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Abstract 

Clouds influence the composition and chemistry of the atmosphere in several ways but of particular 

importance is the way they modify solar radiation (a key driver of photochemistry) leading to 

changes in photolysis rates of several species. This in turn affects the oxidising capacity of the 

atmosphere, concentrations of greenhouse gases and pollutants, from the surface and well into the 

stratosphere. This study is the first extensive analysis which quantifies the radiative effect of clouds 

on photolysis rates and key trace species using a state of the art global chemistry-climate model of 

the current generation (HadGEM3-UKCA), multi-model output, and extensive observational 

information. It is also unique in that the effects of replacing the model’s clouds in the photolysis 

calculation of a global chemistry-climate model with observational clouds is examined, to evaluate 

and constrain the magnitude and vertical distribution of the clouds globally and regionally and to 

quantify the influence of the model’s clouds on its simulation of trace gases. Four core simulations 

are run to explore the effect of 1) removing clouds from the photolysis calculation, 2) replacing the 

model clouds with observations and 3) ignoring the interannual variability (IAV) of clouds.  

I demonstrate that the model satisfactorily captures the pattern and magnitude of mean ozone, CO 

and NO2 observations as well as their IAV. Evaluation of the model’s cloud fields with C3M, a unique 

cloud data product from NASA, showed that the regions where model performance is most likely to 

be improved are the tropics, sub-tropics and the Southern Ocean. I show that clouds have the 

strongest effect on photolysis rates and OH by enhancing these variables above-cloud and reducing 

them below-cloud with the region most sensitive to clouds being the southern extratropics. Scaling 

the model’s clouds to observational values boosts this photolytic effect.  

Through exploring a simulation where clouds are fixed, I examine the impact of clouds on the IAV 

and trend of photolysis, oxidants and their associated species in recent decades calculated from the 

model as well as several models taking part in the Chemistry-Climate Model Initiative, allowing 

further comparison and evaluation of HadGEM3-UKCA, and identification of inter-model diversity. 

These results show that cloud modification of photolysis IAV drives between 40–95% of JNO2 IAV 

in the troposphere and lower stratosphere, up to 40% of OH IAV in the lower troposphere and up 

to 40% of JO1D IAV in the lower and middle troposphere. The cloud effect on ozone, CO and NO2 

IAV is weaker but still accounts for up to 10% of the variability of ozone and 20% of the variability 

of CO and NO2.  
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Chemistry plays an important role in the Earth system taking part in complex processes and 

interactions in the atmosphere. Several of these are seen in Figure 1-1. Natural and organic 

emissions from land and water are transported into the atmosphere where they take part in 

numerous reactions at different altitudes depending on their lifetime and solubility forming other 

gases and aerosols. These reactions influence pollution levels and can lead to localised and regional 

warming and cooling of the atmosphere changing local and regional circulation. Some of those 

reactions lead to ozone production while others lead to ozone destruction affecting the amount of 

ozone (which is a greenhouse gas) in the troposphere and in the stratosphere (where it absorbs 

harmful ultra-violet radiation). Ozone and its loss and production pathways are described in detail 

in Sections 1.3.3 and 1.4.1. Vertical and long-range horizontal transport also plays an important 

part in determining the concentration and distribution of chemical species in the atmosphere 

(Jacob, 1999; Wild and Akimoto, 2001; Wild et al., 2004; Voulgarakis et al., 2010).  

 

Figure 1-1: Reproduction of a schematic produced by Phillipe Rekacewicz of Strategic Plan for the U.S. 
Climate Change Science Program (Wikimedia, 2003) showing the chemical and transport processes connected 

to atmospheric composition.  

Solar radiation (in the ultra-violet (UV) and visible part of the wavelength spectrum) determines the 

photochemical environment for the photolysis of several chemical species in the troposphere and 
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stratosphere, i.e. the decomposition of gas molecules following the absorption of a photon 

described in detail in Section 1.3.1 (Madronich et al., 1987; Pfister et al., 2000; Bian and Prather, 

2002; Bais et al., 2003; Shetter et al., 2003a; Shetter et al., 2003b; Tang et al., 2003; Wallace and 

Hobbs, 2006; Gerasopoulos et al., 2012). These processes are a crucial part of the Earth system 

affecting atmospheric composition, air quality and climate by affecting the abundance of 

greenhouse gases such as methane and ozone (Jacob, 2000; Balis et al., 2002; Barnard et al., 

2004; Voulgarakis et al., 2010; O’Connor et al., 2014). The reactants and products of photolysis 

reactions are highly variable temporally and spatially as anthropogenic and natural emissions as 

well as meteorology all influence those (Voulgarakis et al., 2010).  

The most important gases which interact with and are photolysed by solar radiation are oxygen, 

ozone and nitrogen dioxide (NO2). While the photolysis of oxygen is a primary driver of chemistry in 

the stratosphere, it is less important in the troposphere. Photons of wavelength (λ) < 310nm are 

highly sensitive to absorption by oxygen at λ < 242nm and by ozone at λ < 310nm in the 

stratosphere so that only a small amount reaches the surface (Lary and Pyle, 1991). Photons of λ > 

310nm experience relatively less atmospheric absorption and a larger amount can reach the lower 

atmosphere and the Earth’s surface (Lary and Pyle, 1991). This allows the photolysis of species 

with absorption cross sections at λ > 310nm throughout the troposphere and lower stratosphere 

(hereinafter called “the TLS”) – i.e. the main region of focus in this study – and makes the 

photolysis of ozone and NO2 which depends on radiation of such wavelengths key drivers of 

atmospheric chemistry in this region.  

The absorption of photons by ozone reduces the amount of harmful UV radiation reaching the 

surface and leads to ozone photolysis, while in the presence of water vapour this reaction can lead 

to the loss of ozone and production of the hydroxyl radical (OH) (Jacob, 1999). OH (described in 

more detail in Section 1.4.2) determines the lifetimes and burdens of tropospheric pollutants such 

as carbon monoxide (CO) (described in more detail in Section 1.4.3) and methane (Wild and 

Palmer, 2008), as well as further constraining the ozone budget through HOx (collective term 

referring to OH and the hydroperoxy radical (HO2)) catalytic loss cycles or the formation of NO2. 

The photolysis of NO2 (described in more detail in Section 1.3.3) leads to the production of ozone 

as well as determining the percentage of HOx present as OH. CO, OH, ozone and NO2 are all short-

lived with lifetimes from less than a second to a few months, and, unlike well-mixed gases such as 
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CO2 and methane, their distributions in space are more heterogeneous (Jacob, 1999; Wayne, 2000; 

Monks, 2005). 

Reactive molecules in the atmosphere are susceptible to decomposition from photons in the UV and 

visible parts of the spectrum and photolysis rates are the number of molecules lost by 

decomposition per second. They are both affected by a) the solar zenith angle reflecting latitude, 

season and time of day, b) processes which change the propagation direction of photons such as 

reflection by the Earth’s surface and scattering by clouds and aerosols, c) the extinction of photons 

through absorption by atmospheric gases and particles, primarily stratospheric ozone when it 

comes to tropospheric photolysis, and d) changes in the vertical distribution of the above gases and 

particles affecting radiation (Bais et al., 2003). 

All the above factors mean that there is large spatial and temporal variability of radiation intensity 

and photolysis rates which necessitates that models must calculate photolysis rates at every 

location and every time step (Bian and Prather, 2002). Ensuring that photolysis rates are well 

constrained within chemistry-climate models (hereinafter called “CCM”s) is of major importance 

given that they are essential for simulating accurately the production and destruction of several 

species and oxidation processes (Wild et al., 2000). This requires accurate knowledge of the 

aerosol distribution and cloud cover and amount (Barnard et al., 2004), but there is large 

uncertainty in modelled photolysis rates (Wild et al., 2007). This is not helped by the paucity of 

photolysis rate and cloud observational data, the former largely limited to scattered aircraft 

campaign measurements, and the uncertainty relating to the radiative processes associated with 

clouds and aerosols (Liu at al., 2006).  

1.1 The Importance of this Study 

This study aims to improve our scientific knowledge by better constraining the sources and sinks of 

short-lived atmospheric pollutants, oxidants and greenhouse gases and using that knowledge to 

improve climate model performance and increase our confidence in subsequent model simulations 

and climate change projections. The concentrations of these species are highly variable seasonally 

and interannually and identifying the causes of this variability is vital to provide accurate 

calculations of these species which influence atmospheric and surface temperatures, UV radiation 

reaching the surface and pollution levels. We look specifically at the importance of clouds in 
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influencing climate and chemistry globally and regionally as this interaction remains an area of 

uncertainty and is poorly constrained in models.  

Clouds have been identified as a driver of these species due to several processes but the relative 

importance of each of the cloud processes in driving variability is again largely unexplored. As solar 

radiation is a key driver of chemistry through photolysis, and several studies have identified that 

cloud modification of photolysis influences photolysis frequencies, determining how important this 

cloud process is and quantifying the change to photolysis rates and subsequent chemistry and 

variability is an urgent priority. By examining this connection, this study aims to quantify the 

influence of this cloud process in calculating photolysis rates which will help provide more accurate 

model estimates of pollution amounts and regional radiative warming and cooling. This study also 

aims to identify the regions where cloud modification of photolysis is a key driver of composition 

and variability compared to non-cloud and other-cloud processes and those regions where this 

process has little or no effect, thereby narrowing the range of possible drivers affecting each 

region.   

1.1.1  Climate Change  

The cloud-chemistry-climate interaction is expected to play an increasingly important role in an 

evolving climate and to fully understand and simulate reliable projections of this requires an 

accurate understanding of the current state. It is likely that cloud optical properties will change 

under climate change due to thermodynamic and dynamical changes, as well as aerosol-cloud 

interactions, therefore understanding cloud effects on chemistry (particularly on ozone and OH) is 

of critical importance. As the atmosphere warms, it will hold more water vapour leading to higher 

cloud liquid water content and changes to cloud reflectivity (Slingo, 1989). This will lead to changes 

in the backscattering of radiation from clouds and the amount of radiation attenuated due to 

changes in cloud optical depth. This will in turn lead to changes in the concentration of the key 

species we are investigating affecting future pollution levels and greenhouse gas absorption. 

Increases in pollution in a warming climate may also increase cloud reflectivity by increasing cloud 

condensing nuclei (CCN) subsequently increasing the number of drops for any given liquid water 

path and cloud optical depth (Slingo, 1989).  Understanding the response of ozone (a greenhouse 

gas) or any of its precursors to cloud variability in a changing climate is vital for calculating any 

changes to surface temperatures and the amount of harmful UV reaching the surface.   
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1.1.2  The Aims of this Study 

The influence clouds have in modifying photolysis rates and global atmospheric chemistry 

(described in more detail in Section 1.3) is a relatively unexplored area of study, with only four key 

studies existing pursued by Tie et al. (2003), Liu et al. (2006), Liu et al. (2009) and Voulgarakis et 

al. (2009a) in the past. All conducted sensitivity experiments removing clouds from the photolysis 

calculation to assess the importance of cloud modification of photolysis (hereinafter called “clouds”) 

in their respective chemical transport models and analysis was presented for one year’s set of data. 

They are described in more detail in Section 1.5 and referred to extensively in the remainder of this 

thesis. This work builds upon and extends the work from these three studies by: 

1. Initially setting up and analysing the same experiments they undertook but using a state of 

the art CCM (and not chemistry transport model (CTM)) of the current generation, the UK 

Met Office HadGEM3-GA7 model incorporating the UKCA global chemistry model 

(hereinafter called “HadGEM3-UKCA”). CCMs simulate atmospheric dynamics unlike CTMs 

which only use meteorological information as input (Jacob, 2007); 

2. Examining the error in global atmospheric chemistry calculations due to the 

misrepresentation of cloud effects on photolysis. This is done by replacing the clouds in the 

photolysis calculation of HadGEM3-UKCA for one year with observational clouds (through 

scaling of the existing model clouds) to quantify the influence of the model’s cloud biases on 

its simulation of trace gases. To my knowledge, only two previous studies, Pour-Biazar et al. 

(2007) and McNider et al. (1998) have replaced their model’s generated clouds with satellite 

observations for the purposes of calculating photolysis rates. Both used air quality models 

and were limited, respectively to Texas and the eastern U.S., while the current study is both 

a global and multi-regional analysis; 

3. Exploiting (and being one of the first users of) a unique 3D cloud data product merged from 

multiple A-Train satellites (CERES, CloudSat, CALIPSO and MODIS) developed at NASA 

Langley Research Center (known as C3M) for the purposes of point 2 above;  

4. Examining the impact of clouds on the interannual variability (hereinafter called “IAV”) of 

photolysis and oxidants in recent decades (1990–2012 period) through hindcast 

experiments using HadGEM3-UKCA, and in comparison with various observational datasets;  

5. Assessing and evaluating photolysis processes, the role of clouds in modifying photolysis, 

and oxidant abundances in several models taking part in the Chemistry-Climate Model 
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Initiative (hereinafter called “CCMI") allowing further comparison and evaluation of 

HadGEM3-UKCA, and identification of inter-model diversity. 

Following the above steps, I will provide an analysis of the largely unexplored and potentially 

critical connection between clouds and TLS composition via the effects on photolysis. In regions 

where I find that this effect is significant, this will be a new discovery in our knowledge of the TLS. 

In regions where the effect is small or non-existent, this will narrow the range of possible processes 

that determine TLS composition and chemistry. 

To my knowledge, this study provides the first extensive analysis of changes in photolysis rates, 

oxidant abundances (primarily ozone and OH) and associated species driven by clouds, via all the 

different approaches outlined above described in more detail in later chapters.  

The next section of this introduction will provide a review of the key photolysis processes and trace 

gas chemistry in the troposphere, and describe how clouds can influence chemistry and photolysis. 

I will then summarise the findings from key studies. 

1.2 Cloud-Chemistry-Climate Interactions (other than modification of 
photolysis) 

While the purpose of this research is to quantify and evaluate the importance of clouds on 

photolysis rates and oxidant concentrations, clouds can influence atmospheric chemistry in several 

other ways (see Figure 1-2) as follows: 

 Vertical transport associated with cloud-associated deep convection and tropical upwelling 

rapidly transports important chemical species including NOx and CO (both ozone precursors) 

from the surface to the upper troposphere as well as water vapour essential for the 

production of HOx (an important sink and source of ozone) (Wang and Prinn, 2000; 

Solomon et al., 2005; Liu et al., 2006; Jiang et al., 2007; Rosenlof and Reid, 2008; Livesey 

et al., 2008; Tselioudis et al., 2010; Randel et al., 2010; Vernier et al., 2011; Abalos et al., 

2012; Abalos and Ploeger, 2013).  

 Deep convection is also an important source of NOx by increasing lightning activity and the 

production of lightning NOx (Wang and Prinn, 2000) which leads to increases in the 

concentration of ozone in the TLS  (Price et al., 1997);  

 The partitioning of soluble and insoluble trace gases and aerosols through wet removal 

(either through scavenging by cloud droplets and subsequent rainout or directly by 
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raindrops (Jacob, 1999; Jacob, 2000)) deposits soluble species such as HNO3 (removing OH 

and NOx) and H2O2 (removing HOx) (Tie et al., 2003).  

 Scavenging cloud droplets provide surfaces for heterogeneous chemistry (Jacob, 2000). For 

example, there is evidence of OH uptake and destruction by clouds which increase the 

percentage of HOx present as HO2 (Jacob, 2000). As HO2 influences ozone production (when 

it reacts with NO) and loss (when it reacts with ozone) this subsequently affects ozone 

burden.  

 Polar stratospheric clouds provide surfaces for bromine and chlorine heterogeneous 

chemistry in the Arctic and Antarctic (Solomon, 1999; Jacob, 1999; Chipperfield et al., 

2015), however here we focus only on tropospheric clouds. 

 

Figure 1-2: Cloud related processes which affect composition of the TLS. These consist of backscattering of 

radiation (yellow arrows) modifying photolysis rates Δ(J), vertical transport due to deep convection or frontal 
uplift (VT), wet removal (WR), and the production of NOx from lightening (LiNOx) (courtesy of Apostolos 

Voulgarakis). 

1.3  Clouds, Photolysis and Compositional Changes 

1.3.1  Photolysis 

Photoreactions are key drivers of chemistry in the atmosphere and are reliant on UV and visible 

radiation. Receptive molecules interact with photons coming from all directions and the geometry of 

those interactions is determined by the actinic flux (Bais et el., 2003). The actinic flux is a radiation 
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quantity which consists of the number of photons crossing a unit horizontal area from any direction 

per unit time per wavelength at a specific point in the atmosphere (Williams et al., 2006). It varies 

with height and wavelength. Its main use is to calculate photolysis frequencies for photoreactions 

and is calculated as follows (Bais et al., 2003):- 

                                                              ∬   (   )             

  
 
 

   
 
 

                                                             (   ) 

where:  

   is the actinic flux (in W cm-2 nm-1 s-1); 

  (   ) is the diffuse radiation (in W cm-2 sr-1 nm-1) in the direction of the azimuthal ( ) and solar 

zenith angles ( );   

    is the direct solar irradiance (in W cm-2 nm-1) (not cosine weighted) received on a plane 

perpendicular to the radiation beam. This is the solar radiance (  
 ) at the top of the atmosphere 

(TOA) attenuated by an exponential factor due to extinction over the distance between the TOA 

and the plane in accordance with Lambert-Beer’s Law (Equation (1.2)) as follows:  
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where: 

   is the spectral radiance (in W cm-2 sr-1 nm-1) reaching the plane surface; 

 (  ) is the density (in kg m-3) of absorbers and scatterers in the path ds’; 

kλ is the extinction coefficient, i.e. the sum of the absorption coefficient (aλ) and the scattering 

coefficient (sλ, not to be confused with distance, s). aλ and sλ reduce the intensity of radiation,   
 , 

as it passes through the layer by absorption and/or scattering; and 

∫   ( 
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 is the optical depth (usually denoted by  ) which is the integral of the product of 

kλ and   in the path of the radiation.  

To convert to irradiance    is integrated over all angles of both hemispheres (Wallace and Hobbs, 

2006; Andrews, 2010). 

The actinic flux is dependent on the number of absorbing molecules the radiation encounters in its 

path from the TOA, and on the solar zenith and azimuthal angles which determines the length of 

that path (Bais et al., 2003). It is also influenced by surface albedo, changes in the composition of 
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trace species and aerosols at the surface and in the vertical column, as well as clouds (all of which 

change the scattering and absorption at different levels in the column) (Bais et al., 2003).   

The photolysis rate constant (or frequency) (Jx) for molecule x is calculated by integrating the 

product of the absorption cross section (σ), the quantum yield (Φ) and the spectral actinic flux over 

all wavelengths, as follows (Balis et al., 2002; Williams et al., 2006): 

    ∫ (   ) (   )                                                                             (1.3) 

where 

 (   ) is the temperature and wavelength dependent quantum yield of molecule x (the number of 

molecules decomposed due to the absorption of one photon) (in molecules photon-1); and 

 (   ) is the temperature and wavelength dependent absorption cross section of molecule x (in 

cm2 molecule-1).  

Photolytic reactions will be modified by anything that changes the amount of shortwave radiation 

and clouds are an important modifier (Wild et al., 2000; Voulgarakis et al., 2009a,b). Under clear 

sky conditions, photolysis rates are high all the way to the surface (Neu et al., 2007). However, 

clouds interrupt this continuity and their effectiveness in modifying photolysis rates is measured by 

the liquid water content of the cloud (the mass of water in grams in a cloud per kilogram of dry air) 

and cloud extinction coefficient (Tie, 2003; Voulgarakis, 2009a).  

1.3.2  Scattering of Radiation 

Rayleigh and Mie Scattering 

The scattering properties of particles are largely determined by their size (Wild et al., 2000) as the 

direction of scattering is determined by the ratio of the particle circumference ( r) to λ (Wild et 

al., 2000; Wallace and Hobbs, 2006). Where this is << 1, the particle falls into the Rayleigh 

scattering regime and scattering of a solar photon occurs isotropically. These particles are made up 

of mainly air molecules. Their scattering efficiency is proportional to λ-4 and accordingly greater in 

the UV spectrum than in the visible. Where the ratio is between 0.1 and approximately 50, the 

particle falls into the Mie scattering regime. Scattering is strongly dependent on particle shape and 

orientation relative to the incoming beam (Seinfeld and Pandis, 2006). However, scattering is 

predominantly in the forward direction in the Mie scattering regime (Wallace and Hobbs, 2006). 

This type of scattering takes place largely in the lower atmosphere where the concentration of 

larger particles (of which cloud droplets are the most important class) is higher (Jacob, 1999). 
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These particles are effective scatterers of photons in both the UV and visible part of the spectrum. 

Given the range of cloud particle size from 0.2μm (initial cloud condensing nuclei) to 10μm and 

larger (cloud droplets), cloud particles overwhelmingly fall into the Mie Regime. A cloud droplet 

would have to be much smaller than 10-2μm for it to fall into the Rayleigh scattering regime. 

However, multiple reflections between cloud particles and air molecules increase with decreasing 

wavelengths due to Rayleigh scattering (Pfister et al., 2000).  

Cloud ice crystals are present at high altitudes in deep convections clouds and thin cirrostratus 

cloud decks (Wallace and Hobbs, 2006). They are generally larger than cloud droplets increasing to 

100μm in cold clouds and to a few millimeters in warm clouds. While single scattering properties of 

cloud droplets can be more easily calculated using Mie Theory due to their round shapes, the single 

scattering properties of ice particles are harder to calculate due to their complex shapes (Heidinger 

et al., 2018) and change according to the shape of the ice crystal. However, while the ice particle 

shape will affect the direction of scattering, they all predominantly scatter light in the forward 

scattering but to a lesser extent than for water droplets (Wallace and Hobbs, 2006). This difference 

in the backscattering and forward scattering signals allows remote sensing instruments to 

differentiate between droplets and ice particles (Baumgardner et al., 2015).  

Pure water clouds are very inefficient absorbers in the ultraviolet wavelength range and have a 

single scattering albedo of at least 0.9999 (Pfister et al., 2000; Liu et al., 2006). There is some 

absorption of solar radiation by clouds at identified absorption bands located at 590nm, 650nm, 

720nm, 820 and 940nm (Hill and Jones, 2000). At these bands, theoretical calculations suggest 

that water clouds can absorb up to 15–20% of the incident solar radiation with the most efficient 

absorption taking place when the sun is overhead, there is little water vapour above the cloud and 

absorption is by thick clouds with large cloud droplets (Twomey 1976, Slingo and Schrecker, 1982). 

Absorption by cloud droplets is the most important in the thermal infrared spectrum which leads to 

heating of the atmosphere. However, as cloud absorption is negligible at the wavelengths important 

for the photolysis considered in this research, absorption by clouds is not considered (Pfister et al., 

2000; King et al., 1990).  

The Effect of Mie Scattering by Clouds 

Above clouds, backscattering increases the number of photons available for photolysis and 

increases the photolysis rates as a result. Below clouds, the dominant effect is largely to reduce 

photolysis rates by reducing the number of photons that would have otherwise reached the surface 
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in the absence of a cloud. When photons pass through a cloud, they may become subject to multi-

scattering events, which lengthen the atmospheric path of the photons and increase the likelihood 

that they will take part in a reaction with a susceptible molecule and be lost. However, with each 

scattering event inside the cloud, some of those photons will also be backscattered which increases 

the number of photons backscattered from the initial cloud and photon interaction. This number 

can be substantial when the cloud optical depth is high so that enhancements of photolysis rates 

not only take place above the cloud but within the top layers of the cloud. This redistribution of 

radiation above, below and inside the cloud modifies the photolysis rates. Any change to photolysis 

will influence the production of ozone (through the photolysis of NO2) and the destruction of ozone 

(through its dissociation and subsequent OH formation). Both ozone and OH are oxidants and 

oxidation is a key loss process in the troposphere where the bulk of atmospheric mass resides and 

where many gases are emitted from the surface (Jacob, 1999). Any change in OH affects the 

lifetime of tropospheric methane, the most profuse organic species in the atmosphere and a 

powerful greenhouse gas (Shindell et al., 2003; Voulgarakis et al., 2013a; Myhre et al., 2013) as 

well as many other pollutants (Wild and Palmer, 2008). If clouds significantly affect photolysis rates 

then this would have an important impact on oxidants. These processes could therefore 

fundamentally change the composition of the atmosphere and the resulting climate forcing. 

Clouds also scatter photons in the visible and infrared part of the spectrum (up to λ < 2500nm) but 

for the purposes of photolysis, this type of scattering is not important.  

1.3.3   The Photolysis of Ozone and NO2  

The photolysis processes considered in this research are the breakdown of ozone to produce O1D 

(an excited oxygen atom) and of NO2 to produce NO and O(3P) (a ground-state oxygen atom), as 

these are arguably the most central photolytic processes determining TLS chemistry, in particular 

ozone and OH production. The corresponding photolysis rate constants for those two processes are 

denoted with JNO2 and JO1D (Jacob, 1999).  

The photolysis of oxygen (λ < 240nm) is the main production path for ozone in the stratosphere 

but this reaction is minor in the TLS. It produces two oxygen atoms in the ground level triplet state 

as per reaction (1.4), both of which are highly reactive given their unpaired electrons. 

                                                (
  ) (        )                                                                   (   ) 

Each O atom readily reacts with O2 to form ozone as follows: 
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                                                                                                                                                              (   ) 

M is an arbitrary inert air molecule which absorbs part of the energy arising from the reaction 

between O and O2 to produce a stable ozone molecule. The photolysis of ozone requires a 

maximum wavelength of 320nm to break its molecular bonds as per reaction (1.6). The O1D atom 

produced is in the excited singlet state. This is either stabilised through collision with M to the 

ground level state as per reaction (1.7), which then goes on to reproduce ozone via reaction (1.5), 

or reacts with H2O to produce OH as per reaction (1.8). 

                                                                 (
  )     (        )                                                           (   ) 

                                                           (  )                                                                                                  (   ) 

                                                           (  )                                                                                                    (   ) 

Reactions (1.6) to (1.8) lead either to a null cycle or to the loss of ozone and the production of OH. 

Only ~10% of the O1D produced from reaction (1.6) reacts with H2O (Jacob, 1999; Carslaw et al., 

1999). However, reaction (1.8) is the primary source of OH in the TLS and accounts for between 

40–60% of total OH production in the tropics below 500mb (Spivakovsky et al., 2000). It is also 

responsible for ~40% of total ozone loss. Two further pathways involve reactions between ozone 

and OH and ozone and HO2 and account for respectively ~10% and ~40% of total ozone loss 

(Jacob, 1999). OH and HO2 will readily react with CO, methane and NOx, but in environments with 

low concentrations of all three, both react with ozone. 

Most photons at wavelengths greater than 290nm are absorbed by overhead stratospheric ozone 

and oxygen before they reach the troposphere limiting the range of wavelengths available for 

ozone photolysis mainly to 290–320nm and decreasing the actinic flux on which ozone photolysis is 

dependent. The radiation intensity is also determined by the solar zenith angle which dictates the 

length of the atmospheric path from the TOA to the TLS. Ozone photolysis is more dependent on 

Rayleigh scattering than NO2 photolysis which has an upper active wavelength of 420nm and is 

independent of ozone absorption (Wild et al., 2000). Additionally, the destruction of ozone by 

ozone photolysis from the stratospheric overhead column means less ozone is transported to the 

troposphere through stratosphere-troposphere exchange (hereinafter called “STE”). The oxidative 

capacity of the TLS is therefore changed via two different pathways.  
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The main production pathway for ozone in the TLS is through the photolysis of NO2. NO2 is 

primarily produced through the reactions (1.10) to (1.12) below. The methyl peroxy radical (CH3O2) 

in reaction (1.12) is part of the homologous series known as peroxy radicals to which HO2 also 

belongs (Carslaw et al., 1999). Two pathways to its production are from the reaction between OH 

and methane (CH4) (reaction (1.13)) and OH and CO (reaction (1.14)). RO2 in reaction (1.11) 

constitutes all organic peroxy radicals, R being an alkyl, acyl or aryl group (Carslaw et al., 1999). In 

unpolluted air, it is almost entirely made up of CH3O2 (Carslaw et al., 1999). The photolysis of NO2 

then leads to the production of NO and O(3P) and then subsequently to the production of ozone 

through reactions (1.9) and (1.5). OH can then again be sourced from reactions (1.6) and (1.8) 

above. 

                                                                       (
  ) (              )                                (   ) 

                                                                                                                                                          (    ) 

                                                                                                                                                          (    ) 

                                                                                                                                                     (    ) 

                                                                 
  
→                                                                                                (    )  

                                                                
  
→                                                                                            (    ) 

Reaction (1.9) dominates in the troposphere, particularly over polluted regions due to high 

concentrations of NOx, as JNO2 peaks at longer wavelengths than JO1D, is not strongly affected by 

variations in the overhead ozone absorption column and is less dependent on Rayleigh scattering 

because of its upper active wavelength. Its absorption cross section is also not as temperature 

dependent as that of JO1D (Feng et al., 2004).  As a result, JNO2 (and other J rates with similar 

properties) is more sensitive to cloud presence and amount than JO1D and proper vertical 

representation of clouds in models is therefore essential (Feng et al., 2004). The majority of 

tropospheric NO required for reactions (1.10) to (1.12) is emitted from the surface from biomass 

burning and fossil fuel combustion (respectively ~25% and ~45% of the tropospheric NOx budget 

(Jacob, 1999)), from soils (~12%) and produced from lightning thermolysis (~3%), while in the 

stratosphere NO is produced from the reaction between O1D and N2O, a gas with no significant 

sinks in the troposphere emitted from the surface primarily from fertilisers, industrial processes, 

and fossil fuel burning (Jacob, 1999). 
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In essence, the photolysis of ozone can lead to the production of OH and loss of ozone while the 

photolysis of NO2 can lead to the conversion of HO2 to OH and to the production of ozone (except 

in very high NOx environments) (Voulgarakis et al., 2013a). The further photolysis of ozone can 

then lead to more OH molecules. OH can also be produced from the photolysis of HNO3, H2O2 and 

(CH3)2CO (acetone) as follows:- 

                                                                  (       )                                                              (    ) 

                                                                  (       )                                                                        (    ) 

                                                         (   )       (       )                                                   (    ) 

                                                                                                                                                    (    ) 

In the troposphere, both HNO3 and H2O2 are highly soluble and removed by rainfall. Tie et al. 

(2003) found that the wet removal rate for HNO3 was substantially higher than JHNO3 and 

therefore a poor source of OH but that the wet removal rate for H2O2 was similar to JH2O2 

suggesting that JH2O2 could be a good source of OH in the troposphere. Singh et al. (1995) also 

found that the photolysis of acetone as seen in reaction (1.17) followed by reactions (1.18), (1.12) 

and (1.9) was a good source of OH. 

1.4 Current Understanding of Oxidants and their Main Precursors in the 
TLS 

In this thesis, I intend to extend our understanding of the effect of clouds on the modification of 

photolysis globally and regionally, particularly in relation to the influence of cloud variability, to 

improve understanding on what determines the abundances of chemically active and climate-

relevant species such as ozone, OH and other short lived species, which also have implications for 

air pollution levels. My focus will be on JNO2 and JO1D as two representative photolysis rates that 

have the most central role in the global chemistry-climate system. In the next subsections, I will 

provide a short overview of the oxidants, ozone and OH, and the associated species, CO and NO2. 

1.4.1   Ozone 

Ozone is a greenhouse gas and an air pollutant but at the same time its presence mainly in the 

stratosphere reduces harmful UV radiation reaching the surface. As mentioned earlier, it is also a 

source of OH which determines the oxidizing capacity of the troposphere (Jacob, 1999; Wild and 

Akimoto, 2001; Wild and Palmer, 2008). Its abundance and spatial distribution has therefore 
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important ramifications for the removal of these pollutants (Wild and Palmer, 2008). Local ozone 

concentrations are dependent on a variety of factors such as the availability of its precursors, 

climatic conditions and modification of radiation by atmospheric scattering and absorption 

(Madronich, 1987; Voulgarakis et al., 2009b) and its lifetime in the troposphere is generally days to 

weeks (Wild et al., 2004; Wild et al., 2007). Figure 1-3 shows the main chemical and physical 

processes relating to ozone production and loss. Approaching the tropopause in the upper 

troposphere, radiative forcing from ozone is particularly large due to increasing concentrations of 

ozone with altitude (Hansen et al., 1997; Hauglustaine and Brasseur, 2001; Shindell et al., 2003) 

and ozone abundance is influenced by the emission of NOx from lightning and stratosphere-

troposphere exchange (STE) (Grewe et al., 2001). In the troposphere as a whole, ozone is 

photochemically produced and depleted (Fueglistaler et al., 2009) and up to 80% of global ozone 

IAV was found to be determined by changes in meteorological conditions (which include clouds) 

with transport processes within the atmosphere (both vertical and horizontal) being the most 

significant driver (Voulgarakis et al., 2010). Vertical air motion can transport ozone rich air or ozone 

precursors from areas polluted by anthropogenic or other (e.g. biomass burning) activities to the 

upper troposphere (Thompson et al., 1996; Wild and Akimoto, 2001; Livesey et al., 2013); similarly 

it can transport ozone poor air from regions that are clean near the surface (e.g. the tropical 

oceans) and reduce ozone abundances in the upper troposphere. The low amounts of ozone 

transported upwards in such cases can be further destroyed by OH and HO2 during this transport in 

hot and humid conditions (Solomon et al., 2005). Dry deposition of ozone is also a significant ozone 

loss process.  

 

Figure 1-3: Reproduction of Figure 1 in Young et al. (2018) showing the chemical and physical processes in a 

global chemistry model to simulate ozone.  
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1.4.2   OH 

OH is the principal cleaning agent of the atmosphere as it reacts with several atmospheric species 

and, in effect, it acts as a sink for them. Such processes often yield products which are more water 

soluble and therefore easier to entirely remove from the atmosphere. Once formed OH readily 

reacts with almost any trace gas containing H, C, N, O and S as seen in Figure 1-4 (Wallace and 

Hobbs, 2006). OH has a very short lifetime of less than a second and is very sensitive to changes in 

meteorology and clouds (Liu et al., 2006; Voulgarakis et al., 2010; Voulgarakis et al., 2013a). The 

representation of OH in models is still an area of large uncertainty, not least because of the lack of 

good constraints on it due to its high spatial and temporal variability, which often renders direct 

regional or global measurements challenging (Voulgarakis et al., 2013a). While some direct local 

measurements of in-situ OH have been made (Holland et al., 2003; Sadanaga et al., 2005), 

estimates of global OH have been made indirectly from observations of species whose lifetimes are 

determined by OH concentrations (Jacob, 1999; Prinn et al., 2005; Montzka et al., 2011).  

 

Figure 1-4: Reproduction of Figure 5.4 in Wallace and Hobbs (2006) showing the prime role of the OH radical 

in oxidising key tropospheric trace gases. 

Models provide an essential means to examine OH variability and its drivers and subsequently its 

relationships with methane and several other species (Voulgarakis et al., 2013a). Ozone will affect 

OH abundance as its photolysis provides the O1D that combines with water vapour to form OH. 

Overhead stratospheric ozone will also influence OH by regulating the amount of ozone and 



43 
 

radiation entering the troposphere. OH will therefore be influenced by any changes to ozone 

precursors and water vapour concentrations.  

Figure 1-5 shows the zonal and monthly averaged concentrations of OH for January, April, July and 

October calculated from observed distributions of several species as well as temperature and cloud 

optical depth (hereinafter called “COD”). OH from the photolysis of ozone is highest in the tropics 

where there are high concentrations of water vapour and a high number of photons (λ < 320nm) 

due to the shorter atmospheric path and lower total stratospheric ozone column. OH concentrations 

shift with the seasons in accordance with changing water vapour concentrations and radiation 

intensity (Spivakovsky et al., 2000). 

 

Figure 1-5: Reproduction of Figure 6 in Spivakovsky et al. (2000) showing the zonal and monthly averaged 
concentrations of OH (105 molecules cm-3) for January, April, July and October. These include night 

concentrations. Contours are provided for 0.1 (dotted lines), 1 (dashed lines), and for values from 5 to 30, 

with increments of 5 (solid lines). 

About 33% of OH in the troposphere resides below 700mb (Spivakovsky et al., 2000). In the upper 

troposphere production of OH from reaction (1.8) is lower (due to lower water vapour 

concentrations). The controlling loss processes for OH are from its reaction with CO and methane 

which lead to the production respectively of HO2 and CH3O2. Spivakovsky et al. (2000) estimated 

OH loss via its reaction with CO accounted for 30–60% of total OH loss in the tropics, 40–60% of 

total OH loss in the northern extratropics and 40–50% of total OH loss in the southern extratropics, 

the percentage increasing with height for all regions. However, in high-NOx environments these 
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reactions leads to secondary OH production via HO2 + NO, RO2 + NO and CH3O2 + NO (reactions 

(1.9) to (1.11)). In low NOx-regimes, Spivakovsky et al. (2000) found that a 50% change in ozone 

or water vapour leads to a 25-35% change in OH. In high-NOx biomass burning regions, they found 

that the production of OH via reaction (1.9) is higher by more than a factor of 4 compared to 

reaction (1.8). As well as being the primary sink for climate-relevant gases methane, ozone, and 

CO, OH is also a source of water vapour when it oxidises methane (Voulgarakis et al., 2013a), 

which is of particular importance in the stratosphere. OH is also a sink of NOx and non-methane 

volatile organic compounds (NMVOCs) through oxidation, and releases Cl from its reservoir HCl 

through HCl + OH → Cl + H2O leading to ozone depletion (Jacob, 1999; Voulgarakis et al., 2013b).    

1.4.3   Carbon Monoxide  

CO is important in the TLS as an ozone precursor and sink for OH, while in high concentrations it is 

also a toxic surface-level pollutant (Jacob, 1999). It affects climate indirectly by reducing OH and by 

producing tropospheric ozone. It has a photochemical lifetime of approximately two months which 

makes it a good tracer of atmospheric motions (Wild et al., 2004; Livesey at al., 2008). The primary 

source of CO in the atmosphere is from surface emissions due to incomplete combustion from 

biomass burning, fossil fuels and industrial combustion processes (O’Connor et al., 2014; Jiang et 

al., 2007; Livesey et al., 2013). CO is also produced in the atmosphere as a direct product of the 

oxidation of methane and NMVOCs (O’Connor et al., 2014). CO decreases with height with the 

highest concentrations near the surface over the tropics and northern mid-latitudes. There is also 

large geographical and seasonal variability due to seasonal variations of biomass burning, deep 

convection and upwelling (Jiang et al., 2007; Fueglistaler et al., 2009). IAV of global CO was found 

to be largely driven by surface emissions (Voulgarakis et al., 2010; Voulgarakis et al., 2015), while 

locally in the upper troposphere it can be strongly affected by deep convection and horizontal winds 

(Jiang et al., 2007; Szopa et al., 2007). 

1.4.4   Nitrogen Oxides  

Nitrogen oxides (NO and NO2, collectively known as NOx) play an important role in stratospheric 

and tropospheric chemistry particularly relating to ozone production and destruction and OH 

production (Jacob, 1999; Hegglin et al., 2004). In the stratosphere, nitrogen oxides destroy ozone 

while in the lowermost stratosphere (LMS) (the region between the tropopause and 380K potential 

temperature) and the troposphere, NOx, along with hydrocarbons and CO, is an important 

precursor of ozone. The main source of NOx to the lower stratosphere comes from the reaction 
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between N2O + O1D while the main source to the troposphere is from upward transport from the 

surface from fossil fuel combustion and biomass burning (enhanced by lightning production of NO) 

(Jacob, 1999; Hegglin et al., 2004; van der Werf et al., 2010; Voulgarakis and Field, 2015).  

1.5 Previous Studies 

There have been limited studies looking at the relationship between clouds, ozone and photolysis in 

the troposphere, while no study has focused on the potential influence of tropospheric clouds on 

stratospheric composition. Voulgarakis et al. (2009a) used the Cambridge p-TOMCAT chemical 

transport model (Voulgarakis et al., 2009b) incorporating cloud data from The European Centre for 

Medium-Range Weather Forecasts (ECMWF) to perform two simulations - one including cloud in the 

photolysis calculation and the other with clouds removed. Their study found that clouds increased 

photolysis rates above the clouds as a result of backscattering of radiation and decreased photolysis 

rates below the cloud due to attenuation of radiation as seen in Figure 1-6 below by up to 12%. 

Both photolysis rate responses were substantial with the response from JNO2 being the strongest. 

The largest percentage changes were found over the southern extratropics due to the prevalence 

of extensive stratiform clouds, which have high optical depths. Their study found that there was 

increased net ozone production in the upper troposphere of the Northern and Southern 

Hemispheres as a result of cloud backscattering particularly modifying JNO2. 

         JNO2                                                                                             JO1D                           Diff (%)  

 

Figure 1-6: Reproduction of Figure 1 in Voulgarakis et al. (2009a) showing zonal annual mean percentage 

differences in JNO2 and JO1D between simulations from the p-TOMCAT chemical transport model, one 
accounting for clouds in the photolysis calculation and one where clouds have been removed. 

When Voulgarakis et al. (2009a) analysed specific regions (Europe, North America, North Atlantic, 

Equatorial Asia, Central Pacific and the Southern Ocean) they found that both ozone production and 
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loss rates increased significantly above cloudy regions due to backscattering. Their analysis of 

Europe and North America showed changes in the ozone production and loss rates (respectively 6–

7% and 4%) when clouds were included, while in the North Atlantic and Southern Ocean (which 

feature greater amounts of cloudiness) they found changes of up to 10% in the ozone production 

rate and 5% in the loss rate. In the extratropics, maximum increases in production and loss rates 

were found at the 400–500mb pressure level while in the tropics maximum increases were found 

between 200–400mb due to deep convection leading to clouds of larger vertical extent there. 

COD calculated in accordance with Equation (1.2) is a measure of the cumulative depletion 

radiation experiences from the top of the atmosphere as it passes through the cloud layers 

(Wallace and Hobbs, 2006). Liu et al. (2006) used a global 3D chemical transport model, GEOS-

CHEM (Bey et al., 2001) driven by assimilated meteorological observations from the NASA Goddard 

Earth Observing System data assimilating system (GEOS DAS). COD and cloud fraction are the 

main cloud parameters that determine a cloud’s radiative properties and its photolytic effect on 

chemistry by influencing the amount of radiation it will backscatter and attenuate. COD is a column 

value and is calculated from the cloud extinction coefficient (km-1) per grid box integrated over the 

entire atmospheric column. Each model will calculate cloud extinction differently as each has a 

different vertical and horizontal resolution. Cloud extinction is one of the cloud properties used in 

the photolysis calculation of HadGEM3-UKCA and it is therefore important for the model to simulate 

it accurately. Liu et al. (2006) found CODs were at a maximum in the tropics as a result of deep 

convection and in the mid-latitudes as a result of extratropical cyclones in the Northern Hemisphere 

and the presence of stratiform clouds in the Southern Hemisphere. Like Voulgarakis et al. (2009a) 

their study found that the main impact of clouds is to influence the vertical redistribution of 

photolysis rates while changes in global budgets of oxidants and CO were relatively smaller. 

However, their calculated changes to global mean OH concentrations, ozone, CO and NOx budgets 

and CH4 lifetime were all higher than Voulgarakis et al. (2009a) and when they looked at the 

impact of clouds on OH at different vertical regions in the tropics and extratropics, they found much 

larger changes of between ±5–20% compared to around ±5% found by Voulgarakis et al. (2009a).  

In a follow on study, Liu et al. (2009) analysed the tropics in GEOS-CHEM, driven by a series of 

meteorological archives (also generated by GEOS DAS) called GEOS1-STRAT, GEOS-3 and GEOS-4. 

The aim was to determine the sensitivity of the cloud photolytic effect on tropospheric chemistry to 

optical properties (COD and cloud single scattering albedo, i.e. the fraction of the extinction 

coefficient (kλ) which relates to scattering (sλ/kλ)) and the vertical distribution of clouds. Figure 1.7 
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shows that GEOS1-STRAT and GEOS-3 had similar vertical cloud distributions but the former had 

smaller CODs while the GEOS-4 clouds were optically thinner in the tropical upper troposphere. 

They found that changes in global mean ozone for their month of study, June, due to the photolytic 

effect of clouds were small consistent, with Wild et al. (2007). The range of changes between the 

three input archives for simulated OH, JO1D and JNO2 was between 0–7.3%, 0.4–4.1% and 0.9–

6%, respectively, with higher rates simulated in the GEOS-4 archive due to more radiation 

penetrating the optically thin clouds in the upper troposphere increasing backscattering from low-

level clouds. When they looked at 2D vertical changes, they found (as seen in Figure 1.7) that the 

June monthly daily mean of JO1D and OH in GEOS1-STRAT and GEOS-3 increased respectively by 

10–15% and 5–10% above high deep convective clouds due to backscattering, and decreased 

between 5–20% due to attenuation of radiation below clouds.  

                 JO1D                        OH                 OZONE             CLOUD EXT.  CLOUD FRACTION 

 

   

                                                           
                          Change (%) June                                                 (km-1)          Cloud Fraction 

Figure 1-7: Reproduction of Figures 2, 4 and 5 in Liu et al. (2009) showing changes to the June monthly 
zonal mean for JO1D (first column), OH (second column) and O3 (third column) due to the presence of clouds 

and latitude cross section of mean June cloud extinction coefficient (fourth column) and cloud fraction (fifth 

colum) as simulated by three GEOS meteorological archives. 

In the GEOS-4 simulation in Figure 1-7, JO1D and OH are both enhanced by 5–10% above the 

clouds in most of the troposphere and reduced respectively by up to 5% and 20% near the surface. 

This study concluded that the photolytic impact of clouds on J-Rates and OH is more sensitive to 
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the vertical distribution of clouds than to the magnitude of column COD. While the results for JO1D 

from GEOS-4 were lower than the zonal mean percentage differences in Figure 1-6 in Voulgarakis 

et al. (2009a), the results from GEOS1-STRAT and GEOS-3 were similar in magnitude (although 

there was a greater decrease below the cloud). 

The significance of cloud-modified photolysis reactions on tropospheric composition has been 

documented in other studies which also found that the presence of clouds increases JNO2, JO
1D 

and OH above (and in the upper part of) optically thick clouds due to backscattering and decreases 

all three below clouds (Pfister et al., 2000; Wild et al., 2000; Tang et al., 2003; Tie et al., 2003; 

Neu et al., 2007; Palancar et al., 2011). The cloud effect on chemistry is also largely due to the 

sensitivity of short-lived radicals like OH and HO2 (which are controlled by rapid chemical 

processes) to local J-Rates (Tang et al., 2003; Lefer et al., 2003). OH is also sensitive to 

background CO, NOx and VOCs which all increase as OH decreases causing a feedback effect (Tang 

et al., 2003). Reductions in JNO2 below clouds combined with decreases in OH and HO2 lead to an 

increase in NOx in the boundary layer (Tang et al., 2003). Like Voulgarakis et al. (2009a), Lefer et 

al. (2003) found that increased JO1D and JNO2 above clouds lead to net positive ozone production. 

Estimated enhancements and reductions of photolysis rates varied between the studies. Pfister et 

al. (2000) estimated photolysis rates from measurements taken by two research flights above 

Austria increased 40% above clouds while Tang et al. (2003), analysing aircraft campaign 

measurements over the East Asia-Western Pacific, found that clouds were responsible for a 

decrease in OH (JNO2) of ~23% (~20%) below 1km and an increase of ~25% (~30%) above 1km. 

On a global mean scale and focusing on longer-term averages, a model study by Wild et al. (2000) 

found that global photolysis rates varied by up to ~11% below and ~8% above clouds while Tie et 

al. (2003) estimated clouds enhance global tropospheric JNO2 by ~13%, ozone by ~8% and OH by 

~20%, which are much higher increases than either Voulgarakis et al. (2009a) or Liu et al. (2006).  

1.6 Overview of Thesis 

Following on from the Introduction, in Chapter 2, I provide a model description of HadGEM3-UKCA 

and a summary of the CCMI models used for the multi-model mean analysis, as well as the protocol 

adhered to by the models. In Chapter 3, I evaluate a) the 3D cloud fields, i.e. cloud fraction and 

cloud extinction, in HadGEM3-UKCA by comparing with C3M observations for the period of one year 

(2008), and b) total column cloud cover in HadGEM3-UKCA against MODIS observations for the 

period of 2001–2012. I also evaluate the model’s simulation of ozone and CO for the period of 
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2005–2011 with observations from the Tropospheric Emission Spectrometer (hereinafter called 

“TES”), the Microwave Limb Sounder (hereinafter called “MLS”) and the modelled NO2 for the 

period 2005–2012 with observations from Ozone Monitoring Instrument (hereinafter called “OMI”). 

In Chapter 4, I will present the results from two sensitivity experiments for the year 2008 from 

HadGEM3-UKCA where a) clouds are removed from the photolysis calculation, and b) clouds are 

scaled to match C3M observations. I will identify the effect of those perturbations on photolysis 

rates and oxidant burdens and spatial variability. In Chapter 5, I will present the results from 

hindcast experiments for the years 1990–2012 using HadGEM3-UKCA, including a sensitivity 

simulation where clouds are fixed (i.e. cloud values for 1990 are repeated for every year of the 

simulation) to ascertain the influence of cloud IAV on photolysis and oxidant variability. I will 

examine how well HadGEM3-UKCA captures IAV compared to observations and how its results 

compare with the CCMI multi-model means to identify the areas where the models perform well 

and not so well and where the models in general agree and converge. I will identify where there is 

large inter-model diversity in either sign or magnitude or both to highlight the areas of uncertainty 

and to provide an explanation for that diversity. In addition, I will use correlation analysis to assist 

us in our analysis of the cloud effect on photolysis. Where these correlations provide no clear 

information, they can then be discounted as a method for identifying photolysis effects in future 

studies. In Chapter 6, I will bring together the salient points of the work and discuss where this 

research can be extended and built upon.   
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2. Description of the Models   
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The climate model that I am using to set up and run simulations and sensitivity experiments is the 

Hadley Centre Global Environment Model 3 - Global Atmosphere 7.0 (HadGEM3-UKCA). In Section 

2.1, I provide a description of the model and set up as well as an explanation of the photolysis 

routine (where I make changes in all the sensitivity experiments) used in the model. The 

simulations I have set up and run for HadGEM3-UKCA are in a standard atmosphere-only climate 

configuration, follow the Gregorian calendar, use nudged meteorology and prescribed sea surface 

temperatures (SSTs) and sea ice concentrations. 

In Chapter 5, I use hindcast simulations from several models taking part in the CCMI. These models 

are summarised in Section 2.2. The CCMI models are all nudged towards observed meteorology but 

each uses its own parameterisations, grid box sizes, horizontal and vertical resolutions, dynamical 

cores, cloud and chemistry schemes (including photolysis handling) etc., so they are diverse in the 

way they simulate the climate and atmospheric chemistry. These differences will help me identify 

where models agree and disagree with regards to the cloud effect on photolysis in similar nudged 

set-ups and quantify the range of model uncertainty.   

2.1   The HadGEM3-UKCA Model 

2.1.1  Basic Set-Up 

The HadGEM3-UKCA model is a global state-of-the-art climate model which couples together the 

atmosphere model, the Met Office Unified Model Global Atmosphere 7.0 Configuration (GA7.0) 

(version 10.8) (Walters et al., 2017) incorporating the UKCA atmospheric chemistry scheme (with 

the coupled system often called ‘UM-UKCA’) (Telford et al., 2013; O’Connor et al., 2014), with the 

Joint UK Land Environment Simulator (JULES) land surface model (Walters et al., 2017) and the 

Coupled Large-Scale Aerosol Simulator for Studies in Climate (CLASSIC) aerosol scheme (Bellouin et 

al., 2011) to make up a full climate modeling system (Hewitt at al., 2011). Year-specific sea ice 

concentrations and sea surface temperatures are prescribed and take their values from the 

methodology described in Reynolds et al. (2007). Year-specific biomass burning aerosol emissions 

relating to organic and black carbon (natural and anthropogenic) take their values from the 

Coupled Model Intercomparison Project Phase 6 (CMIP6) forcing dataset v6.2.0 (Eyring et al., 

2016). Methane, carbon monoxide, ethane, propane, isoprene, DMS, formaldehyde, acetone, 

acetaldehyde, monoterpene, ammonia, NO, natural volatile organic compounds and sulphur dioxide 

emissions are calculated from the decadal mean emissions (1995–2005) from the Coupled Model 
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Intercomparison Project Phase 5 (CMIP5) historical database (Lamarque et al., 2010). The time 

resolution for all emissions is monthly.  

I am using version 10.8 of the UM-UKCA model which has a horizontal resolution of 1.875° x 1.25° 

in longitude and latitude (corresponding to ~140km at the mid-latitudes) with 85 hybrid height 

levels from the surface extending up to ~85km into the mesosphere. The troposphere and 

stratosphere are fully coupled. The model has a medium-sized chemistry scheme in the troposphere 

and comprehensive scheme in the stratosphere. It simulates 168 chemical reactions, 56 chemical 

tracers, 54 photolysis reactions and represents the Ox, HOx and NOx cycles (Telford et al., 2013).  

I use a nudged version of the model (to replicate observed meteorological conditions for the time 

periods studied) using meteorological reanalysis input (ERA-Interim reanalysis data from 1979 to 

2012 – see Dee et al., 2011) of temperature, zonal wind and meridional wind (Telford et al., 2008; 

Telford et al., 2013). ERA-Interim is a global atmospheric reanalysis by the European Centre for 

Medium-Range Weather Forecasts. Climate models increasingly require that reanalysis data 

provides an accurate representation of interannual and decadal variability permitting the 

identification of trends with confidence (Dee et al., 2011).  The reanalysis data are available every 

six hours on a 1° x 1° grid and at run time is linearly interpolated onto the model’s grid at every 

timestep (Telford et al., 2008).     

2.1.2   Treatment of Clouds 

A cloud parameterisation scheme is required as the formation of clouds takes place at the sub-grid 

level well before relative humidity averaged over the grid box reaches saturation levels (Walters et 

al., 2017). The scheme determines how much of each grid box is covered by clouds and the 

quantity and phase of condensed water within the cloud (Wilson et al., 2008; Walters et al., 2017). 

Cloud fraction and the liquid and ice water contents are then used in the radiation, photolysis and 

precipitation schemes (Walters et al., 2017). 

Wilson et al. (2008) and Walters et al. (2017) described the cloud parameterisation scheme which I 

summarise in this section. HadGEM3-UKCA (like most general circulation models) represents two 

types of clouds: convective and large-scale. To do this, it uses the prognostic cloud fraction and 

prognostic condensate (PC2) parameterisation scheme (Wilson et al., 2008), the cloud erosion 

parameterisation scheme (Morcrette, 2012) and critical relative humidity parameterisation scheme 

(Van Weverberg at al., 2016). For water mixing ratio, PC2 uses three prognostic variables - vapour, 
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liquid and ice, while for cloud fraction, it uses liquid, ice and mixed-phase. The prognostic approach 

allows clouds to be transported away from where they were originally formed. The convection 

scheme calculates changes to the prognostic liquid and ice water contents by detraining condensate 

from convective plumes while the non-uniform forcing method from Bushell et al. (2003) updates 

cloud fraction. As a convective plume rises and mixes with the environment, PC2 detrains both 

condensate and cloud fraction directly onto the grid-scale. Where convective cores have not 

detrained into large-scale variables, the radiative effect of convective cores is represented by 

determining a convective cloud amount and convective cloud water at each timestep when 

convection is active. These are then combined with the PC2 cloud fraction and condensate variables 

before the radiative impact of the combined cloud fields is calculated. The critical relative humidity 

parameter determines when to start the formation of a cloud in a cloud-free grid-box with 

increasing humidity and when to remove it from a cloud-full grid box with decreasing humidity.  

2.1.3  Strengths and weaknesses of the cloud parameterization scheme 

A thorough evaluation of the cloud fields was performed by Williams and Bodas-Salcedo (2017). 

They found that the GA7.0 configuration of the model performs well in particular with respect to 

cloud fraction when compared with multiple satellite datasets, including Cloud-Aerosol Lidar and 

Infrared Pathfinder Satellite Observations (CALIPSO), International Satellite Cloud Climatology 

Product (ISCCP) and CloudSat and to models taking part in CMIP5. In-cloud albedos are too high in 

the tropical and sub-tropical stratocumulus while they are too low in stratocumulus clouds on the 

cold-air side of Southern Hemisphere cyclones. This study, however, did not undertake an 

evaluation of the diurnal cycle of clouds globally or over high latitude regions where sea ice and 

snow cover is likely to be sensitive to cloud cover and no such evaluation has been undertaken for 

this model to date. This would have been useful given the use of hourly cloud data from the model 

for the experiments in Chapter 3 of this study.   

When cloud fraction and liquid water content are calculated diagnostically, this can overprescribe 

links between cloud fraction, condensate and water vapour contents. By contrast this prognostic 

approach calculates increments to prognostic variables of liquid, ice and total cloud fraction, water 

vapour and liquid condensate as a result of each physical process in the model. However, several 

assumptions have been made in the scheme due to the many uncertainties in the parameterization 

of subgrid scale processes. These include the assumption of uniform temperature change in the 

grid box which will affect evaporation and the assumption that there is no correlation between 
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subgrid scale upward air motion and cloud in the grid box (the effect of which has not been 

investigated).   

2.1.4  Treatment of Photolysis 

The simulation of photolysis rates is of crucial importance and in this study I use the online Fast-JX 

photolysis scheme (Neu et al., 2007) in HadGEM3-UKCA to represent photolysis processes. Online 

photolysis schemes have been implemented into many 3D global chemistry models in recent years 

allowing models to more accurately simulate atmospheric composition over regions with significant 

optical depth variability (Telford et al., 2013). Fast-JX is the third version in the Fast-J series of 

photolysis schemes first developed by Wild et al. (2000) (Fast-J) and then Bian and Prather (2002) 

(Fast-J2). It uses an 8-stream radiative transfer solver with 18 wavelength bins from 177–850nm 

and includes approximations for both single and multiple scattering (Bian and Prather, 2002; 

Telford et al., 2013). Horizontal radiative fluxes between adjacent grid boxes are ignored. Fast-JX is 

able to calculate tropospheric photolysis rates based on a random mix of clouds and aerosols with 

the following inputs: optical depth, single scattering albedo and scattering phase function (Wild et 

al., 2000). The scheme determines the number of photons per wavelength which are scattered or 

absorbed in the atmospheric path as radiation travels through each column through a plane parallel 

atmosphere (Telford et al., 2013) where radiative, optical and atmospheric properties depend only 

on the vertical coordinate (Andrews, 2010). As the radiation passes through each grid box, its 

scattering or absorption is determined by the relevant concentration and optical depth of the 

radiatively active species contained in it (Telford et al., 2013). Figure 2-1 shows the 54 photolysis 

reactions employed in the model.  
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Figure 2-1: Reproduction of Table 4 in Telford et al. (2013) showing the photolysis rates employed in UM-
UKCA Fast-JX and the source of their corresponding absorption cross sections. 

The photolysis rate constants for each reaction are calculated in every grid box from the 

wavelength bin resolved fluxes and the product of the absorption cross section and quantum yield 
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of each relevant species (other than ozone) in each wavelength bin (also see Equation (1.3) in 

Chapter 1 for formula used to calculate photolysis rate constants). For ozone, total absorption cross 

sections and quantum yields are calculated separately (Telford et al., 2013). 

COD and cloud fraction are the key cloud variables required to calculate the photolytic effects of 

clouds on lower atmospheric chemistry (Liu et al., 2006). In the Fast-JX routine in the model, liquid 

COD (    ) is calculated using the Slingo (1989) method (updated in Edwards and Slingo (1996)) 

while ice COD (    ) is calculated following Edwards et al. (2007). These calculations are made as 

follows:- 
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The model assumes an effective radius (    ) of 6.0 microns (over land) and 12.0 microns (over 

sea) for water cloud, and an effective diameter of 100 microns for ice crystals (    ). 

Figure 2-2 below shows the values of      with for an      range of 2–12 microns and      with a  

     range of 25–125 microns. There is a large difference in optical depth depending on the 
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effective radius or diameter used highlighting the limitation in this routine of using a one size fits all 

approach.      

      

Figure 2-2: Liquid and ice optical depth values calculated by Equations (2.1) and (2.2) for a range of effective 

radii (2–12 microns) and effective diameters (25–150 microns). 

The radiative transfer code in the photolysis routine aims to properly represent the vertical 

distribution of clouds in the model (Feng et al., 2004) which also requires knowledge of how clouds 

overlap. There are three methods (assumptions) used to determine how clouds overlap in a vertical 

column. Each method does this by calculating the grid-averaged (or effective) COD, which is the 

input into the Fast-JX for each grid box in each vertical layer (Liu et al., 2006). This calculation 

takes place in the photolysis routine, where I also apply changes in all the sensitivity experiments. 

The first method is the linear assumption (LIN) which assumes a cloud is spread evenly over the 

entire grid box and is calculated as follows:- 

                                                                    
                                                                                                              (   ) 

Figure 2-3 shows an example of fractional cloud cover. This is an idealized gridbox from an 8 layer 

model presenting a layer of cirrus-type cloud with high cloud fraction and low COD in layers 6 and 7 

and stratus-type cloud with low cloud fraction and high COD in layers 3 and 4. The LIN assumption 

(shown in Figure 2-4) calculates effective COD by scaling      and      (collectively (  )) (calculated 

above in Equations (2.1) and (2.2)) by cloud fraction (  ) which effectively produces thinner clouds 

with 100% CF.  
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Figure 2-3: Reproduction of Figure 1 in Neu et al. (2007) showing an example of fractional cloud cover in an 

idealized gridbox with cloud fraction (CF) and cloud optical depth (OD) in each gridbox, representing 2 cloud 
groups, one a cirrus-type cloud group in layers 6 and 7 and the other a stratus-type cloud group in layers 3 

and 4. Clouds occupy the full vertical extent of the gridbox but only a fraction of the gridbox area. 

 

Figure 2-4: Reproduction of Figure 2 in Neu et al. (2007) showing the distribution of cloud cover under the 

linear assumption. Here OD is the effective COD (  
 ) calculated from scaling OD in Figure 2-3 by cloud 

fraction. 

The second method is the random overlap assumption (RAN) where clouds in adjacent vertical grid 

boxes are assumed to have no correlation with each other and clouds in vertical layers are 

randomly overlapped and independent of cloud amount in any layer above or below. HadGEM3-

UKCA uses an approximation of RAN developed by Briegleb (1992) whereby the grid box effective 

COD (  
 ) is calculated by scaling      and      (collectively (  )) in the cloudy part of the layer by 

cloud fraction (  ) as follows:- 

                                                                    
         

                                                                                                  (   ) 
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For small cloud fractions under this approximate random overlap assumption (ARAN), there are 

significant cloud errors but for large cloud fraction this approximation yields good results (Liu et al., 

2006). This approximation is a good compromise between accuracy and efficiency and is the 

overlap method of choice for many models (e.g. Voulgarakis et al., 2009a and Telford et al., 2013).  

The final method is the maximum random overlap assumption (MRAN) which assumes clouds are 

maximally overlapped where they are above or below another grid box containing cloud so that 

there are continuous blocks of cloud in the model (Feng et al., 2004; Liu et al., 2006). However, 

these blocks of cloud are randomly overlapped where they are adjacent to a cloud free layer (Feng 

et al., 2004). This is seen in Figure 2-5 below using the cloud groups from Figure 2-2.  

 

Figure 2-5: Reproduction of Figure 3 in Neu et al. (2007) showing the effective cloud cover for the maximum 

random overlap scheme for the 2 cloud groups described in Figure 2-3. The cloud layers in levels 3 and 4 
(the stratus cloud group) and in 6 and 7 (the cirrus cloud group) are maximally overlapped while the 2 

groups are randomly overlapped. Given the CFs in Figure 2-3, this assumption produces nine independent 

column atmospheres (ICAs) and total optical depth (TOD) is the sum of all layer OD. The ICAs are numbered 

in order of increasing TOD. 

On the assumption that layers 1–4 form one maximum overlap group and 5–8 form a second, this 

overlap method produces 9 independent column atmospheres with widths proportional to their 

fractional area. Clouds in each layer of the cirrus-type clouds and stratus-type clouds are maximally 

overlapped while the block of cirrus-type clouds and the block of stratus-type cloud are randomly 

overlapped. 
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2.1.5  Strengths and weaknesses of the photolysis scheme 

The wavelength integration scheme in Fast-JX does not rely on small, fixed step sizes in wavelength 

but uses variable wavelength bins, selected to minimize the error in calculating J rates over a range 

of atmospheric conditions. This has been found to provide J-rates within 3% of rates obtained from 

an integration scheme using a fixed step of 1nm (Wild et al., 2000; Barnard et al., 2004). The Fast-

JX scheme is also computationally efficient and calculates the J-value based on the actinic flux 

relatively quickly by using a specie specific absorption cross section and quantum yield for each bin. 

While the Fast-JX scheme is able to calculate photolysis rates from the surface to the stratosphere 

and includes multiple scattering for all wavelengths between 177–850nm, it does not provide 

photolysis rates for wavelengths < 177nm. In the scheme, the path of each photon is also 

constrained by the confines of each column and cannot enter any neighbouring columns. As a 

result, no account is taken of scattering or absorption which could take place outside of each 

specific column. The scheme also assumes a fully overcast case if cloud is present in the gridbox so 

it is unable to deal specifically with broken clouds (which would limit reliability on results when 

evaluating diurnal changes).  

HadGEM3-UKCA treats the atmosphere as a structure of plane parallel layers instead of using the 

pseudospherical approximation to incorporate the curvature of the Earth. Scattering is therefore 

calculated without incorporating the sphericity of the atmosphere. At large solar zenith angles, 

these two approaches will have the biggest differences with the plane parallel assumption being 

considered far less accurate (Bais et al., 2003).  

As demonstrated in Figure 2-2, the calculations of liquid and ice COD set out in Equations (2.1) and 

(2.2) are gross approximations which use uniform effective radii for water clouds and diameter for 

ice clouds. This is particularly erroneous for ice clouds as it does not take into account the large 

variety of shapes or sizes of ice particles which will have different scattering directions.  

2.2 CCMI 

CCMI is a multi-model intercomparison project that provides a series of simulations running from 

1960 to 2100 with a view to assessing how well models are simulating historic and future 

tropospheric and stratospheric ozone, OH and other trace gases as well as chemistry-climate 

interactions (Eyring et al., 2013). Twenty state-of-the-art models with diverse characteristics are 

taking part in the project. This research will not be an evaluation of the project as a whole but will 
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use the models here for the first time to examine cloud-chemistry interactions through a multi-

model approach, with an aim to assess the degree of agreement and uncertainty in the 

representation of such effects in current modeling. 

I use the hindcast simulations performed by the models for the period of three decades (1980–

2010) labeled as ‘Ref-C1SD’, with ‘SD’ standing for ‘Specified Dynamics’, as these are nudged 

towards observed meteorology and can be more directly compared to observations and similar 

HadGEM3-UKCA simulations that I have performed for this study. Natural and anthropogenic 

forcings, solar variability, volcanic eruptions and the Quasi-Biennial Oscillation (QBO) (a regular 

variation of winds that blow high above the equator) are taken from observations. The MACCity 

dataset (Granier et al., 2011) (based on the 1960 and 2000 Atmospheric Chemistry and Climate 

Model Intercomparison Project (ACCMIP) emissions and the year 2005 and 2010 emissions from 

Representative Concentration Pathways 8.5 Scenario (RCP8.5)) provides the anthropogenic and 

biofuel emissions. A seasonal cycle was first applied sector by sector, species were then lumped to 

the Model of Ozone and Related Tracers (MOZART-4)’s 21 species and final emissions were 

interpolated on a yearly basis between the base years (every decade between 1960 and 2010) 

(Eyring et al., 2013). Up to 2005, emissions were interpolated from decadal time slices while 

between 2005 and 2010 the emissions were extrapolated using RCP8.5 emissions. Year-specific 

biomass burning emissions from 1960–2010 are provided from the Aerosol Comparisons between 

Observations and Models Project 2 (AEROCOM2) based on the ACCMIP historical emissions dataset, 

work done by the CityZen European project (www.cityzen-project.eu), the Global Fire Emissions 

Database Version 2 (GFEDv2) inventory (van der Werf et al., 2006) for 1997-2008, and the 

Reanalysis of the Tropospheric Chemical Composition Project (RETRO) inventory (Schultz et al., 

2008) for the 1960-1996 period. Sea surface temperatures and sea ice concentrations are 

prescribed as monthly mean boundary conditions from the global sea ice concentration and sea 

surface temperature (HadISSTI) data set which is a blend of satellite and in-situ observations from 

the UK Met Office Hadley Centre (Rayner et al., 2003).  

Table 2-1 shows the 7 models which provide a full set of cloud, oxidant and photolysis rate data 

that are necessary for my analysis, with further information on their horizontal and vertical 

resolution, the photolysis and cloud schemes used, the nudged variables and the source of the 

prescribed sea surface temperatures and sea ice concentrations. All models include whole-

atmosphere chemistry except GRIMs-CCM which simulates only tropospheric chemistry and uses 

CCMI v1.0 ozone data for the stratosphere. All use the Gregorian calendar except CMAM which uses 

http://www.cityzen-project.eu/


62 
 

the 365-day calendar, while there is a considerable diversity between time steps employed by the 

models. All use the MRAN cloud overlap in their radiation schemes except GRIMs-CCM which uses 

ARAN. Three calculate photolysis rates online while CMAM and MRI-ESM use offline look up tables 

with online cloud correction and CESM1-WACCM and CESM1-CAM4 use offline look up tables for 

wavelengths between 200 and 750nm, and online calculations for wavelengths less than 200nm. 

There is therefore considerable diversity between these models.     
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Table 2-1: List of CCMI models which have run Ref-C1SD simulations and output ozone, OH, CO, JNO2 and 

JO1D as monthly mean quantities (information gathered from Morgenstern et al. (2017a), Morgenstern et al. 
(2017b) and personal communications from David Plummer of Environment Canada and Rokjin Park of Seoul 

National University).  

 

Model Spatial  
Resolution 

Photolysis  
Scheme 
 

Nudged  
Variables  
(Source)  

Cloud scheme SST and sea  
ice dataset 

CMAM  
(v2.1) 

2.5° x 2.5° 
Levels: 71 

TUV5  
(Madronich and  
Flocke, 1998) 
(offline look up 
table but uses an 
online cloud 
correction) 
 

vorticity, 
divergence and T  
(ERAI)* 

Scinocca et al. 
(2008)  

HadISST***** 

CESM1-CAM4   1.9° x 2.5° 
Levels: 56 

TUV4.3 
(Kinnison et al.,  
2007) 
Offline lookup 
table between 200 
and 750nm) 
Online < 200nm  
 

u, v, T,  
surface pressure,  
 
(MERRA)** 
 

Zhang et al.  
(2003) 

HadISST***** 

CESM1-WACCM 1.9° x 2.5° 
Levels: 88 

TUV4.3 
(Kinnison et al.,  
2007) 
Offline lookup 
table between 200 
and 750nm) 
Online < 200nm  
 

u, v, T,  
surface pressure,  
 
(MERRA)** 
 

Zhang et al.  
(2003) 

HadISST***** 

GFDL-AM3  
(v3) 

2° x 2° 
Levels: 48 

Fast-JX 
(online) 

u, v 
 
(NCEP/NCAR)*** 

Donner et al.  
(2011) 

HadISST***** 

GRIMs-CCM 1.875° x 1.9° 
Levels: 47 

Fast-J 
(Liu et al., 2006) 

u, v, T, surface 
pressure 
 
(NCEP/NCAR)*** 

Xu and Randall,  
(1996) 

HadISST***** 

MESSY-EMAC 
(v2.51) 

2.8° x 2.8° 
Levels: 90 

JVAL  
(Sander et al.,  
2014) 
(online) 

vorticity, 
divergence,  
temperature,  
(logarithm of)  
surface pressure  
 
(ERAI)* 

Sundqvist (1978) 
 

ERAI* 

MRI-ESM 
(v1.1) 

1.125° x 1.125° 
Levels: 80 

Deushi and 
Shibata (2011) 
(offline look up 
table but uses an 
online cloud 
correction) 

u, v, T 
 
(JRA-55)**** 

Yukimoto et 
al. (2011) 

HadISST***** 

 

 

*ERAI = Era-Interim (http://www.ecmwf.int/en/research/climate-reanalysis/era-interim),**MERRA = Modern Era Retrospective 
Reanalysis (https://disc.gsfc.nasa.gov/mdisc/overview),***NCEP/NCAR = National Center for Environmental Prediction/National Center 
for Atmospheric Research (http://www.esrl.noaa.gov/psd/data/gridded/data.ncep.reanalysis.html),****JRA-55 = Japanese 55-year 
Reanalysis (http://jra.kishou.go.jp/JRA-55/index_en.html), *****Hadley Centre Ice and Sea Surface Temperature (Rayner et al., 2003) 

http://jra.kishou.go.jp/JRA-55/index_en.html
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3. Evaluation of the Cloud, Ozone, CO and NO2 fields in 
HadGEM3-UKCA   
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This study aims to improve our scientific knowledge by better constraining the sources and sinks of 

short-lived atmospheric pollutants and greenhouse gases and to use that knowledge to improve 

chemistry-climate model performance and model projections of climate change. In this chapter we 

aim to show how good the cloud and chemistry fields are in HadGEM3-UKCA to ascertain the 

degree we can rely on the different model experiments undertaken in this study and to build on the 

work of previous evaluation studies of the model. We aim to calculate the error in global 

atmospheric chemistry calculations due to the misrepresentation of the cloud effect on photolysis in 

the model. This is done by replacing the clouds in the photolysis calculation of HadGEM3-UKCA for 

one year with observational clouds (through scaling of the existing model clouds) to quantify the 

influence of the model’s cloud biases on its simulation of trace gases. Assimilating satellite 

observations into the model should reduce the errors associated with model clouds (Liu et al., 

2006).  

There is clear uncertainty in the way models represent clouds. Real clouds are difficult to simulate 

due to their high spatial and temporal variability in the horizontal and vertical and inhomogeneous 

distribution. For example, Sockol and Small Griswold, (2017) found significant diversity in cloud 

fraction between the CMIP5 models they were evaluating. Clouds form as a result of processes at 

the very small scales which models cannot capture but must parameterise. Climate model clouds 

are always an approximation to real clouds and cloud output in the short term, for example, on a 

daily basis, will not be very accurate as a model cannot simulate the high variability of clouds over 

very short time periods. What is important and expected from a model is that on average its 

generated clouds are similar to real clouds so analysing monthly or seasonal averages should 

provide that higher level of certainty. However, although concentrating on monthly or seasonal 

averages uses more realistic model cloud amounts and cloud optical depths when compared to 

observations, the relationship between photolysis frequencies and cloud optical depth is non-linear 

and this average approach can lead to biases in the calculation of photolysis frequencies (Feng et 

al., 2004; Liu et al., 2006). 

As effective cloud optical depth is a vital input to the photolysis calculation as seen in Section 2.1.4, 

we aim to show how well the model calculates this, particularly given the weakness highlighted in 

using the approximations for effective radius and effective diameter for the calculation of liquid 

COD and ice COD in Equations (2.1) and (2.2).  
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3.1   Model Simulations Performed 

As I am investigating the cloud effect on photolysis and oxidants, it is essential to perform a 

detailed evaluation of the cloud and relevant chemistry fields to ensure that the model represents 

these variables in a satisfactory manner.  

I performed a fully nudged unperturbed simulation (hereinafter called “the Base simulation”) which 

uses the cloud fields generated by the model’s cloud scheme (and also used in the radiation 

scheme) in the photolysis calculation. This was run from 1990–2012 (spin up from September 1988 

to December 1989) and was used to analyse the effect of clouds on the IAV of key pollutants. I 

also performed a second version of the Base simulation but only for 2008 (spin up from September 

2006 to December 2007), because this is a year that will be analysed more extensively due to the 

availability of certain datasets (see below). 

Additionally, I performed three perturbation experiments, making the following changes to the Base 

simulation: 

1. I removed the cloud fields in the photolysis routine of the 2008 simulation by setting 

their values to zero to quantify the importance of clouds in modifying photolysis rates 

(hereinafter called “the ClZero simulation”), as in Liu et al. (2006) and Voulgarakis et al. 

(2009a); 

2. I scaled the cloud fields in the photolysis calculation of the 2008 simulation to match 

the C3M observational values in order to examine how this changes the model’s 

calculation of photolysis rates and oxidant abundances (hereinafter called “the ClScaled 

simulation”); and 

3. I set the clouds in the photolysis calculation of the 1990–2012 simulation to their year 

1990 values in order not to vary from year to year and to examine therefore how much 

cloud IAV affects the IAV of photolysis rates, ozone, OH, CO and NO2 (hereinafter 

called “the ClFixed simulation”). 

In the next two chapters I will analyse these perturbation experiments paying particular attention 

to subsequent global and regional changes to photolysis rates, ozone, OH, CO and NO2. In this 

chapter, I evaluate the Base simulation against observations to assess the model’s performance; 

the ClScaled simulation to assess what changes (and possible improvements) occur in the modelled 

fields of interest compared to the Base simulation when using observed clouds; and the ClZero 
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simulation to assess whether removing clouds causes a deterioration in the modelled fields 

compared to the Base simulation.  

Before evaluating model performance in terms of capturing chemical species, I compare the 3D 

cloud fields with the C3M observations for the year 2008 (the year for which daily C3M data are 

available) and the 2D cloud fields with observations from the Moderate Resolution Imaging 

Spectroradiometer (hereinafter called “MODIS”) for the period 2001–2012. Comparisons will focus 

on seasonal means for January-February-March (JFM), April-May-June (AMJ), July-August-

September (JAS) and October-November-December (OND). I will also compare modelled 2D total 

column integrated NO2 with observations from OMI and 3D ozone and CO with observations from 

TES and MLS for the period 2005–2011 for the seasons JFM and JAS. 

3.2  Evaluation of the Cloud Fields in HadGEM3-UKCA 

3.2.1  The C3M Cloud Data Product 

Using Fast-JX should allow the model to capture the temporal and spatial distribution of photolysis 

rates well (Barnard et al., 2004) which in turn should improve the simulation of those species 

directly and/or indirectly affected by photolysis. The scheme however needs reliable 3D cloud fields 

(cloud fraction and grid scale COD, the latter known as cloud extinction) to accurately capture 

these rates. To assess these fields, the model’s grid-scale COD, cloud fraction and effective COD 

(the grid-scale COD scaled by cloud fraction hereinafter called “ECOD”) (calculated using the ARAN 

assumption from Equation (2.3) in Chapter 2) are directly compared with C3M’s satellite retrievals 

to see how well HadGEM3-UKCA is performing. The C3M product merges cloud data from multiple 

A-Train satellites, namely CERES (Clouds and the Earth’s Radiant Energy System), CloudSat, 

CALIPSO (Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Observations) and MODIS, and has 

been developed at the NASA Langley Research Center. It contains the CERES and MODIS footprints 

that match the CloudSat-CALIPSO ground track as seen in Figure 3-1 (Hill et al., 2018).   

CERES and MODIS are passive instruments which provide vertically integrated information while 

CALIPSO and CloudSat are respectively lidar and radar active instruments and complement CERES 

and MODIS by providing full cloud vertical structure retrievals (Ham et al., 2017; Hill et al., 2018). 

CERES provides radiation budget estimates (measuring shortwave and longwave broadband 

radiation at the TOA) with unparalleled accuracy (Ham et al., 2017), while MODIS (described in 

more detail in Section 3.2.4) provides cloud information over the complete CERES footprint. The 
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CERES optical footprint (in blue in Figure 3-1) is 20km and contains ~30 CloudSat profiles and 

~100 CALIPSO profiles (Hill et al., 2018). To reduce data volume, CloudSat-CALIPSO profiles in 

each footprint are grouped by their vertical structure. CloudSat-CALIPSO observations are merged 

onto a common 1km x 1km horizontal grid and then within each profile (for up to six cloud layers) 

cloud top and cloud base height are calculated from the CloudSat cloud classification product and 

the CALIPSO vertical feature mask. Every profile with identical cloud top and cloud base heights is 

combined to form up to 16 cloud groups. Measurements from CloudSat, CALIPSO and MODIS are 

used to determine the cloud properties for each cloud group (Hill et al., 2018) with a vertical 

resolution of ~240m while CERES derived TOA, shortwave and longwave irradiances are provided 

by C3M for the collocated CERES footprints to the CloudSat-CALIPSO track (Ham et al., 2017). 

C3M initially uses CloudSat-derived or MODIS-derived cloud properties to calculate extinction 

coefficients due to ice or water particles for each cloud layer and selects the one which has the 

largest optical thickness for that layer (Bodas-Salcedo et al., 2016). Where CALIPSO-derived 

extinction is available, this replaces the extinction coefficient derived from CloudSat or MODIS. 

However, C3M assumes the CALIPSO cloud is in ice phase as CALIPSO is rapidly attenuated by 

water clouds. C3M integrates extinction coefficients vertically for each cloud group. Total cloud 

optical depth matches that retrieved from MODIS (Hill et al., 2018).  

 

Figure 3-1: Reproduction of Figure 1 in Kato et al. (2011) showing how measurements from the four C3M 

instruments are combined. 
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3.2.2  Uncertainties associated with C3M 

Passive instruments such as MODIS have difficulty in detecting low cloud layers (Hill et al., 2018). 

One possible bias in C3M is that MODIS misattributes low altitude cloud extinction to higher altitude 

cloud because of undetected low cloud. The combined active CloudSat-CALIPSO measurements 

provide the best satellite-based estimates of low cloud, but detection of low cloud is still 

challenging. CloudSat has difficulty detecting all boundary layer clouds due to ground clutter while 

CALIPSO has difficulty detecting low altitude cloud when high clouds are present with optical 

depths greater than 2–3. In regions such as the tropics, where low cloud is more common during 

the day this problem may be worse during the daytime (Hill et al., 2018). If low cloud is missing 

from CALIPSO and CloudSat, the normalisation of optical depth by MODIS may assign low altitude 

cloud extinction to higher altitude cloud extinction leading to a negative bias in the lower 

troposphere and a positive bias above.  

Different algorithms are used to retrieve cloud optical depth from MODIS from its measurements at 

1.30am and 1.30pm, so there are likely to be differing biases between the day and night (Hill et al., 

2018). However, daytime retrievals, which are used in this study, are likely to be more reliable 

when shortwave radiation measurements provide additional information. Hill et al. (2018) found 

that uncertainty associated with the vertical distribution of cloud extinction was higher than daytime 

cloud optical depth which they found to be reasonably retrieved.      

C3M provides daily data at 1.30pm and 1.30am local solar time. As this study is concerned with 

effect of shortwave radiation, hourly calculations based on the 1.30pm local solar time are used. 

This assumes that cloud properties at 1.30pm local solar time are more representative of mean 

daylight conditions. However, this is an approximation and does not take into account the large 

difference in shortwave radiation during the daytime and night and the high variability of cloud 

diurnally (Hill et al., 2018). The magnitude of uncertainty is also different for different cloud types.   

One last area of uncertainty relates to the use of data from radar instruments such as CloudSat 

which leads to errors in calculating cloud base height due to the difficulty in screening precipitation 

(Kato et al., 2011).  

3.2.3  Evaluation of 3D Cloud Fields 

To avoid any substantial bias arising from any difference in the timing between the model and the 

observations, the hourly model output for 2008 is sampled along the orbit track of C3M at the same 
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local solar time, 1.30pm, and then interpolated onto the C3M vertical grid so that all data 

corresponds to the same times and locations. Figure 3-2 below shows the altitude-latitude zonal 

mean 3D cloud fraction for JFM, AMJ, JAS and OND 2008 as observed by C3M and simulated by 

HadGEM3-UKCA.  

C3M  
                   JFM                            AMJ                              JAS                            OND 

 
 

HadGEM3-UKCA 

 

   
    Seasonal Mean Cloud Fraction 

  

   
  Seasonal Mean Cloud Fraction Difference  

  (HadGEM3-UKCA minus C3M)  

Figure 3-2: Altitude-latitude zonal mean 3D cloud fraction as observed by C3M (upper panels) and simulated 

by HadGEM3-UKCA (middle panels) and the absolute difference between the observations and the model 
(lower panels). Results are shown for JFM, AMJ, JAS and OND 2008. 

Broadly the comparisons look good. The model captures: 

1. the cloud height over the tropics; 
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2. the high cloud fractions at the top of clouds over the tropics (Tie et al., 2003; Voulgarakis et 

al., 2009a; Liu et al., 2006), but overestimates this for all seasons (particularly in AMJ and 

JAS) possibly attributable to overestimated convection strength; and 

3. the higher cloud fraction over the southern and northern extratropics surface. 

Cloud fraction is lower in the model than the observations below 10km in all regions in JFM and 

OND and in the lower altitude tropics and sub-tropics in AMJ and JAS. The underestimation of low 

altitude tropical clouds is a common problem with models (Nam et al., 2012; Nam and Quaas, 

2012; Hill et al., 2018) possibly due to compensation of the model clouds at different heights 

(Zhang et al, 2005) and possibly counteracted by the overestimation of high level cloud seen in the 

model. Clouds have a large impact on the energy going into the oceans and this low bias of low 

level clouds will therefore lead to an overestimation of energy being absorbed by the tropical 

oceans and entering the climate system (Karlsson et al., 2008). As C3M may also suffer from a 

negative bias in its lower cloud layers, this does not mitigate the model bias.  

Figure 3-3 below shows the zonal means of vertically integrated CODs for JFM, AMJ, JAS and OND 

2008 calculated from the HadGEM3-UKCA and C3M in the first and third columns.  

                  COD                            ECOD                           COD                            ECOD 
                                   JFM                                                                  AMJ 

 
                                    JAS                                                                 OND 

 

Figure 3-3: Zonal mean plots of vertically integrated cloud optical depth (COD) (first and third columns) and 

effective cloud optical depth (ECOD) (second and fourth columns) as observed by C3M and calculated by 
HadGEM3-UKCA. Results are shown for JFM, AMJ, JAS and OND 2008. 

The model captures well the large scale features of the observations relating to latitude, height and 

season. It captures the peaks in COD which are highest over the mid-latitudes due to the 

occurrence of extratropical cyclonic activity and over the tropical continents due to deep 

convection. The area with the greatest divergence is over the northern extratropics in JAS where 
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the model overestimates CODs by up to 30%. The model also overestimates CODs over the 

northern extratropics in AMJ, but captures them well in JFM and OND in this region. There is also 

an underestimation of CODs over the southern extratropics mainly in OND and JFM. The model 

CODs over the tropics and sub-tropics are represented very well for all seasons. 

Figure 3-3 also shows the zonal means of vertically integrated ECODs, calculated from HadGEM3-

UKCA and C3M for JFM, AMJ, JAS and OND 2008 in the second and fourth columns while Figures 3-

4 and 3-5 show the global distribution of seasonal mean ECODs. The magnitude and pattern of 

ECODs in both figures are captured well in the model compared to the observations in the Northern 

Hemisphere in JFM and OND and over the Southern Hemisphere in AMJ and JAS. There is a 

tendency for somewhat underestimated ECODs by the model in the tropics. 

                                                                      JFM 
                                 C3M                                                 HadGEM3-UKCA 

  
         OND 

  

                             
                                                 Effective Cloud Optical Depth 

Figure 3-4: Mean effective COD (ECOD) as calculated by C3M (first column) and HadGEM3-UKCA (second 
column. Results are shown for JFM and OND 2008. 

Figure 3-4 shows that the model underestimates ECODs over Africa (south of the equator) and the 

Amazon in JFM and OND, in agreement with Figure 3-3, due to the low cloud fraction in this region 

seen earlier in Figure 3-2. The cause of this could be due to convection being too vigorous as 

suggested previously. The model also underestimates ECODs over the Southern Ocean in JFM and 

OND in both plots where cloud fraction and COD in the model are lower than the observations. 
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Figure 3-5 shows that the model overestimates ECODs over boreal land regions in AMJ and JAS, 

which amounts to a positive zonal bias over the northern extratropics as seen in Figure 3-3. 

                                                                       AMJ 
                                C3M                                                 HadGEM3-UKCA 

  

                                                                        JAS 

   

                              
                                                  Effective Cloud Optical Depth 

Figure 3-5: Mean effective COD as calculated by C3M (first column) and HadGEM3-UKCA (second column). 
Results are shown for AMJ and JAS 2008. 

ECOD is the main cloud input into the model’s photolysis rate calculation. Instead of scaling cloud 

fraction and cloud extinction individually (which are the inputs to the calculation of ECOD) in the 

ClScaled simulation, the ECOD calculated by the model is scaled by monthly mean scaling factors. 

These are obtained by dividing the monthly mean C3M 3D ECODs by the monthly mean HadGEM3-

UKCA 3D ECODs. Any multiplication by the scaling factor between 0 and 1 will reduce the model 

ECODs while any multiplication above 1 will increase them. The scaling factor is set to 1 in the 

following circumstances:- 

 where the difference between the model and the observations is less than 0.01; and 

 where there is little or no observational cloud.  

As it takes a month for C3M to fill every part of the globe with sufficient data, only a monthly 

scaling factor can be produced for the purposes of this experiment. When ECOD is calculated by 

the model at every time step in a month, it is multiplied by the relevant monthly mean scaling 

factor to produce an ECOD that on average matches the observations.  
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There are several weakness associated with the scaling here which needs to be highlighted. There 

are the uncertainties relating to the observed data set out in Section 3.2.2 which will be 

incorporated into the scaling factor and introduced into the model’s calculation. The model clouds 

will be biased by any observational biases or uncertainties.  In addition, there is no alternative but 

to use monthly means as referred to above but these are being used to scale the model output at 

each timestep calculation (and therefore does not take into account any cloud diurnal variability). 

Effectively one scaling factor is used for every timestep calculation made during each month.   

Figure 3-6 below shows the altitude-latitude zonal monthly mean scaling factors for January and 

July 2008. The model ECODs are increased in most areas except in the high latitudes where the 

scaling factors are less than 1 as the model has higher ECODs there. The low ECODs over the 

tropics and sub-tropics due to the low biases previously seen in the model cloud fractions are 

corrected by the high scaling factors (of up to 10) for both months over this region particularly from 

the surface to 5km although. Scaling factors over the extratropics are overall between 2.5 and 5 

with some limited regions reaching 10.  

                                         January                                                  July 

 

   
  Scaling Factor 

Figure 3-6: Altitude-latitude zonal monthly mean scaling factors calculated by dividing the effective CODs 

from C3M by the effective CODs from HadGEM3-UKCA. Results are shown for January and July 2008. 

There are significant regional biases, particularly over the tropics and sub-tropics, which should be 

improved when the model clouds are scaled by the C3M observations and this should lead to 

changes in the photolysis rates calculated. C3M is a 3D product, produced from the measurements 

of several instruments including MODIS and should, therefore, provide more accurate and valuable 

cloud fields than MODIS itself (Ham et al., 2017) and be a more reliable benchmark for evaluation 
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purposes. However, while C3M may provide a better benchmark of the modelled 3D cloud fields, 

the evaluation is limited to one year due to the availability of daily C3M data for that year only. To 

further evaluate the cloud fields in HadGEM3-UKCA over several years MODIS retrievals are used 

(although these are restricted to 2D information). 

3.2.4  MODIS 

MODIS is a 36-band radiometer scanning between 0.415 and 14.235μm on board the NASA Terra 

and Aqua platforms which has an overpass time for each platform of respectively 10:30/22:30 and 

01:30/13:30 local solar time. For this research, total cloud fraction and COD from the MODIS Terra 

MOD06 product are used. This product provides monthly mean multi-year data starting from 2001. 

COD and effective radius (a weighted mean of the size distribution of cloud droplets) are calculated 

simultaneously at the 1km resolution by combining measurements in two bands (Marchand et al., 

2010). One band lies within the shortwave infrared (1.6, 2.1 or 3.7μm) where there is some 

absorption by condensed cloud water while the second band lies within the visible and infrared 

(0.65, 0.86 or 1.2μm) where there is virtually no absorption by water. The former band provides 

information on particle size while the latter constrains the optical depth. MODIS uses a cloud mask 

(MOD35) but not every pixel which is recorded as cloudy will retrieve a COD and effective radius 

value. Additional screening prevents retrievals for pixels identified as a cloud edge and where there 

is suspiciously heavy aerosol burden. Due to these additional checks, the number of retrieved COD 

pixels is significantly lower than in the equivalent cloud fraction retrieval using the same mask and 

are considered to be of higher quality as a result.  

Total (2D) cloud fraction describes the total amount of the grid column which is covered by cloud 

when looking straight down the column from the TOA and is shown in Figure 3-7 below. If 25% of 

one grid box contains cloud on one side and 50% of the grid box below contains cloud on the other 

side, then the total cloud fraction for the 2-grid box column will be 75%. However, if 25% of both 

grid boxes contain cloud on the same side, then the total cloud fraction for the 2-grid box column 

will be 25%. 
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Total (2D) Cloud Fraction 

 Grid Column 1            Grid Column 2 
 

 

 

 

 

 

 

 75%                           25% 

Figure 3-7: A schematic showing how total (2D) cloud fraction is calculated.               

3.2.5   Uncertainties associated with MODIS 

Previous studies have found that large scale patterns of cloud fraction in MODIS compare well to 

other satellite datasets (Thomas et al., 2004; Ackerman et al., 2008). Ackerman et al. (2008) found 

that cloud observations retrieved from MODIS-TERRA and from ground based observations from 

the U.S. Department of Energy Atmospheric Radiation Measurement Program Active Remotely 

Sensed Cloud Product had an agreement rate of 85%, while Holz et al. (2008) found similar 

agreement between MODIS and observations from the Cloud-Aerosol Lidar with Orthogonal 

Polarization (CALIOP).  

Holz et al. (2008) found that MODIS tends to have a positive bias in cloud top height particularly 

with low altitude marine stratus. At cloud top heights greater than 8km, especially over tropical 

waters and vegetation, it misses cirrus and determines a pixel as clear when it should be cloudy 

(Ackerman et al., 2008). MODIS also has difficulty detecting cloud optical depths lower than 0.4 

and tends to classify those pixels as clear. 

The MODIS monthly means are derived from its overpass time of 01:30/13:30 while the monthly 

mean output of the model is derived from each timestep during the 24 hours of each day. While 

the 01:30 and 13:30 measurements are representative of mean daylight and nighttime conditions, 

as mentioned in Section 3.2.2, this is an approximation. While the model takes into account the 

large difference in shortwave radiation during the daytime and night and the high variability of 

25% 

25% 50% 

25% 
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cloud diurnally to calculate its monthly means, the MODIS observations are limited to these two 

overpass times.    

3.2.6   Evaluation of the 2D Cloud Fields with MODIS 

Figure 3.8 below shows the global distribution of seasonal mean total cloud fraction as observed by 

MODIS-TERRA and simulated by HadGEM3-UKCA (and the difference between the two) in JFM and 

JAS for 2001–2012. Earlier in this chapter, we determined the level of annual agreement between 

the model and C3M observations as data was available for one year, here we evaluate how well the 

model performs over several years given that the last part of this study analyses the influence of 

cloud interannual variability. We also compared the global distribution of seasonal mean total cloud 

fraction and COD between the model and MODIS for individual years and varying number of yearly 

periods between 2001–2012. This comparison showed that the difference in magnitudes and 

patterns are persistent for whatever period is analysed and confirmed that the differences 

highlighted below are consistent between the model and the observations whether analysing one 

year or multiple years.  

   JFM 2001–2012  
                MODIS TERRA                      HADGEM3-UKCA                    HADGEM3 - MODIS 

 
  JAS 2001–2012 

     
                                                           
               Total Cloud Fraction                                                % Difference  

Figure 3-8: Mean total cloud fraction as observed by MODIS-TERRA (first column), simulated by HadGEM3-

UKCA (second column) and the percentage difference between the model and observations (HadGEM3-UKCA 

minus MODIS) (third column). Results are shown for JFM and JAS 2001–2012. 

The intertropical convergence zone (ITCZ), the sub-tropical high pressure systems and marine 

stratocumulus regions are clearly visible in both the observations and the model. Overall, the model 

captures the coverage and magnitude of cloud fraction seen in the observations. The model 

overestimates cloud fraction over the boreal land regions (and parts of the Arctic Ocean) and East 
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Africa in JFM and OND (not shown), the Middle East, Egypt and Libya in JAS and southern polar 

regions all year. The model underestimates cloud fraction over parts of South Asia and the Middle 

East, Egypt and Libya in JFM, AMJ (not shown) and OND (not shown), and the sub-tropical Pacific 

and Atlantic oceans east of the continents all year round. Both Ackerman et al. (2008) and Holz et 

al. (2008) found that MODIS detection of clouds is the most challenging over the polar regions due 

to the absence of thermal contrast between the clouds and the surface, while Holz et al. (2008) 

found MODIS missed high thin cirrus over desert regions (although neither study provided any 

quantification of the uncertainty). This indicates that the model’s biases could actually be lower 

over the polar regions all year round and the Middle East, Egypt and Libya in JAS.      

Figure 3.9 below shows the global distribution of seasonal mean COD as observed by MODIS-

TERRA and simulated by HadGEM3-UKCA in JFM and JAS from 2001–2012. Ackerman et al. (2008) 

and Holz et al. (2008) found that MODIS is more sensitive to clouds with optical depths greater 

than 0.4 while Khatri et al. (2018) found that MODIS overestimated COD for optically thin clouds 

when compared to surface-observed global fluxes but this was restricted to Japan.  

 JFM 2001–2012 
               MODIS TERRA                       HADGEM3-UKCA                    HADGEM - MODIS 

 
 JAS 2001–2012 

 
                                                                         
                                            Cloud Optical Depth                    % Difference 

Figure 3-9: Mean cloud optical depth (COD) as observed by MODIS-TERRA (first column), simulated by 

HadGEM3-UKCA (second column) and the percentage difference between the model and observations 

(HadGEM3-UKCA minus MODIS) (third column). Results are shown for JFM and JAS 2001–2012. 

The model tends to overestimate COD over the ocean regions and underestimate it over the 

continents. Specifically, it overestimates CODs over the Atlantic and Pacific (north of 30°N) all year 

as well as the boreal land regions in JAS  and AMJ (not shown). When the model’s vertically 

integrated CODs were evaluated with C3M in Figure 3-3, these were also overestimated in the latter 



79 
 

regions. The model overestimates CODs over the Southern Ocean, particularly in JFM and OND (not 

shown) and underestimates CODs over boreal land regions in the same seasons. It also 

underestimates the magnitude of CODs over North Africa and the Middle-East for all seasons and 

South Asia in JFM, AMJ and OND. Around the equator, it tends to overestimate CODs. 

This evaluation has examined differences in mean cloud values over 12 years. In Chapter 5, the 

influence of cloud IAV will be further evaluated in the Base simulation of HadGEM3-UKCA.  

3.2.7  Summary of the Cloud Fields’ Evaluation  

The evaluation of the cloud fields in HadGEM3-UKCA shows that the model satisfactorily represents 

cloud fraction and COD but there are areas of bias. The model underestimates 3D cloud fraction 

over the lower altitudes of the tropics but elsewhere captures cloud fraction well. Coverage and 

magnitude of the model’s total (2D) cloud fraction is simlar to the observations over most regions. 

Positive biases in the model over the polar and desert regions may be not be significant given 

MODIS’s previously identified insenstivity in these areas. CODs from C3M and HadGEM3-UKCA have 

a very similar zonal distribution for all seasons but CODs are higher in the model over the northern 

extratropics in AMJ and JAS and lower over the southern extratropics in JFM and OND. When 

HadGEM3-UKCA multi-year mean CODs are compared to MODIS, the values in MODIS are generally 

higher over the continents and lower over the oceans compared to the model. The model 

significantly underestimates CODs in all seasons over South Asia (excluding JAS). Comparison of 

ECODs between the model and C3M show several areas are well represented but there are areas 

such as the Southern Ocean, the sub-tropics and the tropics which will be strongly improved by 

scaling.    

3.3  Evaluation of the Model’s Simulation of Key Chemical Species 

Telford et al. (2013) found that the implementation of the Fast-JX interactive photolysis scheme 

into the UKCA component of the UM chemistry model (version 6.4) improved photolysis rates 

compared to the previous offline scheme version (when compared to observations). That version of 

the model (when compared to observations from TES) captured ozone well but underestimated CO 

due to too high OH being produced. O’ Connor et al. (2014) found that another earlier version of 

the model, HadGEM2-UKCA, captured global and zonal mean distributions of tropospheric ozone, 

CO and NO2 well (when compared to other models). The performance of the current version of the 

model (HadGEM3-UKCA) in simulating those key species against several models from CCMI is 
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compared in Chapter 5, but here the evaluation will focus on direct comparisons with available 

observations to confirm that the model has satisfactory oxidant fields and through examination of 

ozone-CO correlations, that the model is simulating specific fields for the right reasons. In 

particular, model estimates of CO and ozone are vital to evaluate together as ozone depends on 

CO, since CO is a precursor of ozone, and they are key products for the study of ozone chemistry 

and transport (Luo et al., 2007).  

3.3.1  Evaluation of the Model’s Ozone and CO Fields with TES/MLS 

To evaluate the ozone and CO fields in HadGEM3-UKCA from the surface to 250mb, co-located 

retrievals of CO and ozone are used from the Tropospheric Emission Spectrometer (TES), a high 

resolution infrared Fourier transform spectrometer launched in 2004 on board the NASA Aura 

satellite with a spectral range between 650 to 3050 cm-1 and an approximate nadir footprint of 5.3 

x 8.3km (Worden et al., 2007; Beer et al., 2001; Telford et al., 2013; Voulgarakis et al., 2015). This 

satellite has a ~705km Sun-synchronous polar orbit crossing the equator at 01:45 and 13:45 local 

solar time with an orbit repeat cycle of 16 days (Worden et al., 2007; Nassar et al., 2008; 

Voulgarakis et al., 2015). It measures thermal emissions between 3.3μm and 5.4μm and ozone 

mixing ratio profiles are derived from the spectral radiances retrieved from the 9.6μm ozone 

absorption band using the 995 – 1070 cm-1 spectral range (Nassar et al., 2008). Observations are 

made every 40km along the orbital track and retrievals have between 1 and 1.5 independent pieces 

of information (degrees of freedom for signal) at midlatitudes in the summer (Liu et al., 2009). The 

TES retrievals are determined by combining the spectral measurement and a priori state using 

reasonable constraints (Luo et al., 2007). The retrieved natural logarithm of the TES mixing ratio 

profile (    ) is calculated as follows:- 

                                                                 (           )                                                       (   ) 

 

where   is the averaging kernel,        and      are the natural logarithms of the a priori and the 

observed profiles respectively and   is the observation error arising from random errors in the 

radiance measurement and systematic forward model errors (Voulgarakis et al., 2011). All but 

     are part of the standard TES product. The ozone a priori profile uses the Model of Ozone and 

Related Tracers (MOZART) monthly means averaged over grid boxes of 60° longitude x 10° 

latitude. Retrievals from TES have low vertical resolution (6–7km) similar to other remote sensing 
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instruments but are sensitive to ozone and CO distributions between ~700–200mb (Lopez et al., 

2007).  

Version 7 TES global survey data (L2) for 2005–2011 is used. This product maps the globe in 16 

orbits (~26 hours) divided into sequences of 82 seconds each (Nassar et al., 2008) and makes a 

continuous set of observations on a 1 day on-1 day off basis (Beer et al., 2001). From 21 May 

2005, each sequence comprises 3 nadir scans within an orbital track spaced approximately 180km 

apart (Nassar et al., 2008). The TES high frequency global three-hourly means were downloaded 

from https://eosweb.larc.nasa.gov/project/tes/l2_standard_table?page=1. Under nadir scanning, 

cloud interference is lower than under limb scanning, which allows for better global tropospheric 

coverage for species such as CO and ozone (Bowman et al., 2002). Vertical information is retrieved 

from spectral variations along the line of sight rather than from information directly gathered from 

measurements taken by limb viewers at different altitudes (Bowman et al., 2002). Richards et al. 

(2008) found that version 2 TES ozone retrievals (when compared to aircraft measurements over 

Houston, Hawaii and Alaska) exhibited a small positive bias in the troposphere. This was also 

identified by Nassar et al. (2008) who found positive biases of between 0–15% for 6 latitude zones 

(when compared with 1600 ozonesondes covering the U.S. and Europe with some coverage over 

Equatorial Asia, Japan, Antarctica and Africa).  

Above 250mb, TES sensitivity is very low. As a result evaluation of the ozone and CO fields in 

HadGEM3-UKCA from 250 to 50mb makes use of datasets from the Microwave Limb Sounder 

(MLS), one of the other instruments on board the NASA Aura satellite. It detects microwave 

emissions from the Earth’s limb in the “forward” direction of the satellite orbit in five spectral 

regions from 118 GHz to 2.5THz and makes measurements in the vertical column from the surface 

up to ~90km every 24.7 seconds and every 1.5° of the orbit track, equivalent to a horizontal 

distance of ~165km (Livesey et al., 2008; Livesey et al., 2013). It reports 3500 profiles every day 

between 82°S and 82°N crossing the equator at 01:30 and 13:30 local solar time daily.  

CO and ozone products for both TES and MLS are provided on a fixed vertical pressure grid. The 

pressure levels are the same for ozone and CO in TES but in MLS, the pressure levels for ozone and 

CO are different.  

Version 4.2 MLS Geophysical Product (L2GP) reported along the orbit track is used. This is 

downloaded from: 

https://avdc.gsfc.nasa.gov/index.php?site=1480884223&id=94&go=list&path=/O3; and 

https://eosweb.larc.nasa.gov/project/tes/l2_standard_table?page=1
https://avdc.gsfc.nasa.gov/index.php?site=1480884223&id=94&go=list&path=/O3
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https://avdc.gsfc.nasa.gov/index.php?site=1480884223&id=94&go=list&path=/CO. Each file 

provides data for a 24-hour period from midnight to midnight universal time. Even though the 

product includes values from the surface, there is no observational information below mid-grid box 

pressure level 215mb, which means that most of the profile values in the troposphere are the same 

as the a priori. Accordingly, the MLS data are used to evaluate HadGEM3-UKCA in the region from 

265 to 50mb for CO and 240 to 50mb for ozone (the higher pressure level chosen marking the 

lower altitude edges of the gridboxes containing 215mb).   

In order to compare high frequency satellite measurements with model simulations, the satellite 

orbital track, differences in satellite retrieval sensitivity to varying atmospheric conditions, low 

vertical resolution and contributions from a priori profiles need to be taken into account 

(Voulgarakis et al., 2011; Field et al., 2012; Voulgarakis et al., 2015). This requires removing 

profiles that would be poorly retrieved, and for the ones selected applying a satellite operator to 

the raw model profiles (Field et al., 2012). This process converts the model profiles into what would 

be seen by the instrument if the real world was the model, since averaging kernels represent the 

vertical sensitivity of each retrieval to the true vertical profile (which is influenced by variables such 

as cloud cover and temperature).  

This part of the evaluation will look at mean ozone and CO concentrations as well as ozone-CO 

correlations which will indicate not only that the model is simulating concentrations correctly but 

that these are being simulated for the right reasons (Voulgarakis et al., 2011; Chin et al., 1994). CO 

is an important ozone precursor, and using this correlation analysis can provide insight into model 

performance in terms of the intensity of ozone-producing processes (or lack of them) in different 

regions, while at the same time removing the sensitivity to background levels of the two tracers 

(Chin et al., 1994). 

To avoid any substantial bias in the comparisons from any difference in the timing between the 

model and the observations, the methodology in Voulgarakis et al. (2011) is followed and the model 

ozone and CO is sampled at the time and location of the TES measurements, following which they 

are then interpolated onto the 67 pressure levels reported for the TES retrievals. The TES operators 

(the TES averaging kernel,   and a priori constraint vector,       ) are applied to the model data 

creating a “retrieved” model profile,          , accounting for bias introduced by the TES 

instrument sensitivity following Equation (3.1) but substituting the observational profile (    ) with 

the nearest HadGEM3-UKCA profile mapped to the TES pressure levels (    ) as follows:-  

https://avdc.gsfc.nasa.gov/index.php?site=1480884223&id=94&go=list&path=/CO
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                                                                         (           )                                              (   ) 

When/where the averaging kernel is zero, the model output will revert to the TES a priori, just like 

in the case of the observations. Here the model profile is vertically smoothed by the averaging 

kernel and where no information has been obtained from the TES measurement, the model value is 

replaced with the a priori value provided in the TES data (Lopez et al., 2007).  

With respect to MLS, there are no MLS operators as, being a limb viewing instrument, its averaging 

kernel is very close to a delta function so that for different levels, the signal is sharp rather than 

being derived from a blend of information provided by different levels with varying weights. Given 

that, the above exercise using operators is not required when comparing model data. HadGEM3-

UKCA data are simply sampled horizontally to the time and location of the MLS measurements, 

following which they are then interpolated onto the 37 and 55 pressure levels reported for the MLS 

retrievals. 

Following the above process, the model and satellite ozone and CO values are further smoothed 

through binning into 5° x 4° longitude x latitude bins and the data averaged between the surface 

and 850mb, 850 to 500mb, 500 to 250mb and 240/265 to 50mb. This exercise showed that CO and 

ozone concentrations in the layer from the surface to 850km were almost identical between the 

model and observations due to the lower sensitivity of the TES instrument at low altitudes. Given 

that, results from this layer are not analysed further.  

3.3.2  Uncertainties associated with TES/MLS 

The sampling of the model outlined above allows us to account for the vertical resolution and 

sensitivity of TES by applying the TES averaging kernels and apriori to the model output. This 

enables us to compare “apples with apples”. TES data has also been used extensively in scientific 

research and has been validated against ozonesondes (Worden et al., 2007; Nassar et al., 2008; 

Bowman et al., 2009), aircraft measurements (Luo et al., 2007; Lopez et al,. 2008) and satellite 

data (Osterman et al., 2008). However there are several uncertainties associated with the TES data 

used in this study. Most TES validation has used comparisons with ozonesondes which limits the 

validation to the location of those sondes. These comparisons have found that TES exhibits a 

positive ozone bias of between 5–15% in the troposphere (Richards et al., 2008) ranging from 2.9–

10.6ppbv in the upper troposphere and 3.7–9.2ppbv in the lower troposphere (Nassar et al., 2008). 

Biases greater than 20% have also been found over the low altitudes of the tropics and sub-tropics 
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(Nassar et al., 2008). However, TES is able to differentiate between high and low ozone burdens in 

the lower and upper troposphere and detect large scale features (Worden et al., 2007). While much 

focus has been on TES ozone, TES CO has been found to have a small negative bias in the 

midlatitudes and positive bias in the tropics (both < 10%) when compared to aircraft 

measurements (Luo et al., 2007; Lopez et al,. 2008). 

Livesey et al. (2013) found that MLS generally produces ozone and CO profiles that are scientifically 

useful for analysis in the upper troposphere and lower stratosphere at pressures of 215mb or 

smaller. They found that the MLS ozone data showed good agreement with the observations with a 

bias no higher than 15% at 215mn. Other studies have found biases of 20% in MLS ozone product 

in the mid and high latitudes at 215mb when compared to SAGE (Froidevaux et al., 2008) and 

radiosondes (Jiang et al., 2007). However the MLS CO product has a significant high bias at 215mb 

(factor of ~2) but the cause of this bias has not yet been determined.   

3.3.3  Global Distribution of Ozone Concentrations 

Figures 3-10 and 3-11 show ozone concentrations in the two regions of TES (in ppbv) and one 

region of MLS (in ppmv) compared with the HadGEM3-UKCA’s Base simulation, as well as the 

percentage differences between the model and observations, for the seasonal means of JFM and 

JAS 2005–2011. We also compared the global distribution of seasonal means of ozone and CO 

between the model and TES/MLS for individual years and varying number of yearly periods 

between 2005–2011. This comparison showed that the difference in magnitudes and patterns are 

persistent for whatever period is analysed and confirmed that the differences highlighted below are 

consistent between the model and the observations whether analysing one year or multiple years. 

The first two columns in both seasons show that the model captures ozone spatial variability and 

magnitude well over the three layers as well as the fact that ozone concentrations broadly increase 

when approaching the stratosphere. It captures the high concentrations over the more 

industrialised Northern Hemisphere encompassing the United States, Europe and Asia for both 

seasons, which also extend over the North Pacific and Atlantic Oceans in JFM evidencing longer 

tropospheric ozone lifetime in this season as well as accumulation of ozone during STE events 

(O’Connor et al., 2014). It also captures the high concentrations over the Middle East all year round 

and over North Africa in JAS, which are driven by relatively cloud free skies and substantial 

amounts of precursors (Bowman et al., 2013). Elevated levels over the Middle East, Asia and North 

Africa seen in JAS are also due to ozone being trapped by the Saharan and Arabian anticyclones at 
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400–500mb, which extend from the Middle East over Northern Africa and into the eastern 

subtropical Atlantic (Liu et al., 2009; Bowman et al., 2013). 

  JFM 2005–2011 
                    TES/MLS                             HadGEM3-UKCA                        DIFFERENCE 

850–500mb 

 
500–250mb 

  
                                                             
                         Ozone (ppb)                                                     % Difference 

240–50mb 

 
                                                             

                        Ozone (ppm)                                                     % Difference 

Figure 3-10: Mean ozone concentration as observed by TES (in ppbv) and MLS (in ppmv) (first column) and 

simulated by the HadGEM3-UKCA Base simulation (second column) averaged over three vertical areas, 850–
500mb, 500–250mb and 240–50mb, and the percentage difference between the mean ozone concentration 

of the model and observations (model minus observations) (third column). Note the difference in scale 

between the MLS and TES observations. Data have been smoothed by averaging onto a 4x5 degree grid. 
Results are shown for JFM 2005–2011. 

On the eastern side of the anticyclone, ozone extends into Central Asia but by September as the 

anticyclone weakens and the area becomes better ventilated, ozone concentrations fall over these 

regions (Liu et al., 2010). The model does not, however, fully capture elevated ozone in JAS in the 

middle and upper troposphere over South America and Equatorial Africa and their surrounding 

waters possibly due to insufficient production through lightning activity and in JFM in the middle 

troposphere over Africa north of the equator possibly due to insufficient production via biomass 

burning precursors (Bowman et al., 2013). O’Connor et al. (2014) found that lighting NOx in a 

previous version of the HadGEM3-UKCA model, HadGEM2-UKCA, was too low. 
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   JAS 2005–2011 
                    TES/MLS                             HadGEM3-UKCA                        DIFFERENCE 

850–500mb 

 
500–250mb 

 
                                                             
                         Ozone (ppb)                                                     % Difference 

240–50mb 

 
                                                             

                         Ozone (ppm)                                                     % Difference 

Figure 3-11: Mean ozone concentration as observed by TES (in ppbv) and MLS (in ppmv) (first column) and 

simulated by the HadGEM3-UKCA Base simulation (second column) averaged over three vertical areas, 850–
500mb, 500–250mb and 240–50mb and the percentage difference between the mean ozone concentration of 

the model and observations (model minus observations) (third column). Note the difference in scale between 

the MLS and TES observations. Data have been smoothed by averaging onto a 4x5 degree grid. Results are 
shown for JAS 2005–2011. 

Regions with higher divergence from the observations are over the Amazon in JFM, South Asia and 

Equatorial Asia in JAS and North Africa in both seasons where the model is up to 16% (32%) 

higher than the observations in the middle (upper) troposphere and over northern high latitudes, 

North America, Europe and Central Asia in JFM and the southern high latitudes in JAS where the 

model is up to 40% higher than the observations in the upper troposphere. Nassar et al. (2008) 

found positive TES biases compared to ozonesondes of up to 15% when examining the tropics, 

sub-tropics and northern mid-latitudes of the troposphere. They also found positive TES biases of 

up to 8% over the Arctic and 20% over the Antarctic indicating the model biases in the regions 

above may be worse. Negative biases are the highest over most oceanic regions in both seasons in 

the lower troposphere and over the tropical ocean in JFM and the southern ocean in JAS in the 
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upper troposphere. The model’s actual biases may therefore be lower over those regions located in 

the tropics, sub-tropics and northern mid-latitudes. 

In the lower stratosphere, over the tropics in JFM and the northern sub-tropics and southern high 

latitudes in JAS the model (compared to MLS) overestimates concentrations by up to 40% while 

over the remainder of the Southern Hemisphere in JAS, it underestimates concentrations for most 

areas up to 32%. There is also a positive model bias over the northern high latitudes in JFM of up 

to 16%. The model underestimates ozone concentration on average by up to 8% for most other 

regions. Livesey et al. (2013) found that there was good agreement between MLS ozone and other 

observations so these model biases are not mitigated by any identified observational biases. 

Ozone concentrations from the ClZero and ClScaled simulations and for consistency, the Base 

simulation for 2008, are compared to TES and MLS for 2008 to evaluate if removing clouds from 

the photolysis calculation causes a deterioration of the model biases and if using observed clouds in 

the photolysis calculation improves the model biases. The biases between each model simulation 

and the observations are calculated and the absolute difference between the model bias from each 

sensitivity simulation and the Base simulation (|sensitivity simulation bias (%)| – |Base simulation 

bias (%)|) is calculated. For example, if the sensitivity simulation has a negative bias of -30% while 

the Base simulation has a negative bias of -60%, then the calculation of the difference is |-30%| – 

|-60%| = +30%. In the same manner, if the sensitivity simulation has a positive bias of 30% while 

the Base simulation has a positive bias of 60%, then the calculation of the difference is |30%] – 

[60%| = -30%. Any negative values therefore in the difference plots (indicated by colours in the 

red spectrum) show a decrease (or improvement) in bias from the Base simulation while any 

positive values (indicated by colours in the blue spectrum) show an increase (or worsening) of bias. 

These results are presented in Figures 3-12 and 3-13 and compared with the averaged ECOD first 

calculated by the model and then scaled by C3M. Biases in the ClZero simulation increase over 

several regions (when compared to the Base simulation) and where these occur, the biases in the 

ClScaled simulation decrease. This is clearly seen in the bias difference plots over most oceanic 

regions in the middle troposphere, and in the Southern Ocean (mentioned previously in Section 

3.2.7 as a region where scaling should improve the model’s clouds) and Southern and Central Africa 

and Australia in the upper troposphere in JFM. There are similar changes to ECOD in the Base 

simulation calculation of ECOD (after scaling) over the North Atlantic and the Southern Ocean for all 

layers in JFM. Where there are changes to ECOD (after scaling), this will lead to a different 
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calculation in the photolysis routine compared to the model clouds. Where there are small or no 

changes, then there will be very little difference between the Base and ClScaled simulations. 

JFM 2008 
                 850–500mb                              500–250mb                              240–50mb 

ClZero minus Base                 

  
ClScaled minus Base 

   
 

Bias Difference ClZero/ClScaled minus Base (%) 

               850–500mb                               500–250mb                             240–50mb 
Base Simulation ECOD 

      
Base Simulation ECOD scaled by C3M   

 

                                                  Effective Cloud Optical Depth 

Figure 3-12: The difference (%) between the model ozone bias calculated from 1) the ClZero simulation and 

the Base simulation (first row panels) 2) the ClScaled simulation and the Base simulation (second row panels) 
and the 3) ECODs calculated by the Base Simulation (third row panels) and 4) the Base Simulation ECODs 

scaled by C3M (fourth row panels) for three vertical areas, 850–500mb, 500–250mb and 240–50mb. Data 

have been smoothed by averaging onto a 4x5 degree grid. Results are shown for JFM 2008. 

Increases in biases in the ClZero simulation and decreases in biases in the ClScaled simulation 

occur over all regions in the troposphere (excluding the region from North Africa to South East 
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Asia) in JAS. The region extending from North Africa to South East Asia is a region previously 

identified as relatively cloud free and where ozone becomes trapped by anti-cyclones. Clear 

changes to ECOD after scaling again occur over the Southern Ocean and North Atlantic. 

JAS 2008 
                 850–500mb                              500–250mb                              240–50mb 

ClZero minus Base                 

  
ClScaled minus Base 

   
 

Bias Difference ClZero/ClScaled minus Base (%) 

               850–500mb                               500–250mb                             240–50mb 
Base Simulation ECOD 

 
Base Simulation ECOD scaled by C3M 

 
  
Effective Cloud Optical Depth 

Figure 3-13: The difference (%) between the model ozone bias calculated from 1) the ClZero simulation and 

the Base simulation (first row panels) 2) the ClScaled simulation and the Base simulation (second row panels) 
and the ECODs calculated by the Base Simulation (third row panels) and the Base Simulation ECODs scaled 

by C3M (fourth row panels) for three vertical areas, 850–500mb, 500–250mb and 240–50mb. Data have 

been smoothed by averaging onto a 4x5 degree grid. Results are shown for JAS 2008. 
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Biases in the ClScaled Simulation increase the most over the Northern Hemisphere in the upper 

troposphere in JFM matching decreases seen in the ClZero simulation. ECODs also increase after 

scaling in this region indicating there is a difference between the model cloud and scaled cloud 

inputs to the photolysis calculation. The bias reductions in the ClZero simulation indicate that the 

model’s ozone fields improve when clouds are completely removed from the photolysis calculations. 

The photolysis calculation is therefore resulting in less accurate ozone fields despite the use of 

observed clouds and this could relate to the weaknesses of the photolysis routine outlined in 

Section 2.1.5. This could also be due to other cloud processes (and/or other factors not related to 

clouds) being given a more accurate weighting in influencing ozone (in the absence of cloud 

modification of photolysis).  

Bias increases in the ClZero simulation in the lower stratosphere occur over the Southern Ocean, 

between 40–60°N in both seasons and the northern high latitudes in JFM. Over these regions, 

biases also decrease in the ClScaled simulation and there are clear ECOD changes after scaling in 

the Southern Ocean and the 40–60°N zone. For several regions, the inclusion of clouds improves 

the ozone fields, which is further improved when observational clouds are used in the model 

indicating the importance of clouds in simulating accurate ozone fields in these regions. 

3.3.4  Ozone Concentration Root Mean Square Errors  

In order to further analyse which model simulation closely matches the observations, the root mean 

square error (hereinafter called “RMSE”) is calculated between the three model simulations and the 

observations over all grid boxes for JFM and JAS 2008, again as the C3M data required for the 

ClScaled simulation was only provided for 2008. RMSE is frequently used to measure the difference 

between a set of observed values and values predicted by a model. Due to the use of data 

restricted to 2008 the RMSEs are based on fewer temporal values and may be more influenced by 

extreme values. Tables 3-1 and 3-2 show the RMSEs and mean biases calculated from the Base 

simulation and the percentage difference (in parentheses) between the RMSEs/mean biases 

calculated in the ClZero/ClScaled simulation and the Base simulation. In the Base simulation, the 

RMSE for global ozone in JFM (JAS) is 1.8ppbv (4.4ppbv) in the middle troposphere and 4.3ppbv 

(3.2ppbv) in the upper troposphere. These compare well and have improved on the RMSEs 

calculated for HadGEM2-UKCA in O’Connor et al. (2014) which recorded an annual mean RMSE of 

7.7ppbv when compared with observed monthly mean ozone concentrations at 750, 500 and 

250mb (excluding the extratropics at 250mb). Global mean biases are similar in magnitude.  
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Table 3-1. Ozone RMSE/Mean Bias for the Base simulation compared to TES/MLS and the percentage 

deviation (in parentheses) between the RMSE/Mean Bias of (1) the ClZero and (2) ClScaled simulations and 
the RMSE/Mean Bias of the Base simulation for representative regions. Results are shown for JFM 2008. 

_____________________________________________________________________________________ 
Ozone (ppbv) Base  (ClZero)  (ClScaled) Base  (ClZero)  (ClScaled) Base   (ClZero) (ClScaled)  

JFM 
 850–500mb        500–250mb                              240 – 50mb    
        

RMSE (ppbv) 
 

Global 1.8  (19.5)   (-17.3)  4.3   (24.8)    (69.1)   30.2  (-3.8)  (-4.2) 
Europe 4.6  (0.5)    (-5.3)  13.9   (-8.5)     (-4.6)   172.5  (-2.6)  (1.4) 
North America  3.3  (0.2)   (2.6)   21.2   (23.2)    (29.8)   192.8  (-2.3)  (0.6) 
North Atlantic 2.9  (2.1)   (-7.9)  10.1   (19.1)    (33.5)   164.3  (-2.8)  (1.0) 
Southern Ocean 2.4  (14.8)   (-12.1)  3.2   (23.2)    (-13.2)   67.7  (10.1)  (-11.4) 
Central Pacific 2.8  (15.1)   (-11.7)  3.5   (24.8)    (-14.5)  60.1  (-6.4)   (11.3) 

Equatorial Asia  2.2  (-3.2)   (0.1)   3.9   (-21.3)   (6.7)    67.8  (-3.0)   (12.3) 
South Asia 3.3  (21.6)   (-8.2)  5.1   (-21.3)   (16.7)  26.6  (-1.1)  (-1.6) 
East Asia 3.9 (9.5)   (-5.3)  5.3   (-5.1)    (25.1)   74.1  (-0.5)   (-2.8) 
North Africa 6.2  (2.4)   (-1.0)  7.9   (-6.8)    (13.3)   24.9  (0.5)   (-11.5) 
Southern Africa 3.7 (0.4)   (0.6)   6.9   (18.6)    (-8.9)   19.7  (5.4)  (4.7) 

 
MEAN BIAS (%) 

              
Global -1.5  (24.5)   (-24.4)  3.3   (48.1)    (111.3)  -29.7  (-4.3)  (-5.8) 
Europe -3.1  (1.2)    (-10.6)  6.5   (44.0)     (65.2)   -152.3  (-4.7)  (2.1) 
North America  1.6  (0.2)   (14.5)  15.0   (53.2)    (64.9)   -170.5  (-5.7)  (1.8) 
North Atlantic -2.1  (3.6)   (-17.6)  8.8   (22.8)    (41.8)   -141.4  (-5.7)  (1.5) 
Southern Ocean -1.9  (20.8)   (-16.2)  -1.1   (46.3)    (-41.4)   -64.5  (11.4)  (-12.0) 
Central Pacific -2.0  (24.7)   (-27.4)  -2.3   (46.4)    (-48.3)  58.0  (-7.0)   (12.0) 
Equatorial Asia  0.5  (-62.1)  (43.9)  2.4   (-43.0)   (26.9)   66.8  (-3.2)   (12.6) 

South Asia -1.8  (57.6)   (-30.0)  3.8   (-40.8)   (29.2)  -1.7  (-4.8)  (10.2) 
East Asia -3.1 (12.1)   (-11.4)  3.9   (-11.6)   (41.4)   -64.8  (-0.9)   (-5.1) 
North Africa -0.7  (73.7)   (-90.6)  4.7   (-28.0)   (29.4)   -9.4  (25.3)   (-64.1) 
Southern Africa 0.0 (26.3)   (17.8)  -4.5  (41.2)    (-21.3)   -1.0  (6.8)  (8.1) 
 
 

 

Maximum RMSEs in the troposphere occur in those regions previously identified as having the 

highest mean biases in Figures 3-10 and 3-11 and seen in the second sections of Tables 3-1 and 3-

2. RMSEs calculated in the ClZero simulation are greater than the Base simulation globally (up 

19.5% in JFM and 14.8% in JAS) and regional results are consistent with the mean bias analysis 

above and seen in the second sections of Tables 3-1 and 3-2. All decreases in regional RMSEs and 

mean biases in the ClScaled simulation are generally the opposite sign to the ClZero simulation, 

except over North America and the North Atlantic in the upper troposphere in JFM where biases 

increase in both simulations. Global RMSEs and mean biases calculated in the ClScaled simulation 

are smaller than the Base simulation for all layers (except the upper troposphere in JFM) and 

decrease, respectively by up to 21.4 and 25.2% when compared to the Base simulation in JAS. The 

increase in global RMSE seen in JFM is consistent with the large increase in bias seen in the 
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Northern Hemisphere in Figure 3-10 and the second section of Table 3-1. RMSEs and mean bias 

decreases in the ClScaled simulation are the most widespread in the middle troposphere and there 

are decreases over the Southern Ocean and Central Pacific in all layers in JFM and JAS. The positive 

impact of using observed clouds to calculate the ozone fields is clear therefore in the middle 

troposphere (although this is a region where the RMSEs are already quite small). The effect of 

using observed clouds is not so clear for the other layers. However, further analysis of these layers 

is undertaken in the next chapter.  

Table 3-2. Ozone RMSE/Mean Bias for the Base simulation compared to TES/MLS and the percentage 
deviation (in parentheses) between the RMSE/Mean Bias of (1) the ClZero and (2) ClScaled simulations and 

the RMSE/Mean Bias of the Base simulation for representative regions. Results are shown for JAS 2008. 

_____________________________________________________________________________________ 
Ozone (ppbv) Base  (ClZero)  (ClScaled) Base  (ClZero)  (ClScaled) Base   (ClZero) (ClScaled)  

JAS 
 850–500mb        500–250mb                              240 – 50mb    
 

RMSE (ppbv) 
 
Global 4.4  (14.8)   (-6.2)   3.2   (47.0)    (-21.4)  16.4   (3.3)   (-10.3) 
Europe 8.4  (7.9)   (-3.2)  5.8   (16.2)    (-0.2)  42.7   (3.5)   (-11.3) 
North America  4.2  (10.0)   (-3.9)  5.0   (1.1)    (8.5)   59.3   (1.0)   (-6.5) 
North Atlantic 7.5  (7.3)   (-4.3)  6.4   (16.3)    (-2.1)  64.7   (1.2)   (-6.7) 
Southern Ocean 6.7  (6.4)   (-4.0)  9.7   (13.5)    (-7.8)  63.8   (2.8)   (-2.1) 
Central Pacific 3.8  (18.3)   (-3.1)  4.6   (28.7)    (-5.6)  94.1   (-3.4)    (6.9) 
Equatorial Asia 3.3  (-8.2)   (4.0)   4.1   (-19.0)   (11.0)  56.2   (-9.5)   (7.5) 

South Asia 5.4  (-8.1)   (5.4)   7.9   (-15.4)   (9.2)   91.0   (-3.9)   (5.7) 
East Asia 2.8 (12.4)   (-3.0)  4.0   (12.8)    (3.6)   39.0   (-6.2)  (9.8) 
North Africa 5.9  (0.5)   (0.9)   9.1   (-16.8)   (9.5)   151.4   (-2.6)   (4.1) 
Southern Africa 10.2 (7.4)   (-6.4)  13.7      (11.7)    (-7.9)  100.6   (5.2)   (-5.0)  
 

MEAN BIAS (%) 
 
Global -4.2  (15.8)   (-7.0)   -3.0   (52.7)    (-25.2)  -11.0   (6.3)   (-22.1) 
Europe -7.4  (8.9)   (-4.2)  -1.5   (118.4)   (-55.6)  -39.2   (4.1)   (-14.0) 
North America  -2.9  (15.6)   (-8.6)  1.1   (-64.1)   (76.8)  -52.7   (1.4)   (-10.6) 
North Atlantic -6.8  (8.2)   (-5.6)  -2.8   (55.5)    (-31.1)  -58.4   (1.5)   (-9.3) 
Southern Ocean -6.2  (7.3)   (-4.2)  -8.3   (17.6)    (-10.1)  -61.2   (2.8)   (-2.1) 
Central Pacific -2.9  (29.3)   (-6.2)  -3.6   (43.9)    (-11.6)  91.1   (-3.5)    (7.4) 
Equatorial Asia 2.0  (-26.5)  (8.8)   3.6   (-27.4)   (13.0)  54.5   (-10.2)   (7.9) 
South Asia 4.6  (-10.2)  (7.3)   7.5   (-16.7)   (10.7)  86.1   (-4.3)   (6.0) 
East Asia -0.9 (14.2)   (-18.4)  -0.3  (35.4)    (40.2)  27.7   (-11.2)  (17.4) 
North Africa 1.0  (-12.9)  (10.4)  7.9   (-24.8)   (11.7)  145.4   (-2.4)   (4.4) 
Southern Africa -8.2 (10.9)   (-5.8)  -12.5      (13.8)    (-8.4)  -94.9   (5.8)   (-5.5) 
 

RMSEs in the lower stratosphere are 30.2ppbv in JFM and 16.4ppbv in JAS which are higher than in 

the troposphere. Global mean biases in Tables 3-1 and 3-2 are similar in magnitude. The RMSEs 

and mean biases are larger in absolute terms in the lower stratosphere, but given the steep 

increase in ozone concentration above the tropopause, in relative terms they are not.  The highest 

RMSEs are over Europe, North America and North Atlantic in JFM (between 164 and 193ppbv). 
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Mean biases over these regions are also the highest (between -141.4% and -170.5%). As far as I 

am aware, no previous RMSE analysis has been done in this region. 

3.3.5  Global Distribution of CO Concentrations 

Figures 3-14 and 3-15 show CO concentrations in the two regions of TES (in ppbv) and one region 

of MLS (in ppmv) compared with the HadGEM3-UKCA’s Base simulation (and the percentage 

differences between the model and observations) for the seasonal means of JFM and JAS 2005–

2011. Validation of TES CO showed that it was in good agreement with in-situ profiles between 

~700–200mb (Lopez et al., 2007) which covers the regions looked at here.  

   JFM 2005–2011   
                    TES/MLS                             HadGEM3-UKCA                        DIFFERENCE 

850–500mb 

  
500–250mb 

  
                                          
                                                 

240–50mb 

       

                                          

                           CO (ppb)                                                          % Difference 

Figure 3-14: Mean CO concentration as observed by TES and MLS (in ppbv) (first column) and simulated by 

the HadGEM3-UKCA Base simulation (second column) averaged over three vertical areas, 850–500mb, 500–
250mb and 240–50mb and the percentage difference between the mean CO concentration of the model and 

observations (model minus observations) (third column). Note the difference in scale between the MLS and 

TES observations. Data have been smoothed by averaging onto a 4x5 degree grid. Results are shown for JFM 
2005–2011. 
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JAS 2005–2011 
                    TES/MLS                             HadGEM3-UKCA                        DIFFERENCE 

850–500mb 

   
500–250mb 

   
                                          
 

240–50mb 

   

                                          

                            CO (ppb)                                                         % Difference 

Figure 3-15: Mean CO concentration as observed by TES and MLS (in ppbv) (first column) and simulated by 
the HadGEM3-UKCA Base simulation (second column) averaged over three vertical areas, 850–500mb, 500–

250mb and 240–50mb and the percentage difference between the mean CO concentration of the model and 
observations (model minus observations) (third column). Note the difference in scale between the MLS and 

TES observations. Data have been smoothed by averaging onto a 4x5 degree grid. Results are shown for JAS 
2005–2011. 

The model captures CO spatial variability and magnitude well. It correctly captures the maximum 

concentrations in the troposphere over the tropics and the Northern Hemisphere in both seasons, 

with concentrations higher in the winter than the summer over the Northern Hemisphere. This is 

attributed to the seasonality of the efficiency of the CO + OH reaction (Jacob, 1999; Szopa et al., 

2007; Jiang et al., 2007), which depends on OH abundances and therefore on sunlight. The model 

also captures the major hot spots of CO over the biomass burning regions of Africa and South 

America and anthropogenic regions of Asia, Europe and North America. Negative biases in the Base 

simulation largely affect the Northern Hemisphere while positive biases affect the Southern 

Hemisphere. The largest positive biases are found in the upper troposphere, over Southern Africa in 

JFM and over Equatorial Asia and the Central Pacific in JAS, indicating that CO from tropical 
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biomass burning possibly has too long a lifetime in the model, allowing it to be exported to the 

upper troposphere too efficiently and spread throughout much of the tropics. 

Absolute bias changes between the Base and sensitivity simulations in 2008 are calculated for CO 

concentrations (in the same manner as ozone in Section 3.3.3) and these are shown in Figures 3-

16 and 3-17.  

 JFM 2008 
                 850–500mb                            500–250mb                              240–50mb 

ClZero minus Base 

 
ClScaled minus Base 

 
 

Bias Difference ClZero/ClScaled minus Base (%) 
 
Figure 3-16: The difference (%) between the model CO bias calculated from 1) the ClZero simulation and the 

Base simulation (upper panels) and 2) the ClScaled simulation and the Base simulation (lower panels) 

averaged over three vertical areas, 850–500mb, 500–250mb and 240–50mb. Data have been smoothed by 
averaging onto a 4x5 degree grid. Results are shown for JFM 2008. 

Bias changes are smaller than for ozone possibly due to cloud modification of photolysis having a 

smaller influence on CO. Biases in the ClScaled simulation decrease for all regions in the 

troposphere in JFM excluding a latitude band between 0 and 35°S and the Arctic region (in the 

upper troposphere). Biases in the ClZero simulation increase by greater than 4% in JFM over most 

of the Southern Hemisphere. Clouds are found to have some importance in simulating accurate CO 

concentrations in this region and using observed clouds does reduce the biases further over most 

of the Southern Ocean. This is matched by the changes to ECOD (after scaling) over the Southern 

Oceans seen previously in Figure 3-12.  There are decreases in biases of up to 2.4% in the ClZero 

and ClScaled simulations over the Northern Hemisphere but these are small. The bias reductions in 

the ClZero simulation indicate that the model’s CO fields improve when clouds are completely 

removed from the photolysis calculations. However, when the observed clouds are used, the 
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model’s calculation of photolysis rates (and subsequently the CO fields) also improve in this region 

indicating that the model’s clouds may be at fault.      

In the lower stratosphere in JFM, biases increase in the ClZero simulation only over a region 

extending from the Amazon to Equatorial Asia. There are also some decreases in bias in the 

ClScaled simulation in the same region indicating that the inclusion of model clouds reduces the 

model bias over this region which is further reduced in some areas by the use of observational 

clouds. In all other areas, however, there are bias reductions in the ClZero simulation 

corresponding with bias increases in the ClScaled simulation. There do not correspond to equivalent 

discernible changes to ECODs after scaling as seen in Figure 3-12 but the scaling is still having an 

effect. The photolysis calculations are therefore resulting in less accurate CO fields despite the use 

of observed clouds and this could again (as seen in Section 3.3.3) relate to the weaknesses of the 

photolysis routine outlined in Section 2.1.5. This could also be due to reweighting of other cloud 

processes (and/or other factors not related to clouds) (in the absence of cloud modification of 

photolysis).  

  JAS 2008 
                 850–500mb                            500–250mb                              240–50mb 

ClZero minus Base 

 
ClScaled minus Base 

  
                                                      

   Bias Difference ClZero/ClScaled minus Base (%) 
 
Figure 3-17: The difference (%) between the model CO bias calculated from 1) the ClZero simulation and the 

Base simulation (upper panels) and 2) the ClScaled simulation and the Base simulation (lower panels) 
averaged over three vertical areas, 850–500mb, 500–250mb and 240–50mb. Data have been smoothed by 

averaging onto a 4x5 degree grid. Results are shown for JAS 2008. 

In the troposphere in JAS, biases tend to decrease in the ClZero simulation in the Northern 

Hemisphere. Biases increase over the Southern Hemisphere oceans in both layers and over the 
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Southern Hemisphere continents (excluding Southern Africa) in the upper troposphere. There are 

equivalent same sign changes taking place in the ClScaled simulation. Clear equivalent changes to 

ECODs (after scaling) are also seen in Figure 3-13 over the Northern Hemisphere in the upper 

troposphere but not elsewhere. Biases decrease primarily where CO concentrations are high in the 

middle troposphere but increase over the high CO concentration regions of the Amazon, South Asia 

and Central Africa in the upper troposphere. Clouds will increase the destruction of CO above them 

by enhancing OH and slow the destruction of CO below them by reducing OH. However, the middle 

troposphere is a transition zone where these two effects cancel out to a certain degree and the 

effects of clouds are weaker when compared to the upper troposphere. In the lower stratosphere, 

where CO concentrations decrease sharply from their tropospheric levels, biases increase in the 

ClZero simulation only over eastern Amazon, Equatorial Asia and northern Australia (where CO 

concentrations are higher) and over the Central Pacific. In the same region, biases in the ClScaled 

simulation decrease over Central Pacific indicating that the inclusion of clouds reduces the model 

bias here which is further reduced by the use of observational clouds although there is no obvious 

change to ECOD (after scaling) seen in this region in Figure 3-13. However, the widespread 

reductions in bias in the ClZero simulation in both seasons in the lower stratosphere (matched over 

several regions by increases in bias in the ClScaled simulation) indicate again there may be an issue 

with the photolysis calculation or the weighting of other cloud processes (and/or other factors not 

related to clouds).  

3.3.6  CO Concentration Root Mean Square Errors 

Tables 3-3 and 3-4 show the RMSEs and mean biases calculated from the Base simulation and the 

percentage difference (in parentheses) between the RMSEs/mean biases calculated in the 

ClZero/ClScaled simulation and the Base simulation. The RMSEs calculated from the Base simulation 

for global CO in JFM (JAS) are 7.6ppbv (5.6ppbv) in the middle troposphere and 2.7ppbv (3.8ppbv) 

in the upper troposphere which compare well with the ozone RMSEs in Section 3.3.4. Global mean 

biases are also similar in magnitude. Maximum RMSEs in the troposphere occur over Europe, North 

America and the North Atlantic (up to 20.7ppbv), East Asia (up to 31.7ppbv), North Africa (up to 

48.0ppbv) and South Asia (up to 26.9ppbv) in JFM and Southern Africa (up to 35.6ppbv) in JAS, all 

in the middle troposphere. These are matched by mean biases of a similar magnitude. For my 

regions of analysis, O’Connor et al. (2014) also reported RMSEs for HadGEM2-UKCA for annual 

surface CO concentrations over Ireland (Europe) of 21.6 and Niwot Ridge (North America) of 11.6. 

No RMSEs were calculated for the lower troposphere in this study due to the lower sensitivity of the 
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TES instrument for this layer but comparing the RMSEs from O’Connor et al. (2014) with the RMSEs 

for Europe and North America in the middle troposphere in JFM and JAS, the model does an equally 

good job. RMSEs calculated in the ClZero simulation are lower than the Base simulation globally (up 

to 18.8% in JFM and 14.7% in JAS) but significantly higher in the Southern Ocean (up to 30.1% in 

JFM), Southern Africa (up to 14.1% in JFM) and the Central Pacific (up to 20.8% in JAS). These 

results confirm that removing clouds from the model reduces the model’s performance in JFM and 

JAS for those regions. However, there are widespread decreases in RMSEs in the ClZero simulation 

which are also matched by reductions in ClScaled simulation. In several of those regions, the ClZero 

simulation is still closer to the observations than the ClScaled simulation. Using observed clouds 

improves the model’s performance, but not to the same extent as removing clouds completely.    

Table 3-3: CO RMSE/Mean Bias for the Base simulation compared to TES/MLS and the percentage deviation 
(in parentheses) between the RMSE/Mean Bias of (1) the ClZero and (2) ClScaled simulations and the 

RMSE/Mean Bias of the Base simulation for representative regions. Results are shown for JFM 2008. 
_____________________________________________________________________________________ 
CO (ppbv) Base  (ClZero)  (ClScaled) Base  (ClZero)  (ClScaled) Base   (ClZero) (ClScaled)  

JFM 
 850–500mb        500–250mb                              240 – 50mb    
        

RMSE 
 

Global 7.6  (-14.0)  (-10.2)  2.7   (-14.7)   (-7.5)   7.1  (-11.1)  (6.1) 
Europe 20.7  (-2.1)    (-2.1)  17.0   (-4.5)     (-1.9)   15.3  (-6.2)  (3.6) 
North America  11.2  (-2.2)   (-1.6)  14.5   (-4.8)     (-0.2)   17.1  (-5.2)  (3.8) 
North Atlantic 14.1  (-2.7)   (-2.3)  12.3   (-5.5)     (-1.5)   15.9  (-5.8)  (3.7) 
South Ocean 2.8  (30.1)   (1.8)   6.6   (27.4)     (0.2)    2.8  (-24.5)   (16.9) 
Central Pacific 2.9  (-10.9)  (-6.7)  2.9   (6.2)     (-5.0)  4.9  (-9.2)   (-0.3) 
Equatorial Asia 7.9  (-1.9)    (-7.3)  4.1   (-1.2)     (-6.1)  5.1  (-2.7)   (-3.4) 
South Asia 26.9  (-7.4)   (-9.8)  10.6   (-6.8)    (-11.6)  7.2  (-12.0)   (-5.3) 
East Asia 31.7 (-10.5)  (-11.5)  11.6  (-4.0)    (-3.8)   9.2  (-9.2)   (1.9) 
North Africa 48.0  (-2.0)   (-2.6)  22.9   (-3.8)    (-2.2)   8.5  (-3.3)   (3.2) 
Southern Africa 5.5 (14.1)   (7.0)   20.6  (7.8)    (4.6)    11.5  (9.0)  (1.7) 
    

MEAN BIAS 
 

Global -7.3  (-17.5)  (-12.2)  -1.7   (-69.0)   (-15.7)   -7.0  (-11.9)  (6.3) 
Europe -19.2  (-2.3)    (-2.1)  -16.1   (-5.0)     (-1.9)   -15.0  (-6.5)  (3.7) 
North America  -9.7  (-2.5)   (-1.3)  -13.0   (-5.7)     (0.1)    -16.9  (-5.4)  (3.9) 
North Atlantic -13.4  (-2.9)   (-2.3)  -11.4   (-6.3)     (-1.4)   -15.6  (-6.1)  (3.8) 
South Ocean 2.6  (33.4)   (1.7)   6.3   (28.9)     (0.0)    -2.1  (-51.1)   (27.1) 
Central Pacific -1.4  (-55.9)  (-16.2)  -0.1   (632.2)    (2.7)   -2.8  (-31.6)   (5.8) 
Equatorial Asia -7.0  (-2.2)    (-8.5)  -1.0   (-30.4)    (-87.8)  -4.1  (-6.9)   (-4.8) 
South Asia -23.6  (-5.8)   (-8.1)  -8.6   (-10.5)   (-14.1)  -5.7  (-19.3)   (-6.2) 
East Asia -27.9 (-9.2)   (-10.0)  -10.1  (-6.4)    (-5.0)   -8.3  (-10.8)   (2.9) 
North Africa -38.2  (-2.0)   (-2.4)  -17.0   (-6.0)    (-3.2)   -5.3  (-12.3)   (8.3) 
Southern Africa 4.6 (17.5)   (8.7)   19.2  (8.4)    (4.8)    9.6  (11.0)  (0.0) 
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Table 3-4: CO RMSE/Mean Bias for the Base simulation compared to TES/MLS and the percentage deviation 

(in parentheses) between the RMSE/Mean Bias of (1) the ClZero and (2) ClScaled simulations and the 
RMSE/Mean Bias of the Base simulation for representative regions. Results are shown for JAS 2008. 

_____________________________________________________________________________________ 
CO (ppbv) Base  (ClZero)  (ClScaled) Base  (ClZero)  (ClScaled) Base   (ClZero) (ClScaled)  

JAS 
 850–500mb        500–250mb                              240 – 50mb    

 
RMSE 

     
Global 5.6  (-18.8)  (-11.9)   3.8   (-2.7)    (-5.3)  8.5   (-11.8)   (-0.2) 
Europe 17.2  (-9.7)   (-7.1)  14.4   (-14.4)   (-8.2)  11.8   (-9.8)   (-0.3) 
North America  11.7  (-9.2)   (-6.5)  18.6   (-10.4)   (-6.6)  12.3   (-9.2)   (-0.1) 
North Atlantic 8.4  (-13.0)  (-9.4)  13.8   (-12.7)   (-7.9)  11.8   (-9.5)   (-0.2) 
South Ocean 2.7  (21.2)   (2.9)   4.2   (25.0)    (0.1)   8.6   (-11.5)   (4.1) 
Central Pacific 4.2  (20.8)   (5.2)   7.7   (18.3)    (4.3)   3.8   (-14.6)    (0.7) 

Equatorial Asia 7.0  (6.1)   (4.9)   12.6   (9.5)    (8.1)   6.8   (-3.5)   (1.4) 
South Asia 4.7  (-0.5)    (-0.6)  7.8   (12.2)    (20.5)  5.7   (-10.3)   (-11.2) 
East Asia 12.6       (-3.8)   (-6.5)  11.5  (-4.6)    (-7.9)  9.6   (-8.8)  (-7.5) 
North Africa 21.4 (-5.8)   (-4.6)  9.6   (-11.2)   (-11.3)  9.9   (-10.0)   (-4.6) 
Southern Africa 35.6 (-4.4)   (-2.4)  9.2   (0.5)    (0.1)   4.7   (-17.7)   (3.0)  
 

MEAN BIAS 
 

Global -4.9  (-26.8)  (-16.8)   -1.1   (-56.8)   (-68.3)  -8.3   (-12.3)   (0.0) 
Europe -14.9  (-11.3)  (-8.5)  -12.0   (-19.1)   (-11.2)  -11.6   (-10.1)   (-0.4) 
North America  -8.9  (-14.0)  (-9.9)  -14.3   (-15.6)   (-9.5)  -12.1   (-9.4)   (-0.2) 
North Atlantic -6.5  (-20.0)  (-14.9)  -9.3   (-23.2)   (-14.2)  -11.7   (-9.8)   (-0.2) 
South Ocean 2.1  (36.0)   (4.7)   3.6   (34.5)    (0.3)   -8.4   (-12.0)   (4.2) 
Central Pacific 3.9  (23.2)   (5.8)   7.2   (19.6)    (4.7)   -2.7   (-36.2)    (3.1) 
Equatorial Asia 4.7  (14.6)   (9.2)   9.9   (14.4)    (11.2)  -1.9   (-51.6)   (-29.9) 

South Asia -1.7  (-30.9)  (-45.6)  5.2   (20.1)    (34.5)  -4.4   (-27.5)   (-39.2) 
East Asia -10.2      (-5.7)   (-9.9)  -6.1   (-20.0)   (-33.1)  -8.0   (-15.7)  (-14.8) 
North Africa -15.3 (-8.5)   (-6.9)  -4.9   (-33.2)   (-27.6)  -9.5   (-11.2)   (-5.2) 
Southern Africa -22.3 (-10.7)  (-6.5)  -2.2  (-88.4)   (-27.2)  -3.7   (-26.5)   (7.2)  

 
 

RMSEs in the lower stratosphere in the Base simulation are comparable to the troposphere. Globally 

they are 7.1ppbv in JFM and 8.5ppbv in JAS. Consistent with the bias analysis, the ClZero 

simulation reduces RMSEs in most regions in both seasons with the largest reductions over the 

Southern Ocean (up to 24.5%) in JFM and Southern Africa (up to 17.7%) in JAS. RMSEs in the 

ClScaled simulation change by less than ±4% for most regions but reduce the most over South Asia 

in JFM and JAS and East Africa and North Africa in JAS.  

Using observational clouds reduces RMSEs and mean biases over most regions in the troposphere 

in both seasons and in the lower stratosphere in JAS. These are also matched by reductions in 

RMSEs in the ClZero simulation. When the model’s clouds are used in the photolysis calculation, its 

calculation is less accurate than a calculation made under clear sky conditions. However, when the 

observed clouds are used, the model’s calculation of photolysis rates (and subsequently the CO 
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fields) are improved. As with the ozone analysis, the positive impact of using observed clouds to 

calculate the CO fields is clear in the middle troposphere (and this is a region where the RMSEs are 

higher than the ozone RMSEs). The effect of using observed clouds is not so clear for the other 

layers (particularly given the greater impact of removing clouds from the photolysis calculation). 

However, further analysis of these layers is undertaken in the next chapter. 

3.3.7  Correlation Coefficients  

Following Voulgarakis et al. (2011), ozone-CO correlations calculated by HadGEM3-UKCA, TES and 

MLS are calculated to explore whether the model is simulating CO and ozone correctly for the right 

reasons. TES provides satellite observation errors (  in Equation (3.1) above) which need to be 

applied to the model data to make them more comparable with TES. These random errors will not 

affect the individual ozone and CO comparisons, as they average to zero, but they will degrade the 

correlation between ozone and CO. The mean observational error (Observation Error Covariance in 

TES) for JAS and JFM 2005–2011 for each layer is calculated and then applied to the following 

equation (3.3) from Zhang et al. (2006), also used in Voulgarakis et al. (2011):- 
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     (  ̂   ̂) is the correlation between the two elements   ̂ and   ̂ of the retrieved model ozone 

and CO profiles following interpolation, application of the operators and regridding;  

   
  and   

  are the   ̂ and   ̂ under noise-free conditions;  

    (  ́  ́) is the covariance of   
  and   

 ; 

  
 ̅ and   

 ̅ are the mean values of   
  and   

 ; 

   
     

  are the standard deviations of   
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[ ] is the observational error provided with the TES retrievals. 

Figure 3-18 indicates the number of sample members available for the correlation calculation for 

the HadGEM3-UKCA and TES. These are made up of high frequency 3-hourly data for each day of 
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each season for the years 2005–2011. The number of sample members is at least 40 indicating that 

correlations greater than 0.43 or less than -0.43 for the majority of the globe are statistically 

significant (p<0.05). For MLS, the number of sample members is at least 150, indicating that any 

correlation greater than 0.23 or less than -0.23 is statistically significant (p<0.05).      

                                           850–500mb                        500–250mb 

 

 
Number of sample members 

Figure 3-18: Number of sample members available for the correlation calculation for both the HadGEM3-UKCA 
Base simulation and TES. Regions with at least 40 (80) sample members are statistically significant if the 

correlation is greater than 0.43 (0.32) or smaller than -0.43 (-0.32) (Pearson 95% confidence interval).                                      

Figures 3-19 and 3.20 show the global distribution of ozone-CO correlations calculated from JFM 

and JAS 2005–2011 daily mean data for the two regions of TES and one region of MLS compared 

with HadGEM3-UKCA.  

   JFM 2005–2011 
                 850–500mb                              500–250mb                              240–50mb 
                                                TES                                                                     MLS 

 

HadGEM3-UKCA Base simulation     

 

 

                                                          Ozone-CO Correlation 

Figure 3-19: Correlation coefficient between ozone and CO calculated from JFM 2005–2011 daily mean data 
from TES and MLS (upper panels) and the HadGEM3-UKCA Base simulation (lower panels) for three vertical 

areas, 850–500mb, 500–250mb and 240–50mb. Data have been smoothed by averaging onto a 4x5 degree 
grid. 
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Correlations in the three darkest blue and red zones are statistically significant for both the TES and 

MLS regions. TES correlations in JFM are strongly positive over the northern tropical and subtropical 

oceans compared to the continents for all layers, a result of the export of ozone precursors and 

subsequent tropospheric ozone production over neighbouring oceanic regions (North Atlantic and 

North Pacific). Correlations are negative over the higher latitudes of the Northern Hemisphere, 

largely due to the lower photochemical activity and higher dry deposition of ozone (Voulgarakis et 

al., 2011), and over the Southern Ocean. At the same time, correlations are positive over those 

parts of Africa and outflow regions coinciding with biomass burning taking place in JFM. Above 

240mb, the strongest positive correlations are over Central Africa while over the Southern Ocean, 

South America, the U.S., North Africa, the Middle East and South Asia, there are strong negative 

correlations. 

TES correlations in JAS are positive (up to 0.8) over most of the southern tropics and subtropics 

(coinciding with biomass burning regions). Strong positive correlations extend over the northern 

midlatitude Pacific and over North America into the Atlantic as a result of the pollution outflow from 

the continents (primarily from North America and East Asia), while anthropogenic emissions are 

responsible also for the positive correlations over parts of Europe.  

   JAS 2005–2011 
                 850–500mb                             500–250mb                               240–50mb 
                                                TES                                                                     MLS 

 
HadGEM3-UKCA Base simulation     

 

 

Ozone-CO Correlation 

Figure 3-20: Correlation coefficient between ozone and CO calculated from JAS 2005–2011 daily mean data 

from TES and MLS (upper panels) and the HadGEM3-UKCA Base simulation (lower panels) for three vertical 
areas, 850–500mb, 500–250mb and 240–50mb. Data have been smoothed by averaging onto a 4x5 degree 

grid. 
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The model’s ability to capture the correlations decreases with height but it still does well given that 

the calculation of correlations between these two complex tracers is convoluted. This ability has 

improved since these correlations were evaluated in previous versions of the model in Voulgarakis 

et al. (2011) and Telford et al. (2013), both of which examined correlations in the middle 

troposphere. In Voulgarakis et al. (2011), the model did not capture the high positive correlations 

in either season while in Telford et al. (2013), the model did not capture the high positive 

correlations over Southern Africa and South America in the summer. However, it did a better job 

than HadGEM3-UKCA in correctly calculating the weaker correlations over these regions in winter. 

HadGEM3-UKCA captures well the positive correlations over the U.S., Europe and tropical and sub-

tropical oceans for both seasons with the closest match between model and observations in JFM.  

Correlations over the Southern Ocean are also well captured in both seasons. The model 

overestimates tropospheric correlations over the Pacific Ocean west of South America in JFM and 

underestimates correlations over the oceans either side of North America. Horizontal and vertical 

mixing due to the transport of ozone rich and poor air or CO rich and poor air will affect local 

correlations. An overestimation or underestimation of these processes could reduce the correlation 

accuracy in these regions. Above 240mb in JFM, correlations are weak in MLS but strongly negative 

over the extratropics in the model which again could be due to the model cloud effect on OH 

production. In JAS, patterns of correlation are very similar but these are stronger in the model over 

the extratropics and the opposite in sign to the observations over the high southern latitudes.  

CO-ozone correlations are captured well by model particularly given that it is calculating a complex 

quantity (i.e. correlation between two complex tracers). It performs best over the tropical regions 

in the troposphere and less well over the northern and southern extratropics (in the upper 

troposphere in JAS and lower stratosphere in both seasons).  

3.3.8  OMI 

The OMI instrument is a nadir viewing imaging spectrograph that measures the solar radiation 

backscattered by the Earth's atmosphere and surface over a wavelength range from 270 to 500 nm 

with a spectral resolution of about 0.5 nm. It is in a polar sun-synchronous orbit with an overpass 

time of 13:30 and provides daily global mapping (Shen et al., 2019). The 114° viewing angle of the 

telescope corresponds to a 2600 km wide swath on the surface, which enables measurements with 

a daily global coverage. In the normal global operation mode, the OMI pixel size is 13 km× 24 km 

at nadir. In the zoom mode the spatial resolution can be reduced to 13 km × 12 km. The small 
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pixel size enables OMI to look in between the clouds, which is very important for retrieving 

tropospheric information. 

3.3.9  Uncertainties associated with OMI 

Celarier et al. (2008) found that OMI underestimates tropospheric NO2 columns by between 15–

30% compared to ground-based measurements near NO2 sources. In addition, the OMI means 

calculated in Section 3.3.10 are derived from daily data calculated from its overpass time of 13:30 

while the means calculated from the model are derived from each timestep during the 24 hours of 

each day. NO2 varies diurnally with greater abundances at night than during the day (Gruzdev and 

Elokhov, 2010). Calculating means from OMI retrievals only take account of a daytime abundance 

so will have lower column integrated NO2 than if measured at nighttime while the model will have a 

higher column integrated NO2 as it takes account of diurnal change.  

3.3.10 Evaluation of the Model’s NO2 Fields with OMI 

OMI provides tropospheric column integrated NO2 concentrations which are compared to the model 

in Figure 3-21 for the years 2005–2011. We also compared the global distribution of seasonal 

means of NO2 between the model and OMI for individual years and varying number of yearly 

periods between 2005–2011. This comparison showed that the difference in magnitudes and 

patterns are persistent for whatever period is analysed and confirmed that the differences 

highlighted below are consistent between the model and the observations whether analysing one 

year or multiple years. In general, the model captures NO2 patterns well. As NO2 is rapidly 

converted to HNO3 through its reaction with OH and subsequently often wet deposited in the lower 

troposphere, high NO2 abundances of 8 x 1015 molecules cm2 or greater are restricted to the highly 

polluted regions of the U.S., Europe and China in JFM. These regions account for the majority of 

annual surface NOx emissions from fossil fuels (Wild and Akimoto, 2001). The regions with the next 

highest abundances are the biomass burning regions of the Amazon, Africa and South Asia. These 

results are similar to the findings in O’Connor et al. (2014). In JAS, column integrated NO2 

concentrations over the Northern Hemisphere decrease (through direct photolysis of NO2 and as OH 

production increases) and increase over the Amazon and Southern Africa (due to biomass burning). 

Outside of these polluted regions, NO2 in both seasons is less than 1.6 x 1015 molecules cm2 over 

most land surfaces and less than 0.8 x 1015 molecules cm2 over the oceans and noticeably over 

North Africa and parts of Canada and Siberia. The model has a negative bias over the Southern 

Ocean compared to OMI and a positive bias over most continental regions and northern oceans, 
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possibly caused by a model lifetime that is too long and/or lightning emissions being too high 

(O’Connor et al., 2014). Column integrated NO2 is over 100% higher than observations in JFM over 

the industrial northern and biomass burning regions while in JAS, the positive biases over Russia 

and Canada become negative but NO2 is now overestimated over South Asia, the Middle East and 

North Africa. Given the underestimation of OMI NO2 highlighted in Section 3.3.9, the model’s biases 

could actually be lower over NO2 source regions.      

                      OMI                               HADGEM3-UKCA                         DIFFERENCE 
JFM 2005–2011 

 
JAS 2005–2011 

 
                                          
                  Mean Total Tropospheric NO2 column                                 % Difference 
                                (1015 molecules cm-2) 

Figure 3-21: Mean total column integrated NO2 (1015 molecules cm-2) as observed by OMI (first column) and 

simulated by the HadGEM3-UKCA Base simulation (second column), and the percentage difference between 
the mean total column integrated NO2 of the model and observations (model minus observations) (third 

column). Data have been smoothed by averaging onto a 4x5 degree grid. Results are shown for JFM and JAS 

2005–2011. 

Figure 3-22 shows the relative difference between the sensitivity simulations’ biases and the Base 

simulation bias calculated in the same manner as ozone in Section 3.3.3. Clouds should have a 

strong effect on NO2 columns, as they prolong its lifetime in the boundary layer and therefore 

generally increase its concentrations. The biases in the ClZero simulation in JFM and JAS reduce 

over the industrial and biomass burning regions and northern oceans. Biases in the ClScaled 

simulation however deteriorate further from the Base simulation over those regions. The bias 

reductions in the ClZero simulation and increases in the ClScaled simulation indicate that the 

photolysis calculations in the Base and ClScaled simulations are resulting in less accurate NO2 fields 

over the industrial and biomass burning regions. This again could be due to weaknesses highlighted 
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in the photolysis routine or as a result or the incorrect weighting of other cloud processes (and/or 

other factors not related to clouds) compared to cloud modification of photolysis. 

JFM 2005–2011 
                                     ClZero minus Base            ClScaled minus Base  

  
JAS 2005–2011   

  
 

(% Diff. ClZero/ClScaled minus Base) 

Figure 3-22: The percentage difference between the total column integrated NO2 bias calculated from 1) the 

ClZero and Base simulations (first column) and 2) the ClScaled and Base simulations (second column). Data 
have been smoothed by averaging onto a 4x5 degree grid. Results are shown for JFM and JAS 2005–2011.  

RMSEs calculated from the Base simulation for NO2 in JFM (JAS) are 0.13 x 1015 molecules cm-2 

(0.03 x 1015 molecules cm-2). RMSEs decrease globally 31% in JFM and 15.2% in JAS in the ClZero 

simulation while they increase by 46.8% in JFM and 19.4% in JAS in the ClScaled simulation. 

However, over the Southern Ocean in both seasons, North Africa in JFM and Southern Africa and 

the Central Pacific in JAS, RMSEs increase in the ClZero simulation (between 5.3 and 19.2%) and at 

the same times and locations RMSEs decrease in the ClScaled simulation. The inclusion of clouds 

improves the simulated NO2 fields in those regions, which further improve when observational 

clouds are used. Overall, clouds have strong effects on NO2, though these are not always intuitive, 

as in a variety of regions they appear to unmask other biases. 

3.4  Summary 

In general, HadGEM3-UKCA captures the pattern and magnitude of the ozone, CO and NO2 

observations. Largest biases of ozone are in the upper troposphere over the Amazon, North Africa 

and Equatorial Asia and in the lower stratosphere over the tropics (all positive) while largest biases 

of CO (again all positive) are over the Amazon and Southern Africa. Negative biases are located 

over most oceanic regions in both seasons in the lower troposphere and over the tropical ocean in 
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JFM and the southern ocean in JAS in the upper troposphere. Given the positive biases found for 

TES, the model’s actual biases may be lower over some of these regions. The ozone-CO 

correlations are fairly similar to the observations indicating that the model is on the whole 

simulating CO and ozone levels accurately for the right reasons. The model overestimates NO2 

abundances over most regions. Analysis of the sensitivity simulations show that clouds improve the 

1) ozone fields over most oceanic regions in the middle troposphere and the Southern Ocean in the 

upper troposphere and lower stratosphere in JFM and over all regions (excluding the region from 

North Africa to South East Asia) in JAS, 2) CO fields over the Southern Hemisphere in the 

troposphere in JFM and JAS and 3) NO2 fields only over the southern oceans and the Pacific south 

of 30°N in both seasons, North Africa in JFM and Southern Africa in JAS. While using observational 

clouds tends to improve the ozone model biases, improvements to CO or NO2 are not as 

widespread. The Southern Ocean, however, is a region which is always improved by scaling. 
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4. The Impact of Clouds on Photolysis Rates and 
Oxidants: A study of one year   
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Following on from the evaluation of the model’s cloud, CO, ozone and NO2 fields, where we showed 

the extent to which we can rely on the cloud and chemistry fields in the model, we now aim to 

show the importance of cloud modification of photolysis in influencing chemistry and composition 

over a short timescale of one year. We also aim to show how cloud modification of photolysis has 

very different effects on different layers of the troposphere and lower stratosphere and how this 

effect also varies between extratropical regions and the tropics. Cloud modification of photolysis will 

not have a uniform effect either with altitude or across regions. It is essential to determine how this 

cloud effect varies with height but also how it affects each region as this will have implications for 

radiative warming and cooling, surface temperatures, atmospheric circulation, surface pollution, 

transport of pollution and the amount of UV reaching the surface. Having accurate cloud fields in 

models is of crucial importance for estimating abundances of ozone, which is a greenhouse gas and 

oxidant as well as a source of OH, the primary “detergent” of the atmosphere.  

For the purpose of this chapter the Base, the ClZero and the ClScaled simulations (described 

previously in Chapter 3) are used. These experiments were evaluated against observations in the 

previous chapter, and their more thorough examination in this chapter will allow me to examine the 

direct impact clouds have on photolysis rates and subsequently on global and regional oxidants 

such as ozone, OH and associated species. All results in this chapter relating to the ClScaled 

simulation should take into account the uncertainties relating to the C3M data outlined in Section 

3.2.2 and the limitations relating to the scaling of clouds by the C3M data outlined in Section 3.2.3.  

In the previous chapter, the Base simulation was found to capture much of the pattern and 

magnitude of mean CO and ozone compared to the observations from TES and MLS providing 

confidence in the model output. I investigated how the Base, ClZero and ClScaled simulations 

compared with observations from TES, MLS and OMI. Generally, cloud modification of photolysis is 

found to have sizeable effects. Its inclusion in the photolysis calculation improves ozone fields over 

several oceanic regions in JFM and over all regions (excluding the region from North Africa to South 

East Asia) in JAS. Improvements in the CO fields are restricted to southern oceanic regions while 

NO2 fields improve over the Southern Ocean, Central Pacific, North Africa and Southern Africa.  

In order to understand the full magnitude of the cloud effect on photolysis, photolysis changes 

during the minimum and maximum periods of sunlight are analysed. The longest and shortest day 

are therefore chosen to be the mid-points for the assessment periods of the study, and June and 

December as the months for analysis in this chapter following Liu et al. (2006) and Tie et al. 
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(2003). When IAV is considered later in Chapter 5, seasonal change is assessed and November-

December-January and May-June-July are chosen as the periods of study to assess the brightest 

(and darkest) three months in each year when photolysis is the strongest in each hemisphere. In 

Chapter 3, different seasonal periods were used, JFM and JAS, as C3M data were restricted to the 

12 months of 2008 and November and December at the end of 2007 could therefore not be used. 

This restriction is not applicable when considering IAV in the next chapter. 

4.1  Correlation Analysis 

Correlation analysis will identify an association between cloud fraction and 1) ozone, 2) OH, 3) CO, 

4) NO2 and 5) the photolysis rates (collectively “the Quantities”) which could be due to a variety of 

cloud-related processes, including convection, wet removal, modification of photolysis and the 

production of lightning NOx (Price et al., 1997; Solomon et al., 2005; Voulgarakis et al., 2009a; Liu 

et al., 2009; Tselioudis et al., 2010; Scheuer et al., 2010; Randel et al., 2010). We would expect a 

very strong signal of convection from this analysis. However, the initial analysis of cloud 

correlations with JNO2 and JO1D in this chapter (and further analysis of correlations calculated from 

sensitivity simulations in Chapter 5) should be a very good indication of the influence of cloud 

modification of photolysis (through backscattering or attenuation of radiation) given that changes 

to these rate constants largely arise due to a change in the number of photons available (the local 

actinic flux). However, it should again be noted that the correlations analysed in this chapter are 

subject to many competing influences and process interactions. This will make an absolute 

determination of causality and/or a high percentage attribution to cloud modification of photolysis 

very difficult. While the use of the ClZero and ClScaled simulations provide more information on this 

association than analysing the Base simulation correlations on their own, this approach still provides 

only a suggestion of causality.  

For all the correlations in this Section 4.1, the sample members available for the correlation 

calculation were at least 30 for each month indicating that correlations greater than 0.49 or less 

than -0.49 are statistically significant (p<0.05).  

4.1.1  Cloud-Photolysis Rates Correlations 

Figure 4-1 below shows the altitude-latitude zonal correlations in June and December 2008 

between cloud fraction and the photolysis rates calculated from daily mean data by dividing the 

covariance between cloud fraction and the respective photolysis rate by the product of the standard 
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deviation of the variables. Regions where cloud-JO1D correlations are statistically significant are in 

the upper troposphere tropics in both seasons and the middle troposphere mid-latitudes in the 

relevant summer hemisphere while regions where cloud-JNO2 correlations are statistically 

significant are in the winter mid-latitudes and in the summer polar region. Correlations are positive 

over the tropics and the summer extratropics in the higher altitudes, due to the shorter 

atmospheric path allowing more UV photons to reach this region, and negative below. There is a 

clear transition between decreases and increases in photolysis rates associated with clouds.  

                                                 JUN                                   DEC  
 a) Cloud-JO1D                                            

 

   b) Cloud-JNO2 

 

      
     Pearson Correlation Coefficient 

Figure 4-1: Altitude-latitude zonal correlation coefficients between 3D cloud fraction and a) JO1D and b) JNO2 

calculated from daily mean data from the HadGEM3-UKCA Base simulation. Results are shown for June and 
December 2008. Correlations greater than 0.49 or less than -0.49 are statistically significant (p<0.05). 

The strongest negative correlations (up to -0.8) are found between clouds and JNO2 below 5km in 

the summer extratropics increasing to below 9km in the winter extratropics and tropics in both 

seasons while the strongest positive correlations are found between cloud and JO1D (up to 0.8) 

above these respective heights. Photons required for the photolysis of ozone have wavelengths < 
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320nm and as these are sensitive to overhead ozone, fewer reach the TLS than photons with 

wavelengths < 420nm required for the photolysis of NO2. However, the smaller the wavelength of 

the photon, the higher the proportion of photons scattered back than forward (Jacob, 1999; 

Seinfeld and Pandis, 2006). Given the smaller wavelength of the photon required for the photolysis 

of ozone, this will affect JO1D more than JNO2 above the cloud. When photons affecting JNO2 

encounter a cloud, backscattering and forward scattering (and subsequent multiple scattering 

within the cloud) will (depending on the COD) lead to extinction of a large proportion of these 

photons before they reach the surface (Twomey, 1974). Although very strong correlations are 

found between clouds and the photolysis rates, these correlations do not indicate that clouds are 

directly causing changes to photolysis. A change in the local actinic flux could also be caused either 

by a change in the overhead ozone in the case of JO1D, or NO2 in the case of JNO2, as a result of 

transport via convection or by variations in lightning NOx both associated with clouds, or this 

relationship could be purely coincidental so that both photolysis rates and clouds co-vary without 

clouds being implicated in the variability of JO1D or JNO2. The sensitivity analysis in this and the 

next chapter will help determine which of these is the correct mechanism. 

4.1.2  Cloud-Species Correlations 

Figure 4-2 below shows the altitude-latitude zonal correlations in June and December 2008 

between clouds and the oxidants/associated species calculated from daily mean data. Regions 

where cloud-OH correlations are statistically significant are in the middle troposphere tropics in 

both seasons and the higher layers of the upper troposphere and mid-latitudes in the summer 

hemisphere. Figure 4-2a shows that there is a strong positive association between clouds and OH 

in the middle to upper troposphere over the tropics and the summer mid-latitudes. While some of 

the increase in OH in the upper troposphere can be attributed to the increase in photolysis rates, 

the fact that the effect is also found in the middle troposphere where cloud impacts on photolysis 

are weaker suggests that the cloud-OH correlations are largely driven by water vapour abundance 

which is very strongly associated with cloud fraction as seen in Figure 4-2c. Cloud-water vapour 

correlations are statistically significant in all regions except the topical upper troposphere. The 

greater the water vapour abundance, the greater the chance that the water vapour will react with 

O1D to form OH. In the lower troposphere of the same region, the positive cloud-OH correlations 

weaken probably due to the cloud-associated transport of water vapour being offset by OH losses 

associated with photolysis rate decreases.  
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                                                 JUN                                    DEC                         

a) Cloud Fraction - OH                             

 

b) Cloud Fraction - Ozone 

 

c) Cloud Fraction - H2O                                              

  

     
   Pearson Correlation Coefficient  

Figure 4-2: Altitude-latitude zonal correlation coefficients between 3D cloud fraction and a) OH (upper 

panels) b) ozone (middle panels) and c) H2O (lower panels) calculated from daily mean data from the 
HadGEM3-UKCA Base simulation. Results are shown for June and December 2008. Correlations greater than 

0.49 or less than -0.49 are statistically significant (p<0.05). 

In the winter higher latitudes, cloud-OH correlations are weak or negative. At this time and 

location, cloud associated transport of CO, as indicated by the positive cloud-CO correlations in 
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Figure 4-3a (boosting the OH+CO reaction), and decreases in the photolysis rates are possible 

drivers of OH loss. While cloud-NO2 correlations (in Figure 4-3b) are also positive in the winter, the 

decrease in JNO2 during winter will mean less NO2 is photolysed to produce NO to regenerate OH. 

At the same time and location, the OH-water association is broken as no amount of water will 

compensate for the decrease in O1D due to the decrease in radiation intensity. In the summer 

higher latitudes, cloud-related transport of CO and decreases in the photolysis rates below clouds 

are possible drivers of OH loss in the lower layers. There are also cloud-related decreases of NO2 in 

the entire column creating a low NOx environment which does not favour OH production. However, 

negative cloud-OH correlations are offset by increases in O1D with the summer increase in radiation 

intensity allowing the OH-water vapour association to re-establish.  

Figure 4-2b shows that clouds are associated with decreases in ozone over most of the TLS (except 

near the surface) particularly in the extratropics in both hemispheres (excluding a small region 

above 15 km over the southern winter pole). Regions where correlations are statistically significant 

are in the middle and upper troposphere in the polar and mid-latitude regions in both seasons. The 

main driver (given the widespread negative association with clouds) is likely to be the increased 

water vapour (which is an ozone sink) when there is cloud. However, cloud-associated ozone 

decreases are the strongest in the same regions where there are positive associations between 

clouds and photolysis rates. We saw previously in Figure 4-1 that the total positive cloud impact on 

JO1D (a sink of ozone) above 5km in the summer extratropics and above 9km in the winter 

extratropics and tropics in both seasons was stronger than on JNO2 (a source of ozone) indicating 

the total cloud impact on photolysis rates may be driving some ozone loss here. In addition, the 

cloud-associated decrease in NO2 (an ozone precursor) seen in Figure 4-3b in the high latitudes 

during the summer will also influence ozone loss.  

The cloud-CO correlations in Figure 4-3a are strong and positive in similar locations to the strong 

negative cloud-ozone correlations. Regions where correlations are statistically significant are also in 

the middle and upper troposphere in the polar and mid-latitude regions in both seasons. CO is an 

ozone precursor but cloud-associated increases in CO leading to increases in ozone does not seem 

to be the driver of correlations, as the correlations in Figures 4-2b and 4-3a are of opposite sign. 

Cloud-CO correlations are strong and symmetric in the mid-latitudes of both hemispheres while in 

the same region, cloud-OH correlations are weak. It is unlikely therefore, that sink-driven processes 

are responsible here for the cloud-CO correlations, but rather upward cloud associated transport of 

CO in the mid-latitudes. In the tropics, cloud-CO correlations are weak possibly due to the increases 
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of CO associated with upward cloud transport being offset by the stronger and positive cloud-OH 

correlations. 

a) Cloud Fraction - CO 

 

   b) Cloud Fraction - NO2 

 

      
    Pearson Correlation Coefficient 

Figure 4-3: Altitude-latitude zonal correlation coefficients between 3D cloud fraction and a) CO (upper panels) 
and b) NO2 (lower panels) calculated from daily mean data from the HadGEM3-UKCA Base simulation. Results 

are shown for June and December 2008. Correlations greater than 0.49 or less than -0.49 are statistically 
significant (p<0.05). 

In the following Sections 4.1.3 and 4.1.4, the difference in correlation between the Base simulation 

and the simulations where 1) clouds have been removed from the photolysis calculation and 2) the 

model cloud inputs have been scaled by the C3M observations prior to use in the photolysis 

calculation will be analysed and quantified. However, there is another statistical tool, multivariate 

linear regression analysis, to consider which may be more appropriate to use instead of correlation 

analysis due to the numerous multi-dependencies between clouds, ozone, OH, CO, JO1D, JNO2, H2O 

and NOx, highlighted in this section and Section 4.1.1. In such an analysis, cloud fraction would be 

the y-variable plotted against the 7 x-variables (ozone, OH, CO, JO1D, JNO2, H2O and NOx). The 

experiments performed in this chapter focus on June and December 2008 and as a result, there are 
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only 30/31 daily data points which can be used for any statistical analysis. In the first instance, 

given the number of x-variables, the sample size of 30/31 is too small for multivariate linear 

regression analysis. A minimum of ten samples is required for each x-variable but in reality this 

number increases exponentially with each additional variable due to the curse of dimensionality. 

This reason alone renders multivariate linear regression an inappropriate tool to use here. However, 

it is also likely that there is autocorrelation between the variables which further reduces the 

“effective” sample size from the actual total (i.e. the samples are not independent and therefore 

the overall information content per sample is reduced). Additionally, the variables will also be 

correlated which could also result in an effect of clouds on one variable being explained away by 

another indirect correlation between clouds and another variable. 

Given the above, correlation analysis (when compared to multivariate linear regression) should 

allow a more qualitative mechanistic picture using all normal regressions (and the physics as we 

understand it) to interpret the relationships between the variables. Not all of the significant and 

strong correlations established are directly causal but the next sections should allow use of the 

sensitivity simulations to add more quantitative statements about causality (as only one variable is 

perturbed).  

4.1.3 Difference in Correlations between the Base and the ClZero 
Simulations 

Figure 4-4 shows the absolute difference in correlation coefficient between the Base simulation and 

the ClZero simulation (|Base simulation Pearson correlation coefficient| – |ClZero simulation 

Pearson correlation coefficient|) with respect to JNO2, JO
1D and OH. The correlation differences are 

calculated in the same manner as the ozone biases in Section 3.3.3. Any negative values therefore 

in the difference plots (indicated by colours in the red spectrum) show a decrease (or worsening) in 

correlation from the Base simulation (and evidence that the cloud effect on photolysis is a driver) 

while any positive values (indicated by colours in the blue spectrum) show an increase (or 

improvement) in correlation (and evidence that the cloud effect on photolysis is masking another 

cloud driver as only the cloud effect on photolysis is switched off in the ClZero simulation). It is 

expected that if cloud modification of photolysis is driving these correlations, removing clouds in the 

photolysis calculation should result in a weakening of the correlations. However, with respect to 

ozone, CO and NO2, correlation coefficients change by only up to ±0.1 and consequently they are 

not shown here. However, cloud-CO and cloud-ozone correlations generally weaken in the ClZero 

simulation while cloud-NO2 correlations weaken in most areas other than the winter mid-latitudes. 
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Further examination of these correlations over a time period longer than one year is undertaken in 

Chapter 5. 

                         Cloud-JNO2                           Cloud-JO1D                          Cloud-OH 
       JUN 

 
                                                                              DEC 

 

                                            
Correlation Difference 

(ClZero simulation minus Base simulation) 

Figure 4-4: Absolute difference in the correlation coefficients between 3D cloud fraction and a) JNO2 (first 
column) b) JO1D (second column) and c) OH (third column) calculated from daily mean data between the 

ClZero and Base simulations. Results are shown for June and December 2008. Please note the difference in 
scales. 

Cloud-JNO2 and cloud-JO1D correlation coefficients all weaken in the Cl-Zero simulation over 

specific regions. With respect to cloud-JNO2, correlations weaken by up to 0.6 in the regions where 

cloud-JNO2 correlations in Figure 4-1 are strongly negative: the winter mid-latitudes (below 10km) 

and summer high latitudes (below 6km). Correlations change by a small amount for all other 

regions. Cloud-JO1D correlation coefficients weaken in regions where cloud-JO1D correlations are 

strongly positive and negative in Figure 4-1, with the largest change up to 0.3 in the upper 

troposphere tropics, the summer mid-latitudes (between 5 and 10km) and the winter mid-latitudes 

(below 5km). Cloud-OH correlation coefficients change in most regions by ± 0.1 but strengthen in 

the mid-latitude winter by up to 0.3 (below 6km) where correlations are already weak in the Base 

simulation. This initial correlation analysis shows the clouds are an important driver of the strong 
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cloud-JO1D correlations in most regions, the strong negative cloud-JNO2 correlations in the winter 

mid-latitudes and summer high latitudes and primarily mask the effect of other drivers on cloud-

OH. 

4.1.4 Difference in Correlations between the Base and the ClScaled 
Simulations 

In the regions where we find evidence that clouds are driving correlations, scaling the clouds to 

observational values in the photolysis routine should improve the accuracy of the correlation 

calculations. Figure 4-5 shows the difference in correlation coefficient between the ClScaled 

simulation and the Base simulation with respect to JNO2, JO
1D and OH.  

                         Cloud-JNO2                           Cloud-JO1D                          Cloud-OH 
       JUN 

 
            DEC 

 

                                            
Correlation Difference 

(ClScaled simulation minus Base simulation) 

Figure 4-5: Absolute difference in the correlation coefficients between 3D Cloud Fraction and a) JNO2 (first 

column) b) JO1D (second column) and c) OH (third column) calculated from daily mean data between the 
ClScaled and Base simulations. Results are for June and December 2008. Please note the difference in scales. 

It is expected that if cloud modification of photolysis is driving these correlations, a more realistic 

representation of clouds in the photolysis calculation should result in a strengthening of the 

correlations. With respect to ozone, CO and NO2, correlation coefficients again change by only up to 
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±0.1 and consequently they are not shown here. Cloud-CO and cloud-ozone correlations, however, 

strengthen in the ClScaled simulation over the southern extratropics while cloud-NO2 correlations 

strengthen over the northern extratropics in June. Cloud-JNO2 and cloud-JO1D correlation 

coefficients all strengthen significantly in the ClScaled simulation where correlation coefficients are 

negative in Figure 4-1. However, while cloud-JNO2 correlations also strengthen elsewhere (except 

in the summer high latitude boundary layer) but by a smaller amount, there is no significant 

strengthening of the cloud-JO1D positive correlations. Cloud-OH correlation coefficients change in 

most regions by only ± 0.1. 

Correlation analysis indicates that there are often strong associations between clouds and the 

tracer variables and some evidence of causation particularly between clouds and the photolysis 

rates resulting from the analysis of the ClZero simulations. The negative correlations between 

clouds and the photolysis rates noticeably strengthen in the ClScaled simulation as a result of the 

more realistic clouds used. In the remaining part of this chapter the methodology of Voulgarakis et 

al. (2009a) and Liu et al. (2006) is followed to separate and quantify the impact of clouds on 

photolysis and oxidant composition through the analysis of the ClZero simulation. These results are 

also compared and contrasted with these previous studies and lastly it is determined further if 

scaling the clouds to observational values in the photolysis routine significantly changes the 

photolysis rates and the distribution and amounts of the species being analysed. 

There are, however, differences between the models used in the previous studies and HadGEM3-

UKCA. The GEOS-CHEM model used in Liu et al. (2006) is a chemistry transport model rather than 

a chemistry-climate model. It uses the Fast-J photolysis scheme instead of Fast-JX although with a 

similar number of photolysis reactions. It also uses climatological ozone concentrations as a 

function of latitude, altitude and month (rather than model calculated ozone) to calculate the 

absorption of UV radiation by ozone. Vertically resolved CODs and cloud fractions are taken from 

the GEOS-3 meteorological archive with 6-hour resolution rather than calculated by the model. The 

Cambridge p-TOMCAT model used in Voulgarakis et al. (2009a) is also a CTM. Monthly-mean 

aerosol distributions are calculated offline rather than from an aerosol scheme. While it uses Fast-

JX, cloud water content, cloud fraction and surface albedos are all taken from ECMWF analysis. 

4.2  Global Annual Mean Effect of Clouds 

To begin the global impact of clouds on photolysis rates is assessed and how it affects the 

production and loss of oxidants in the TLS.   
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4.2.1 Effects of Clouds on Tropospheric Column-Integrated Chemistry 
Metrics 

Table 4-1 below shows the tropospheric ozone budget, OH concentration and photolysis 

frequencies calculated from the Base and  ClScaled simulations plus the percentage changes in 

these variables (in parentheses) when clouds are included in the photolysis calculation ((Base 

simulation–ClZero simulation)/(ClZero simulation)) x 100%) and ((ClScaled simulation–ClZero 

simulation)/(ClZero simulation)) x 100%) in 2008 for the whole troposphere and for three different 

latitudinal regions: the northern extratropics (90°N–20°N); the southern extratropics (20°S–90°S); 

and the tropics (20°N–20°S). The results for 2008 are compared with 1997 (the year analysed in 

Voulgarakis et al. (2009a)) and 2001 (the year analysed in Liu et al. (2006)). For consistency the 

Base simulation was also run for the years 1997 and 2001 and the results were found to be very 

similar to 2008. Given the sample size from 2008, results from this analysis provide a minimum 

95% confidence level when compared to the longer period of 21 years analysed in Chapter 5.     

Table 4-1: Annual tropospheric ozone budget, OH concentration, JO1D, JNO2, production P(O3) and loss L(O3) 
of ozone for the Base and ClScaled simulations and the percentage difference (in parenthesis) when clouds 

are included in the photolysis calculation (i.e. between these simulations and the ClZero simulation). Results 
are shown for 2008. 

_____________________________________________________________________________________ 
Troposphere Base Sim.  ClScaled Sim.  Base Sim.  ClScaled Sim.  Base Sim.    ClScaled Sim.  

 OH Concentration JO1D    JNO2 
 105 molecules cm-3 (%) 10-6 s-1    10-4 s-1 
 

Global  9.9 (4.3) 9.7 (2.8) 12.3 (3.3) 12.0 (1.6)  45.8 (3.8) 44.9 (1.9)  
90N – 20N 9.6 (5.3) 9.3 (1.9) 8.9 (4.7) 8.6 (1.5)  43.8 (4.6) 42.2 (0.7) 
20N – 20S  12.3 (2.2) 12.2 (1.6) 16.5 (0.8) 16.3 (0.0)  48.9 (1.0) 48.8 (0.9) 
20S – 90S 6.7 (8.6) 6.7 (7.6) 10.8 (7.0) 10.6 (4.8)  44.0 (6.8) 43.0 (4.4) 
 
 O3 Burden  P(O3)    L(O3) 
 Tg (%)  Tg yr-1    Tg yr-1 

 
Global 343 (2.0) 348 (3.5) 4718 (0.3) 4660 (-0.9) 4150 (0.9) 4094 (-0.5) 
90N – 20N 138 (0.9) 139 (1.9) 1675 (-0.2) 1639 (-2.3) 1251 (1.1) 1219 (-1.4) 
20N – 20S 119 (2.8) 121 (4.6) 2435 (0.0) 2414 (-0.9) 2251 (-0.1) 2230 (-1.0) 
20S – 90S 87 (2.7) 88 (4.7) 609 (3.2) 606 (2.8)  648 (3.9) 644 (3.3) 
 

 

Similar to Voulgarakis et al. (2009a) and Liu et al. (2006), global mean changes (as a result of 

clouds modifying photolysis) to the tropospheric burdens/concentrations of the Quantities (defined 

at the beginning of this chapter) in both the Base simulation and ClScaled simulation are all less 

than 5%. The ozone production rate (hereinafter called “P(O3)”) and the ozone destruction rate 

(hereinafter called “L(O3)”) also change very little globally. Only in the southern extratropics do 
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clouds have an impact by increasing P(O3) by 3.2% in the Base simulation and 2.8% in the 

ClScaled simulation and L(O3) by respectively 3.9% and 3.3%. These small changes indicate an 

offsetting between the effect of above-cloud enhancements of radiation and below-cloud reductions 

of radiation. 

In the Base simulation, averaged global tropospheric JNO2 increases by 3.8% in response to the 

cloud effect on photolysis while JO1D increases by 3.3% consistent with Liu et al. (2006). Increases 

in the ClScaled simulation are smaller possibly indicating a greater offsetting when using observed 

clouds. As the main production pathway for ozone in the TLS, an increase in the photolysis of NO2 

should lead to increases in ozone while at the same time an increase in the photolysis of ozone 

should lead to a decrease in ozone. Global ozone burden changes therefore by only 2% in the Base 

simulation due to competing production and loss processes consistent with Wild et al. (2000), Liu et 

al. (2006) and Voulgarakis et al. (2009a).  As indicated by the correlation plots in Figure 4-2b, 

clouds are primarily associated with ozone loss but the photolytic effect appears to offset some of 

that loss. OH, JO1D and JNO2 response to clouds are also the strongest in the southern 

extratropics, which increase in the Base and ClScaled simulations when compared to the ClZero 

simulation largely due to the prevalence of widespread stratiform clouds in this region.  

Global tropospheric CO response to cloud modification of photolysis (not shown in Table 4-1) is 

small (just over 1%) which is consistent with the findings in Chapter 3 where bias changes were 

found to be smaller than for ozone. As mentioned previously in Section 1.4.3, global CO is largely 

driven by surface emissions (Voulgarakis et al., 2010; Voulgarakis et al., 2015), while in the upper 

troposphere it can be strongly affected by deep convection and horizontal winds (Jiang et al., 2007; 

Szopa et al., 2007). 

This analysis shows that cloud modification of photolysis has a small effect on the global Quantities 

due to the offsetting between enhancements and reductions and very little effect on global CO.  

4.2.2  The Effect of Using Observed Clouds on the Quantities 

The ClScaled simulation shows that using observed clouds has less impact on global photolysis 

rates for all tropospheric regions than when using the model’s clouds with changes to these rates 

increasing by less than half of most of the Base simulation values. Figure 3-6 in Chapter 3 showed 

that scaling the clouds increases the model’s ECODs for most regions other than the high latitudes 

(with the largest increase over the tropics). This change in the photolysis calculation results in 
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lower global OH concentration and also decreases P(O3) and L(O3). As a result of the lower OH, 

both ozone and CO burden for all tropospheric regions are larger than the burdens calculated in the 

Base simulation. The difference between the Base and ClScaled simulations is explained further 

below by looking at the effect of using model clouds and observed clouds on different layers. 

4.2.3 The Effect of Clouds on Photolysis Rates at Different Vertical 
Regions of the TLS 

When the troposphere is divided into three regions, there are larger positive and negative 

responses to the cloud effect on photolysis than seen in the total tropospheric column indicating 

the compensating processes involved in calculating global burdens and rates. This section analyses 

the same vertical levels as Voulgarakis et al. (2009a): lower troposphere (surface to 850mb); 

middle troposphere (850–500mb); upper troposphere (500mb–tropopause); and two additional 

layers, approximately the lower stratosphere (tropopause–50mb) and 50–10mb (OH and the J-

Rates only). The calculations for OH concentrations, JO1D and JNO2 from the Base and ClScaled 

simulations plus the percentage changes in these variables (in parentheses) between these 

simulations and the ClZero simulation for the 5 vertical levels are shown in Table 4-2 below. For all 

regions for both simulations, photolysis rates decrease in the lower troposphere and increase above 

the lower troposphere in the extratropics and above the middle troposphere (which is a clear 

transition zone) in the tropics (due to the higher vertical extent of the cloud column) up to 10mb 

with the strongest response to clouds from JNO2. In the correlation analysis, cloud-JO1D 

correlations were stronger than JNO2 in the middle to upper troposphere, which I hypothesised was 

due to increased backscattering of smaller photons. In addition, when the correlations in the Base 

simulation were compared to the correlations in the ClZero simulation in Section 4.1.1, clouds were 

identified as a driver of cloud-JO1D correlations in more regions than cloud-JNO2 correlations. 

Extracting the cloud photolytic effect in this analysis, however, shows that this dominates JNO2 

more than JO1D for all levels. This occurs as the wavelength threshold (λ < 420 nm) for JNO2 is 

longer than JO1D (λ < 320 nm), and it is therefore less sensitive to Rayleigh scattering (Feng et al. 

2004) and overhead column ozone when compared with JO1D. This increased sensitivity to cloud 

presence when compared with JO1D is clearly seen in the stronger percentage differences. The 

cloud effect on photolysis has again the greatest impact in the southern extratropics. It decreases 

JO1D and JNO2 in the Base simulation by respectively 5.6% and 12.7% in the lower troposphere 

due to attenuation of radiation by clouds and increases JO1D and JNO2 by respectively 9.1% and 

11% in the upper troposphere due to backscattering by clouds. The changes are in line with the 
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maximum values of ±12% reported by Voulgarakis et al. (2009a). Using observed clouds increases 

the reductions in the photolysis rates in the lower troposphere of the Southern Ocean due to 

increased attenuation of radiation but reduces the enhancements in the upper troposphere. 

Table 4-2: Annual tropospheric and stratospheric OH Concentration, JO1D and JNO2 for the Base and ClScaled 

simulations, and the percentage difference (in parenthesis) when clouds are included in the photolysis 
calculation (i.e. between these simulations and the ClZero simulation). Results are shown for 2008. 
_______________________________________________________________________________________________ 
Regions OH Concentration JO1D   JNO2 
 105 molecules cm-3 (%) 10-6 s-1   10-4 s-1 
 Base Sim.  ClScaled Sim. Base Sim. ClScaled Sim. Base Sim.   ClScaled Sim.  
_______________________________________________________________________________________________ 

Global  

50 – 10mb 15.0 (3.6) 15.0 (4.3) 29.3 (3.3) 29.5 (4.1)  61.8 (6.4) 62.6 (7.8) 
Trop – 50mb 5.7 (6.6) 5.8 (7.7) 11.4 (6.9) 11.5 (7.9)  57.7 (9.2) 58.1 (9.9) 
500mb – trop 8.7 (7.1) 8.6 (7.0) 14.7 (5.8) 14.7 (5.6)  54.7 (7.3) 54.5 (6.8) 
850 – 500mb 11.5 (3.7) 11.2 (0.9) 11.8 (3.9) 11.5 (1.1)  44.5 (5.2) 43.2 (2.1) 
Surface – 850mb 11.9 (-4.3) 11.6 (-6.9) 8.6 (-5.3) 8.3 (-8.6)  31.4 (-9.7) 30.4 (-12.5) 
 

90N – 20N  

50 – 10mb 13.6 (3.9) 13.6 (3.9) 26.5 (3.6) 26.5 (3.7)  61.3 (6.8) 61.4 (6.9) 
Trop – 50mb 5.1 (6.8) 5.1 (6.9) 9.4 (7.0) 9.4 (7.2)  56.6 (9.1) 56.4 (8.7) 
500mb – trop 8.5 (9.1) 8.3 (7.2) 10.9 (7.4) 10.7 (5.7)  53.2 (8.8) 51.9 (6.3) 
850 – 500mb 10.7 (5.4) 10.2 (0.2) 8.5 (5.5) 8.1 (0.7)  42.8 (6.3) 40.4 (0.5) 
Surface – 850mb 12.1 (-6.3) 11.7 (-9.9) 6.0 (-5.4) 5.8 (-8.6)  29.2 (-11.6) 28.4 (-13.7)  
 

20N – 20S 

50 – 10mb 17.0 (2.4) 17.2 (3.8) 33.3 (2.4) 33.8 (3.7)  62.0 (4.8) 63.6 (7.5) 
Trop – 50mb 7.3 (3.9) 7.5 (6.2) 18.6 (3.8) 19.0 (6.0)  61.1 (5.1) 62.8 (8.1)  
500mb – trop 10.1 (4.8) 10.1 (5.3) 18.9 (3.6) 19.0 (4.0)  56.8 (3.9) 57.4 (5.0) 
850 – 500mb 16.0 (0.6) 15.7 (-0.9) 16.1 (-0.2) 15.9 (-1.6)  46.8 (0.3) 46.6 (-0.1) 
Surface – 850mb 16.2 (-3.5) 15.8 (-5.6) 12.0 (-5.1) 11.6 (-8.2)  36.2 (-6.0) 35.1 (-8.8) 
 

20S – 90S 

50 – 10mb 14.2 (4.8) 14.2 (5.4) 27.7 (4.5) 27.8 (5.0)  61.9 (8.1) 62.5 (9.1) 
Trop – 50mb 5.6 (8.1) 5.7 (9.3) 11.3 (8.5) 11.5 (9.5)  57.8 (10.8) 58.3 (11.8) 
500mb – trop 6.4 (11.0) 6.5 (11.4) 13.0 (9.1) 12.9 (8.8)  53.5 (11.0) 53.2 (10.2)  
850 – 500mb 7.2 (9.6) 7.0 (6.9) 10.7 (9.9) 10.3 (6.4)  43.9 (10.3) 42.4 (6.6) 
Surface – 850mb 6.8 (-3.3) 6.7 (-5.2) 7.3 (-5.6) 7.0 (-9.3)  28.3 (-12.7) 27.2 (-15.9) 

 

It should be stressed here that the positive impact of clouds on photolysis rates is found to be high 

in the lower stratosphere. It has a greater impact than in the troposphere for all regions in the 

ClScaled simulation and in the tropics in the Base simulation. JNO2 and JO1D also increase 

significantly in the 50–10mb region as expected given that the actinic flux increases with altitude, 

but even in this region there is a positive impact on these rates due to the cloud effect. JO1D 

increases globally in the Base simulation by up to 3.3% while JNO2 increases globally by up to 
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4.1%. Increases in the ClScaled simulation are almost double the increases in the Base simulation 

in the 50–10mb region. The maximum change in rates occurs again over the southern extratropics 

in both regions of the stratosphere. These figures indicate that cloud modification of photolysis can 

influence chemistry in regions well above the cloud top and into the stratosphere, a feature that 

has not been discussed in previous analyses and which has important consequences for amount of 

UV radiation reaching the surface and the radiative balance of the stratosphere due to changes in 

ozone burden.  

As shown previously in Figure 3.6, ECODs in the ClScaled simulation increase over all regions with 

the largest increase over the tropics in the lower troposphere. Due to the increased ECODs, clouds 

in the ClScaled simulation have a stronger influence on both photolysis rates in the lower 

troposphere over all regions with greater reductions in these rates than the Base simulation. In the 

middle troposphere of the tropics and northern extratropics, photolysis rates in the ClScaled 

simulation change little compared to the Base simulation indicating that when observed clouds are 

used, there is clear transition zone in the middle troposphere of the northern extratropics and 

tropics where increases and decreases in photolysis rates offset each other. In the upper 

troposphere of the tropics, photolysis rates increase by a higher percentage in the ClScaled 

simulation again due to higher ECODs while this also affects the region above the tropopause, 

where there are larger increases in both rates over the southern extratropics and tropics.      

4.2.4 Changes to OH Abundances at Different Vertical Regions of the TLS 
and to Tropospheric Methane Lifetime  

OH is largely driven by JO1D but increases in JNO2 will also influence OH concentrations as NO 

produced from JNO2 reacts with HO2 to produce OH, and O3P produced from JNO2 reacts with O2 to 

produce O3 which can then be photolysed and lead to OH production. The relationship between OH 

and photolysis can be seen from the similarities between the photolysis rates and OH in Table 4-2. 

For all regions, OH decreases in the lower troposphere in response to clouds and increases above 

the lower troposphere over the extratropics and above the middle troposphere over the tropics. 

Clouds have the greatest impact on surface OH in the northern extratropics decreasing OH by 6.3% 

in the Base simulation and 9.9% in the ClScaled simulation while in the upper troposphere clouds 

have the greatest impact in the southern extratropics, increasing OH by 11% in the Base simulation 

and 11.4% in the ClScaled simulation. These results are consistent with Tie et al. (2003), 

Voulgarakis et al. (2009a) and Liu et al. (2006), who focused on the troposphere only. The 

influence of clouds decreases with height above the upper troposphere but even in the 50–10mb 
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layer, clouds are responsible for 3.6% of OH global production in the Base simulation and 4.3% in 

the ClScaled simulation, with the southern extratropics clouds increasing OH in the two simulations 

by up to, respectively, 4.8% and 5.4% in this layer. This analysis again shows the influence clouds 

have in the stratosphere through modification of photolysis. 

In the ClScaled simulation, changes to OH are consistent with the photolysis signal in the tropics 

and northern extratropics and most layers in the southern extratropics in the troposphere and all 

regions in the stratosphere evidencing the close relationship between the photolysis rates and OH. 

Consequently, cloud modification of photolysis leads to changes in OH.  

Both Base and ClScaled simulation methane lifetimes are similar to Prather et al. (2012) (9.1 ±0.9) 

and Voulgarakis et al. (2013) (9.3 ±0.9). The global tropospheric methane (chemical) lifetime is 

calculated by dividing the total atmospheric methane burden by the tropospheric loss rate against 

oxidation by OH. This is 9.65 years in the Base simulation and only increases negligibly by 0.65% 

from the ClZero value of 9.59 years. However, in the ClScaled simulation, methane lifetime 

increases by 1.88% to 9.77 years. The greater the impact clouds have on radiation at the surface 

(where faster methane oxidation takes place) the larger the methane lifetime changes in the whole 

troposphere. In the ClScaled simulation, there is stronger OH reduction at the surface due to clouds 

compared to the reduction seen in the Base simulation, and in general stronger OH increases above 

the clouds. Here the increase in surface loss changes the balance confirming the findings of 

Voulgarakis et al. (2009a) and leads to a net increase in methane lifetime. This has important 

consequences for the climate as methane is a powerful greenhouse gas.   

4.2.5 Changes to CO and NO2 Abundances at Different Vertical Regions of 
the TLS  

The CO response to cloud modification of photolysis (not shown in Table 4-2) is generally much 

smaller than the other Quantities but features a decrease in CO burden for all vertical regions in the 

troposphere in the Base simulation when compared to the ClZero simulation. CO will be affected by 

any changes to its principal sink, OH and the largest reductions in CO take place over the 

extratropics which is consistent with the location of the largest increases in OH. However, CO is 

also reduced in the lower troposphere where OH is reduced. CO has a relatively longer lifetime of 

two months (Wild et al., 2004; Livesey et al., 2008; Jiang et al., 2007) and mixes to a significant 

degree in the troposphere. The negative CO signal caused by the increase in OH above the lower 

troposphere will influence CO burden in the whole troposphere including the lower troposphere. 
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However, tropospheric CO loss is greater in the Base simulation due to cloud modification of 

photolysis when compared to the ClScaled simulation. This is due to a greater OH loss in the lower 

troposphere in the ClScaled simulation compared to the Base simulation and a lower OH 

concentration in the middle troposphere. This combined effect reduces CO loss in all layers of the 

troposphere in the ClScaled simulation, even in the upper troposphere of the tropics and southern 

extratropics, where there is stronger cloud-enhanced OH production. This analysis and the 

correlation analysis in Sections 4.1.3 and 4.1.4 indicate that cloud modification of photolysis has a 

very small impact on CO. The dominant cloud-associated driver of CO is convective transport.  

NO2 burden (not shown in Table 4-2) increases for all layers in response to cloud modification of 

photolysis with the largest increase in the upper troposphere (up to ~8% in the extratropics). NO 

burden also increases the most in the upper troposphere (up to ~10% in the extratropics). 

However, unlike NO2, NO burden decreases in the lower troposphere (by up to 9.7% in the 

northern extratropics). As photolysis rates and OH decrease in this layer, there is less removal of 

NO2 through its reaction with OH but at the same time there is less NO produced through JNO2. In 

the layers above, despite the increase in OH, JNO2 and JO1D, both NO2 and NO increase. When NO2 

reacts with OH to form HNO3, NO2 is lost when HNO3 is wet deposited. However, the impact of wet 

removal decreases with height while photolysis rates increase. Therefore the process that 

dominates in the upper layers may be the increase in the cloud modification of HNO3 photolysis 

leading to more NO2 and not wet removal leading to NO2 loss. Given the importance of cloud 

modification of photolysis in the stratosphere, the reaction in the lower stratosphere between N2O 

and O1D (produced from JO1D) will also produces 2NO. This will increase NO burden (vital for 

ozone production) in the upper troposphere during STE events (Hegglin et al., 2004) influencing 

oxidant composition and ozone’s role as a greenhouse gas in this region.       

4.2.6 Changes to Ozone Burden, Production and Loss at Different Vertical 
Regions of the TLS 

Changes to the ozone budget at different levels are presented in Table 4-3 below. The main 

pathways for ozone production and loss were described in detail in Section 1.3.3. As in Voulgarakis 

et al. (2009a), for both simulations, the northern extratropics are a net ozone producer for all levels 

(except the middle troposphere where loss is greater) as a result of the large emissions of ozone 

precursors. Ozone destruction dominates in the lower and middle troposphere of the tropics and 

southern extratropics and the middle troposphere of the northern extratropics, largely due to lower 
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NOx availability leading to less ozone formation from HO2 + NO over the oceans and increasing 

water vapour concentrations leading to loss from HOx reactions over land (Wild et al. 2000).    

Table 4-3: Annual tropospheric-lower stratospheric ozone budgets for the Base and ClScaled simulations and 

the percentage difference (in parenthesis) when clouds are included in the photolysis calculation (i.e. 
between these simulations and the ClZero simulation). Results are shown for 2008. 
_______________________________________________________________________________________________ 

 O3 Burden  P(O3)   L(O3) 
 Tg (%)  Tg yr-1   Tg yr-1 
 Base Sim.  ClScaled Sim. Base Sim. ClScaled Sim. Base Sim.   ClScaled Sim.  
_______________________________________________________________________________________________ 

Global 

Trop – 50mb 725 (-0.4) 729 (0.1) 8.7 (14.6) 9.0 (18.7)  1.8 (9.8) 1.8 (12.4) 
500mb – trop 195 (2.6) 198 (4.3) 1290 (8.0) 1311 (9.7)  580 (7.0) 577 (6.5) 
850 – 500mb 112 (1.6) 114 (3.0) 1870 (1.7) 1837 (0.0)  2173 (2.4) 2144 (1.1) 
Surface – 850mb 35 (0.2) 36 (1.3) 1557 (-6.7) 1510 (-9.5) 1397 (-3.7) 1372 (-5.4) 
 

90N – 20N  

Trop – 50mb 355 (-1.0) 357 (-0.5) 6.6 (14.1) 6.8 (17.7)  1.3 (9.2) 1.3 (11.3) 
500mb – trop 77 (1.6) 78 (2.8) 330 (11.6) 329 (11.4)  187 (8.1) 184 (6.4) 
850 – 500mb 46 (0.6) 46 (1.3) 660 (4.1) 641 (1.1)  665 (3.3) 646 (0.4) 
Surface – 850mb 14 (-1.5) 14 (-1.1) 685 (-8.5) 669 (-10.6) 398 (-5.0) 388 (-7.4) 
 

20N – 20S 

Trop – 50mb 116 (0.7) 117 (1.5) 0 0  0 0 
500mb – trop 66 (3.3) 68 (5.4) 783 (5.6) 801 (8.0)  282 (5.1) 282 (5.0) 
850 – 500mb 39 (2.4) 40 (4.0) 954 (-0.7) 943 (-1.9)  1165 (0.7) 1158 (0.2)  
Surface – 850mb 13 (1.4) 13 (2.7) 697 (-4.9) 670 (-8.5)  803 (-3.0) 790 (-4.6)  
 

20S – 90S 

Trop – 50mb 254 (0.0) 256 (0.4) 2.0 (16.5) 2.1 (22.2)  0 0 
500mb – trop 51 (3.2) 52 (5.0) 177 (12.1) 181 (14.6)  109 (10.3) 110 (10.9) 
850 – 500mb 27 (2.3) 28 (4.5) 256 (4.9) 254 (3.9)  343 (6.9) 339 (6.0) 
Surface – 850mb 8 (1.3) 8 (3.5) 175 (-6.5) 171 (-8.8)  196 (-3.8) 194 (-4.6) 
 

Understanding what drives increases in ozone in the drier upper troposphere is crucial as ozone’s 

global warming potential reaches a maximum at the tropopause (Lacis et al., 1990). Clouds 

increase both production and loss of ozone in this layer, both of which change by more (or by a 

similar amount) in this layer than the layers below. This is due to increased backscattering of 

radiation from all the layers below increasing JNO2 and JO1D. As in Wild et al. (2000) and 

Voulgarakis et al. (2009a), there is net ozone production in this layer for all regions as increased 

efficiency in the cycling of NO to NO2 at colder temperatures leads to greater ozone production. 



128 
 

The inclusion of clouds in Wild et al. (2000) reduced global ozone production by 15% at the surface 

and increased ozone production by 15% in the upper troposphere. Table 4-3 shows similar 

increases in production in response to cloud modification of photolysis in the upper troposphere of 

the northern extratropics and the southern extratropics for both the Base and ClScaled simulations 

when compared to the ClZero simulation. However, the tropics experience more modest increases 

which has the effect of lowering global P(O3). As in Voulgarakis et al. (2009a) but contrary to Liu et 

al. (2006), production rates decrease by more than the loss rates for all regions in the lower 

troposphere in response to cloud modification of photolysis. At the same time ozone burden (as 

seen in Table 4-3) increases in the lower troposphere in the tropics and southern extratropics 

indicating that increased ozone produced in the layers above due to cloud modification of photolysis 

is transported down to the boundary layer increasing abundance there. In the lower stratosphere, 

most P(O3) and L(O3) takes place in the northern extratropics likely due to more precursors being 

uplifted to this region from the surface and both rates increase (and by a higher percentage than in 

the troposphere) indicating that the influence of cloud modification of photolysis on P(O3) and L(O3) 

reaches well above the cloud top. This is explained by the photolysis rates in the northern 

extratropics which also increase by a higher percentage in the lower stratosphere, than in the 

troposphere, for both simulations compared to the ClZero simulation. However, the relative ozone 

amounts produced and destroyed in the lower stratosphere are very small compared to the 

troposphere suggesting that cloud modification of photolysis has a very small effect on actual ozone 

burden, despite the sizeable effects on production and loss. 

Differences in (and the effect of clouds on) P(O3) and L(O3) between the ClScaled simulation and 

Base simulation are consistent with the changes seen for JO1D and JNO2 for all regions except the 

upper troposphere of the southern extratropics. Over this region, P(O3) and L(O3) increase by a 

higher percentage in the ClScaled simulation than in the Base simulation while in the same layer 

the photolysis rate changes are weaker in the ClScaled simulation. There are however larger 

increases in OH in the ClScaled simulation in this layer and this could be one explanation for the 

larger ClScaled simulation P(O3) and L(O3) response here. 

In contrast to OH in Table 4-2, which clearly shows a transition between enhancements above 

cloud and reductions below, ozone enhancements as seen in Table 4-3 take place in all of the TLS 

(except the lower troposphere and lower stratosphere of the northern extratropics), partly due to 

the difference in lifetimes between the two species, OH of less than a second and ozone of weeks 

to months. Cloud modification of photolysis also increases JNO2 more than JO1D for all layers above 
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the lower troposphere and in all regions which could also explain the ozone enhancements despite 

the increase in OH. As mentioned above, the increased ozone produced in the layers above due to 

cloud modification of photolysis could then be transported down to the boundary layer increasing 

abundance there as well. These ozone enhancements were also found in Tie et al. (2003), Liu et al. 

(2006) and Voulgarakis et al. (2009a).  

Cloud modification of photolysis decreases ozone burden in the lower troposphere and lower 

stratosphere of the northern extratropics in the Base and ClScaled simulations. In the polluted 

areas of the Northern Hemisphere’s lower troposphere with high NOx environments, clear sky 

conditions lead to increased net ozone production (JNO2 dominates over JO1D). When clouds 

influence photolysis, radiation is reduced below the cloud leading to a reduction in both photolysis 

rates (JNO2 more than JO1D as can be seen in Table 4-1) but with JNO2 dominating, this leads to a 

decrease in ozone. In the lower stratosphere, the reason for the decreases in ozone burden is less 

clear. OH increases in response to cloud modification of photolysis in both simulations in this region 

but there is also net ozone production from JO1D and JNO2. Therefore, the processes dominating 

ozone destruction due to clouds are not related to changes in JNO2 or JO1D but possibly to the 

photolysis of other species. The role of halogens in this region was examined but the results were 

not conclusive. Identifying the driver of this ozone destruction will therefore require further work.  

4.2.7  The Effect of Using Observed Clouds on the Quantities 

Using observational clouds leads to increases in ozone and CO burden for all layers up to 50mb. 

However, it leads to decreases in JNO2 and JO1D in the upper troposphere in the northern and 

southern extratropics and increases in the tropics. There are equivalent changes in OH 

concentration compared to the Base simulation in the northern extratropics and in the tropics. In 

the lower troposphere, the decrease in JNO2 and JO1D is greater in the ClScaled simulation than the 

Base simulation for all regions. Where we see larger reductions in the J-Rates and OH in the 

ClScaled simulation, this will have the effect of increasing both ozone and CO. Given these results, 

the clouds in HadGEM3-UKCA (when compared to the ClScaled simulation) are 1) overestimating 

the effect of cloud modification of photolysis in the upper troposphere in the northern and southern 

extratropics and underestimating it in the tropics, 2) overestimating the effect in the middle 

troposphere for most variables, and 3) underestimating the effect in the lower troposphere and 

above the tropopause. The chemistry effects are largely in line with the features of the cloud 
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evaluation in Chapter 3. The robustness of these results is, however, subject to the observation 

uncertainties and scaling limitations outlined in detail in Sections 3.2.2 and 3.2.3. 

4.3  Regional Changes in the Quantities in Response to Clouds 

The main focus has been on the effect of clouds on photolysis and oxidants at the global and large-

scale zonal level. In this section, the importance of clouds is assessed on smaller regional scales 

where previous studies have found clouds to have the most marked effect. The same regions as 

Voulgarakis et al. (2009a) have been selected, which represent distinct types of atmospheric 

environments. The location of each region and its latitude-longitude co-ordinates are shown in the 

Map of Regions at the beginning of this thesis. Anthropogenically polluted regions, namely Europe 

and North America, are contrasted with a northern marine region, the North Atlantic (a recipient of 

the pollution outflow from North America). Equatorial Asia (a region with frequent deep convection 

and biomass burning emissions) is compared with the Central Pacific (a clean tropical marine region 

where shallow convection is more typical). Lastly the region of the Southern Ocean is examined. 

This is a region in the southern extratropics which is dominated by low stratiform clouds and where 

the cloud effect on photolysis was shown to be particularly strong earlier in the thesis. 

The response in each region in June and December 2008 to the inclusion of clouds in the photolysis 

calculation of the mean vertical profiles of P(O3) and L(O3) is shown in Figure 4-6; of JO1D and 

JNO2 in Figure 4-7; and of ozone, OH and CO in Figure 4-8. The figures present the percentage 

difference between 1) the Base and ClZero simulations, and 2) the ClScaled and ClZero simulations. 

All figures also include the mean cloud mass (kg kg-1) profile in the Base simulation, so as to be 

clear where the typical vertical location of clouds is in the region.  

4.3.1  Regional Cloud Mass 

Our cloud mass results in Figure 4-6 are very similar to Voulgarakis et al. (2009a). Cloud mass over 

Europe, North America, the North Atlantic (hereafter “the northern regions”) and the Southern 

Ocean all have a single peak between 800–900mb with both the North Atlantic and the Southern 

Ocean having almost identical profiles, largely due to the prevalence of low stratiform clouds over 

these regions. Equatorial Asia and the Central Pacific regions show a pronounced double maximum 

structure corresponding to shallow and deep convection, although the location of maximum cloud 

mass differs between these regions. Over Equatorial Asia, this is located at 550mb and corresponds 

to stronger deep convection while over the Central Pacific this takes place at 800mb and 

corresponds to stronger shallow convection. 
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                            June                                     Dec                                      June                                      Dec 

 
                                                      Europe                                                                                  North America  

 
                                               North Atlantic                                                                              Equatorial Asia

 
                                               Central Pacific                                                                            Southern Ocean 

                              

Figure 4-6: Mean vertical profile of cloud mass (water content in kg/kg (scale shown at the top of panels)) 
shown along with the percentage difference (scale shown at bottom of panels) in mean vertical profiles of 

P(O3) and L(O3) over 6 chosen regions between the Base and the ClZero simulations and the ClScaled and 
ClZero simulations. The black vertical line marks the location of 0% difference. Results are shown for June 

and December 2008.  

4.3.2  The Regional Response of P(O3) and L(O3) to Clouds  

As in Voulgarakis et al. (2009a), P(O3) and L(O3) in the Base simulation in Figure 4-6 are reduced 

(relative to the ClZero simulation) over all our regions below the peak cloud mass layer and 

increase above due to the attenuation of JO1D and JNO2 below the cloud and enhancement above. 

The same reductions and enhancements are seen later in the photolysis rates in Figure 4-7, and in 

OH in Figure 4-8. The transition point between reductions and enhancements of P(O3) and L(O3) is 

located over most regions at ~800–850mb in both June and December in the Base simulation. The 

exception is over Equatorial Asia where the transition point is located at ~500mb coinciding with 

the level of its greatest cloud mass. In June, the transition points are similar in the ClScaled 

simulation with the exception of North America where the transition point is higher at 600mb. In 

December, however, the transition points in the ClScaled simulation are higher than the Base 
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simulation over Europe (at ~400–450mb for L(O3), JNO2 and OH and ~550–600mb for P(O3) and 

JO1D), the North Atlantic (at ~400–450mb for L(O3) and OH but at the same point as the Base 

simulation for P(O3), JNO2 and JO1D), and over North America and Equatorial Asia (at ~300–400mb 

for all these variables). This difference in transition point (and by association the height of 

maximum cloud mass) explains several of the differences between the Base and ClScaled 

simulations in this section as will be subsequently discussed. However, mean cloud mass is not 

included in the C3M data so a direct comparison is not possible. 

The regional response to cloud modification of photolysis in the northern and southern extratropics 

is very similar to the zonal response for these regions. The greater the cloud mass (which occurs in 

the winter for each region) the greater the reductions in P(O3) and L(O3) in response to clouds for 

all regions in the northern and southern extratropics for both the Base simulation and the ClScaled 

simulation. In December, when the difference in cloud mass between the North Atlantic and the 

other three extratropic regions is the greatest, reductions in P(O3) and L(O3) are stronger. 

However, enhancements of P(O3) and L(O3) in December are weaker than over the Southern Ocean 

despite the greater cloud mass over the North Atlantic reflecting the larger changes to photolysis 

rates over the Southern Ocean seen consistently in this study.  

Over the tropical regions, the regional response to cloud modification of photolysis in the lower 

troposphere and middle troposphere is similar to the large-scale tropical changes. June and 

December changes over the Central Pacific are very similar due to less pronounced seasonality in 

this tropical region as also evidenced by the similar cloud mass structure in June and December.  

Differences between the Base and ClScaled simulations are similar over all regions, except for the 

Central Pacific in June and the Southern Ocean in June and December. These results are consistent 

with the large-scale zonal analysis. The Base simulation underestimates reductions in P(O3) and 

L(O3) to the transition point, then overestimates enhancements of both from the transition point up 

to ~300–400mb, above which it underestimates enhancements. Over the Central Pacific, the Base 

simulation underestimates all enhancements of and all reductions in P(O3) and L(O3). Reductions 

over Europe and the North Atlantic in June and the Southern Ocean in June and December are 

similar to the ClScaled simulation. However, the largest divergence between the simulations takes 

place in December (which is not identified in the zonal analysis) over Europe, North America, the 

North Atlantic and Equatorial Asia and the differences are highly influenced by the differences in 

the transition points between the Base and ClScaled simulations over these regions. The 
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performance of the Base simulation is the worst over Europe and North America where (of the four 

regions) there is the largest difference in transition points between the simulations.   

4.3.3  The Regional Response of Photolysis Rates to Clouds  

Figure 4-7 shows that over the northern regions in June and the Central Pacific and Southern 

Ocean in June and December, reduction in and enhancement of JNO2 is greater than JO1D which is 

consistent with large scale zonal changes in Table 4-2 and described in Section 4.2.3 and (except 

for the Central Pacific) is consistent with the equivalent changes to P(O3) and L(O3). As per the 

findings relating to the tropics in Voulgarakis et al. (2009a), increases in photolysis rates start in the 

lower part of cloud in the Central Pacific due to the shorter path through the cloud.  

The strongest enhancements and reductions are in December over Europe and North America. 

JNO2 is reduced more than JO1D (both >25% as seen in Figure 4-7) consistent with the northern 

extratropical zonal changes. However, while in the northern extratropical zonal analysis, JNO2 

enhancement is stronger than JO1D above the transition point, in these individual regions JNO2 

enhancement is either weaker than or similar to JO1D. These enhancement differences between the 

rates are also not consistent with the greater enhancement of P(O3) (which should lead to greater 

enhancement of JNO2) compared to L(O3) as seen in Figure 4-6 over these regions. December is a 

month when there is greater cloud cover but also a decrease in the intensity of incident solar 

radiation. The few photons with λ < 320 nm reaching the cloud top are preferentially backscattered 

compared to the higher number of photons with λ < 420 nm. This may lead to stronger JO1D 

enhancement compared to JNO2 enhancement above the cloud, as changes are being made to a 

smaller number. The small increase in JO1D will not produce enough O1D atoms to increase OH 

sufficiently and therefore the enhancement of P(O3) from JNO2 is still stronger than L(O3) from 

JO1D. 

Differences between the Base and ClScaled simulations are similar to the differences identified with 

P(O3) and L(O3) and in the large scale zonal analysis of photolysis rates over all regions. Reductions 

in the Base simulation and ClScaled simulation are very similar over the North Atlantic, Central 

Pacific and Southern Ocean in June and December and Europe in June. The Base simulation also 

captures enhancements of JNO2 and JO1D well in June and of JO1D in December over the Central 

Pacific compared to the ClScaled simulation. The largest divergence between the simulations takes 
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place in the same regions as for P(O3) and L(O3) (over the northern regions and Equatorial Asia in 

December) with differences being the largest again over Europe and North America.  

                           June                                     Dec                                       Jun                                      Dec 

 
                                                     Europe                                                                                  North America 

 
                                                North Atlantic                                                                            Equatorial Asia 

 
                                               Central Pacific                                                                          Southern Ocean 

 

                               

Figure 4-7: Mean vertical profile of cloud mass (water content in kg/kg (scale shown at the top of panels)) 

shown along with the percentage difference (scale shown at bottom of panels) in mean vertical profiles of 
JO1D and JNO2 over 6 chosen regions between the Base and ClZero simulations and the ClScaled and ClZero 

simulations. The black vertical line marks the location of 0% difference. Results are shown for June and 

December 2008. 

4.3.4  The Regional Response of OH to Clouds  

Figure 4-8 shows that in June, the OH response to cloud modification of photolysis is consistent 

with the changes to P(O3), L(O3) and the photolysis rates and the large scale zonal analysis in 

Section 4.2.4. There are strong enhancements and reductions over the northern regions. In 

December, enhancement of OH is lower over North America and North Atlantic compared to June. 

OH production is lower at this time of the year due to the decreased hours of daylight and 

increased atmospheric path leading to fewer photons (λ < 320 nm) available for the photolysis of 
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ozone. In December, over Equatorial Asia reductions and enhancements are stronger than June 

due to the larger cloud mass while clouds have a small effect over the Central Pacific.  

                           June                                     Dec                                       Jun                                      Dec 

 
                                                   Europe                                                                      North America 

 
                                               North Atlantic                                                                   Equatorial Asia 

 
                                              Central Pacific                                                                    Southern Ocean 

 

Figure 4-8: Mean vertical profile of cloud mass (water content in kg/kg (scale shown at the top of panels)) 
shown along with the percentage difference (scale shown at bottom of panels) in mean vertical profiles of 

OH, Ozone and CO over 6 chosen regions between the Base and ClZero simulations and the ClScaled and 
ClZero simulations. The black vertical line marks the location of 0% difference. Results are shown for June 

and December 2008. 

Differences between the Base and ClScaled simulations are similar to the differences identified with 

P(O3) and L(O3), the photolysis rates and in the large scale zonal analysis of OH. The largest 

differences are again over the northern regions and Equatorial Asia in December. Above ~300mb, 

unlike P(O3), L(O3) and the photolysis rates, OH enhancement in the Base and ClScaled simulations 

is the same or very similar over the northern regions in June and December and over Equatorial 

Asia in December. 
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4.3.5  The Regional Response of CO, ozone and NO2 to Clouds  

Figure 4-8 shows that there is weak negative CO response to cloud modification of photolysis over 

all of the regions in the Base simulation. The ClScaled simulation leads to greater CO burden for all 

regions by weakening the reductions in CO seen in the Base simulation over the Central Pacific and 

the Southern Ocean and enhancing CO over the northern regions and Equatorial Asia. The ozone 

response to cloud modification of photolysis is positive over Equatorial Asia, Central Pacific and the 

Southern Ocean and is negative below approximately 800mb over the northern regions in June and 

600mb in December. The strongest response to clouds is over the Southern Ocean, but given the 

low levels of ozone, this will not contribute significantly to the global ozone budget although it will 

do regionally. The Base and ClScaled ozone response are very similar over all regions with some 

divergence over the Southern Ocean where the response in the ClScaled simulation is stronger. CO, 

ozone and NO2 changes (not shown) are consistent with the changes identified in the large-scale 

zonal analysis in Sections 4.2.5 and 4.2.6. The ozone changes are also consistent with the regional 

changes to P(O3) and L(O3) particularly above the transition points.    

4.4  Wider Consequences 

The analysis in this chapter shows how different the response to cloud modification of photolysis is 

at different layers of the atmosphere and over different geographical regions. Understanding the 

regional response is therefore crucial in order to accurately simulate chemistry over each region. 

There are several regions such as the northern regions and the southern extratropics where cloud 

modification of photolysis is an important driver of photolysis and OH and there are regions such as 

the tropics where this process has a smaller effect. Knowledge of these differences is critical in 

order to determine the extent to which cloud modification of photolysis influences the amount of 

harmful UV radiation reaching the surface, the abundance of surface and tropospheric pollution and 

ozone’s role as a greenhouse gas by influencing the production and destruction of OH, ozone, CO 

and NOx throughout the troposphere. It is essential to know that clouds will have very different 

effects on chemistry and composition regionally in order to understand the subsequent effects on 

human health, plant life, surface warming and evolution of pollution over each region. For the 

longer lived species, ozone and CO, cloud effects over one region will also effect composition and 

chemistry in other regions via horizontal transport (Wild and Akimoto, 2001; Wild et al., 2004). 

Given the different effects on composition and chemistry regionally, correct model cloud optical 
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depth, cloud vertical structure and cloud coverage are essential to clearly understand the effect on 

individual regions.  

This research also shows for the first time that cloud modification of photolysis influences chemistry 

and composition well into the stratosphere and this is of particular importance to the amount of UV 

radiation which is absorbed by ozone in this region and how much reaches the surface and/or is 

available for photolysis in the troposphere. Having the correct model clouds is essential to calculate 

the effect they have on stratospheric composition, stratospheric radiative balance and subsequently 

tropospheric composition and chemistry and ozone’s global warming potential.   

As mentioned in Section 1.1, it is likely that cloud optical properties will change under climate 

change and cloud-climate-chemistry interactions are expected to play an increasingly important role 

in an evolving climate. This analysis adds to the understanding of these interactions currently and 

provides a quantitative analysis of the current state from which to set up more reliable projections 

of these interactions. Understanding the current response to clouds will ensure that models change 

their photolytic response and subsequent simulations of regional composition and chemistry as 

cloud optical depths, cloud coverage and cloud location change. Generally, the increase in water 

vapour and pollution-produced cloud condensing nuclei will lead to higher cloud liquid water 

contents and possibly more reflective clouds (Slingo, 1989) leading to increased scattering of 

radiation above the cloud and decreased radiation below the clouds. Larger cloud optical depths will 

also further reduce the amount of UV radiation reaching the surface and change surface 

composition and pollution burden. However, different cloud types will evolve differently under 

climate change although this is an area of great uncertainty. Several studies have estimated that 

there will be a shifting of clouds to higher altitudes and towards the poles, and an increase in the 

frequency of optically thin clouds (Chepfer et al., 2014; Marvel et al., 2015; Norris et al., 2016). 

The stronger effect of stratocumulus clouds seen over the Southern Ocean in this chapter may 

therefore decrease while the effect of higher and more frequent thin cirrus clouds (which allow 

more radiation to enter the troposphere) will reduce the backscattering of clouds in that region 

allowing more UV radiation to pass through and may lead to a net warming effect. Any change to 

clouds and therefore the amount of backscattering and attenuation of radiation will change ozone 

burden in the upper troposphere and subsequently ozone’s global warming potential which (as 

mentioned previously in this thesis) reaches a maximum in the troposphere at the tropopause. The 

shift of clouds to the poles may reduce the effect of cloud modification of photolysis over the 

tropics and mid-latitudes and reduce the albedo effect over the poles. Regional surface 
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temperatures, regional radiative warming and cooling, ozone’s global warming potential, pollution 

burden and stratospheric ozone may all change therefore as clouds evolve. 

4.5  Summary  

I have used a nudged version of a state-of-the-art chemistry-climate model incorporating the Fast-

JX online photolysis code and approximate random overlap scheme to examine the photolytic effect 

of clouds on photolysis rates and key species, namely ozone, OH, CO and NO2 in the TLS during 

2008. The aim in this chapter is to determine whether a clear cloud photolytic effect can be 

demonstrated and if improving the representation of clouds in the model changes the vertical 

distribution of the photolysis rates and species, as well as their values. Given the shorter timeframe 

used (due to the availability of only one year’s data from C3M) the robustness of the results need 

to be tested further given the possibility of a higher noise to signal ratio and this will be undertaken 

in the next chapter. However, my analysis from one year’s data has shown that clouds do affect 

TLS chemistry and the oxidative capacity of the atmosphere by influencing the photolysis rates, the 

production of OH and ozone and (to some extent) CO and NO2 on large scales.  

Global mean changes in response to cloud modification of photolysis are all below 5%. Global OH, 

JO1D and JNO2 responded the most to this cloud effect. When the vertical regions of the three 

major latitudinal bands were examined, the effect was higher particularly in the extratropics, 

decreasing JNO2 by up to 12.7% in the Base simulation in the southern extratropics in the lower 

troposphere and increasing JNO2 by up to 11% and JO1D by up to 9.1% in the upper troposphere.  

Scaling the model’s clouds to observational values from C3M increases their photolytic effect. It 

boosts ozone enhancement and boosts above-cloud OH and photolysis rate enhancements 

(although where this occurs varies) and reductions in the lower troposphere. Ozone enhancement 

is up to 3.3% in the Base simulation and 5.4% in the ClScaled simulation in the tropical upper 

troposphere. The Base simulation’s ozone enhancement is lower than the ozone enhancement in 

the tropical upper troposphere found in Liu et al. (2006) who recorded increases between 5–8% 

but using observed clouds brings enhancement within this range. These enhancements are largely 

due to greater increases in JNO2 compared to JO1D. Increases in ozone seen over the Southern 

Hemisphere and tropical lower troposphere are possibly due to the downward transport of ozone 

and decreased OH production while decreases over the Northern Hemisphere lower troposphere 

are due to the suppression of ozone production. Cloud modification of photolysis also leads to 

decreases in ozone over the winter high-latitude lower stratosphere, which I suggest is due to 



139 
 

backscattering of radiation increasing the photolysis of halogen species in this region. The very 

small reductions in CO in response to cloud modification of photolysis are largely due to cloud-

associated changes in OH.  

Regional analysis in the Base simulation showed that the transition between reductions and 

enhancements of P(O3), L(O3), JO1D, JNO2 and OH takes place where maximum cloud mass is 

located. For most regions this is located between 800–900mb, while over Equatorial Asia this is 

between 600–550mb (where deep convection dominates). The transition heights located at the 

height of maximum cloud mass are similar in the Base and ClScaled simulations for most regions 

but lower in the Base simulation over Europe, the North Atlantic and Equatorial Asia in December 

and North America in both months. This results in the largest differences over these regions 

occurring in December in the Base simulation when compared to the ClScaled simulation. The 

greater the cloud mass the greater the reductions in P(O3) and L(O3), the photolysis rates and OH. 

Over the northern regions these reductions are much larger indicating that large cloud mass drives 

the largest changes below cloud.  

Changes in the northern regions to P(O3), L(O3), the photolysis rates and OH are largely consistent 

with the large scale zonal changes in the northern extratropics (with the strongest enhancement of 

and reduction in these variables occurring over Europe and North America in December and over 

the North Atlantic in June). Enhancement of and reduction in P(O3) is greater than L(O3) in both 

months and the same relationship occurs between JNO2 and JO1D in June. In December, however, 

JO1D is enhanced more than JNO2 over the northern regions between the transition point and 

350mb, possibly due to preferential backscattering of photons with shorter wavelengths. However 

this change does not produce enough OH to increase L(O3) more than P(O3) and this analysis 

shows a clear reduction in OH enhancement in December over the North Atlantic and North 

America due to clouds in the Base and ClScaled simulations. Over the Central Pacific and Equatorial 

Asia, regional changes to these variables are consistent with the large-scale zonal changes in the 

lower troposphere and middle troposphere of the tropics. Changes in these variables over the 

Southern Ocean are all consistent with the large-scale zonal changes in the southern extratropics.  

The differences between the Base and ClScaled simulations relating to P(O3) and L(O3), the 

photolysis rates and OH in the regional analysis are consistent with differences identified in the 

large scale zonal analysis. When compared to the ClScaled simulation, the Base simulation for most 

regions underestimates reductions in these variables to the transition point. It also overestimates 
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tropospheric enhancements of P(O3) and L(O3) and the photolysis rates for all regions, and 

enhancements of OH over the northern regions, Equatorial Asia and the Southern Ocean in June 

and December from the transition point up to ~200–400mb. In the lower stratosphere, when 

compared to the ClScaled simulation, it underestimates most enhancements. However, the Base 

simulation captures the reductions in 1) P(O3) and L(O3) over Europe and the North Atlantic in June 

and the Southern Ocean in June and December; 2) the photolysis rates  over the North Atlantic, 

Central Pacific and Southern Ocean in June and December and Europe in June; and 3) OH over the 

North Atlantic and Southern Ocean. It also captures enhancements of both photolysis rates in June 

and of JO1D in December over the Central Pacific, and of OH in the lower stratosphere over the 

northern regions in both months and over Equatorial Asia in December. It agrees less well with the 

ClScaled simulation over the northern regions and Equatorial Asia in December, for all these 

variables.   
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5. The Effect of the IAV of Clouds on Photolysis Rates and 

Composition: Multi-model analysis 
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This overall aim of this study is to better constrain the sources and sinks of short-lived atmospheric 

pollutants and greenhouse gases over the short- and long-term. This is critical to our understanding 

of calculating pollution and ozone burden (through a better understanding as to how it is produced 

and removed from the atmosphere and at the surface) as well as accurately calculating ozone’s 

global warming potential. The influence of clouds in modifying photolysis rates and global 

atmospheric chemistry has up till now been a relatively unexplored area and no study has looked at 

how clouds affect the IAV of key trace oxidants and pollutants. The concentrations of the key 

species examined in this study are highly variable seasonally and interannually and the aim of this 

chapter is to identify how much cloud modification of photolysis causes this variability. Without a 

thorough assessment of this cloud role, we will not be able to calculate the budgets of these 

species over the long-term. This knowledge will assist in ranking this cloud effect correctly in the 

larger group of other cloud and non-cloud drivers of chemistry and composition and will provide 

models with the missing information which is required to properly calculate photolysis rates and 

simulate these species. This will help improve projections of climate change but also assist with 

planning of pollution controls regionally. Due to the regional effect of cloud modification of 

photolysis identified in the previous chapter, the long-term effect on composition and chemistry will 

provide critical missing information which may help understand changes to regional radiative 

warming and cooling, atmospheric circulation, surface temperatures, the amount of harmful UV 

reaching the surface and local and remote pollution (as a result of horizontal and vertical 

transport). While the previous chapter looked at the effect of clouds over a year, this chapter 

provides insight into the long-term effect and therefore provides a more informed initial state from 

which to calculate how clouds in a changing climate will affect chemistry and composition. 

In the previous chapter, I presented evidence of the influence of cloud modification of photolysis on 

the Quantities over the course of one year. Given this evidence, what role do clouds have on the 

IAV of the Quantities? Will they have the same effect in the long-term as in the short term? 

Following on from the analysis of the effect of clouds on photolysis rates, ozone, CO, NO2 and OH 

over a short time period, their longer term effects are now examined to assess whether the IAV of 

clouds (hereinafter referred to as “Cloud IAV”) is a key driver of the IAV of photolysis rates and the 

abundances of ozone, its precursors and OH. Cloud IAV in this context will only refer to changes in 

cloud modification of photolysis and no other cloud driver. Voulgarakis et al. (2010) examined 

clouds as one driver of tropospheric composition IAV comparing it to the influence of emissions and 

meteorology as a whole (including clouds) for the period 1996–2000, a period when there were 
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anomalous meteorological conditions and high emissions due to the strong El Niño event of 1997. 

They found that ozone and NO2 IAV during that anomalous period was largely driven by 

meteorological and (with respect to ozone) STE changes (itself influenced by meteorological 

changes), while emissions were the main driver of variability only over areas where biomass 

burning was prevalent. They further found that global CO IAV was primarily driven by emission 

changes and OH by meteorological changes (with cloud variability in the latter case being an 

important driver). This is the only previous study to isolate the shortwave radiative effect of clouds 

as a driver of IAV in tropospheric chemistry. However, since that study focused on particularly 

anomalous years, there is a need for more studies on this topic for different and more extensive 

periods, and this was also recommended by Voulgarakis et al. (2010).  

The main focus of this chapter will be the examination of a “Base” simulation (a different one to the 

Base simulation in previous chapters, as now the focus is on a longer time period), which was run 

from 1990–2010, using the same setup as the 2008 Base simulation. This will be compared to the 

ClFixed simulation which is identical to the Base simulation except that the cloud inputs (cloud 

fraction and cloud extinction) to the photolysis calculation are set to their 1990 values for every 

year. One limitation of the ClFixed simulation is that the cloud inputs used during the model run are 

monthly means rather than inputs calculated at each timestep. In the Base simulation, the cloud 

inputs used are those calculated at every timestep, therefore taking into account the complete 

diurnal cycle. It is therefore essential to see how the use of monthly mean inputs rather than 

timestep inputs affects the accuracy of the ClFixed simulations and robustness of this analysis. As 

1990 is the year when both the Base and ClFixed simulations use 1990 cloud inputs, the seasonal 

means of the Quantities calculated in the 1990 Base simulation (which uses the timestep inputs) 

are compared with the ClFixed simulation (which uses the monthly mean inputs) to ascertain if 

using monthly mean cloud fields in the photolysis calculation instead of timestep ones will result in 

large differences in the calculation of the seasonal means. This comparison was made for all the 

Quantities for NDJ, FMA, MJJ and ASO and the differences between the Base and ClScaled 

simulations were found to be very small. This provides confidence that there would have been very 

little change to the ClFIxed simulation results if timestep cloud inputs had been used instead and 

that the conclusions made in this chapter are robust. 

In addition to using a more extensive period, a different/newer model (HadGEM3-UKCA), and much 

more extensive observational comparisons, I also compare and assess the role of clouds in 

modifying photolysis in a multi-model framework, namely the nudged hindcast simulations as part 
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of the CCMI activity (Table 2-1 in Chapter 2). The spread of tropospheric annual global means 

calculated by the CCMI models for the Quantities from 1990–2010 is as follows: JO1D (10.4±1.7 x 

10-6 s-1); JNO2 (42.9±5.3 x 10-4 s-1); ozone (360±27Tg); OH (11.2±1.26 x 105 s-1); and CO 

(305±57Tg). There have been previous multi-model studies examining ozone and OH against which 

we can compare these results and the robustness of the CCMI means. The spread of ozone 

compares well to the multi-model mean of 344Tg±39Tg from 26 models taking part in the 

Atmospheric Composition Change: The European Network of Excellence (ACCENT) project reported 

in Stevenson et al. (2006) but less well compared to the 335±10Tg estimated from measurement 

climatologies reported in Wild et al. (2007). The spread of OH means also compare well to the 

multi-model mean (from 14 selected models from ACCMIP) of 11.7 ±1.0 x 105 molecules cm-3 

reported in Voulgarakis et al. (2013).   

First, IAV is calculated and analysed following the methodologies from Voulgarakis et al. (2010) and 

Voulgarakis et al. (2015), both of which isolated hypothesised drivers of IAV. Specifically, here I 

begin with a direct assessment of the relative IAV (demonstrated by the coefficient of variation, i.e. 

the multi-year standard deviation divided by the mean) of 2D cloud fraction, CO, ozone and NO2 

calculated from the HadGEM3-UKCA simulations with the relative IAV of the same quantities 

calculated from MODIS, TES, MLS and OMI (for the periods for which there are observations) to 

assess how good the model is at capturing their IAV and if there is any discernible change in 

HadGEM3-UKCA’s ClFixed simulation. The influence of the IAV of clouds on the Quantities globally 

and regionally from 1990–2010 is then analysed by calculating the percentage of variability that can 

be attributed to the IAV of clouds. In the final section, correlation analysis is used to assess 

whether clouds are associated with the Quantities in the models and compare these results to the 

correlations calculated from the ClFixed simulation to establish the regions where correlations imply 

causality between the IAV of clouds and the Quantities.   

5.1 Evaluation of IAV in the HadGEM3-UKCA Simulations and the CCMI Models 
with Observations 

In Chapter 4, June and December were evaluated as these were the months when photolysis rates 

were at a maximum or minimum and single months were used as the focus of that chapter was the 

effect of clouds during the period of one year. In this chapter, as long-term change is being 

analysed, I evaluate seasonal IAV and have chosen the three months when photolysis rates are at 

a maximum or minimum, NDJ and MJJ. These two seasons are centred on June and December and 

should show the most (and least) marked cloud effect on photolysis and any related changes to the 
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IAV of the Quantities as they are the brightest (and darkest) three months in each year. The 

influence of the IAV of clouds should also be easier to identify during NDJ and MJJ which are 

outside the months of March-April (when maximum STE occurs over the Northern Hemisphere and 

biomass burning is at a peak over Southeast Asia and Africa north of the equator) and September-

October (when biomass burning is at a peak over Equatorial Asia, South America and Southern 

Africa (van der Werf et al., 2010; Voulgarakis et al., 2015). 

In addition to showing the IAV in model and observations, the percentage difference between the 

IAV calculated from the ClFixed simulation and the Base simulation (((ClFixed IAV – Base IAV)/Base 

IAV) x 100) is shown. By comparing the two simulations, I attempt to isolate the effect of the IAV 

of clouds in driving the IAV of the Quantities. A decrease in the IAV of the Quantities compared to 

the Base simulation indicates that the cloud modification of photolysis is driving some of the IAV of 

the Quantities while an increase indicates that it is masking another cloud-associated influence, 

such as vertical transport, wet removal, or the production of lightning NOx, or an influence that 

happens to be correlated with clouds but is not cloud-driven. 

5.1.1.  Cloud Fraction and Cloud Optical Depth IAV  

Figures 5-1 and 5-2 show the global distribution of the relative IAV of cloud fraction and COD from 

MODIS observations and the Base simulation for NDJ and MJJ 2001–2012, and the difference 

between the model and observations. MODIS shows strong cloud fraction IAV over Africa (north of 

the equator and in the south), the Middle East, South Asia, Burma, Australia, East Mexico and the 

Antarctic in NDJ increasing in strength and coverage over the same regions in MJJ (except South 

Asia). All these regions have the lowest global cloud fractions of between 0 and 0.2 during these 

months as seen in Figure 3-6 in Chapter 3 with standard deviations between 0 and 0.1 resulting in 

coefficients of variation of 25% or greater. Effectively, variability is large due to changes in very 

small cloud fraction. Areas with the highest cloud fraction have the weakest IAV, ranging from the 

extratropical oceans with variability of up to 5% and the tropical and sub-tropical oceans with 

variability of up to 15%. This also causes IAV over South Asia to weaken in MJJ as it is beginning to 

experience the monsoon in July and its cloud cover increases from an average of 20% in NDJ to 

70% in MJJ.  HadGEM3-UKCA captures much of the cloud faction IAV in both seasons when 

compared to MODIS. However, it overestimates IAV over parts of the tropical and sub-tropical 

oceans in NDJ and MJJ and North-West and Southern Africa, central South America and Central 

Asia in MJJ. It underestimates IAV in the northern high latitudes, particularly in NDJ. IAV for both 
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observations and models during February-March-April (FMA) (not shown) is very similar to NDJ 

while IAV during August-September-October (ASO) (not shown) is very similar to MJJ. 

Patterns of COD IAV in MODIS in NDJ and MJJ are similar to cloud fraction but magnitudes are 

larger. Like cloud fraction IAV, several areas exhibiting strong COD IAV have low mean COD as 

seen in Figure 3-8 in Chapter 3. HadGEM3-UKCA captures much of the pattern of COD IAV when 

compared to MODIS. However, it overestimates COD IAV over Europe, Russia, North Africa, parts 

of North America and Canada and Asia in NDJ and over North and South America, Africa, the 

Middle East, South Asia and Australia in MJJ. These are regions where mean COD was found to be 

lower than the observations in Figure 3-8. 

NDJ 2001–2012 
                    MODIS                                Base simulation             Base simulation - MODIS 

 
                                                                                                                     
                                Cloud Fraction IAV (%)                               Absolute difference in IAV 
 

  
                                                                                                                     
                                        COD IAV (%)                                         Absolute difference in IAV                              

Figure 5-1: 2D cloud fraction and COD interannual variability (IAV) (coefficient of variation) as observed by 

MODIS (first column) and simulated by the Base simulation (second column) and the difference in IAV 
between the Base simulation and MODIS (third column). Results are shown for NDJ 2001–2012. 
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MJJ 2001–2012 
                   MODIS                                 Base simulation             Base simulation - MODIS 

  

                                                                                                                     
                                Cloud Fraction IAV (%)                               Absolute difference in IAV 

 
                                                                                                                     
                                        COD IAV (%)                                         Absolute difference in IAV                              

Figure 5-2: 2D cloud fraction and COD interannual variability (IAV) (coefficient of variation) as observed by 

MODIS (first column) and simulated by the Base simulation (second column) and the difference in IAV 
between the Base simulation and MODIS (third column). Results are shown for MJJ 2001–2012. 

5.1.2   CO IAV 

The analysis of CO and of ozone below shows the global distribution of each gas’s relative IAV 

calculated for the middle and upper tropospheric regions covered by TES and lower stratospheric 

region covered by MLS compared with the Base simulation in NDJ and MJJ for the period 2005–11 

for when the observations exist. The lower troposphere has again been excluded from the analysis 

due to the lower sensitivity of the TES instrument in this region. As mentioned in Section 2.1.1 of 

Chapter 2, the Base simulation CO and NO emissions are calculated from the decadal mean 

emissions but year-specific biomass burning aerosol emissions relating to organic and black carbon 

(natural and anthropogenic) take their values from CMIP6.  

From Figure 5-3, we see that in NDJ the strongest observed CO IAV in the middle troposphere 

takes place over Central and Southern Africa, Equatorial Asia, the Amazon and Northern Australia. 

Voulgarakis et al. (2015) identified biomass burning as a key driver of CO IAV in the tropics and 

that over Africa, some CO IAV could be attributed to meteorological variability affecting the amount 

of pollution being exported from this region (Huang et al., 2014). In the upper troposphere, 

observed CO IAV strengthens in magnitude and coverage over Equatorial Asia and the Amazon 

(indicating that some vertical transport is taking place) while it weakens in coverage over Africa. 

IAV also increases over the Southern Ocean. Equatorial Asia and the Amazon were also found to 
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have high CO IAV in the upper troposphere in Livesey et al. (2013) attributed to biomass burning 

events and subsequent convection. In the lower stratosphere, Equatorial Asia and the Amazon are 

the regions of highest CO IAV indicating the strength of convection over these regions which 

overshoots into the stratosphere. As mentioned previously, biomass burning peaks over Africa 

(south of the equator) and Equatorial Asia during September-October. When observed CO IAV in 

ASO was analysed, IAV distribution was found to be similar to NDJ but stronger in magnitude, 

indicating that biomass burning in ASO may be influencing CO over the same regions in the 

following season (given the longer lifetime of CO). 

        NDJ 

                   850–500mb                                   500–250mb                                  250–50mb 
                                                                             TES/MLS 

 
                                                                       Base simulation 

 

                                                             
                                                             CO IAV (%)                                                              CO IAV (%) 

                                                             Base – TES/MLS Difference 

 

                                                  
                                Percentage Difference between Coefficients of Variation (%) 

Figure 5-3: CO IAV (coefficient of variation) for NDJ as observed by TES and MLS (upper panels), simulated 

by the Base simulation (middle panels) and the difference in IAV between the Base simulation and the 

observations (lower panels) averaged over three vertical areas, 850–500mb, 500–250mb and 250–50mb. 
Note the difference in scale between the MLS and TES observations. Data have been smoothed by averaging 

onto a 4x5 degree grid. Results are shown for NDJ 2005–2011.  

From Figure 5-4, we see in MJJ that CO IAV in the middle troposphere is pronounced over Central 

America, South Asia and the Northern Hemisphere Pacific Ocean but there is no longer a hotspot 
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over the Amazon, given that this is not the burning season in that region. There is also strong CO 

IAV over Southern Africa and Southeast Asia as a result of the tail end of fire activity during these 

months (Voulgarakis et al., 2015). Biomass burning peaks over Africa (north of the equator) and 

Southeast Asia during March-April, and my analysis of observed CO IAV in FMA (not shown) reveals 

that CO IAV at that time is very similar to MJJ. Biomass burning may again be influencing CO in the 

following season and allowing pollution from North Africa to be exported to the south. High CO IAV 

is also found around the location of the storm tracks over the Pacific, i.e. the areas from which 

pollution is typically uplifted by weather systems and exported towards the east. 

                                                                                          MJJ 
                  850–500mb                                   500–250mb                                    250–50mb 
     TES/MLS 

  
                                                                                Base simulation 

  

                                                             
                                                 CO IAV (%)                                                              CO IAV (%) 

                                                            Base – TES/MLS Difference 

 
                                                   

Percentage Difference between Coefficients of Variation (%) 

Figure 5-4: CO IAV (coefficient of variation) as observed by TES and MLS (upper panels), simulated by the 

Base simulation (middle panels) and the difference in IAV between the Base simulation and the observations 
(lower panels) averaged over three vertical areas, 850–500mb, 500–250mb and 250–50mb. Note the 

difference in scale between the MLS and TES observations. Data have been smoothed by averaging onto a 

4x5 degree grid. Results are shown for MJJ 2005–2011.  

In the upper troposphere, CO IAV is strong over Siberia but weakens significantly over all 

continents. Voulgarakis et al. (2015) found meteorological variability influenced the amount of 

pollution exported from Siberia (similar to over Africa in NDJ). In the lower stratosphere, IAV is 
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lower and the highest CO IAV is found in a band stretching from the Egypt to China. Towards the 

end of this season, a strong anti-cyclonic vortex, which has developed as a result of the Asian 

monsoon, spans this region and rapidly lifts polluted surface air into the lower stratosphere (Randel 

et al., 2010). 

The Base simulation captures well the CO IAV over the biomass burning regions despite the lack of 

interannually varying emissions of CO indicating here that black and organic carbon emissions 

(which do vary) may be driving the CO IAV. It also captures (although less well) the observed IAV 

over the pollution export regions from East Asia into the western Pacific. This suggests that 

meteorological variability likely drives IAV of CO in this area that is not located directly over the 

emission regions. By contrast to the situations in the troposphere, it overestimates the magnitude 

of lower stratospheric CO IAV. It is noteworthy that CO IAV in that part of the atmosphere is still 

pronounced. The fact that the model captures this IAV (notwithstanding the overestimation) 

indicates that lower stratospheric CO IAV is mostly driven by variability in meteorological conditions 

that are responsible for uplifting the pollution and transporting it far from the sources. 

 

Figure 5-5 shows the percentage difference in CO IAV between the ClFixed simulation and the Base 

simulation, calculated for both NDJ and MJJ.  

                                                                         CO 
                      850–500mb                                        500–250mb                                        250–50mb 
                                                                                         NDJ 

 
                                                                                         MJJ 

 
                                                           
                                                   Difference ClFixed – Base CO IAV (%) 

Figure 5-5: Percentage difference in CO IAV (coefficient of variation) between the ClFixed simulation and the 

Base simulation (((ClFixed IAV – Base IAV)/Base IAV) x 100) calculated for three vertical areas, 850–500mb, 
500–250mb and 250–50mb. Results are shown for NDJ and MJJ 2005–2011. 
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CO IAV changes in the ClFixed simulation are within ±2% of the Base simulation over most regions, 

indicating that the cloud influence on CO IAV is small. The strongest increases in CO IAV in the 

ClFixed simulation are over the Amazon in MJJ, Equatorial Asia in both seasons (troposphere only), 

Africa (north in NDJ, south in MJJ) and over the Northern Hemisphere oceans in the lower 

troposphere in NDJ. Biomass burning areas with relatively high cloud IAV experience the largest 

positive changes when clouds are fixed. These increases in IAV in the tropics indicate that other 

processes driven by or coinciding with clouds which influence CO IAV are being masked by clouds. 

Upward and horizontal transport of CO from the surface associated with clouds as well as biomass 

burning will affect CO IAV. The only CO emissions which are allowed to vary are biomass burning 

organic and black carbon emissions so any variation can be attributed to these particular emissions 

and indicates the importance of these emissions in these areas. The largest decreases in CO IAV in 

the troposphere occur over the northern extratropics in MJJ and the southern extratropics in both 

seasons. This decrease in IAV indicates clouds drive some of the CO IAV in these areas. When 

cloud-CO correlations are analysed, which are presented in more detail below in Section 5.3.4, 

correlations are positive (and statistically significant) over these regions at the same times. While 

the main drivers of these correlations are likely to be cloud-driven convection and transport of CO, 

more clouds leads to less photolysis, leading to less OH and more CO. When comparing the 

correlations in the ClFixed simulation to the Base simulation, it is found that while changes to 

correlations are small, Cloud IAV influences the positive correlations in MJJ over most of the 

northern extratropics in the middle troposphere and southern oceans in the lower and middle 

troposphere which provides a suggestion of causality between clouds and CO IAV. 

In the lower stratosphere, changes in CO IAV in the ClFixed simulation largely follow the pattern 

established in the upper troposphere although magnitudes are larger. CO IAV also strengthens over 

some Southern Ocean regions. However, cloud-CO correlations do not produce a noticeable change 

in the ClFixed simulation providing no further evidence of causality in this region. A possible 

mechanism explaining the pronounced role of clouds in modifying photolysis over Equatorial Asia in 

NDJ is that in the ClFixed simulation during El Niño years there is less OH production at low 

altitudes due to slower photolysis compared to the simulation with clouds allowed to vary. This 

leads to a longer CO lifetime during such periods which feature high fire-related CO emissions, and 

therefore more of it reaching the stratosphere (the opposite mechanism is true for La Niña years). 

While cloud fraction IAV is very low in NDJ over Equatorial Asia as seen in Figure 5-1, it is higher in 
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ASO indicating that this effect could still be present in the subsequent season given the longer CO 

lifetime.  

5.1.3  Ozone IAV 

From Figures 5-6 and 5-7, we see that observed ozone IAV is generally lower in the middle 

troposphere and lower stratosphere than in the upper troposphere. The region that features strong 

IAV in the middle troposphere is between ±30° in NDJ and MJJ, where ozone is very sensitive to 

deep convection and where convection over polluted regions enhances ozone production and 

convection over ocean regions reduces ozone burden (Thompson et al., 1996; Solomon et al., 

2005; Ziemke et al., 2015). The location of maxima of IAV in the upper troposphere (the mid-

latitudes in both hemispheres, especially over oceans) is suggestive of a possibly strong role of STE 

(Roelofs et al., 2003). Voulgarakis et al. (2015) found biomass burning emissions influenced ozone 

IAV to some extent over equatorial Asia and the Amazon although this depended on the years 

studied and the influence of ENSO. They also found that biomass burning had little effect on ozone 

IAV outside of the Northern Hemisphere autumn, Equatorial Asia, and the Central Pacific (where 

strong CO-ozone correlations (Figures 3-18 and 3-19 in Chapter 3) were previously also found). 

Ozone IAV in the Central Pacific was attributed in Voulgarakis et al. (2015) to large meteorological 

IAV strongly influenced by ENSO as well as the intensity and location of the sub-tropical jet 

transporting pollution from Asia to this region (Lin et al., 2014). In the lower stratosphere, ozone 

IAV is weak in MJJ, but strong over the northern and southern midlatitudes in NDJ where 

atmospheric dynamics is expected to be the main driver of variability. IAV is also lower over the 

tropics, a finding also reported in Livesey et al. (2008). 
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                                                                               NDJ 

                   850–500mb                                  500–250mb                                  250–50mb 
                                                                            TES/MLS 

 
                                                                                 Base simulation 

 

                                                           

            Ozone IAV (%)         
 

Base – TES/MLS Difference 

          

                                                           

Percentage Difference between Coefficients of Variation (%) 

Figure 5-6: Ozone IAV (coefficient of variation) as observed by TES and MLS (upper panels), simulated by the 
Base simulation (middle panels) and the difference in IAV between the Base simulation and the observations 

(lower panels) averaged over three vertical areas, 850–500mb, 500–250mb and 250–50mb. Note the 

difference in scale between the 850–500mb/250–50mb regions and the 500–250mb region. Data have been 
smoothed by averaging onto a 4x5 degree grid. Results are shown for NDJ 2005–2011.  

The Base simulation captures much of the pattern and magnitude of ozone IAV well over the 

extratropics in the troposphere. However, when compared to the observations, it underestimates 

IAV in all regions in the middle and upper troposphere between ±30° with some noteworthy 

underestimates over Africa and the Amazon. It captures the pattern and magnitude of ozone IAV 

well over the northern extratropics in the lower stratosphere in NDJ and MJJ but overestimates 

ozone IAV over the tropics in NDJ and MJJ and underestimates ozone IAV in southern mid-latitudes 

in NDJ. 
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                                                                                           MJJ 
                   850–500mb                                   500–250mb                                  250–50mb 
                                                                              TES/MLS 

   
                                                                                  Base simulation 

  
                                                           

            Ozone IAV (%)         
 

Base – TES/MLS Difference 

 

                                                             

Percentage Difference between Coefficients of Variation (%) 

Figure 5-7: Ozone IAV (coefficient of variation) as observed by TES and MLS (upper panels), simulated by the 

Base simulation (middle panels) and the difference in IAV between the Base simulation and the observations 
(lower panels) averaged over three vertical areas, 850–500mb, 500–250mb and 250–50mb. Note the 

difference in scale between the 850–500mb/250–50mb regions and the 500–250mb region. Data have been 
smoothed by averaging onto a 4x5 degree grid. Results are shown for MJJ 2005–2011. 

Figure 5-8 shows the percentage difference between ozone IAV calculated from the ClFixed 

simulation and the Base simulation. Ozone IAV changes in the ClFixed simulation are within ±4% of 

the Base simulation over most regions, indicating that the cloud influence, although greater than on 

CO IAV, is small. There are generally positive IAV changes over the tropics and subtropics in the 

troposphere and over the extratropics in the upper troposphere. Over the Amazon, Southern Africa, 

southern South Asia, Equatorial Asia and Northern Australia in NDJ and Equatorial Asia in MJJ there 

is a decrease in ozone IAV greater than 4% in the troposphere. A similar decrease in CO IAV 

(Figure 5-5) occurs in NDJ in the upper troposphere over Southern Africa, South Asia and 

Equatorial Asia indicating that clouds could be responsible for both. Ozone production and loss are 

both driven by photolysis, and in those regions that feature high amounts of ozone the role of 
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clouds is to slow down these processes (and, correspondingly, to affect their variability). Such 

effects are less pronounced in the higher latitudes of the Northern Hemisphere in NDJ, when there 

is less sunlight. 

Cloud-ozone correlations, which are presented in more detail below in Section 5.3.4, are negative 

over all the regions where there is a decrease in ozone IAV and (with the exception of Central Asia) 

all these regions experience a decrease in correlation when clouds are removed, providing further 

evidence of causality between clouds and ozone IAV.  

                                                                       Ozone 
                    850–500mb                                          500–250mb                                         250–50mb 

                                                                                         NDJ 

  
                                                                                         MJJ 

  
                                                        
                                                          Difference ClFixed – Base Ozone IAV (%) 

Figure 5-8: Percentage difference in ozone IAV (coefficient of variation) between the ClFixed simulation and 
the Base simulation (((ClFixed IAV – Base IAV)/Base IAV) x 100) calculated for three vertical areas, 850–

500mb, 500–250mb and 250–50mb. Results are shown for NDJ and MJJ 2005–2011. 

5.1.4  NO2 IAV 

Figure 5-9 shows the global distribution of tropospheric column integrated NO2 IAV calculated from 

OMI, the percentage difference between the NO2 IAV calculated from the Base simulation and OMI 

and the percentage difference between the NO2 IAV calculated from the ClFixed simulation and the 

Base simulation all for the period 2005–2011. The observed NO2 IAV hotspots are located over 

Europe, northeast America, East Asia, Central Africa and South America in NDJ, while in MJJ, IAV 

hotspots are reduced to Siberia and northern Canada in the Northern Hemisphere, increase 

coverage over South America and shift from Central Africa to Southern Africa. Similarities between 

ozone and NO2 IAV occur only over the Amazon and Africa where biomass burning is a key driver. 

There is some NO2 IAV over the oceans but this is not as strong as over land other than over the 

pollution outflow regions. Over oceans, NO2 abundances are generally low due to its short lifetime, 
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but even small changes will impact other species such as ozone and OH in those regions 

(Voulgarakis et al., 2010). Meteorology was found to be a major factor driving continental NO2 IAV 

in Uno et al. (2007) and Savage et al. (2008). Voulgarakis et al. (2010) also found that meteorology 

drives NO2 IAV over the oceans and is more important than emissions in driving NO2 IAV over most 

land surfaces due to changes to lightning NOx, humidity, CODs or anomalous transport processes 

except where significant biomass burning events are taking place. Transport out of these biomass 

burning locations, particularly over Equatorial Asia via its reservoir PAN, affects NO2 over areas 

which are not regions of biomass burning. Suppressed convection and dryness associated with El 

Niño (Chandra et al., 1998) will contribute respectively to less NO2 due to a decrease in lightning 

activity and an increase in NO2 due to a decrease in OH, an NO2 sink, as well as reduced wet 

removal of HNO3, produced from the reaction between OH and NO2. 

                                                                                         NO2 
                            OMI                                        Base simulation - OMI                           ClFixed - Base 
                                                                                         NDJ 

 
                                                                                         MJJ 

                   
                                                              
                                                              Difference Base – OMI NO2 IAV (%) 

                                                             
                     NO2 IAV (%)                                                                    Difference ClFixed – Base NO2 IAV (%) 

Figure 5-9: Tropospheric column integrated NO2 IAV (coefficient of variation) as observed by OMI (first 

column), the percentage difference in NO2 IAV between the Base simulation and OMI (((Base IAV – OMI 
IAV)/OMI IAV) x 100) (second column) and the percentage difference in NO2 IAV between the ClFixed 

simulation and the Base simulation (((ClFixed IAV – Base IAV)/Base IAV) x 100) (third column). Results are 
shown for NDJ and MJJ 2005–2011. 

The Base simulation captures high NO2 IAV in the observations in NDJ over several regions, 

including parts of North America, the North Atlantic and Central Africa. High IAV regions in the 

northern high latitudes are more extensive in the Base simulation than in the observations but the 

model does not capture the extent of the IAV over Europe and the Amazon. In MJJ, IAV in the Base 

simulation is weaker than in observations extending to most continental regions. The Base and the 
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ClFixed simulation have been run with repeated climatological emissions of NO provided by CMIP5. 

These discrepancies could relate to too high anthropogenic NO emissions in NDJ and/or a longer 

NO2 lifetime in the Base simulation leading to higher NO2 IAV away from the source regions and too 

low anthropogenic NO emissions in MJJ and/or a shorter NO2 lifetime. The biomass burning NO 

emissions may also be too low, particularly in MJJ. Differences between the model and observations 

could also relate to the model not capturing aerosol IAV well which would affect NO2 loss. 

The third column in Figure 5-9 shows that most changes to NO2 in the ClFixed simulation are within 

±4%. Decreases in NO2 IAV up to 8% occur over Central America, the Amazon, Southern Africa, 

Equatorial Asia and Australia in NDJ and the northern mid-latitude Pacific, Equatorial Asia, 

Southeast Asia, northern Europe and central Russia in MJJ, indicating that clouds are driving some 

of that IAV possibly through influencing OH (the main sink for NO2) and JNO2 (both processes 

affecting NO2 lifetime). Cloud-NO2 correlations (which are presented in more detail below in Section 

5.3.4) are positive for all these regions. Correlations over Central America and Equatorial Asia in 

NDJ and the northern mid-latitude Pacific, Equatorial Asia, South-East Asia and northern Europe in 

MJJ weaken when clouds are removed, providing some evidence of causality between Cloud IAV 

and NO2 IAV in these regions. In Figure 5-9, there is a noticeable increase in NO2 IAV of up to 8% 

located over a band from North America into the Atlantic Ocean in MJJ. This a region affected by 

pollution outflow from the continent and meteorological variability may be affecting the amount of 

NO2 being exported from this region.  

5.2  Interannual Variability from 1990 to 2010 

Following on from the evaluation of IAV calculated from the models over the periods coinciding with 

the observations and confirmation that HadGEM3-UKCA (Base simulation) captures much of the IAV 

of observed species and clouds, the analysis of longer term IAV from 1990–2010 of the Quantities 

for NDJ and MJJ is presented. This is calculated from the year-to-year 1990–2010 differences from 

the 21 year mean for the Base and ClFixed simulations and CCMI models globally and over the 

following wide variety of regions of interest (which are shown in the Maps of Regions at the 

beginning of this thesis): Europe; North America; North Atlantic; North Africa; Central Africa; 

Southern Africa; South Asia; Equatorial Asia; East Asia; Amazon; Australia; Central Pacific; and 

Southern Ocean. No TES/MLS processing of the model data is applied for this analysis (i.e. the raw 

model data have been used). Where Cloud IAV is driving all of each Quantity’s variability, year-to-

year values from the ClFixed simulation would be a flat line indicating all variability has 

disappeared. Indicated in the left hand corner of each plot in this section is the measure of the 
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percentage of the variability attributable to Cloud IAV using the attribution approach from Szopa et 

al. (2007) and formulated by Voulgarakis et al. (2010). The 21 year anomalies for the ClFixed 

simulation are averaged and divided by the average anomaly for the Base simulation in order to 

calculate how much the variability decreases when clouds are fixed at 1990 values. On subtracting 

this number from 100, the variability explained by fixing clouds can be quantified. This is calculated 

as follows: 
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Where: 

  is the percentage shown in Table 1 and on the percentage deviation plots; 

  is the number of years analysed, here 21 years; 

 ( )   (̅̅ ̅ )  is the anomaly from the 21 year run in each year in the ClFixed simulation; 

 ( )    (̅̅ ̅ )  is the anomaly from the 21 year run in each year in the Base simulation. 

Where P is positive number, this quantifies the percentage of IAV directly attributable to Cloud IAV 

Where P is a negative number, this quantifies the percentage increase in variability when Cloud IAV 

is fixed. Such a negative attribution suggests an important but complicated influence of clouds (i.e. 

by fixing clouds, this increases IAV possibly by unmasking another factor influencing it). Where P is 

close to zero, this indicates that Cloud IAV has no effect at all and is not masking any other driver. 

Table 5-1 shows the P value calculated for the global mean IAV of ozone, CO and NO2. Appendix 1 

attached to this thesis contains the P values calculated for the regional mean IAV of the Quantities 

for the regions of interest listed above for NDJ, FMA, MJJ and ASO.  

Table 5-1: Percentage of ozone, CO and NO2 global IAV attributable to Cloud IAV (positive numbers only) as 
calculated from the Base and ClFixed simulations. Results are for NDJ and MJJ 1990–2010. 

_______________________________________________________________________________________________ 

 O3 Burden  CO Burden   NO2 burden 
 NDJ  MJJ NDJ MJJ NDJ   MJJ  
Global 
Trop – 50mb -1.0 -2.6 12.6 10.8  0.2 1.3 
500mb – trop 4.0 -0.2 -22.4 15.3  0.8 0.3 
850 – 500mb 5.1 1.9 -7.0 20.6  -2.5 10.3 
Surface – 850mb 5.3 8.1 -8.8 5.6  7.2 -13.9 
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5.2.1  CO Global and Regional Year-to-Year Variability 

Deviations from the multi-year mean for the CO global mean in the Base simulation (not shown) 

are found to be very small, within ±2% in the troposphere and ±4% in the lower stratosphere. As 

seen from the previous evaluation of CO IAV, the year-specific black and organic carbon biomass 

burning emissions influence CO IAV over the biomass burning regions. These are the only CO 

emissions in the model which are year-specific and globally, they will only have a small impact. As a 

result, global CO IAV in HadGEM3-UKCA is weak. In NDJ, in the troposphere, the negative 

attribution indicates that Cloud IAV has no effect on CO IAV and is masking other drivers of CO. 

Biomass burning IAV has been found to drive most CO IAV over regions where there are even 

moderate emissions (Voulgarakis et al., 2010). Anthropogenic emissions, vertical and horizontal 

transport and meteorology have also all been found to play an important role in driving CO IAV 

(Szopa et al., 2007; Voulgarakis et al., 2010). Maximum positive attributions to Cloud IAV both 

globally and regionally are 20%. However, even where Cloud IAV is driving 20% of the variability, 

CO IAV is so small that even this level of Cloud IAV attribution will have a very small effect on CO 

burden.   

5.2.2  Ozone Global and Regional Year to Year Variability 

Deviations from the multi-year mean for the ozone global mean in the Base simulation (not shown) 

are within ±4% and are in the same range as the CCMI models (which do have year specific 

biomass burning emissions). Both are therefore in agreement with the conclusion of Voulgarakis et 

al. (2015) that large-scale ozone IAV is not strongly affected by interannually varying biomass 

burning emissions. It is also in line with the general understanding that global ozone burden is well 

buffered (Wild and Palmer, 2008). From Table 5-1, we see that up to 5.3% of ozone IAV is 

attributable to Cloud IAV in the lower and middle troposphere in NDJ while in MJJ, this is 8.1% only 

in the lower troposphere. These results are similar to Voulgarakis et al. (2010) which found that 

annually meteorology drove 80% of global ozone variability with clouds driving about 6%. Ozone 

IAV is also controlled by several other processes including the availability of its precursors, climatic 

conditions (Madronich, 1987; Voulgarakis et al., 2009b), the production of NOx from lightning, 

stratosphere-troposphere exchange (STE) (Grewe et al., 2001) and transport. All these drivers 

reduce the role of Cloud IAV. The largest attribution of regional ozone IAV to Cloud IAV is in the 

lower troposphere in MJJ over Europe (14%) and East Asia (11.3%) (both listed in Appendix 1). 

However, even over these regions, deviations from the multi-year mean are so small that even this 

level of Cloud IAV attribution will have a very small effect on ozone burden.     
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5.2.3  NO2 Global and Regional Year to Year Variability 

Deviations from the multi-year mean for the NO2 global mean in the Base simulation (not shown) 

are within ±15% in the troposphere so any attribution to Cloud IAV is more significant when 

compared to ozone and CO. The influence of Cloud IAV on NO2 IAV is somewhat higher than on 

ozone IAV. In NDJ, 7.2% of global NO2 IAV in the lower troposphere is attributable to Cloud IAV 

while in MJJ, this is 10.3% in the middle troposphere. The negative attribution seen in MJJ in the 

lower troposphere indicates that Cloud IAV is not a driver of NO2 in this layer but is masking the 

effect of other drivers, in particular, biomass burning and meteorology (including lightning NOx, 

transport and humidity). The highest attribution of clouds regionally (as seen in Appendix 1) is in 

the lower troposphere of Equatorial Asia (26.7% in NDJ) and Europe and the North Atlantic 

(respectively 29.2% and 17.2% in MJJ). Attribution is between ~14–25% in the middle troposphere 

in both months over Equatorial Asia. Equatorial Asia and Europe are regions where there are large 

emissions of NOx from fossil fuel combustion and biomass burning while the North Atlantic is a 

pollution outflow region. In Section 5.2.5 below, Cloud IAV is found to drive high percentages of 

JNO2 IAV across all these regions while in Section 5.2.6 below, Cloud IAV is found to drive an 

equivalent percentage of OH IAV in MJJ over Europe and the North Atlantic. OH is a sink of NO2 by 

reacting with it to form HNO3. Any changes to OH IAV will therefore directly affect NO2 IAV and 

over these regions, this appears to be the most important effect of Cloud IAV.   

The other regions, where at least 15% of NO2 IAV is attributable to Cloud IAV, are South Asia and 

East Asia in MJJ (in the lower troposphere) and Australia in NDJ (in the lower and middle 

troposphere). Voulgarakis et al. (2010) found that biomass burning drives NO2 IAV over Central 

Africa, the Amazon and Siberia, regions where no cloud influence is found in this analysis. Any 

change to NO2 will also affect ozone IAV and there are similar changes in ozone IAV (all in the 

lower troposphere) globally and over the North Atlantic in NDJ and over Europe in MJJ. However, 

NO2 IAV for most regions is very different to ozone IAV largely due to differences in lifetimes, and, 

especially due to the dependence on different processes (for example, STE variability will mask the 

effects on ozone of other local variability while not impacting NO2 to the same extent).  

5.2.4  JO1D Global and Regional Year-to-Year Variability 

Figures 5-10 and 5-11 show the year-to-year global deviations in NDJ and MJJ from the 21 year 

mean for global JO1D. These are within ±3% in the troposphere and in the same range as the 

CCMI models.      
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Figure 5-10: Percentage deviations (shown between ±10%) from the 21 year mean (1990–2010) for global 

JO1D and regional JO1D over Europe and Equatorial Asia calculated from the ClFixed simulation, the Base 

simulation and the CCMI models for four vertical areas, 1100–850mb (first column), 850–500mb (second 
column), 500mb-tropopause (third column) and tropopause–50mb (fourth column). The chemical definition 

of the tropopause is used (Prather et al., 2001). No TES/MLS processing was applied to the model data. The 
red horizontal line marks the location of 0% deviation. Results are shown for NDJ. 

The regions of Europe and Equatorial Asia are also presented for the next three sections as 

representative examples of mid-latitude and tropical regions (and therefore distinct from each 

other). The influence of Cloud IAV on JO1D IAV is overall strong, reflecting the direct influence of 

clouds on these photolysis rates through backscattering of radiation above the clouds and 

attenuation of radiation below. The cloud effect is strongest in the middle troposphere in NDJ and 

MJJ, (accounting for up to 41.3 and 29.7% of global JO1D IAV) and is positive for all tropospheric 

layers in NDJ and the layers above the lower troposphere in MJJ. As seen in Section 4.3, 

enhancements of JO1D take place above the maximum cloud height. For all the regions examined in 

Section 4.3, except for Equatorial Asia, this takes place above 850mb. Cloud IAV primarily drives 

changes in JO1D IAV through backscattering above the clouds for most regions and this therefore 

influence the global response. 
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Figure 5-11: Percentage deviations (shown between ±10%) from the 21 year mean (1990–2010) for global 

JO1D and regional JO1D  over Europe and Equatorial Asia calculated from the ClFixed simulation, the Base 
simulation and the CCMI models for four vertical areas, 1100–850mb (first column), 850–500mb (second 

column), 500mb-tropopause (third column) and tropopause–50mb (fourth column). The chemical definition 
of the tropopause is used (Prather et al., 2001). No TES/MLS processing was applied to the model data. The 

red horizontal line marks the location of 0% deviation. Results are shown for MJJ. 

Cloud IAV has the largest influence on JO1D IAV in the lower and middle troposphere for both 

Europe and Equatorial Asia in NDJ. Over Equatorial Asia, where Cloud IAV is a driver below 500mb 

(the maximum cloud height in this region), Cloud IAV primarily drives changes in JO1D IAV through 

multiple scattering and attenuation below the cloud. At least 20% of JO1D IAV is attributable to 

Cloud IAV in the lower troposphere of East Asia and Australia in NDJ and the middle troposphere of 

Southern Africa, the North Atlantic and Southern Ocean in NDJ and North America in MJJ. This 

indicates that the importance of Cloud IAV in driving JO1D varies from region to region and layer to 

layer. Highest attributions reaching up to 30% occur over Australia and Southern Ocean. The latter 

has consistently been a region where cloud modification of photolysis has the largest effect due to 

the prevalence of stratiform clouds. Cloud IAV is also a key driver of JO1D IAV in this region in the 

upper troposphere which is not seen in any other region possibly due to intense backscattering. 
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JO1D IAV in the lower stratosphere is largely unaffected by Cloud IAV in all regions. Where clouds 

affect JO1D IAV, there is not a corresponding link with changes to ozone (other than over Europe in 

MJJ), possibly due to ozone being controlled by several other processes which have been referred 

to throughout this thesis. 

5.2.5  JNO2 Global and Regional Year-to-Year Variability 

Figure 5-12 and 5-13 shows the year-to-year global deviation in NDJ and MJJ from the 21 year 

mean for JNO2.  
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Figure 5-12: Percentage deviations (shown between ±6%) from the 21 year mean (1990–2010) for global 

JNO2 and regional JNO2 over Europe and Equatorial Asia calculated from the ClFixed simulation, the Base 
simulation and the CCMI models for four vertical areas, 1100–850mb (first column), 850–500mb (second 

column), 500mb-tropopause (third column) and tropopause–50mb (fourth column). The chemical definition 
of the tropopause is used (Prather et al., 2001). No TES/MLS processing was applied to the model data. The 

red horizontal line marks the location of 0% deviation. Results are shown for NDJ. 

Deviations from the multi-year mean are within ±2% on a global scale in the troposphere, and 

even smaller in the lower stratosphere. CCMI models are in the same range as the Base simulation 

both globally and regionally. While global JNO2 IAV is small, regionally deviations are somewhat 

larger, especially for Europe (and the North Atlantic) in the lower and middle troposphere (±6%), 
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with JNO2 IAV in NDJ stronger than MJJ. Positive deviations change to negative deviations over 

time in the middle and upper troposphere, a cloud-driven trend (when compared with the ClFixed 

simulation) that was also evident (though somewhat less clear) for JO1D. This trend is, however, 

not present in the CCMI simulations.    
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Figure 5-13: Percentage deviations (shown between ±6%) from the 21 year mean (1990–2010) for global 

JNO2 and regional JNO2 over Europe and Equatorial Asia calculated from the ClFixed simulation, the Base 
simulation and the CCMI models for four vertical areas, 1100–850mb (first column), 850–500mb (second 

column), 500mb-tropopause (third column) and tropopause–50mb (fourth column). The chemical definition 

of the tropopause is used (Prather et al., 2001). No TES/MLS processing was applied to the model data. The 
red horizontal line marks the location of 0% deviation. Results are shown for MJJ. 

Cloud IAV has a very large influence on global and regional JNO2 IAV. In NDJ, up to 88.4% of 

global tropospheric JNO2 IAV is attributable to Cloud IAV while in MJJ this is 94.4%. Even in the 

lower stratosphere, cloud attribution is high. The four vertical layers and every region examined 

showed a strong cloud effect, with the weakest (though still strong) cloud attribution generally 

found for the lower troposphere. Regionally, the influence of Cloud IAV is the weakest in NDJ over 

the northern regions (~40%). In NDJ and MJJ, over Equatorial Asia, near or above 90% of JNO2 

IAV is attributable to Cloud IAV in both seasons and results are similar (as seen in Appendix 1) over 
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the Central Pacific, Central Africa, Southern Africa, Australia and the Amazon. Cloud attribution is 

general lower (between 50–90%) over North Africa, South Asia, East Asia and the Southern Ocean. 

Given the results seen previously in this thesis, it is no surprise that Cloud IAV has a much stronger 

influence on JNO2 compared to JO1D because JNO2 peaks at longer wavelengths than JO1D. It is 

also not strongly affected by variations in the overhead ozone absorption column and is less 

dependent on Rayleigh scattering because of its upper active wavelength. However, the very high 

attribution rate seen for all layers including the lower stratosphere and for all regions has not been 

identified before and is a very important discovery. The influence of Cloud IAV on both JO1D and 

JNO2 IAV is clearly strong and should be reflected in changes to OH IAV given these are the most 

important sources of this oxidant. 

5.2.6  OH Global and Regional Year to Year Variability 

Figure 5-14 shows the year-to-year global deviation in NDJ and MJJ from the 21 year mean for OH 

presented with results from Europe. OH IAV in Equatorial Asia in NDJ and MJJ showed no positive 

attribution to Cloud IAV in the layers being analysed and is not included. However, Voulgarakis et 

al. (2010) found that clouds are responsible for 71% of annual OH variation in the boundary layer 

where an attribution of 20% is found in this study in NDJ and 11% in MJJ which is still much lower 

than that study.  

On a global scale, deviations from the multi-year mean are within ±5% (similar to the deviation 

found in Voulgarakis et al. (2010)), and regionally within ±10%. CCMI models are in the same 

range as the Base simulation globally and they are fairly similar regionally. The global deviations for 

the Base simulation and CCMI models between 1997 and 2009 are very similar to those found in 

Voulgarakis et al. (2015) which used a chemistry-climate model similar to HadGEM3-UKCA. There is 

a negative deviation in both the Base simulation and the CCMI models from the global mean in 

1997, a very strong El Niño year, coinciding with an equivalent increase in CO. Voulgarakis et al. 

(2015) found that biomass burning emissions during an El Niño year are a major driver of modelled 

global OH IAV, reducing OH (due to high CO) and increasing OH during La Niña years. The largest 

global OH IAV takes place in the upper troposphere and lower stratosphere, regions where there is 

also less water vapour but higher radiation intensity and ozone. 
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Figure 5-14: Percentage deviations (shown between ±10%) from the 21 year mean (1990 – 2010) for global 

OH and regional OH over Europe calculated from the ClFixed simulation, the Base simulation and the CCMI 
models for four vertical areas, 1100–850mb (first column), 850–500mb (second column), 500mb-tropopause 

(third column) and tropopause–50mb (fourth column). The chemical definition of the tropopause is used 
(Prather et al., 2001). No TES/MLS processing was applied to the model data. The red horizontal line marks 

the location of 0% deviation. Results are shown for NDJ and MJJ. 

In both seasons globally, a small positive attribution to clouds is found only in the lower 

troposphere and stratosphere. In other vertical layers, the attribution value is negative, indicating 

that another cloud or non-cloud driver is being unmasked when clouds are fixed. A possible 

important driver could be cloud-associated convection which transports water vapour. Negative 

attributions are the highest in the middle troposphere where the highest concentrations of water 
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vapour are located. Convection will also transport CO and NOx both of which affect OH burden 

particularly over polluted regions.  

The regional analysis shows that strongest Cloud IAV influence on OH IAV takes place in the lower 

troposphere. Over Europe, 28.6% of OH IAV is attributable to Cloud IAV in NDJ and 22.1% in MJJ 

which is similar to the 25% attribution found in the boundary layer in JAS in Voulgarakis et al. 

(2010). Both are matched by a similar influence of Cloud IAV on JO1D IAV. The strong influence of 

Cloud IAV on JO1D and JNO2 through attenuation of radiation reduces both sources of OH. The 

reduction in JNO2 also increases NO2 which reacts with OH to form HNO3 and is rapidly wet 

deposited in the lower troposphere. Increases in backscattering above the lower troposphere 

influence both JO1D and JNO2 IAV but this analysis finds that cloud variability again masks other 

drivers of OH (as suggested above).  

Regionally (as seen in Appendix 1), clouds have very little influence on OH variability over the 

Amazon, Australia, Central Africa and Northern Africa. The other regions where at least 15% of OH 

IAV is attributable to Cloud IAV are North America in NDJ and MJJ, Southern Africa, South Asia and 

the Southern Ocean in MJJ and East Asia in NDJ (which has the highest attribution of 47.1%). 

These all occur in the lower troposphere. Only over the North Atlantic are clouds responsible for 

over 15% of OH variability in the middle and upper troposphere (which occur in MJJ). All these 

regions with the exception of North America in MJJ and Southern Africa in both seasons are 

matched by a similar cloud influence on JO1D IAV. This strong Cloud IAV influence on OH IAV in the 

lower troposphere is a critical finding. Not only does this influence oxidant burden and therefore the 

sinks of CO and VOCs, as well as the sources of secondary aerosols, it affects methane, which is an 

important greenhouse gas. The greater the impact clouds have on radiation at the surface (where 

faster methane oxidation takes place) the larger the methane lifetime changes in the whole 

troposphere.  

5.3  Correlation Analysis 

In this last section cloud-species correlation analysis is used to explore the potential causality 

between cloud fraction and the Quantities in the CCMI models and Base simulation by looking at 

how well these are associated (i.e. what role could clouds in general be playing). This is limited to 

cloud fraction as the CCMI models used for this analysis and listed in Table 2-1 in Chapter 2 did not 

output COD. I then test whether the general association implies causality by using the ClFixed 
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simulation and identify the regions in both the CCMI models and the Base simulation where 

correlations suggest causality. For the correlation analysis, species and photolysis dependence on 

overall 2D column cloud amount are examined. In Section 5.2, the strongest influence of clouds 

was found for JO1D, JNO2 and OH. The rest of this section focuses therefore on the correlation 

coefficient analysis with respect to these variables. For all the correlations in this Section 5.3, the 

sample members available for the correlation calculation were at least 63 indicating that 

correlations greater than 0.35 or less than -0.35 are statistically significant (p<0.05). Only 

correlations which are significant are analysed in the following sections and these findings are 

therefore more robust when considering causality. However, it should again be noted that the 

correlations analysed in this chapter are subject to many competing influences and process 

interactions which will make an absolute determination of causality and/or a high percentage 

attribution to cloud modification of photolysis very difficult. Use of correlation analysis is a good tool 

to show association between two variables and while the use of the ClFixed simulations provides 

more information on this association than analysing the Base simulation correlations on their own, 

this approach still provides only a suggestion of causality. 

Figures 5-15 and 5-16 show the Pearson correlation coefficient between 2D cloud fraction 

(hereinafter called “2DCF”) and JO1D in the 1100–850mb, 850–500mb and 500mb–tropopause 

regions. These are calculated from 1990–2010 NDJ and MJJ monthly mean data of the CCMI multi-

model means and the Base simulation. The figures also show the difference in correlation 

coefficient between the ClFixed simulation and the Base simulation (|ClFixed Pearson correlation 

coefficient| - |Base Pearson correlation coefficient|) which are calculated in the same manner as 

the biases in Section 3.3.3. Any negative values in the difference plots (indicated by colours in the 

red part of the spectrum) show a weakening of correlation from the Base simulation (and evidence 

that Cloud IAV is a driver) while any positive values (indicated by colours in the blue part of the 

spectrum) show a strengthening of correlation (and evidence that Cloud IAV is masking another 

driver). 

Correlations and differences in the lower stratosphere were very similar to the upper troposphere 

and are therefore not shown. 

5.3.1  Correlations between 2D Cloud Fraction and JO1D 

Figure 5-15 shows that in NDJ, negative correlations dominate in the lower troposphere and both 

CCMI and the Base simulation show strong negative correlations (between r = 0.72 and 0.90) over 
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the pollution outflow region of the Atlantic, South America, Southern Africa, Equatorial Asia, 

Australia and the Western Pacific. In the middle troposphere, the strong negative correlations over 

Equatorial Asia are maintained. Positive correlations are weaker and are significant in the lower 

troposphere over the boreal regions and waters to the west of Southern Africa and South America 

in the CCMI models only. Correlations become positive and significant over the tropical oceans in 

the middle troposphere, upper troposphere and lower stratosphere due to the lower cloud height of 

stratiform clouds over these oceans. These are stronger and cover a larger area in the Base 

simulation. The reduction in correlation between the ClFixed and Base simulation in NDJ of up to 

0.4 of all the significant correlations identified above shows that cloud modification of photolysis is 

a strong driver of the correlations.  

                                                                        NDJ 
                                                Cloud Fraction - JO1D Correlations 

                      CCMI                               Base simulation                      ClFixed – Base 
                                1100–850mb 

 
                                                                 850–500mb 

 
                                                            500mb–tropopause 

 
                                           
                      Pearson’s Correlation Coefficient                           Difference in Coefficient                                                                                                

Figure 5-15: Correlation coefficients between 2D Cloud Fraction and JO1D in the vertical areas, 1100–850mb, 

850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 
means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 

statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 

the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for NDJ.  
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Figure 5-16 shows that in MJJ, the CCMI and the Base simulation correlations are similar over 

several regions. They both show strong negative correlations over all the Northern Hemisphere 

continents in the lower troposphere (which weaken in the middle and upper troposphere), while 

conversely to the continents, correlations over the oceans north of 30°N are mostly positive and 

strengthen in the middle and upper troposphere. Strong positive correlations also occur over the 

Amazon and Central Africa (CCMI only) and the waters to the west of Southern Africa and South 

America (the Base simulation only). There are reductions in correlations strength in the ClFixed 

simulation again in the ±30° regions in all layers with the largest reductions up to 0.4 over the 

Indian Ocean, Equatorial Asia and Australia in the lower troposphere and the waters to the west of 

Southern Africa and South America indicating that these correlations are also being driven by Cloud 

IAV. However, the geographical coverage of the influence of Cloud IAV decreases with height. 

Correlations increase in the ClFixed simulation over North America and Canada (regions where 

correlations in the Base simulation are significant), indicating that clouds are masking the effect of 

other drivers over these regions, for example, cloud-associated convection of ozone precursors and 

water vapour influencing the overhead ozone column. 

The reductions in correlations of ±0.4 in the ClFixed simulation provide evidence that the 

correlations are associated with causality over Equatorial Asia and Australia in the lower 

troposphere and over Equatorial Asia and the waters to the west of Southern Africa and South 

America in the middle troposphere in both seasons and Southern Africa in the lower troposphere 

and the tropical oceans in the middle and upper troposphere in NDJ. Overall, the most striking and 

conclusive result of the cloud-JO1D correlation and attribution analysis is the strong positive 

correlations over the tropical oceans which seem to be largely driven by cloud effects on photolysis. 

At higher altitudes, the influence of clouds on photolysis over the tropical oceans (particularly to the 

west of the continents) decreases due to the increasing distance between the point of 

backscattering (which takes place above the low base of stratus/stratocumulus clouds) and the 

upper layers. At lower altitudes the influence of cloud modification of photolysis is greater over 

these oceans due to the attenuation of radiation that has occurred in the above-lying optically thick 

cloud masses. 
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Figure 5-16: Correlation coefficients between 2D Cloud Fraction and JO1D in the vertical areas, 1100–850mb, 
850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 

means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 

statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 
the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for MJJ. 

5.3.2  Correlations Between 2D Cloud Fraction and JNO2 

Figure 5-17 and 5-18 show the correlations between cloud fraction and JNO2. Again, correlations 

and differences in the lower stratosphere are very similar to the upper troposphere and are 

therefore not shown; it should be noted though that this is certainly a remarkable result, as 

tropospheric clouds are typically not perceived as important to stratospheric chemistry.  

Generally, the patterns of correlations in different regions and at different altitudes are very similar 

to those for JO1D for both seasons, but with stronger correlations overall. Also, as for JO1D, the 

patterns are remarkably similar between the Base simulation and the CCMI models especially in the 

upper troposphere. In the middle troposphere, in both seasons, negative correlations in the CCMI 



172 
 

models are stronger than in the Base simulation and the positive correlations are weaker and not 

significant in the middle troposphere. The strongest correlations in both seasons for both Base 

simulation and the CCMI models are again over the region between ±30°. In addition there are 

strong correlations occurring in the relevant extratropic summer.  
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Figure 5-17: Correlation coefficients between 2D Cloud Fraction and JNO2 in the vertical areas, 1100–850mb, 

850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 

means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 
statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 

the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for NDJ. 

In NDJ, in the lower troposphere, similar to the cloud-JO1D correlations, negative correlations 

dominate and are found over the tropical oceans, South America, Southern Africa, South Asia, the 

Indian Ocean, Equatorial Asia and Australia. In the middle troposphere, the negative correlations 

become positive over most of the oceanic regions of the Southern Hemisphere, while relatively 

strong positive correlations (particularly in the Base simulation) are now found over East Asia as 

well. Negative correlations are maintained over the Amazon, Southern Africa and Equatorial Asia. 
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Finally, in the upper troposphere, the positive correlations are maintained and are strengthened 

even further to include the continental regions in the Southern Hemisphere. The tropics and the 

southern extratropics are almost entirely dominated by positive correlations at high altitudes. Most 

of the strong negative and positive correlation features weaken in the ClFixed simulation in similar 

regions as seen in the cloud-JOD correlations in Figure 5-15, but the reduction in correlation 

strength is greater for JNO2 correlations than for JO1D (up to r=0.90 compared to r=0.40). In MJJ, 

the CCMI models and Base simulation show stronger negative correlations in the lower troposphere 

over the same regions where strong cloud-JO1D correlations were identified in Figure 5-16. In the 

middle troposphere, strong cloud-JNO2 correlations also match the strong cloud-JO1D correlations 

identified in both the CCMI models and Base simulation. The cloud-JO1D correlations differ from 

cloud-JNO2 correlations only over the continents north of 55°N and only in the Base simulation 

where strong positive cloud-JNO2 correlations now prevail. Finally, in the upper troposphere, these 

patterns are again maintained and strengthened further, with an additional feature being that now 

most of the continental regions and oceans (above 30°S) feature positive correlations. This 

excludes the desert regions of North Africa and the Middle East in the Base simulation, which is 

associated with the fact that desert surfaces are typically brighter than clouds. The fact that 

correlations turn from negative to positive at a high altitude over land regions in the tropics is 

associated with the vertically more extensive convective clouds in those regions. Again, most of the 

strong correlations identified in this section weaken in the ClFixed simulation in similar regions and 

in all layers as seen with JO1D in Figure 5-16 but by a greater amount, and in the upper 

troposphere, by a greater geographical extent. 

In the attribution analysis in Section 5.2.5, JNO2 IAV was highly attributable to Cloud IAV over all 

regions in NDJ and MJJ and these results further show that cloud modification of photolysis is a 

strong driver of the cloud-JNO2 oceanic correlations, with a stronger influence in the Southern 

Hemisphere in NDJ and the Northern Hemisphere in MJJ above the lower troposphere, in line with 

the seasonality of solar radiation received by each hemisphere. As mentioned previously, JNO2 

peaks at longer wavelengths than JO1D, is not strongly affected by variations in the overhead 

ozone absorption column and is less dependent on Rayleigh scattering because of its upper active 

wavelength. As a result, JNO2 is more sensitive to cloud presence which accordingly influences 

cloud-JNO2 correlations more than cloud-JO1D correlations.   
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                                                                         MJJ 
                                                  Cloud Fraction – JNO2 Correlations 

                      CCMI                               Base simulation                      ClFixed – Base 
                                1100–850mb 

 
                                                                  850–500mb 

 
                                                           500mb–tropopause 

 
                                           
                      Pearson’s Correlation Coefficient                           Difference in Coefficient                                                                                               

Figure 5-18: Correlation coefficients between 2D Cloud Fraction and JNO2 in the vertical areas, 1100–850mb, 
850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 

means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 

statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 
the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for MJJ. 

5.3.3  Correlations Between 2D Cloud Fraction and OH 

Figures 5-19 and 5-20 show the correlations between cloud fraction and OH. Again, correlations 

and differences in the lower stratosphere are very similar to (although weaker than) the upper 

troposphere and are therefore not shown. In NDJ, cloud-OH correlations in the Base simulation and 

the CCMI models are very similar. However, correlations calculated from the CCMI models are 

positive and somewhat stronger over some of the northern industrial continental regions for all 

layers. In those regions, they are generally weak and largely negative in the Base simulation. In 

addition, negative correlations in the CCMI models in the lower troposphere are more extensive 

while positive correlations in the Base simulation are more extensive in the other layers. In the 

lower troposphere strong cloud-OH correlations are largely negative in the tropics (although very 
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weak in the Base simulation). Both the CCMI models and the Base simulations also show strong 

negative correlations over the pollution outflow regions of the North Atlantic and western Pacific as 

well as the Mediterranean. Compared to both cloud-J-Rates correlations, they are most similar to 

the cloud-JO1D correlations with respect to pattern and magnitude over most regions in the lower 

troposphere in both the CCMI and the Base simulations. Exceptions to this are over South America 

and South Asia where correlations are weak, presumably due of the fact that the water vapour 

effect (areas with less cloud are more likely to have lower humidity) overshadows the photolysis 

effect on OH. In the middle troposphere, correlations are strongly positive in both the Base 

simulation and in the CCMI models over the northern tropical Atlantic, South Asia, Southern Africa, 

parts of Southern America and Australia while they are only strongly negative over the pollution 

outflow region of the Western Pacific and Equatorial Asia (CCMI models only). Cloud-JO1D and 

cloud-JNO2 correlations are similar to the cloud-OH correlations over these regions except over the 

northern tropical Atlantic and South Asia. In the upper troposphere, most of the strong positive 

correlations identified in the middle troposphere become stronger. Cloud-JNO2 correlations are 

similar over all these regions while cloud-JO1D correlations are similar only over Australia indicating 

there is more secondary production of OH in the upper troposphere in NDJ. 

The strong negative correlations in the lower troposphere over the pollution outflow regions of the 

North Atlantic and western Pacific seen in the CCMI models and Base Simulation weaken (up to 

r=0.4) in the ClFixed simulation. These are over regions where correlations are negative showing a 

clear link between clouds reducing OH by reducing photolysis rates. The strong positive correlations 

over the tropical oceans to the east of the Amazon and Africa in the middle troposphere seen in the 

CCMI models and Base Simulation also weaken (up to r=0.4) in the ClFixed simulation indicating 

increases in OH are influenced by cloud modification of photolysis. Regions where strong 

correlations strengthen in the ClFixed simulation are over the Indian Ocean and Equatorial Asia in 

the middle troposphere indicating that clouds are masking other cloud drivers of these correlations 

such as uplift and exportation of NOx (an OH precursor) or production of LiNOx. LiNOx emissions 

largely occur over areas of high convection, in particular over the tropics and any change to LiNOx 

will affect the oxidising capacity of the atmosphere through modifications of OH (Banerjee et al., 

2014). In the upper troposphere, the influence of clouds on cloud-OH correlations is reduced. 

 

 



176 
 

                                                                         NDJ 
                                                  Cloud Fraction - OH Correlations 
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Figure 5-19: Correlation coefficients between 2D Cloud Fraction and OH in the vertical areas, 1100–850mb, 

850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 

means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 
statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 

the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for NDJ. 

In MJJ, the CCMI cloud-OH correlations are very similar to the Base simulation in the lower 

troposphere and the middle troposphere. In the upper troposphere, however, over North Africa, 

Middle East and South Asia, correlations are weak in the CCMI models and strongly positive in the 

Base simulation. Correlations in the lower and middle troposphere are similar to the cloud-JO1D 

correlations, except over North Africa, the Middle East and South Asia where cloud-OH correlations 

are positive and both cloud-JO1D and cloud-JNO2 correlations are negative. In the upper 

troposphere, in the CCMI models, cloud-OH correlations are most similar to the cloud-JO1D 

correlations. However, in the Base simulation, cloud-OH correlations are most similar to the cloud-

JO1D correlations over the northern industrial continents and to the cloud-JNO2 correlations over 

sub-Saharan Africa, the Amazon, and Australia indicating that the model favours secondary 



177 
 

production of OH in these regions. Only the strong correlations in the eastern Pacific in the lower 

troposphere weaken in the ClFixed simulation and the influence of cloud modification of photolysis 

on the correlations decreases with altitude.  

                                                                        MJJ 
                                                 Cloud Fraction – OH Correlations 

                      CCMI                               Base simulation                      ClFixed – Base 
                                1100–850mb 

 
                                                                 850–500mb 

 
                                                              500mb–tropopause 

 
                                           
                      Pearson’s Correlation Coefficient                           Difference in Coefficient  

Figure 5-20: Correlation coefficients between 2D Cloud Fraction and OH in the vertical areas, 1100–850mb, 
850–500mb and 500mb–tropopause calculated from 1990–2010 monthly mean data of the CCMI multi-model 

means and the Base simulation in the first two columns. Correlations greater than 0.35 or less than -0.35 are 
statistically significant (p<0.05). The absolute difference between the correlation coefficients calculated from 

the ClFixed simulation and the Base simulation |ClFixed pearson correlation coefficient| - |Base pearson 

correlation coefficient| are shown in the third column. Results are shown for MJJ. 

5.3.4  Correlations between 2D Cloud Fraction and Ozone, CO and NO2 

When analysing the correlation of clouds with ozone, CO and NO2, correlations in the ClFixed 

simulation change by a maximum ±0.1 for ozone and CO and ±0.2 for NO2. The effect of Cloud IAV 

was also noticeably weaker in the attribution analysis. Cloud-CO correlations are positive for most 

regions with the summer hemisphere experiencing the strongest and most extensive coverage. 

Over these regions it is likely that cloud-associated transport of CO is the main driver. Correlations 

are strongly negative in MJJ over South Asia, Central America and the sub-tropical Pacific in the 
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Southern Hemisphere in the lower and middle troposphere and the Amazon in the lower 

troposphere. Cloud-OH correlations in Figure 5-20 were positive over South Asia, Central America 

and the sub-tropical Pacific in the middle troposphere so these increases in OH may be leading to 

CO loss. Evidence of this is found over the sub-tropical Pacific in the ClFixed simulation where 

cloud-CO correlations weaken.  

Cloud-ozone correlations are negative over all continental regions except parts of North Africa and 

the Middle East for all layers. Correlations are stronger in MJJ and in the lower and middle 

troposphere. Correlations are positive over the southern oceans in both seasons. All negative 

correlations weaken in the ClFixed simulation in the lower troposphere (in both seasons) and 

middle troposphere (the most in NDJ) indicating that clouds are influencing some of these 

correlations. 

Cloud-NO2 correlations are positive in NDJ for most continental regions in all layers increasing in 

strength with altitude with the strongest correlations over the Amazon, Southern Africa, South Asia, 

Equatorial Asia, East Asia, North America, Australia and the Atlantic and Pacific pollution outflow 

regions. In MJJ, correlations over the northern extratropics become negative for all layers except 

for Europe in the lower and middle troposphere. In general, positive correlations are weakened 

while negative correlations are strengthened in the ClFixed simulation with clouds noticeably 

affecting NO2 over Europe in MJJ and over Indonesia for both months.   

5.4  Summary  

In this chapter, the role of clouds (through the modification of photolysis) in affecting TLS 

chemistry on interannual timescales was examined. This is done using multi-year observations of 

clouds and atmospheric species, and simulations using HadGEM3-UKCA and CCMI models. When 

2D cloud fraction IAV is compared with observations, the Base simulation is generally found to 

capture Cloud IAV well. The Base simulation captures CO IAV fairly well in all layers (when 

compared with TES/MLS observations) although it underestimates the IAV in the troposphere and 

overestimates it in the lower stratosphere. It also captures ozone IAV well for all layers (when 

compared with TES/MLS observations), although it noticeably underestimates the IAV over Africa 

and South America in the troposphere. It tends to overestimate NO2 IAV (when compared with OMI 

observations) in the Northern Hemisphere, underestimate NO2 IAV in MJJ and fails to capture NO2 

IAV over South America in both seasons.  
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The analysis in Chapter 4 showed that clouds affect TLS chemistry and the oxidative capacity of the 

atmosphere by influencing the photolysis rates, the production of OH and ozone and (to some 

extent) CO. My analysis here further shows that the Cloud IAV also influences the IAV of photolysis 

rates and OH and, to a smaller extent, ozone, CO and NO2. There is a clear indication that Cloud 

IAV is driving between 40–95% of JNO2 IAV over all regions and in all layers. Up to 40% of OH IAV 

in the lower troposphere and JO1D IAV in the middle and lower troposphere is also attributable to 

Cloud IAV. Although the cloud effect on ozone, CO and NO2 IAV is weaker, Cloud IAV still accounts 

for up to 10% of the variability of ozone and 20% of the variability of CO and NO2 in some 

locations. The effect of Cloud IAV in the lower stratosphere is low except in relation to JNO2 over all 

regions examined. Correlation analysis confirms that Cloud IAV is a strong driver of JNO2 and of 

JO1D in the tropics and sub-tropics in the lower and middle troposphere. While cloud-OH 

correlations are strong over many regions, cloud modification of photolysis is particularly important 

in the tropical and sub-tropical regions of the lower troposphere. The Cloud IAV driver of 

correlations over the tropical oceans is universal for these three variables and significant evidence 

of causality has been identified. Through this analysis, the role of cloud (through the modification 

of photolysis) in driving IAV in specific aspects of atmospheric chemistry is established and 

correlation analysis is used to infer cloud effects via photolysis depending on the region. Many of 

the results outlined above are similar both in HadGEM3-UKCA and in the CCMI models, suggesting 

a robustness of those features in present-day modeling. 
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6. Summary and Conclusions 
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6.1  What has this study achieved and how? 

Chemistry plays an important role in the Earth’s atmosphere and UV and visible radiation 

determines the photochemical environment for the formation and photolysis of several key species. 

Well-constrained photolysis rates are therefore of major importance in order to simulate accurately 

the production, destruction, and abundances of these species. Clouds have been known to affect 

atmospheric chemistry via several pathways, but their influence in modifying photolysis rates and 

atmospheric chemistry is a relatively unexplored area of study.  

This thesis has provided several new findings related to this unexplored area. By doing so it has 

improved our scientific knowledge by better constraining the sources and sinks of short-lived 

atmospheric pollutants, oxidants and greenhouse gases. It has helped to identify the extent to 

which cloud modification of photolysis influences climate and chemistry globally and regionally and 

at different layers in the atmosphere and shown that this influence reaches well into the 

stratosphere. The study has also provided evidence of the long-term effect of Cloud IAV and 

therefore provided a more informed initial state from which to calculate how clouds in a changing 

climate will affect chemistry and composition.  

We have shown how different the response is of key species and photolysis rates to cloud 

modification of photolysis at different layers in the atmosphere and over different geographical 

regions and quantified this response. Knowledge of these differences is critical and provides 

modelers with previously missing information with which to determine and calculate the extent to 

which cloud modification of photolysis influences the amount of harmful UV radiation reaching the 

surface, how key species are produced and removed from the atmosphere and at the surface and 

to accurately calculate ozone’s regional and global warming potential. Knowledge of the regional 

differences on chemistry and composition is also critical in order to understand the evolution of 

pollution to correctly assess the effect on human health, plant life, surface warming and 

transportation to other regions via horizontal transport (Wild and Akimoto, 2001; Wild et al., 2004). 

This study has also shown how important it is to have accurate cloud fields in models through use 

of observed clouds (subject to the limitations of the observed dataset) to estimate abundances of 

ozone and OH, the primary “detergent” of the atmosphere. The cloud-chemistry-climate interaction 

is an area of uncertainty and is poorly constrained in models but the findings presented here can be 

used to improve climate model performance and increase our confidence in subsequent model 

simulations and climate change projections. As mentioned in Section 1.1, it is likely that cloud 
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optical properties will change under climate change and cloud-climate-chemistry interactions are 

expected to play an increasingly important role in an evolving climate. This analysis adds to the 

understanding of these interactions currently and provides a quantitative analysis of the current 

state from which to set up more reliable projections of these interactions. Understanding the 

current response to clouds will ensure that models change their photolytic response and 

subsequent simulations of regional composition and chemistry as cloud optical depths, cloud 

coverage and cloud location change. Any change in the backscattering of radiation from clouds and 

the amount of radiation attenuated due to changes in cloud optical depth will lead to changes in 

the concentration of the key species affecting future pollution levels and greenhouse gas 

absorption. Understanding the response of ozone (a greenhouse gas) or any of its precursors to 

cloud variability in a changing climate is vital for calculating any changes to surface temperatures 

and the amount of harmful UV reaching the surface. 

This research also shows for the first time that cloud modification of photolysis influences chemistry 

and composition well into the stratosphere and this is of particular importance as it will affect the 

amount of UV radiation which is absorbed by ozone in this region and how much reaches the 

surface and/or is available for photolysis in the troposphere. Again, this study shows that having 

the correct model clouds is essential to calculate the effect they have on stratospheric composition, 

stratospheric radiative balance and subsequently tropospheric composition and chemistry and 

ozone’s global warming potential.   

6.2  Summary of the findings 

This study has built on previous research undertaken by three previous key studies. It has used 

observed clouds for the first time to explore global and regional effects of cloud modification of 

photolysis. It has also extensively used satellite information on key atmospheric species, using a 

state-of-the-art CCM and analysing multi-model data from CCMI. As a result, this study has 

analysed the unexplored and potentially critical connection between clouds and tropospheric/lower 

stratospheric composition for a period of one year, and then subsequently for a period of 21 years 

to explore the effect of Cloud IAV on atmospheric composition. Investigations are primarily made 

through the use of the HadGEM3-UKCA model which was run in the standard atmosphere-only 

climate configuration. The setup used nudged meteorology, prescribed sea surface temperatures 

(SSTs) and sea ice concentrations, and the Fast-JX photolysis routine.   
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Several simulations were performed, each incorporating a specific change to the clouds in the 

photolysis calculation of the model. The first simulation, the Base simulation was an unperturbed 

simulation which used the model’s own clouds in the photolysis calculation. In the three perturbed 

simulations the following changes were made to the photolysis calculation: (1) clouds were 

removed (ClZero simulation); (2) clouds were scaled to match observational cloud values (derived 

from C3M) (ClScaled simulation); and (3) clouds were fixed to their year 1990 values (ClFixed 

simulation). The C3M product merges cloud data from multiple A-Train satellites and was developed 

at the NASA Langley Research Center. Hindcast simulations are also used from several models 

taking part in the CCMI to further compare the HadGEM3-UKCA model performance against the 

multi-model mean and to help identify the effect of Cloud IAV on the IAV of other variables of 

interest. All the CCMI models used are nudged towards observed meteorology permitting direct 

comparison to observations and to the HadGEM3-UKCA simulations.  

An evaluation of the modelled cloud fields (which are compared to 3D C3M and 2D MODIS 

observations) showed that HadGEM3-UKCA captures much of the observed mean cloud fraction, 

mean cloud optical depth (COD), and cloud fraction IAV. Mean 3D cloud fraction negative biases 

are identified in the tropics in the region from the surface to 8km in the 2008 simulation. 2001–

2012 mean 2D cloud fraction positive biases are identified over the polar and desert regions which 

were previously found to be regions where MODIS is less sensitive (Ackerman et al., 2008; Holz et 

al., 2008). Vertically integrated COD biases (when compared to C3M) are identified during the 

relevant extratropical spring and autumn while total column COD biases (when compared to 

MODIS) are negative over the continents and positive over the oceans. Evalution of the model 

ECODs (i.e. the variable used in the approximate random overlap assumption to calculate cloud 

overlap calculated by scaling COD in the cloudy part of the layer by cloud fraction3/2) shows that 

areas such as the Southern Ocean, the sub-tropics and the tropics would be strongly improved by 

scaling.  

An evaluation of the chemistry fields shows that HadGEM3-UKCA captures much of the pattern and 

magnitude of mean ozone, CO and NO2 observations. It also captures well the CO IAV over the 

biomass burning regions despite the lack of interannually varying emissions of CO. As black and 

organic carbon emissions are the only CO emissions which do vary in the model, there is evidence 

that in the model, these emissions are driving the CO IAV. However, it overestimates CO IAV in 

lower stratosphere and underestimates ozone IAV in the tropics. The ozone-CO correlations 

calculated by the model are also fairly similar to the observations indicating that the model is on the 
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whole simulating CO and ozone abundances for the right reasons. The model however 

overestimates total column NO2 over most regions. It tends to overestimate NO2 IAV in the 

Northern Hemisphere in NDJ and underestimate it in MJJ. The model RMSEs compared to the 

observations are low for 3D CO and ozone (when compared to TES/MLS) but higher for total 

column NO2 (when compared to OMI) particularly in JFM and over polluted and biomass burning 

regions. 

Comparison of the ClZero simulation to the observations shows that excluding clouds causes a 

deterioration in the ozone fields over most oceanic regions in JFM and over all regions (excluding 

the region from North Africa to South East Asia) in JAS. CO fields also deteriorate over most 

oceanic regions while NO2 fields deteriorate only over the Southern Ocean, North and Southern 

Africa the Central Pacific. Observational clouds improve the ozone model RMSEs in the middle 

troposphere. However, these are regions where RMSEs are already small. For all three species, the 

Southern Ocean is a region which is always improved by scaling.  

A more detailed examination of the Base, ClScaled and ClZero simulations following the model 

evaluation aims to determine the extent of the cloud photolytic effect and whether improving the 

representation of clouds in the model changes the vertical distribution of photolysis rates and 

species’ concentrations and budgets. This was undertaken using the one-year simulations to enable 

the use of the observational clouds from C3M which are only available for the year 2008. The effect 

of clouds on TLS chemistry and the oxidative capacity of the atmosphere is identified and quantified 

as significant, particularly on the photolysis rates, the production of OH and ozone, and (to some 

extent) on CO abundances. Global mean changes to these variables are small. However, at the 

large-scale zonal level, the effect of clouds is particularly evident in the southern extratropics, 

decreasing JNO2 (JO
1D) in the Base simulation by up to -12.7% (-5.6%) in the lower troposphere 

and increasing JNO2 (JO
1D) in the upper troposphere by up to 11% (9.1%). Comparison between 

the Base and the ClZero simulations showed that clouds increase ozone burden for most regions 

(other than the lower troposphere and lower stratosphere of the northern extratropics). They were 

found to have the strongest effect on OH and the photolysis rates by enhancing these variables 

above clouds and reducing them below. Scaling the model’s clouds to observational values 

increased their photolytic effect. It boosted ozone enhancement for all regions and above-cloud 

enhancements and below-cloud reductions of OH and the photolysis rates. 

Analysis performed for specific key regions confirmed that the transition between reductions and 

enhancements of photolysis rates and OH take place where the maximum cloud mass is located in 
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every region. Reductions of OH, the photolysis rates and P(O3) and L(O3) were found to be greater 

as cloud mass increased. The Base simulation was found to underestimate the height of the 

transition between negative and positive changes (and by association the height of maximum cloud 

mass) over Europe, the North Atlantic and Indonesia in December and North America in June and 

December which results in the largest differences in P(O3), L(O3), JO
1D, JNO2 and OH between the 

Base and ClScaled simulations over these regions at that time. 

Regional changes to P(O3), L(O3), the photolysis rates and OH over the extratropics are consistent 

with the large-scale zonal changes. In the large-scale tropical response P(O3) is enhanced more 

than L(O3) in the upper troposphere. However, over the Central Pacific in June and December and 

over Equatorial Asia in June, P(O3) enhancement is weaker than L(O3) in the upper troposphere 

while over Equatorial Asia in December, P(O3) enhancement is the same as L(O3). Differences 

between the Base and ClScaled simulations in all regions are consistent with the large scale 

analysis. The Base simulation underestimates below-cloud reductions and overestimates above-

cloud enhancements of these variables up to ~200–400mb for most regions. In the lower 

stratosphere, it underestimates the strength of most enhancements. It performs the least well for 

all these variables over Europe, North America, the North Atlantic and Indonesia in December. 

From the analysis of IAV changes, the IAV of clouds was identified as driving JNO2 IAV over all 

regions and in all layers with an attributable cloud effect between 40–95%. The IAV of clouds was 

also found to be an important driver of OH IAV in the lower troposphere and JO1D IAV in the 

middle and lower troposphere with an attributable cloud effect of up to 40%. The IAV of clouds 

drives up to 10% of the variability of ozone and 20% of the variability of CO and NO2. While this 

analysis has identified that there are other drivers of IAV, further sensitivity experiments will need 

to be undertaken to determine the importance of these drivers and the same attribution analysis 

applied.   

Correlation analysis was used to explore the potential causality between clouds and the Quantities 

in the CCMI models and Base simulation and whether a general association implied causality by 

using the ClFixed simulation. This was undertaken to identify the regions in both the CCMI models 

and the Base simulation where correlations correctly suggest causality. Correlation analysis proved 

to be a useful tool in identifying that clouds are strongly associated with causality of JNO2 IAV over 

several regions of the troposphere and lower stratosphere, of JO1D IAV in the tropics and sub-

tropics in the lower and middle troposphere, and of OH IAV in the tropics and sub-tropics of the 

lower troposphere.  
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The cloud effect is clear from the single year and multi-year analyses undertaken in this thesis. 

Clouds are modifying photolysis rates through the backscattering of radiation increasing rates 

above the clouds and through the attenuation of radiation, reducing rates below. This affects 

production and loss of ozone by changing its photolytic source, the photolysis of NO2 and its 

photolytic sink, the photolysis of ozone. Clouds on the whole affect P(O3) more than L(O3) primarily 

due to the higher sensitivity of JNO2 to clouds compared to JO1D which is evidenced by the sizeable 

cloud effect on JNO2 seen in all the analyses undertaken in this thesis. However, the cloud effect on 

JO1D is also clear and OH abundances are significantly affected by cloud changes to this photolysis 

rate as well as to JNO2 particularly in the lower troposphere. The greater the impact clouds have on 

OH at the surface the longer the lifetime of methane, an important greenhouse gas. Although the 

cloud effect on CO is smaller, changes to CO are also linked to the cloud effect on OH. Given the 

longer lifetime of CO, changes to CO (as a result of cloud changes to OH) affect other layers and 

subsequent seasons.  

6.3   Further work arising from this study 

This research has shown the importance of clouds in driving photolysis rates and, consequently, 

atmospheric chemistry over several regions (including large scale zonal regions). There is still, 

however, considerable scope to expand this research further. 

Further scientific analysis 

1. It is essential to place cloud modification of photolysis correctly within the hierarchy of 

cloud-related mechanisms (as highlighted in Section 1.2) influencing atmospheric chemistry, 

which will require additional sensitivity simulations to be performed in order to isolate each 

cloud-related mechanism and examine them on a regional and global scale in the short and 

long term. 

2. This study showed that cloud modification of photolysis has a potential stratospheric impact 

which could have consequences for that region and the troposphere. The research 

contained in this thesis should be undertaken in full for the stratosphere to fully understand 

the potential of clouds to influence chemistry beyond the troposphere.  

3. This study looked at the effect clouds have on modifying photolysis rates. Aerosol particles 

also scatter and absorb radiation. Further analysis should also comprehensively assess the 

effects of aerosols on atmospheric chemistry and composition and the importance of this 

process compared to clouds. 
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4. The lifetime of clouds, NOx and OH is very short. However, this study has looked at monthly 

and seasonal means when analysing the effect of clouds on these species, the photolysis 

rates as well as on ozone and CO. Use and analysis of high frequency observational data 

should provide more information on the importance of timescale dependence with respect 

to cloud modification of photolysis and subsequent compositional changes. The model’s high 

frequency output should also be analysed for the regions where high frequency 

observational data is available to assess how well the model is performing at very short 

timescales. 

5. During the course of this study, the effect of the photolysis of halogens as a cause of the 

negative response of ozone to clouds in the lower stratosphere of the northern extratropics 

was explored. This analysis was not conclusive and will require further examination. 

6. Given the number of multi-dependencies between the clouds and the Quantities, 

multivariate linear regression should also be undertaken provided sample size is large 

enough to overcome the curse of dimensionality highlighted in Section 4.1.2. 

7. The analysis in this thesis should be repeated for other regions to expand our understanding 

of regional changes. For example, changes (highlighted above) to P(O3), L(O3), JNO2, JO
1D 

and OH were different over the Central Pacific and Indonesia when compared to the large-

scale tropical analysis. Which tropical regions are therefore driving the large-scale changes 

and which are not?; 

8. Further use of correlation analysis should also be undertaken to establish association with 

causality of other cloud-related mechanisms.  

Further use of modeling and observational data 

1. While this has been a detailed and comprehensive examination of the effect of clouds on 

photolysis and composition with comparisons to the CCMI models, other CCMs should also 

run similar sensitivity simulations to allow for an inter-model comparison and a further 

means to test the robustness of the results presented here and the robustness of the 

current generation of models. 

2. As and when C3M releases data covering more than one year, the IAV experiments in this 

thesis should be revisited but this time with the use of observational clouds in the model’s 

photolysis calculation. 
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3. More extensive use of world-wide measurements of photolysis rates should be used to 

create 3D global photolysis datasets. In this regard, photolysis rates may need to be 

measured more systematically to assist in constraining models.  

4. Other indirect methods of assessing how clouds affect chemistry need to be explored. For 

example, aircraft campaigns now measure a range of species (including various volatile 

organic compounds). Modifications of these species and tracer-tracer correlation analysis 

could be used under cloudy/clear sky conditions (and varying cloudiness) to further 

constrain the role of clouds in modifying photolysis on chemistry. 

5. Further work is needed not just through further modeling studies but by gathering more 

observational data to evaluate the robustness of the model results to better understand the 

role clouds place in the chemistry of our atmosphere today but also to explore the role 

clouds will play in a changing climate (i.e. how clouds might affect future photolysis rates, 

atmospheric composition and how cloud-species correlations might change).  
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Appendix 1 

The percentages of each Quantities’ mean IAV attributable 

to Cloud IAV for the regions listed in the List of Regions for 

NDJ, FMA, MJJ and ASO 

  



205 
 

Europe 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb  

   JO1D 

NDJ 17.6 21.7   3.2  -0.3  

FMA -0.8   10.1   0.6  -1.6  

MJJ 5.6 12.7   2.9  1.2  

ASO 4.3 21.0  5.8  5.5  

 

   JNO2   

NDJ 42.8 85.2  75.3  60.9  

FMA 50.0 72.0  63.3  50.3  

MJJ 91.1 94.5  92.9  91.4 

ASO 75.5  69.0  59.3  51.8  

 

   OH   

NDJ 28.6  -48.8  -2.7  3.7  

FMA 9.2 -5.9  -7.8  0.3  

MJJ 22.1 -41.0  -20.2  3.2  

ASO 37.4 -29.0  -8.3  -6.8  

 

   O3   

NDJ 1.9 -0.2  -0.7 0.1  

FMA 4.0  -1.1  -0.3  -0.5  

MJJ 14.0  -2.4  -2.9  -1.8  

ASO 15.8  -4.0  -1.6  -2.0  

 

   CO   

NDJ 10.5  18.4  14.2  2.6  

FMA -1.9  3.8  1.3  -1.9  

MJJ -2.5  14.5  13.0  2.9  

ASO 11.2  16.7  28.2 8.8  

 

   NO2   

NDJ 1.0  -2.0  1.4 1.2  

FMA -4.5  -5.5   -0.1 -0.4  

MJJ 29.3  13.4  2.4 -0.8  

ASO 18.8  8.9  2.5 -0.7  
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North America 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 16.2 12.2   1.9 2.7  

FMA -8.3   3.9   -1.1 -1.3  

MJJ -12.2 25.8   14.7  8.9 

ASO -3.3 24.5   6.6 7.3  

 

   JNO2   

NDJ 41.8  54.1   53.5 53.0  

FMA 28.3 55.2   53.1 35.7  

MJJ 74.3 71.4   75.5  64.2  

ASO 60.4 72.8   56.0 58.2  

 

   OH   

NDJ 19.5 -17.6   2.27  -2.0  

FMA 14.3  4.6   10.2  2.1  

MJJ 19.5 12.1   19.2  13.6  

ASO 9.1  -14.5   9.9  9.6  

 

   O3   

NDJ 5.6  1.7  -0.2  0.6  

FMA 4.5  0.4  0.7 -1.0  

MJJ 7.1  -4.3  -2.4 -1.9  

ASO 6.7  -0.6  -2.8 -2.4  

 

   CO   

NDJ -5.4 4.6  15.2 3.5  

FMA -3.8 1.9  -2.1 7.0  

MJJ -3.3 13.5  -0.4 1.6  

ASO 6.6 17.0  19.3  7.8  

 

   NO2   

NDJ 5.6  2.4   3.7 1.3  

FMA -1.6  -8.6   -1.5 0.7  

MJJ 3.9  -0.9   14.8  0.1  

ASO 24.3  11.9   2.2 -0.2  
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North Atlantic 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ -2.8 22.0   4.9 1.6  

FMA 6.2  3.4   0.9 -2.4  

MJJ -9.8  17.6   7.4 3.5  

ASO -11.3  49.4   25.9 15.0 

 

   JNO2   

NDJ 38.1 79.5  74.8 73.8  

FMA 40.0 66.7  66.0 59.9  

MJJ 79.0 93.7  92.1 89.5  

ASO 70.0 81.9  75.0 60.9  

 

   OH   

NDJ 13.5 -0.66  11.2 3.8  

FMA 14.2 2.3  13.0 -1.2  

MJJ -7.6 21.6  29.2 2.5  

ASO 13.4 39.5  29.3 8.7  

  

   O3   

NDJ 5.5 1.0  -0.7 1.3  

FMA 5.2 2.2  0.2 -0.5  

MJJ 3.9 -3.4  -4.9 -1.8  

ASO 2.4 -2.6  -1.5 -2.3  

 

   CO   

NDJ -6.4 -4.4  15.4 11.2  

FMA -3.8 5.4  2.2 -0.6  

MJJ 7.2 11.7  4.9 3.9  

ASO 7.2 18.9  26.0 3.4  

 

   NO2   

NDJ 2.5 -1.2  -2.6 0  

FMA -1.9 -2.9  -1.3 -1.0  

MJJ 17.2 -0.3  9.8 -0.1  

ASO 4.3 2.3  5.8 -0.1  
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North Africa 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 0.3 -1.1  3.5 5.3  

FMA -2.6 -2.3  -0.5 -0.7   

MJJ -1.6 -1.3   -2.4 -3.2  

ASO 0.5 -0.4  -0.91 -2.2  

 

   JNO2   

NDJ 77.2 80.0  65.7 70.5  

FMA 60.2 46.4   47.5 53.4  

MJJ 69.4 65.2   49.8 50.8  

ASO 45.2  37.2   44.3 51.8  

 

   OH   

NDJ 8.5 -8.1   -4.8 8.84  

FMA -3.2 -4.5   1.2 -2.6  

MJJ -2.8 -1.1   -0.7 4.2  

ASO -9.8 -5.5   0 5.2  

 

   O3   

NDJ 5.4 0.1  -1.8 1.5  

FMA 2.5  2.6   0.9 -0.9  

MJJ 0.7 0.9   -3.7  -1.6  

ASO 1.6 0   3.3  -1.3  

 

   CO   

NDJ 12.3 1.5   6.2  4.6  

FMA 0.3  -5.6   -0.4  2.8  

MJJ -4.5  12.5   -8.6  2.7  

ASO -4.9  8.6   -7.8 4.6  

 

   NO2   

NDJ -7.4  -5.7   0.1 2.0  

FMA 3.3  -2.1  0.3 0.7  

MJJ 2.8  1.2   1.7 1.7  

ASO 5.8  0.5   1.9 1.6  
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Central Africa 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 9.6 1.0  1.5  4.8 

FMA 21.3 4.8  -7.1  -1.7  

MJJ 7.2 4.2  3.1  0.2  

ASO 7.3 8.55  -0.7  0.6  

 

   JNO2   

NDJ 88.6  93.6  89.3  90.0  

FMA 89.7 91.1  86.2  91.7  

MJJ 88.4 92.2  89.3  85.7  

ASO 85.5 93.5  93.0 90.7 

 

   OH   

NDJ -16.4 -28.7  -7.80 9.72  

FMA -5.4 -6.5  -2.9  2.1  

MJJ -7.5  -1.8  -8.2  -0.3  

ASO -5.0 -24.5   -10.2  -8.0  

 

   O3   

NDJ 2.9 2.1  1.9 -2.0  

FMA -3.7  -5.6  1.1  1.0  

MJJ 2.8 2.0   -1.9  -0.6  

ASO 2.5 0.1   -3.5  -2.6  

 

   CO   

NDJ -5.6 6.6  -6.5  2.2  

FMA -3.3 -9.0  -0.5 2.8  

MJJ -7.5 -1.8  -8.2 -0.3  

ASO -5.6 7.3  -9.2 1.5  

 

   NO2   

NDJ -5.4 4.5  -2.8 0.8  

FMA 6.8 4.1  0.5 0.7  

MJJ -2.4 2.7  1.0 -0.6  

ASO -1.2 5.5  2.3 -1.0  
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Southern Africa 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 16.7  23.4  12.6 12.3  

FMA 26.9  16.4  -10.2 -7.8  

MJJ 3.3 -0.1  -0.3 -1.0  

ASO 7.8 1.3  -3.1 -1.5  

 

   JNO2   

NDJ 92.5 94.8  94.9 92.0  

FMA 78.7 81.2  76.7 78.1  

MJJ 89.7 86.9  77.7 80.3  

ASO 72.2 71.7  70.6 69.8  

 

   OH   

NDJ -3.6 -18.9   -18.8 1.1  

FMA 10.8 -7.7  0.2 -2.8  

MJJ 17.2 -6.4  -8.6 3.7  

ASO 9.0 5.1  -5.7 -3.9  

 

   O3    

NDJ 4.7 6.0  4.0 1.4  

FMA 6.6 1.2  0.8 0.5  

MJJ 5.2 3.2  3.3 0.1  

ASO 6.2  -0.1  2.0 -2.4  

 

   CO   

NDJ 15.8 10.7  8.7 5.0  

FMA -2.1 -0.1  4.9 3.5  

MJJ -0.3 3.0  -2.7 1.3 

ASO -2.6 1.1  0.4 2.5  

 

   NO2   

NDJ 4.0 6.7  1.7 -1.4  

FMA -12.8 -0.1  2.1 3.4  

MJJ -1.0 -8.3  4.0 0.3  

ASO 11.3 -5.6  -0.6 1.2  
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South Asia 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 3.6 -21.6  -7.5  2.7 

FMA -3.0 -2.5  -5.0  -5.2 

MJJ 9.2 6.9  -0.6  -4.3  

ASO 7.5 -3.4  -3.4  -1.5 

 

   JNO2   

NDJ 89.5 89.2  73.9  58.1  

FMA 82.4 75.1  69.9  66.5 

MJJ 90.9 89.8  82.2 75.2  

ASO 84.4 87.6  66.2 75.2  

 

   OH   

NDJ -15.2 -10.2  -5.5 5.4  

FMA -6.1 -5.1  -5.3 -2.4  

MJJ 16.7 0.3  1.5 -2.2  

ASO 14.7 -7.8   1.6 10.2  

 

   O3   

NDJ 3.0 -2.0  -1.6 3.3  

FMA 4.2 3.7  -1.8 -1.5 

MJJ -5.8 -2.8  -4.7 -1.9 

ASO 5.0 -1.5  1.1 -2.1  

 

   CO   

NDJ -1.0 3.6  -15.2 6.5 

FMA 2.9 -0.2  -2.9 2.8 

MJJ -2.7 -5.2  -1.8 2.8  

ASO 5.3 -1.5  -7.8 3.10 

 

   NO2   

NDJ -8.0 -9.7  -2.3 1.5 

FMA -5.6 -8.1  1.0 1.6  

MJJ 16.7 -4.8  5.5 2.8  

ASO -5.4 6.8  4.7 1.5  
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Equatorial Asia 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 17.6 15.0   -9.1 -8.2 

FMA 22.3 19.1  -9.7 -10.8   

MJJ 2.8 9.7  4.2 3.0  

ASO 13.6  10.7  -7.5 -5.8  

 

   JNO2   

NDJ 94.0 96.4  92.9  94.2  

FMA 96.0 96.6  91.5 94.2  

MJJ 93.2 97.0  91.0 85.0  

ASO 93.1 93.3  88.3 90.0  

 

   OH   

NDJ -5.6 -49.0  -2.9 10.5  

FMA 0.1 -49.3  -0.86  10.9  

MJJ -3.4 -16.7  -4.9  4.7  

ASO -9.9 -19.1  1.6 12.2  

 

   O3   

NDJ -1.0  -3.7  -6.7 -2.0  

FMA 7.0 -1.3  -0.3 0.0  

MJJ -0.3 1.4  -6.2 1.9 

ASO 1.7 0.2  -0.2 -1.0  

 

   CO   

NDJ -9.7 -9.5  -2.0 -1.3  

FMA -2.6 -8.6  -5.5 3.0  

MJJ 5.0  -5.2  -10.5 1.4  

ASO -1.8 -3.6  -5.5  -3.2  

 

   NO2   

NDJ 26.7 17.5  1.2 1.9  

FMA 18.3  14.6  6.9 0.3  

MJJ -6.7  24.7  7.8 0.3  

ASO 13.1 20.0  5.4 4.6  
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East Asia 

 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 22.1 12.4   -1.7 4.0  

FMA 2.57 -12.3   -10.5 -5.0  

MJJ  -18.6 15.3   11.4 6.3  

ASO 15.1 21.2   2.6 2.2  

 

   JNO2   

NDJ 71.3 74.3   80.3 60.0 

FMA 78.3 89.6   90.0 83.4  

MJJ 95.3 95.0   96.1 94.8  

ASO 79.6 84.1   76.9 73.8  

 

   OH   

NDJ 47.1 -2.16   2.25 5.74  

FMA 6.9 -5.1  -1.8 6.1  

MJJ -14.9 6.7  11.2 3.2  

ASO 21.4 -0.6   0.5 3.3  

 

   O3   

NDJ 5.5 0 .1  -2.1 0.3  

FMA 17.7 2.8  0.7 -1.0  

MJJ 11.3 -0.6   -6.2 -2.3  

ASO 3.3  -0.6   -0.3 -0.4  

 

   CO   

NDJ -5.8  4.71   -25.5 5.6  

FMA -3.0 -5.2   -1.8 2.9  

MJJ 0.2  5.6   6.6 -0.2 

ASO -5.5 -4.7   6.1 5.7 

 

   NO2   

NDJ 10.7 -2.0   -1.6 1.4  

FMA 7.3  -9.3   5.5 -0.1  

MJJ 21.3  -17.6   3.4 0.3 

ASO 26.4  -3.7   5.0 1.2  
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Amazon 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 10.6 10.2  -5.9 -6.4  

FMA 7.5  10.4  -6.7 -5.4  

MJJ 9.2  9.8  -0.7 -3.3  

ASO -0.1 -9.7  -6.7 -2.4  

 

   JNO2   

NDJ 92.7 96.4  93.1 92.3  

FMA 91.2 94.4  84.5 83.9  

MJJ 87.1 96.3  88.9 74.3  

ASO 69.7 84.5  83.9 80.8  

 

   OH   

NDJ -18.4 -22.7  -3.1 7.4  

FMA 0.2 -28.4  -5.9 5.4  

MJJ -0.6 -23.3  -15.7 0.1  

ASO -5.3 -24.3  -12.9 -11.7  

 

   O3   

NDJ 2.2 2.9   1.4 -0.6  

FMA 2.0 2.7  1.4 -0.7  

MJJ 4.0 2.0  0.6 -1.0  

ASO -0.1 1.5  -0.2 0.9  

 

   CO   

NDJ -4.9 -4.3  13.2 1.1  

FMA 1.0 0.8  -0.82 2.3  

MJJ 3.4 -0.4  1.2 3.4  

ASO 3.0 1.1  4.3 -5.5  

 

   NO2   

NDJ 7.7 4.4  5.8 2.7  

FMA 4.4 6.8  3.3 1.2  

MJJ -0.7 5.7  2.0 0  

ASO -0.7 0.1  -4.0 1.3  
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Australia 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ 30.0  11.1  3.4  1.2  

FMA 32.2  13.8  6.1  7.9  

MJJ 14.3  0.9  -4.8  -3.9  

ASO 12.5  1.8  -2.2  -1.6  

 

   JNO2   

NDJ 89.9  86.4  95.3  91.2  

FMA 86.0  84.4   81.6  78.4  

MJJ 91.7 93.4  90.1  90.5  

ASO 84.8 77.8  82.3  81.7  

 

   OH   

NDJ -21.7 -17.14 -0.9 6.7  

FMA -19.2 -15.8  -2.1  3.5  

MJJ 4.5 -6.8  -6.8  -1.2  

ASO -8.9 -3.3  4.9  -1.4  

 

   O3   

NDJ -0.3 4.3  -2.7 -0.5  

FMA 3.7 3.3  -5.1 -0.6 

MJJ 4.5 3.4  -2.3 0.0 

ASO 2.1 -0.4  2.9 -0.7  

 

   CO   

NDJ 1.3 -9.5  -12.6 2.1  

FMA 8.2 3.8  3.0 7.1  

MJJ -2.3 -8.5  -5.0 4.3  

ASO 3.3 0.1  5.3 5.6  

 

   NO2   

NDJ 12.0 14.4  2.3 0.2  

FMA -1.2 5.8  0.5 4.1  

MJJ 3.8 -12.4  3.7 0.5  

ASO -17.2 -4.0  3.6 1.1  
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Central Pacific 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ -7.2 -10.3  -3.5 1.7  

FMA -17.3 9.8  8.6 6.1  

MJJ -0.1  -0.7  -2.4 0.9  

ASO -9.1 -18.4  -5.7 -2.0  

 

   JNO2   

NDJ 90.1 93.0  93.6 94.0  

FMA 91.9 92.2  89.7 92.6  

MJJ 93.4 96.5  94.1 87.2  

ASO 89.8 96.4  93.7 91.5  

 

   OH   

NDJ 12.4 0.14  -7.7 -1.6 

FMA 7.6 -11.8  -6.3 -3.1  

MJJ 14.1 8.6  1.8 2.3  

ASO 6.5 1.5  3.8 1.7  

 

   O3   

NDJ 2.5 1.0  -2.0 2.1  

FMA 0.5 2.0  -0.9 -1.1  

MJJ 0.25 -1.3  -5.6 1.4  

ASO -0.8   -1.4  -2.9 -0.4  

 

   CO   

NDJ -1.8 2.7   -6.6 0.5 

FMA 1.9 1.9  -0.1 1.1  

MJJ -1.2 -6.0  -0.8 3.3  

ASO -7.6 -8.4   -8.1 2.6  

 

   NO2  

NDJ 2.9 0  1.0 2.4  

FMA -2.0 3.6  1.7 -0.8  

MJJ -8.6  -2.3  -3.5 0.4  

ASO -10.3 -3.8   1.1 1.9   
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Southern Ocean 

Season 1100 –850mb  850 –500mb  500mb– Trop Trop–50mb 

   JO1D   

NDJ -24.5  31.1   23.8  -3.3  

FMA 0.5  20.5   19.7  1.2  

MJJ 11.3  2.5   -5.3  -3.0  

ASO -1.1  -0.8   1.4  -2.9  

 

   JNO2   

NDJ 86.7  91.0   93.7  91.0  

FMA 78.4  82.6   80.0  64.4  

MJJ 85.5  85.8   78.5 78.2  

ASO 66.4  67.6   63.6  39.6  

 

   OH   

NDJ 1.1  1.8   6.8 -13.6  

FMA 2.4  -12.5   0.1 -6.7  

MJJ 15.4  -8.1   -9.1 -9.5  

ASO -0.4  10.9   3.8 -3.6  

 

   O3   

NDJ -0.6  5.6  -2.35  -2.6  

FMA 5.4  3.6   -1.3 -3.3  

MJJ 6.2  4.4   -1.8  -1.2  

ASO -0.7  -0.2   -3.4 -1.6  

 

   CO   

NDJ 15.2  1.2   7.1 7.6  

FMA 6.6  -1.4   -3.4 7.7  

MJJ -2.9  0.5   4.0 7.4  

ASO 8.1  4.4   7.8 2.7  

 

   NO2   

NDJ -6.9  2.9   7.1 -2.6  

FMA 2.7  6.2   4.8 1.0  

MJJ 4.1  1.6   1.0  0.4  

ASO -4.8  -2.7   5.4  0.9  

 

 

 


