling have

been explored and put in the context of the simulated underlying meteorological

processes. I hope the suggestions above inspire further research as there remains

an array of fascinating research paths which can build upon this thesis to

understand the global lightning activity, and its consequences in the field of

atmospheric chemistry.
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Chapter 7

Appendix

7.1 A lightning “forecast” over the UK for 1st

July 2015

The thesis title page photo, ”Lightning over the Forth”, was taken on the night of

1st July 2015. This thunderstorm was sufficiently exciting to be reported upon by

local media, although I personally managed to miss it by being asleep in Glasgow.

Figure 7.1 shows the total lightning stroke measurements made with a ground-

based network (Section 1.3), the Arrival Time Difference (ATD) UK lightning

network, over the period 01/07/2015 12:00 – 02/07/2015 06:00. Alongside this are

forecasts made, for the same period, with the ice flux parametrisation used within

this thesis. The two ice flux approach forecasts either apply: the land and ocean

equations from Section 2.4, or the land equation everywhere. I refer to the results

as a forecast because forecast data from ERA-Interim is used, identical to the

method described in Section 2.2.1.

The ATD measurements and the forecast with the ice flux approach are not
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Figure 7.1: ATD measurements and ERA-Interim forecast using the ice

flux approach, for lightning over the UK during the period 01/07/2015 12:00 –

02/07/2015 06:00.

directly comparable. The ATD network measures lightning strokes, principally

cloud-to-ground strokes (Anderson and Klugmann, 2014). On the other hand,

the ice flux approach estimates the total number of flashes, including intra-cloud

flashes. To complicate matters further, multiple strokes can be measured for the

same lightning flash. Without more detailed consideration, the two cannot be

quantitatively compared. Nonetheless, the general locations forecast to receive

lightning with the ice flux approach are close to those measured to have received

lightning, if shifted to the southwest (Figure 7.1). Some differences are to be

expected due to potential inaccuracies in the forecast meteorology.

The two versions of the ice flux approach used highlight that near to coasts it may

be more appropriate to use the land equation. However, with locations further

from the UK mainland than the Shetlands, the land equation of the ice flux

approach does appear to overestimate lightning. The Shetlands are approximately

200 km from mainland UK, which suggests that over this kind of range from coasts

the land equation should be applied, and beyond should be the ocean equation.
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Such a variation is already used by some models implementing the cloud-top

height approach (e.g. Murray et al. (2012), who apply the land equation in any

grid cells with greater than 50 % land coverage).

It is promising to see the ice flux approach work successfully on an individual

storm basis. It has captured the storm that passed over the Forth reasonably

well, when the land equation is applied around the coast. It has also captured

a storm occurring over western France, during the same time period, reasonably

well (Figure 7.1). As stated in the thesis conclusions, more comprehensive testing

along these lines in future work would be beneficial, and may highlight the

potential for use of the ice flux approach in lightning forecasting.
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A., Höller, H., Schmidt, K., Betz, H.D., Allen, G., Viciani, S., Ulanovsky, A.,
Ravegnani, F. and Brunner, D. (2009). NOx production by lightning in Hec-
tor: first airborne measurements during SCOUT-O3/ACTIVE. Atmospheric
Chemistry and Physics Discussions , 9, 14361–14451.

Huntrieser, H., Schlager, H., Lichtenstern, M., Stock, P., Hamburger, T., Höller,
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Tost, H., Jöckel, P. and Lelieveld, J. (2007). Lightning and convection param-
eterisations - uncertainties in global modelling. Atmospheric Chemistry and
Physics , 7, 4553–4568.

Toumi, R., Haigh, J.D. and Law, K.S. (1996). A tropospheric ozone-lightning
climate feedback. Geophysical Research Letters , 23, 1037–1040.

Ushio, T., Heckman, S.J., Boccippio, D.J., Christian, H.J. and Kawasaki, Z.I.
(2001). A survey of thunderstorm flash rates compared to cloud top height
using TRMM satellite data. Journal of Geophysical Research: Atmospheres ,
106, 24089–24095.

Virts, K.S., Wallace, J.M., Hutchins, M.L. and Holzworth, R.H. (2013). Highlights
of a new ground-based, hourly global lightning climatology. Bulletin of the
American Meteorological Society , 94, 1381–1391.

Vonnegut, B. (1963). Some facts and speculations concerning the origin and role
of thunderstorm electricity. Meteorology Monograph, 5, 224–241.

Voulgarakis, A., Naik, V., Lamarque, J.F., Shindell, D.T., Young, P.J., Prather,
M.J., Wild, O., Field, R.D., Bergmann, D., Cameron-Smith, P., Cionni,
I., Collins, W.J., Dalsøren, S.B., Doherty, R.M., Eyring, V., Faluvegi, G.,
Folberth, G.A., Horowitz, L.W., Josse, B., MacKenzie, I.A., Nagashima, T.,
Plummer, D.A., Righi, M., Rumbold, S.T., Stevenson, D.S., Strode, S.A.,
Sudo, K., Szopa, S., Zeng, G., McKenzie, I.A., Nagashima, T., Plummer, D.A.,
Righi, M., Rumbold, S.T., Stevenson, D.S., Strode, S.A., Sudo, K., Szopa,
S. and Zeng, G. (2013). Analysis of present day and future OH and methane



242 REFERENCES

lifetime in the ACCMIP simulations. Atmospheric Chemistry and Physics , 12,
22945–23005.

Waliser, D.E., Li, J.L.F., Woods, C.P., Austin, R.T., Bacmeister, J., Chern, J.,
Del Genio, A., Jiang, J.H., Kuang, Z., Meng, H., Minnis, P., Platnick, S.,
Rossow, W.B., Stephens, G.L., Sun-Mack, S., Tao, W.K., Tompkins, A.M.,
Vane, D.G., Walker, C. and Wu, D. (2009). Cloud ice: A climate model
challenge with signs and expectations of progress. Journal of Geophysical
Research, 114, D00A21.

Walters, D.N., Williams, K.D., Boutle, I.A., Bushell, A.C., Edwards, J.M.,
Field, P.R., Lock, A.P., Morcrette, C.J., Stratton, R.A., Wilkinson, J.M.,
Willett, M.R., Bellouin, N., Bodas-Salcedo, A., Brooks, M.E., Copsey, D.,
Earnshaw, P.D., Hardiman, S.C., Harris, C.M., Levine, R.C., MacLachlan,
C., Manners, J.C., Martin, G.M., Milton, S.F., Palmer, M.D., Roberts, M.J.,
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