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Abstract
Stratospheric ozone is of crucial importance for life on Earth. This thin layer protects 

us from the ultraviolet solar radiation and also works as a  greenhouse gas that helps 

maintaining our climate. Large changes in thickness and vertical distribution of the ozone 

abundance may have detrimental effects on life on Earth. But even small changes could 

have considerable impact on UV irradiance, bio-production and cancer rates. During 

the last decade record low spring time vertical column amounts of stratospheric ozone 

have been observed over Northern Europe. However, this decrease is not as severe as the 

depletion observed over Antarctica and at mid-latitudes in the Southern Hemisphere. 

The discovery of the spring time stratospheric ozone depletion first in Antarctica and 

later in the Arctic has triggered international research efforts on stratospheric ozone 

chemistry and the possible effects of human activities on the ozone layer.

Ground-based differential optical absorption spectroscopy measurements of NO2 and 

ozone have been performed over Fairbanks (65°N) and Ny-Alesund (79°N) during the 

1994-95 season.

In this work we present improvements to ground based differential optical spec

troscopy measurements by improving dark current corrections and spectral fitting of 

spectrographic photo diode array detector measurements. We have also improved the 

retrieval of vertical column amounts from diffuse light measurements by improving the 

corrections for seasonal changes in absorber air mass. This is particularly important at 

high latitudes.

We used these da ta  together with local weather and ozone sounding data, and with 

trace gas and aerosol da ta  measured by other ground based instruments and by instru

ments deployed on satellites. This comprehensive dataset was used to investigate the 

performance of two current state of the art chemical transport models with and without 

the presence of heterogeneous chemistry. These are the University of Cambridge SLM - 

CAT model and the University of Oslo SCTM-1 model. They were selected because 

the SLIMCAT is designed for process studies and comparison with measured data  while 

the SCTM-1 is designed for prognostic and sensitivity studies aimed a t predicting future 

development of the stratospheric ozone layer. We have used the models to study the sen-
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sitivity of the heterogeneous chemistry to  stratospheric meteorological conditions and the 

effect of sulfuric add aerosols and polar stratospheric douds on the stratospheric ozone 

abundance and ozone chemistry a t high- and mid-latitudes in the Northern Hemisphere.
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Chapter 1

Introduction

To fully understand and quantify the processes affecting the atmospheric ozone abun

dance. careful measurements of key gas species and atmospheric conditions are required 

in addition to advanced modeling. In combination such an approach will give us a de

tailed understanding of the importance of the partitioning and reaction paths of trace 

gases, their distribution, and their dependence on atmospheric conditions. These mod

els. validated by comparison with measurements, provide unique tools for assessing the 

effects of changes in trace gases abundances as well as stratospheric conditions on the 

ozone chemistry. Results from such assessments provide the scientific base for decision 

makers.

1.1 Historical Background

Existence of ozone was discovered by Schonbein [1839] , but the atmospheric ozone 

layer was first predicted by A. Cornu [1879] , who attributed the abrupt cut-off of the 

solar spectrum in the UV region to gaseous absorption in the atmosphere. Hartley 

[188 L]. working on UV absorption by ozone, predicted that atmospheric ozone was the 

gaseous absorber and that formation of ozone in the atmosphere was probable. In 1912 

Fabry and Buisson [1913] performed the first accurate measurements of of the ozone 

absorption cross section and compared this with the absorption observed in the solar 

spectrum. They concluded from this work that ozone had to exist in the atmosphere,
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and they predicted a column amount equivalent to  500 DU. In 1921 Fabry and Buisson 

[1921] estimated the ozone layer to be about 300 DU based on a 14 day campaign in 

Southern France using spectrograms collected several times a  day. These measurements 

are the first quantitative measurements of reasonable quality of the column amount of 

atmospheric ozone. In the mid-twenties Dobson (Dobson, 1926; Dobson, 1927) invented 

a new spectrometer that later became the world standard for ozone measurements. These 

instruments, named Dobson Instruments, are still in use around the world today. One of 

the Dobson Instruments was installed in Arosa. Switzerland in 1926. and measurements 

have continued to be made in Arosa until present. The first quantitative explanation 

of the atmospheric ozone layer was given by Chapman [1930], who proposed a  set of 

reactions for the formation and destruction of atmospheric ozone.

At this point very little was known about the vertical distribution of ozone. It was 

assumed that the maximum was located at about 40 km, until Gotz proposed a method 

for determining the vertical distribution of ozone from ground-based measurements. In 

1932 Gotz and Dobson (Gotz and Dobson, 1934) made measurements a t Arosa using a 

technique known as the Umkehr method and found that the maximum ozone concentra

tion was at approximately 22 km. Observations made in Tromso in 1934 showed th a t a t 

high latitudes this maximum was located slightly lower in the atmosphere. The set of 

reactions proposed by Chapman were known to be inefficient in the lower stratosphere, 

and use of transport became necessary to  explain the observations. Empirical evidence 

for meridional transport was provided by Brewer [1949] and Dobson [1956]. The Chap

man reactions failed to explain the observed loss of ozone even in the upper stratosphere 

and it became evident that other mechanisms for ozone loss were taking place. Bates 

and Nicolet [1950] and Hunt [1966] introduced reactions of odd hydrogen species (H 07) 

with the pure oxygen species to explain the discrepancy between the ozone production 

and loss. Later similar reactions were proposed involving odd nitrogen species (N*Or ) 

(Crutzen. 1970). chlorine radicals (C10r ) (Stolarski and Cicerone, 1974. and Wofsy and 

McElroy. 1974). bromine radicals (BrOr ) (Wofey et al., 1975), and iodine radicals (IOr ) 

(Solomon. 1994). The iodine radicals has not been shown to play an important role at 

this point.

The discovery of the potential for anthropogenic influence on the ozone layer through
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the increasing release of man-made chlorofluorocarbons (CFCs) by Molina and Rowland 

[1974] triggered a scientific and public debate ultimately leading to  the Montreal protocol 

in 1987 and the subsequent amendments and adjustments (London, 1990; Copenhagen, 

1992: Vienna. 1995; and Montreal, 1997) which limited the emission of ozone depleting 

substances. As the complexity o f stratospheric chemistry became better understood, the 

need for numerical modeling increased. Modeling became an important tool for assess

ing the effects of the suggested policies, and results from numerical models were used by 

decision makers for policy development. The first two-dimensional global chemical trans

port models (CTMs) were developed in the late seventies (Crutzen et al.. 1978). More 

recently 3-D models have been developed (Lefevre et al., 1994; Lary et al., 1994;Chip- 

perfield et al.. 1993: 1994: Rummukainen, 1996). These models have better descriptions 

of the dynamics in the polar regions than the 2-D models because they treat longitudinal 

inhomogeneities and planetary waves in a  better and more realistic way and allow for the 

use of global analysis data  or global circulation model (GCM) simulations to describe 

wind and temperature fields.

The increased release of CFCs and other ozone depleting substances were thought 

to lead to a gradual decline in ozone mostly in the upper stratosphere. Total ozone 

measurements have been made a t Hailey Bay since the late fifties. Farman et al. [1985] 

reported in 1985 that the springtime total ozone values above Hailey Bay had diminished 

year by year since the 1970’s. In the early 1980’s total ozone in October was only 2/3 of 

the average value prior to 1970. This ozone depletion was not predicted nor understood 

using the the chemical and dynamical processes known a t that time. The geographical 

extent of the ozone depletion was shown to coincide with the polar stratospheric vortex 

(Stolarski. 1986). Balloon sonde (Hofmann et al.. 1987) and satellite measurements (the 

Total Ozone Mapping Spectrometer (TOMS) instrument on Nimbus 7 was launched in 

1978)(McCormick and Larsen. 1986; McPeters et al., 1986) both showed that the ozone 

depletion was localized in the lower stratosphere. This finding contradicted theories 

available at that time predicting depletion of the upper stratospheric ozone. A new the

ory was developed (Solomon et al.. 1986: McElroy et al., 1986; Molina and Molina. 1987) 

consisting of a collection of chemical mechanisms coupled with heterogeneous chemical 

reactions on polar stratospheric cloud particles. This theory was supported by measure
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ments performed during the National Ozone Expedition (The Antarctic Ozone Depletion 

Issue. 1986) and the Airborne Antarctic Ozone Experiment in 1986-87 (The Airborne 

Antarctic Ozone Experiment, Part I and Part II).

The connection between ozone chemistry and climate change has become a new 

topic of interest (Wang et al., 1980; Lacis et al., 1990; Wang et al., 1993; Tuomi et al., 

L994: Isaksen. 1994). Changes in stratospheric temperature affect the reaction rates and 

pathways of the ozone-related chemistry. Since ozone is a  strong greenhouse gas, changes 

in the ozone column amount will have a feedback effect on stratospheric temperature 

and chemistry. Alterations of the stratospheric ozone column amount also alter the 

I'Y-radiation level in the troposphere and the tropospheric chemistry (Madronich. 1993; 

Fuglestvedt et al.. 1994).

1.2 Current Status of Stratospheric Ozone

T ropics, 20°N-20°S

The total ozone column amount in the equatorial regions shows no significant trend of

change since 1979 (WMO. 1999)

M id -la titu d es , 25°-60°

For the Northern Hemisphere mid-latitude region the average ozone column abundance 

for 1994-97 was 4% below the 1979 column abundance on average. This number is based 

on satellite as well as ground-based measurements. For the Southern Hemisphere mid- 

iatitude region a similar decline is found (4% based on satellite measurements and 5% 

based on ground-based measurements). Combined ozone profiies for the Northern mid

latitudes exhibit negative trends for all altitudes between 12 and 45 km. The largest 

downward trends of 1% per decade loss are centered at 15 and 40 km. The loss is smallest 

around 30 km with 2% per decade loss (WMO, 1999).

The bulk of the ozone decline is located between the tropopause and 25 km. This 

region is influenced by local chemical lass that is enhanced in the presence of volcanic 

aerosols and by transport from other regions and altitudes. The chemical depletion is 

consistent with the current understanding of halogen (chlorine, bromine, and iodine)
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chemistry. The tropical lower stratosphere is shown to be relatively isolated from the 

mid-latitude lower stratosphere (WMO, 1999).

H ig h -la titu d es , p o lar regions

Over Antarctica the monthly mean total ozone amounts for September and October have 

continued to be 40 to 55% below the pre-1970 values throughout the 1990’s, with up to 

709c depletion over shorter periods of the order of a  week or so. Dynamically created 

"mini" holes observed in the Arctic have similar time spans. In the Northern Hemisphere 

low ozone column amounts were observed in late winter/spring for 6 of the last 9 years 

with monthly means 100 DU below the 1960-1970 averages and with shorter periods of 

200 DU depletion. The winters with low ozone column amounts are characterized by 

special meteorological conditions. Lower than normal late winter temperatures lead to 

enhanced chlorine activation. A more isolated polar vortex and weaker planetary wave 

activity lead to decreased exchange of polar air with the ozone-richer mid-latitude air. 

The Arctic will remain vulnerable to  extreme seasonal ozone loss as long as the chlorine 

loading remains high. In the lower stratosphere chlorine activation in liquid particles is at 

least as effective as that of solid particles. The chlorine activation rate on Stratospheric 

Sulfate Aerosols (SSA) and liquid Polar Stratospheric Clouds (PSC) increases strongly 

with decreases in temperature. Chlorine activation is primarily controlled by tempera

ture and water vapor pressure and only secondarily by particle phase (Brasseur et al.. 

1997: Portmann et al.. 1996). Maintenance of elevated active chlorine levels throughout 

late winter and early spring depends upon either repeated heterogeneous processing or 

denitrification. Presence of cold liquid aerosols can maintain elevated amounts of active 

chlorine in non-denitrified air (Brasseur et al.. 1997: Portmann et al.. 1996).

Several efforts to assess the effect of the current ozone depletion on climate are 

discussed in the 1998 ozone assessment (WMO. 1999). Hansen et al. [1997] used an 

atmospheric GCM and a multiple of ocean representations to  show that the stratospheric 

ozone depletion may have offset the greenhouse warming caused by increase in CO2 by as 

much as 30%. a change in radiative forcing of -0.3W /m 2. Myhre e t al. [1998] used ozone 

changes calculated in a 2-D CTM, and found a very small positive feedback (positive 

change in radiative forcing of 0.05W /m2). MacKay et al. [1997] calculated a  change
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in radiative forcing of -0.06W /m2 using a 2-D radiative-dynamical climate model and 

ozone loss derived from satellite data. The modeled changes in radiative forcing are 

very sensitive to the vertical distribution of the ozone change. This explains some of the 

discrepancies and the large uncertainty between the different approaches (WMO, 1999).

The stratospheric ozone decline also causes the lower stratosphere to cool, which has 

a positive feedback on the ozone depletion. The global annual mean temperature in the 

lower Stratosphere has decreased with ~0.6°C per decade (WMO, 1999) since 1980. At 

mid latitudes the cooling trend is 0.75°C per decade and in the polar region the trend is 

3°C per decade during the late winter-spring period (WMO, 1999). This decadal scale 

cooling has been evident in the Antarctic since the early 1980’s and in the Arctic since the 

early L990s. The large dynamical variability in the Arctic introduces some uncertainty 

in the Arctic trend. Modeling has shown that as much as three quarters of the observed 

lower stratospheric cooling is due to decline in the ozone concentration, and that the 

rest is caused by increase in well-mixed greenhouse gases (WMO. 1999; Ramaswamy et 

al.. 1996: Hansen et al.. 1995; Miller et al., 1992).

1.3 Future Projections

The Montreal protocol and its amendments are essential to the recovery of the Earth’s 

stratospheric ozone layer. The protocol sets limits on emissions of several key ozone 

depleting substances. Table 1.1 shows the projected level of equivalent chlorine loading 

(ODS-ozone depleting substance) in 2050 based on future emissions in compliance with 

the Montreal Protocol and its amendments.

These predictions are made under the assumption that there are no changes in strato

spheric CH4. N20 .  H20 ,  or SSA as well as stratospheric temperatures and volcanic 

eruptions.

1.4 This Work

In this work we have focused on two issues: 1. Perform high quality differential opti

cal absorption spectroscopy (DOAS) measurements of ozone and X 02 and improve the
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Limitations 2050 ODS

Continued 3% annual increase in emissions 1987 17.0 ppb

Montreal protocol 1987 9.0 ppb

London amendments 1990 4.6 ppb

Copenhagen amendments 1992 2.2 ppb

Vienna. Montreal 1995. 1997 2.0 ppb

Table 1.1. Projected level of equivalent chlorine loading (ODS) in 2050 based on future 
emissions in compliance with the Montreal Protocol and its amendments.

quality of the retrieved vertical column amount. 2. Use measured trace gas species to 

analyze and evaluate the performance of two current state of the art 3-D CTMs.

DOAS Measurements of Ozone and NOj

We have implemented improved algorithms for correcting current leakage in photo diode 

arrays. Traditionally this has been done using dark exposures. Due to the non-linear 

dependence of the dark current on the diode charge this required short exposures and 

significant cooling to minimize the errors. The correction technique allows for longer 

exposures at higher temperatures. This will increase the signal to noise ratio and avoid 

condensation/icing problems on the detector. We have also improved calculation of air 

mass factors for the conversion from the measured tracer slant column amount to vertical 

tracer column amount by using a relationship between the seasonal changes in air mass 

and the seasonal changes in air density, in other words the seasonal shift in vertical the 

profile. This will reduce the error in the retrieved vertical column by approximately 50%.

CTM Analysis

We have used data  from ground-based and space-borne sensors to evaluate the per

formance of two state-of-the-art stratospheric chemical tracer models under changing 

seasonal conditions through the 1994-95 winter. In particular we investigated the pa- 

rameterizations used for transport and heterogeneous chemistry a t high latitudes with 

respect to the differences we observe between the models and between the models and 

the measurements. We analyzed how the different assumptions made in the models affect
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their performance. We analyzed their weaknesses and strengths and what issues we need 

address to improve their performance.
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Chapter 2

Instrumentation

In this investigation we chose to install instruments a t two locations: Fairbanks, Alaska 

and Xy-Alesund. Svalbard. These locales were chosen because one is usually situated 

inside the Polar vortex (Ny-alesund), and one usually outside the polar vortex but still 

at high latitudes (Fairbanks). In our analysis and modeling we have used da ta  obtained 

with several instruments. In this chapter the instrumentation assembled and deployed 

by our group will be described.

Figure ‘2 .1. Instrument and control unit deployed at “Gruvebadet” in Ny-Alesund

27
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2.1 DOAS instrumentation

In tro d u c tio n

Differential optical absorption spectroscopy (DOAS) is applied to a wide range of trace 

gas measurements. The technique can be used in the laboratory, as well as in ‘‘in situ" 

field and remote sensing situations. Our system is designed for ground-based remote 

sensing by measuring incoming scattered light in a specific direction (usually zenith). 

However it may also be used for direct measurements of sunlight, moonlight or even 

starlight if the necessary tracking equipment, lenses and detectors are available. The 

system consists of a medium resolution grating spectrograph focusing the light spectrum 

onto a photo-diode array detector. The spectrograph and the detector are controlled via 

a personal computer (PC).

Filter wheel

Mirrors

Spectrograph Grating 
Controller

1024 Photodiode Array Detector

Figure 2.2. Schematic illustration of the experimental setup 

S p e c tro g rap h

The Czerney-Turner type spectrograph consists of a  Acton Research Corporation 275 

mm focal length monochromator. A schematic illustration is provided in Figure 2.3. It 

has microprocessor control and interchangeable gratings. The entrance slit is covered by

t
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a filter-wheel which allow us to choose between six different filter settings. The entrance 

slit is adjustable with a  micrometer knob. The specification and configuration of our 

system are shown in Table 2.1. General information about the monochromator is given 

in the operating instructions (Acton Research, 1992) and Figure 2.3. For a blazed

Grating Spectrograph from Acton Research Corporation

Configuration Czerny-Turner

Focal Length 273 mm

Slit Width 250 fim

Grating 1200 gr/mm blazed at 500 nm

Optical Resolution 0.7 nm

Spectral Range used 400-470 nm

Model 1453A PDA from Princeton Applied Research Corp.

Sensitivity (photons/count) 1960 (at 550 nm)

Quantum efficiency 70% (at 650 nm)

Dynamic Range 32768 (15 bit)

Pixel Number and size 1024 25 fim x 2.5 mm

Array Length 25 mm

Temperature Range -40° to 18°C

Over sampling 10 pixel FWHM

Integration time 0.1-4 s per scan 120 s total

Detector operating temperature used N'YA -5°C, FAI +5°C

Table 2.1. Spectrograph system and configuration specifications.

grating with most of the intensity in the first order the angular dispersion is given by 

(Born and Wolf. 1980)
Art 1

(2.1)da d cosd

Based on the Rayleigh criterion the optical resolution of the system (Hutley, 1982) is

given bv

d \  =
sd cos 3

(2.2)
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Figure ‘2.3. Schematic illustration of spectrograph.

where /  is the focal length of the spectrograph, s the slit width and d the distance 

between the groves of the grating. With a 250 fim  slit width and L‘200 groves/mm 

grating this configuration gives us a  resolution of 0.73 nm.

D e tec to r

The detector used is a Princeton Applied Research Corporation EG&G Model 1453A 

1024 pixel Photo Diode Array (PDA). Specifications are shown in Table 2.1. The detector 

and spectrograph are housed in an air-tight box that is slightly over-pressured, and the 

box is purged with dry nitrogen to  keep a positive pressure to prevent moisture from 

entering the box. The detector was kept a t an operating temperature of -5°C (the 

Fairbanks instrument was kept a t +5°C) using a  Peltier thermo-electric cooler and a 

circulating liquid coolant. The Detector was controlled by a 1471A detector interface 

also manufactured by Princeton Applied Research. This device acquires da ta  from the 

detector after each scan and adds the scan counts until the total integration is done. We 

used a total integration time of 120s and the number of scans was automatically adjusted 

(between 30 and '200 per integration) to the signal strength to utilize the dynamic range 

of the diode and reduce noise. Longer integration time will reduce'the effects of random 

variations in the zenith intensity but too long integrations get affected by the rapid

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



31

change in zenith intensity during twilight. The integrated signal count is accessed by 

the external computer. The external computer controls the detector through commands 

interpreted and executed by the interface unit.
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Chapter 3

Retrieval Analysis

3.1 Introduction

The instrumentation used was originally assembled by Slusser (Slusser. 1994) who re

trieved column amounts of NO2 from noon and twilight spectra over the region 435-150 

nm using a retrieval procedure developed by the New Zealand Institute of W ater and 

Atmospheric Research (N'IWA). The NIWA analysis software package had insufficient 

documentation describing its design to make it suitable for further development aimed 

at incorporating improved retrieval techniques. To benefit from new ideas and published 

improvements (Stutz and P latt. 1992) in dark current corrections, spectral alignment and 

tracer column amounts, we developed a new software package with a  modular design. 

This new software package was constructed to ease future improvements and modifica

tions as well as to increase processing speed and remove the need for human interaction. 

The code runs on a Unix workstation and the processing time for 6  months of da ta  has 

been reduced to less than one day as compared to the previous 2-3 weeks of full time 

human interaction. This increase in processing speed has made reproccessing of the data 

far less time consuming. In the following sections we will describe the retrieval technique 

and the data handling.

32
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3.2 Dark Current Removal

3.2.1 Photodiode Charge Leakage (Dark Current)

The photodiodes used in the PDA detector are p-n junction semiconductors. These 

diodes basically work like capacitors, and they are given an initial charge Qo as the inte

gration starts. Exposure to light will cause electrons to jump the band gap which implies 

that the diode loses charge. At the end of the integration there is a  remaining charge Q 

which we measure. The "dark current” is the rate of charge loss (leakage) experienced 

by the diode in the absence of light exposure. The dark current in a photodiode depends 

on the voltage potential over the diode (i.e. the p-n junction) and its temperature. The 

total dark current count is found by integrating it over the exposure time.

The dark current has traditionally been corrected for by taking measurements with

out light exposure and subtracting them from the measurements taken with light expo

sure. This approach required the detector to be cooled and the integration times to be 

short to minimize the effects of the non-linearities in the dark current. For our detector 

the dark current doubles for every 7°C increase in temperature. The disadvantage of 

this traditional approach is increased statistical noise with decreasing integration time. 

Icing or condensation on the diode limits the level of cooling possible. Errors due to 

frost or condensation forming on the diode array window can be significant unless the 

photodiode array is in a vacuum enclosure.

The non-linear behavior of the photodiode dark current is due to its dependence on 

the saturation of the diode (i.e diode charge) as shown Figure 3.1. The time dependence 

of the dark counts (without light exposure) when the PDA is temperature stabilized at 

•5°C is shown in Figure 3.2 and Figure 3.3. The dark current integration and subtraction 

method assumes constant dark current. Therefore the error introduced by subtracting 

dark integrations from integrations with light exposure grows with the degree of diode 

saturation and the integration time used for each scan. As seen in Figure 3.1 short 

exposure times will lead to more noise. However, this increase in noise can be partly 

compensated for by increasing the number of scans and thereby keeping constant the total 

measurement integration time. Unfortunately, because the solar zenith angle changes 

rapidly during twilight, the time available for each total integration at a  specific solar
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angle is limited and the number of scans available at each solar zenith angle is insufficient 

to fully compensate for the increase in noise.

Dark Current Measurements
T 1----1----   1----1----  '----1----1---- -----

300 h

500 |—

*00 r

i
200 i— -II

20 40 60 SO TOO
Percentage of Saturation

a

Figure 3.1. Dark current measured as a function of photodiode saturation. The dashed 
line shows the dark current, lo c-  while the dotted line and the filled circles show the 
dark current averaged over the scan integration time.
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Dark Current Measurements

Darn integration Time [s]

Figure 3.2. Normalized dark count saturation measured as a  function of integration time. 
The measurements are 20 scan averages for pixel 512 in the diode array.
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Dark Current Measurements

Dark integration Time [s]

Figure 3.3. Normalized dark count saturation measured as a  function of integration time. 
The measurements are ‘20 scan averages for pixel 512 in the diode array.
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3.2.2 Mathematical Representation of Non-Linear Dark Current

Stutz and Platt [1992] derived the following simplified approximation for the dark current 

in a p-n junction of a silicon photodiode employed in the type of PDA that we are using:

I d c (Q) — o Q 2 -t- 6Q +  c, (3.1)

where Q =  Q0 -  Q is the measured charge. The rate of change of the charge in the 

photodiode can be represented by the following differential equation:

^ » 5 « o - $ )  =  fc +  fD C «(l)). (3.2)

where l i  is the photo current, which is assumed to be constant throughout the integration 

time. Substitution of Eq. 3.1 into Eq. 3.2 gives us the following version of Riccati’s

differential equation:

* M = a Q 2 +bQ + (IL + c). (3.3)

This equation has the following known solution (note: there is a sign error in Stutz and

Platt [1992]):

Q it . i l )  = (3.4)

uj =  yjb2 - 4 a ( c +  II).  (3.5)

The coefficients a. b and c can be found by doing dark current measurements at the 

temperature one wants to operate the PDA. Use of multiple dark integrations, for which 

the integration time is adjusted to cover the entire dynamic range of the PDA. gives 

the most accurate results. In Figure 3.1 we covered the whole dynamic range of the 

array by performing 0.1 to 50.0 seconds exposures with the PDA stabilized at 5°C. It is 

important to realize that the dotted line in Figure 3.1 is the average dark current over 

the integration time, whereas the dashed line shows the actual dark current given by Eq. 

3.1. To determine the a. b and c coefficient we have to fit Function 3.4 with /*, =  0 to the 

dark count measurement points. This is done by using the Levenberg-Marquardt multi

variable least square fit algorithm (Marquardt, 1963) for non-linear arbitrary functions. 

This algorithm finds the local minima of the least square fit. A good initial guess is 

needed to secure a correct fit as well as to improve the computational speed. To get a
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good initial estimate of the coefficients we start by doing a  polynomial fit to the dark 

integration counts shown in Figure 3.4. This fit determines the coefficients in:

t(Q) = <*tQ2 +  btQ +■ Cf. (3.6)

The polynomial fit is shown by the dotted line in Figure 3.4 and it yields a  good approx

imation during dark integrations. The dotted line in Figure 3.2 is a  polynomial fit given

by:

Q(t) =  aqt2 +  bqt  +  cq. (3.7)

Note that this approximation gives Iq c  =  2aqt+ bq and that Eq. 3.7 is an approximation 

to Eq. 3.4 but cannot be used to find dark count under light exposure. From Eqs. 3.6 

and 3.7 we find that Eq. 3.1 can be written as:

I d c  =  2 ataqQ2 +  2 atbqQ +  2atc, +  bq, (3.8)

where all the coefficients were determined by the polynomial fits and the initial guesses 

for the Levenberg-Marquard fit are given by:

a = ’2aeaq, b = 2atbq, c = 2atcq + bq. (3.9)

I'se of the data  above for pixel 512 of the diode array gives a =  -6 .0 2 -10-8 , b =  -0.0152. 

and c =  892 after only 5 iterations with a  tolerance set to 10- l °. W ith the coefficients 

determined, we can solve Eq. 3.4 numerically for I i .  the photo current, when doing 

normal exposures. Stutz and Platt [1992] used the average dark current instead of Iqc  

to calculate the coefficients in Equation 3.1. This will lead to a  significant over-estimation 

of the dark current signal as shown in Figure 3.1.

The error introduced by just subtracting dark exposures a t twilight is shown in Figure 

3.5. Use of the dark integration method to remove the effect of dark current instead of 

the Stutz and P latt method (Stutz and Platt. 1992), will cause an underestimation of the 

trace gas slant column amount. Figure 3.6 show a  typical residual spectrum retrieved 

using both techniques and the difference between them. The error introduced by use of 

the dark integration subtraction method is on the order of 5% which we inferred from 

the lower panel of Figure 3.6 since the difference between the methods show the same 

structure as the residual spectrum.
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Dark Current Measurements
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Figure 3.4. Dark exposure time as a  function of dark current count. The dotted line is 
a 2nd degree polynomial fit which is used to derive the coefficients in Equation 3.1.
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Wave Length [nm]

Figure 3.5. The upper panel show absorption spectra with dark current removed. The 
solid line pertains to use o f the saturation corrected dark current removal technique, 
whereas the dotted line is based on subtraction of dark exposures. The lower panel 
shows the difference in counts, i.e. dark current, between the two techniques.
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Wave Length [nm]

Figure 3.6. The upper panel shows high-pass filtered optical depth of the atmospheric 
tracers. The solid line pertains to use of the saturation corrected dark current removal 
technique, whereas the dotted line is based on subtractions of dark exposures. The 
difference shown in the lower panel is of the order of 5%. We note that the difference 
exhibits the same structure as the high-pass optical depth. This indicates that we may 
underestimate the tracer column with a  similar amount when using the traditional dark 
exposure technique to remove the dark current contribution.
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3.2.3 Initial offset in photodiode count

Another problem with the Stutz and P latt dark current removal method is the initial 

offset. The photodiode is given an initial charge prior to the measurement. This charge 

appears not to be uniform. There are substantial pixel-to-pixel variations. This can be 

inferred from Figure 3.7 which shows tha t the dark count does not approach zero as the 

integration time goes to zero. This offset has to  be removed from the measured spectra 

prior to the application of the dark current correction algorithm just described. This 

is not a problem when the traditional approach of taking dark exposures is used. The 

offset can be corrected in a t least two ways. The best way would be to perform two dark 

exposures with as short an integration time as possible; in our case set E\ =  0.015 and 

E2 =  0.03 seconds. The offset count will then be given by:

Q o f f a e t  -  2(?£i “  Q E 2 -  (3-10)

If the offset correction has to be done retroactively, one can estimate the offset by ex

trapolating the dark count versus exposure time graph, which is close to linear for short 

exposures, and set the offset to be the count for exposure time t =  0 (see Figure 3.7). 

The extrapolation method introduces slightly more noise.
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Dark Current Offset

Dark integration Time [s]

Figure 3.7. The stars and the solid line show the dark counts taken in the morning of 
3/23/95. while the dashed line shows the dark count taken during calibration work in 
the laboratory several months later. The slight difference in gradient could be caused 
by slight temperature differences as well as time degradation of the PDA. The offset 
has also changed which emphasizes the importance of doing the dark current calibration 
measurements on a near daily basis.
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3.3 Wavelength Alignment

Due to the temperature sensitivity of the spectrograph grating, each measured twilight 

spectrum has to be individually wavelength-fitted to the noon spectrum which in turn 

has to be fitted to a standard solar spectrum to ensure alignment to  the absorption cross 

sections obtained from the literature. To get optimal alignment between the twilight 

and control zenith spectra the polynomial curvature is removed by using a 3rd degree 

polynomial least squares fit, which is subtracted from the measured spectrum. The 

spectrum is then scaled by dividing by the mean of the absolute amplitude. The non

linearity of the pixel-wavelength mapping o f the imaged spectrum is approximated by a 

2 nd degree polynomial. A modified Powell’s method algorithm (Press et al.. 1992) is used 

to find the coefficients of the polynomial by finding the coefficients that give the maximum 

value of the correlation coefficient for the two spectra that are to be aligned. The 

procedure is repeated to align the noon spectrum to the solar TOA reference spectrum 

(the TOA spectrum is taken from MODTRAN 3.5). This procedure minimizes the need 

for interpolations of the spectra and thereby the smoothing effects tha t interpolations 

have, are minimized. Cubic spline interpolation is used when interpolations are necessary. 

In Figure 3.8 the scaled spectra are shown before and after the fit procedure has been 

applied.
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Wave Length [nm]

Wave Length [nm]

Figure 3.8. The lower panel shows ‘‘twilight” and “control” spectra th a t were scaled and 
filtered with a second degree polynomial before they were wavelength aligned with the 
solar spectrum. The upper panel shows the same spectra after a  wavelength stretch and 
fit procedure has been performed. The wavelength stretch and fit procedure is done by 
using a 2 nd degree polynomial to determine a  set o f coefficients that gives the maximum 
value of the correlation coefficient between the aligned spectra.
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3.4 Slant Column Retrieval

The diffuse intensity a t twilight and noon can be approximated with a  form of Beers law 

as (Noxon. 1975: N'oxon et al., 1978: McKenzie and Johnston, 1982) :

I t  =  Iam T.\exp (-T T x)  exp ^  (3.11)

[c  =  I0m c \ e x p ( - r C\ )  exp (3.12)

where mr.x and m c \  are constants depending on the scattering geometry, r*  and re  are 

the scattering optical depths a t twilight and noon, respectively, and <r, is the sum of the 

absorption and scattering cross sections of species denoted by the subscript t. and 3r, 

and 3c, is the slant column amount of absorber t. The summation extends over all trace 

gas absorbers and molecular (Rayleigh) and inelastic (Raman) scattering. The absorber 

and scattering cross sections used are shown in Figure 3.9. In this study we use the 

absorption cross sections for XO2 from Coquart et al. [1995] a t 220K. cross sections for 

O3 from A. Richter, personal comm. [1997], at 221K. and cross sections for OCIO from 

Wahner et al. [1987] a t 204K. Rayleigh scattering cross section calculations are based on 

a formula provided by Thomas and Stamnes [1999] and the Raman scattering effect is 

calculated from the MODTRAN 3.5 TOA solar spectrum using a  code provided by Kelly 

Chance [personal comm.. 2000]. To find the difference between the absorber amount in 

the two slant columns, we take the log ratio of the intensities

/ " ( ^ ) a =  - 5 > a,A  +  /(A ), (3.13)

where 3, = 3 n  -  3ci-  The function /(A) describing scattering optical depth and scat

tering geometry can be approximated by a  polynomial:

/  \  *v  
/(A) =  In ( ) -  (T n  _  tqx) =  V  akXk +  e>. (3.14)

The wider the wavelength region used the more terms A' must be included. We can not 

determine the coefficients in /(A) directly as the magnitude of the constants describing 

the scattering geometry as well as the scattering optical depths (Mie scattering optical 

depth since the Raman and Rayleigh scattering optical depths are already included in

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



47

(he retrieval) are unknown. We avoid calculating the coefficients at by subtracting a  

polynomial fit from the absorption cross sections Oi as well as the logarithmic ratio in 

Equation 3.13. This gives:

where the prime indicates that a fitted N  degree polynomial is subtracted. Now we can 

determine the absorber slant path 3, for each absorber by finding the combination of 

i,'s which minimizes the squared residual error. This is accomplished by solving the

following set of equations:

= 0 - (3-16>

This is a multi-variable linear least squares fit with respect to  each absorber 3*. The 

Levenberg-Marquardt method handles ill-conditioning well and yields stable solutions. 

This method is a steepest descent approach (Press et al., 1992).

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



48

Figure 3.9. Absorption cross section for NOj from Coquart et al. [1995] a t 220K. for 
0 3 from A. Richter [1997], personal comm., a t 221K, and for OCIO/O from Wahner et 
al. [1987] at 204K. In the two lower-most panels we show the Rayleigh scattering cross 
section [Thomas and Stamnes. 1999] and the Raman scattering cross section calculated 
from MODTRAN 3.5 TOA solar spectrum [Chance, 2000, personal comm.]. The latter is 
normalized and linear dependence is removed. All the cross sections have been convoluted 
with the slit function of the spectrograph.
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3.5 Vertical Column Retrieval

The slant column amount of an absorbing species can be converted into a vertical column

amount by dividing it by the air mass factor (AMF) of the absorber. The AMF is the

AMF is determined, the slant column amount can be converted to the corresponding

vertical column amount using the equation:

where 3tu.-,i is the measured slant column amount, 6twu is the AMF for the absorber at 

the time of the twilight measurement, and J noon is the absorber amount in the noon time 

measurement. If the SZA is less or equal to 90 degrees we may assume that the absorber 

amount changes linearly over the day. The rapid conversion of N'Oj to NO through 

photolysis makes this assumption invalid for larger SZAs. Under this assumption we can 

express the amount of the absorber in the noon spectrum as:

Strong horizontal NOr  gradients and horizontal transport will introduce errors due to 

the above assumption. Note that the corresponding formula used by McKenzie and 

Johnston [1983], and in Slusser [1994] is incorrect because it assumes that the morning 

and evening slant columns in the numerator of Eq. 3.18 have been derived with a noon 

spectrum containing zero tracer amounts. As a result they will underestimate the noon 

column by 7% at 45° noon SZA and 25% a t 80° noon SZA.

ratio of the apparent slant column divided by the vertical column amount. Once the

(3.17)

(3.18)
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3.5.1 Air Mass Factor Calculations

The absorber slant column path depends on the atmospheric profile as well as the solar 

zenith angle. The conversion from slant column to vertical column introduces one of the 

largest uncertainties in the absorber column amount retrieval. A radiative transfer model 

(RTM) pertinent for spherical geometry (SDISORT, Dahlback and Stamnes [1991]) was 

used to calculate the AMF by doing RTM simulations with and without the absorber 

present. The calculations were done using 16 streams and the AFGL subarctic winter 

atmosphere. Balloon sounding data  were used for temperature, pressure and ozone 

profiles up to 30 km. A surface albedo of 0.8 was used during winter and 0.2 during 

summer, however the surface albedo has minimal effect on the AMFs unless there is cloud 

cover and substantial amounts of the absorber between the cloud base and the ground. 

The RTM model was modified to include temperature dependent NO2 cross sections and 

OCIO cross sections. The log ratio of the zenith radiance calculated by the RTM model 

with and without the absorber divided by the absorber cross section gives the amount of 

the absorber in the slant column (see Eq. 3.13). The AMF is then calculated by dividing 

this slant column amount by the actual integrated vertical absorber amount used in the 

model.

3.5.2 Seasonal Dependency of Air Mass Factor

Hoyskar et al. [1997] showed that there is a  large seasonal dependency in the ozone AMF 

especially at high latitudes, and that large improvements in the vertical column retrieval 

could be achieved by calculating monthly mean AMFs based on ozone soundings. The 

results of Hoyskar et al. [1997] cannot be directly incorporated into this work as the 

AMFs are wavelength dependent and we have used a  different ozone absorption band in 

our measurements. Hoyskar's approach was based on having access to a  large number of 

ozone sounding profiles distributed throughout the annual cycle. The sounding profiles 

were used as input to a RTM model and monthly AMF means were calculated for each 

particular site. The disadvantage of this method is th a t it requires a  multi-year set 

of ozone sounding data  for the site of interest. Such a  set exists only for a few sites 

world-wide and is not available for our site in Fairbanks.
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3 .5 .3  Correlation between Air Mass Factor and Isobar Height

A close examination of the AMFs calculated using sounding profiles from Xy-Alesund, 

Thule and Haute-Provence Observatory shows that the AMFs are strongly correlated 

with the 30 and 70 mb isobar heights (see Figures 3.14- 3.16). A linear correction to 

the AMFs based on the isobar heights give an average error in the AMF similar to that 

introduced by use of monthly means. The three sites actually show almost the same 

linear seasonal dependence on the pressure heights. The dependence of the AMF on 

isobar height is due to its dependence on the vertical location of the absorber. The 

observed AMF dependence on isobar height indicates that absorber vertical distribution 

remains more or less fixed in a pressure based coordinate system. The annual variations 

in AMFs over Xy-Alesund are shown in Figure 3.10. Figure 3.10 also show the error 

introduced by using monthly mean AMFs based on ozone sounding climatology, and the 

error introduced by using the 70 mb and 30 mb isobar heights to calculate the AMFs. The 

error distribution based on more than 400 soundings is shown in Figure 3.11. The larger 

errors occurring in the Spring are due to the change in profile shape caused by chemical 

reactions. The AMFs depend strongly on profile shape. We have used a  5km thick slab 

of the absorber placed at different altitudes to  compute the corresponding AMFs. The 

results are shown in Figures 3.12 and 3.13. Use of knowledge of the AMF isobar height 

dependency will allow us to obtain an AMF that will yield an error less than 3% at a 

site without ozone soundings and less than 2% for a  site with a  small number of ozone 

soundings distributed throughout the annual cycle. Daily weather balloon soundings are 

launched in Fairbanks and can be used to derive a  Fairbanks ozone AMF climatology 

or one can match same day sounding data  with the slant column measurement. Both 

methods yield errors of similar magnitude.
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Seasonal Variations in 0 3 Airmass Factor
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Figure 3.10. The upper panel shows monthly mean AMFs based on: (red) Ozone sound
ings. (green) TOmb isobar height, and (blue) 30 mb isobar height. The lower panel shows 
the error introduced by using monthly mean AMFs as well as the error introduced by 
using isobar heights instead of ozone soundings on a  day-by-day basis. If one chooses to 
use monthly mean isobar height climatology the error will basically be the same as when 
using the monthly mean ozone sounding based on AMF climatology.
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Difference Detween estimated and actual AMF

Figure 3.11. Error distribution incurred by using the AMF climatology based on ozone 
soundings versus isobar height. The errors are divided into bins of 0.1.
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Figure 3.12. Ozone AMFs for 460 nm wavelength light as a  function of SZA for a 5 km 
chick slab of ozone at altitudes between 0 and 50 km as indicated in the legend. The 
AMFs were computed with the RTM model UV-Spec-1.51 in full spherical geometry
using SDISORT as the RTE solver.
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Figure 3.13. NO? AMFs for 440 nm wavelength light as a function of SZA for a 5 km 
thick slabs of X 02 at altitudes between 0 and 30 km as indicated in the legend. The 
AMFs were computed with the RTM model UV-Spec-1.51 in full spherical geometry 
using SDISORT as the RTE solver.
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Figure 3.14. Ozone AMFs as a function of isobar height above .\y-Alesund. Svalbard. 
The AMFs are computed using sounding profiles and the RTM model UVspec-1.51.
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Figure 3.15. Ozone AMFs as a function of isobar height above Thule. Greenland. The 
AMFs are computed using sounding profiles and the RTM model UVspec-1.51.
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Figure 3.16. Ozone AMFs as a function of isobar height above Haute Provence Obser
vatory. France. The AMFs are computed using sounding profiles and the RTM model
L‘Vspec-1.51.
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3.5.4 Effects of Clouds and Aerosols on Air Mass Factor

Clouds and aerosols will change the optical path of the absorber and thereby change 

the AMF. A low stratus cover basically act as a diffuser and will lower the AMF as 

more ''direct" solar radiation will be scattered and thus contribute to the diffuse zenith 

signal. How inclusion of clouds and aerosols affect the computed AMF for a  US standard 

subarctic winter atmosphere are shown in Figures 3.17 and 3.18. Slusser [1994] provides 

a thorough discussion of the impact of aerosols on the AMF and his results show that 

if the aerosols are situated below the bulk of the absorber the error introduced by the 

aerosol layer is small, but if the aerosol layer is situated above or inside the bulk of the 

absorber layer this may reduce the AMF with as much as 15% using an aerosol optical 

depth of 0 .0 2 .
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Figure 3.17. AMFs for ozone as a  function of wavelength for AFGL subarctic winter 
atmosphere. The AMFs were computed with the RTM model UV-Spec-1.51 in full 
spherical geometry using SDISORT as the RTE solver.
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Subarctic Winter, 90 ° SZA
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Figure 3.18. A \tF  for NO? as a  function of wavelength for the AFGL subarctic winter 
atmosphere. The AMFs were computed with the RTM model UV-Spec-1.51 in full 
spherical geometry using SDISORT as the RTE solver.

I
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Chapter 4

Stratospheric modeling

This chapter will give a brief overview of the different kinds of models which are com

monly used to assess stratospheric chemistry. We will describe how they work and what 

limitations and usages they have. There will be a  thorough description of the OSLO 

SCTM-l 3D model which we used to assess the effectiveness of the heterogeneously trig

gered catalytic ozone chemistry, and the Cambridge SLEMCAT model which has been 

used to analyze measured data.

4.1 General Model Overview

4.1.1 OD, B o x  Model

The main idea is to have a constrained box of uniform conditions and distribution of the 

constituents. This model has no transport and is used for detailed studies of reactions 

within certain “families" of chemical constituents as well as individual chemical reac

tions. Some box models allow local injections. Box models are also used in Lagrangian 

trajectory models, which are very useful for data  interpretation and case studies. Box 

models used in trajectory models need to  be properly initialized and this is usually done 

by using results from *2D or 3D model runs.

61
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4.1.2 ID models

ID models have a globally averaged vertically divided atmosphere. These models have 

typically globally averaged vertical transport and are computationally very inexpensive. 

This allows for use of comprehensive chemistry schemes. Such models are often used 

to investigate uncertainties in chemical kinetics data, as well as vertical diffusion and 

transport often in Monte Carlo type approaches doing small perturbations to identify 

uncertainties critical for model performance.

4.1.3 2D models

2D models have a vertically and latitudinally divided atmosphere and are longitudinally 

averaged. Such models have been in use since the early seventies and are still being used 

for long term climate assessment studies. They can be run for decades a t the time with 

detailed chemistry. Most current models include 3D effects such as planetary waves, 

N-S mass deplacement, wave-breaking, and diffusion. These models have been shown to 

reproduce relatively long-lived trace gases well, though they can not be used for direct 

comparison with single point measurements due to the longitudinal averaging.

4.1.4 3D models

3D models divide the atmosphere into a  3D grid and contains both vertical and horizon

tal transport. Computational costs have so far been limiting the details of the chemistry 

and the resolution of 3D models. The use of 3D models is necessary to correctly account 

for longitudinal variations which are particularly apparent a t high latitudes in connec

tion with the polar vortex, planetary waves and in assessing the effects of high speed 

civil transport (HSCT) or other localized injections such as large volcanic eruptions. 

Currently most 3D models are executed off-line which implies that there is no feedback 

between the dynamic, chemical or radiative processes in the model. This allows for use 

of pre-calculated dynamics and photolysis rates. Today some models have partial or full 

feedback mechanisms included, this is not necessarily an advantage as we will discuss in 

the next section.
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4.2 OSLO SCTM-1

The Oslo SCTM-1  model developed by Rummukainen (Rummukainenen, 1996;Rum- 

mukainenen et al., 1999) a t the University of Oslo, is a  global off-line 3-D chemical trans

port model. The following description of the model is based on Rummukainen [1996]. 

A model being off-line implies that there is no interaction or feedback between modeled 

chemical trace gas evolution, the applied meteorology and the photo-dissociation rate 

coefficients. In the SCTM-1  model the resolution is 7.8° in latitude and 10° in longitude, 

and there are 21 vertical layers from the ground up to 90 km. The model chemical trans

port follows Prather et al. [1990] and is based on global 3D winds, surface pressure, and 

convective patterns from the N'ASA/GISS Global Climate Middle Atmosphere Model 

(GCMAM) of Rind et al. [1988]. This implies that SCTM-1 runs in a climatological 

mode with a realistic and internally consistent meteorology , which includes day-to-day 

variability over one full year, but not any particular year. The chemistry is based on 

a scheme developed for the OSLO 2D stratospheric chemistry model. (Stordal et al.. 

1985: Isaksen and Stordal. 1986; Stordal and Isaksen, 1987). Temperature fields are 

obtained from global re-analysis fields from N'CEP and are chosen for a  particular year. 

In this way the temperature data  contain realistic variability including the occurrence of 

extreme values. In the model runs presented here we use temperature fields from 1994 

and L995 which are the sample years used in this work.

4 .2 .1  M o d e l t r a n s p o r t

The model transport scheme is based on a single year of wind fields and convective 

patterns from the ‘23 layer N'ASA/GISS GCMAM model. This implies that the model 

does not represent any specific year. Only chemical species with lifetimes long enough 

to be comparable with the dynamical lifetime are transported. In SCTM-1  any species 

can be set to be transported at any time, but once transported it has to be transported 

through the whole model domain. Species with short lifetimes a t low and mid-latitudes 

sometimes have to be transported due to the special conditions during nighttime a t high 

latitudes.
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Figure 4.L. This figure show how the SOM method distributes the tracer within the 
grid-ceil. At this latitude the model only have 3 grid cells along the E-W axis due to 
the convergence of the meridians towards the pole. The large day to day change is due 
to the problems with the vertical transport scheme due to the meridional convergence
at high latitudes.

A dvective tra n s p o r t

To get an advection scheme that is non-diffusive and with a  higher resolution than the 

formal model resolution the Second Order Moments (SOM) method is applied (Russel 

and Lerner. 1981: Prather. 1986). Using SOM improves the resolution about three 

times and it describes the distribution of a  tracer inside a  grid-box using a  second order 

polynomial. Figure 4.1 show how the SOM distributes ozone longitudinally within the 

three grid boxes that circumvents the globe at this latitude. The zeroth order moment 

describes the total amount of the tracer in the grid-box. the first order gives the mean
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slope in each dimension, the second order moments give the curvature of the slopes and 

the cross terms of the first order moments. The tracer concentrations are constrained to 

have positive values only. The chemistry is done with the zeroth order moment, but the 

first and second order moments are recreated based the chemical change in the zeroth 

order moment and in this way chemically introduced gradients are taken into account in 

the transport.

The advective transport is split into nine successive steps, during which each step 

is numerically considered to be one dimensional. This allows for a  numerically simple 

advection scheme where the time-step in each dimension can be optimized. The order of 

advective steps are U-V-W-U-V-U-W-V-U where U is zonal (longitudinal), V meridional 

(latitudinal) and VV vertical advective step6. The total time used performing these nine 

steps is 4 hours. This particular approach was chosen to satisfy the Courant numbers 

for the GCMAM wind data  a t all times, i.e. to minimize the artificial diffusion due to 

the transport parameterization.

C onvective transport

Monthly convective patterns have been stored from the GCMAM output. The convective 

transport in SCTM-1 may affect the nine lowest levels of the model, and redistributes 

mass between these levels. In the vertical convective transport only the horizontal mo

ments of the tracer distribution within each grid-box is used. Moist and dry convection 

is treated separately. In moist convection there is a  direct redistribution of mass between 

two layers. In a SCTM-1 moist event a  fixed fraction of 50% of the mass in the layer 

where the convection originates is moved to the layer in which the event reaches. In a 

dry convection event all the fractions of air convected are added together, mixed, and 

redistributed in the vertical column according to the fractional exchange between the 

layers.

Diffusive tra n s p o r t

Diffusive transport is included in layers 4-9 in the SCTM-1. There is no vertical diffusion 

included in the SCTM-1. but a  horizontal diffusion coefficient K [m2/s] is determined 

from a scale factor multiplied with the local convective frequency of deep convective
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events weighted by the depth of the event. The scale factor in SCTM-1 is assigned a  value 

of 200 km. This parameterized diffusion has been shown to improve inter-hemispheric 

mixing in the upper troposphere (Prather et al., 1987).

4.2.2 Model chemistry 

In tro d u c tio n

The chemistry used by SCTM-1 is especially aimed a t studying the stratosphere. Only 

sources and sinks that have importance for the stratospheric chemistry is included in 

the lower troposphere and the mesosphere. In the troposphere sources and sinks such as 

natural and anthropogenic emissions and rain-out, are included. At the top level of the 

model in the lower mesosphere the upper boundary condition simulate the thermospheric 

odd nitrogen production. The chemistry scheme currently used in the model contains 55 

chemical species where some species are included in both gas and solid phase (i.e. HNO3 

and HC1).

Species an d  fam ilies

Chemical families are introduced to increase the integration time steps of the model 

iTurco and W hitter. 1974: Brasseur and Solomon. 1986). A family is a  group of related 

species that react rapidly with each other, but where the concentration of the sum of 

the family changes more slowly. SCTM-1  uses seven families (Table 4.1) where some 

of the families have shared members. In the model each family member is integrated 

individually in addition to the net integration of the family. At the end adjustments of 

the concentrations of the individual species have to  be made to ensure that the sum of 

the individually integrated species agrees with the net integrated family.

In te g ra tio n  schem e, Q SSA

The Quasi Steady State Approximation (QSSA), is the chemical integration scheme 

used in SCTM-1. The QSSA algorithm used in SCTM-1. which is based on the work of 

Hesstvedt et al. [1978], is a semi-analytical method for solving:

f - e - i J t .  (4.i)
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Source gases CH3CCI4 , CF2HCI, CFCI3 , CF2Cl2, CCL,, CH3CI, 

. \ 20 ,  CH4 , CH3Br. CF2ClBr, CF2Br, C2F3C13,

C2F 4C12, c 2f 5c i, c h c i 2c f 3, c h 3c c i 2f ,  c h 3c c i 2 f 2

Odd oxygen SO =  0 3+ 0 ( 3P )+ 0 ( lD)-NQ-Cl-Br

Odd nitrogen NOy =  NQ +N02-(-N03+2x N20 5 + H 0 2N 0 2+C10N 02 

+BrO N 02

Reactive .Vitrogen N'Oy =  .V0x+HN03+HN'03 (s)

Odd chlorine Clx =  C1+C10+0HC1+C10N02 +2 x Cl2 -4-OClO-t-BrCl 

+C 100+2 xCl2 0 2

Reactive chlorine Cly =  Clx+HCl+HCl(s)

Reactive Bromine Bry — Br+BrO+BrON0 2 +OHBr+HBr-i-2x Br2+ B rO

Odd hydrogen SHX =  H + 0H +H 02 + 2  x H20 2

Other species CO. H2, H20 .  CH20 ,  CH3O. CH3OOH

Table 4.1. Chemical species and families in SCTM-1. Species which belong to more 
than one family are underlined. Species in solid or liquid phase are indicated with (s), 
(Rummukainen [1996]).

where X is the gas phase concentration of the species. P is the production rate and L 

is the loss rate. The method uses different approximations depending on the chemical 

lifetime of the species compared to the chemical time-step of the model (currently 10 

minutes). The general solution for the concentration X  after a model chemical time-step

At is given by:

=  [  +  (4.2)

Depending on the lifetime, of the chemical species integrated we use the following

solution:

‘ ) ~-h < ^  (currently 1 minute); Eqn. 4.2 is reduced to a  photochemical equilibrium 

problem, and the solution 4.2 is reduced to:

X t+*  =  j .  (4.3)

ii) r.-k > 100A£ (currently about 16 hours); the solution of Eq. 4.2 becomes linear in At:

Xt+At =  Xt + ( P ~  L X t) A t. (4.4)
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iii) is comparable to At: we use the analytical solution given in Equation 4.2.

Since this scheme does not exactly preserve the number of atoms, balancing tech

niques have to be used to compensate for possible artificial loss of atoms during the

integration.

4.2.3 J-values

For each chemical time step representative J-values for each of the 43 photolysis reac

tion used in the model have to be calculated. The model uses pre-calculated J-values 

tabulated for all latitudes and times. The J-values are calculated using a two stream 

radiative transfer model (RTM) for spherical geometry (Kylling et al.. 1995). The RTM 

uses solar flux and spectral resolution as described in WMO (WMO, 1986). The RTM 

uses temperatures, densities, and ozone profiles in the same 10 deg. latitude bands as the 

SCTM-L. Background aerosol loading is based on UARS da ta  from 1989. Absorption 

cross sections and quantum efficiencies are mostly based on DeMore et al. [1992:1994]). 

Calculations are done with solar inclination corresponding to the 15th of every month. 

Vertical resolution of 1 km and hourly intervals from local midnight to noon were used 

to create the table. Temporal interpolation based on the work of Berntsen [1994] is used 

to retrieve J-values for intermediate days adjusted according to solar elevation. Instan

taneous diurnal J-values are derived using linear interpolation of the hourly calculations. 

SCTM uses the J-value closest to the density weighted mid-altitude of each layer.

4.2.4 Gas Phase Chemistry

In this section we will look at the most important reactions and chemical species that 

are involved in the stratospheric ozone chemistry and therefore used in SCTM-1. We 

will not describe all the reactions used in the model as a complete description can be 

found in Rummukainen [1996], but we will discuss the mo6t  important chemical cycles 

involved in the stratospheric ozone chemistry.
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C ata ly tic  C ycles

In the upper stratosphere the most important ozone destroying reactions follow catalytic

cycles:

X +  O3 —► XO+O2 ki

XO + 0 ( 3P) -V X +  0 2 k2

Net: O+O3 —+ 2O2

where X can be H. OH, NO, Cl, or Br. These reaction are the dominant sources of 

ozone destruction in the upper stratosphere. In the mesosphere H and OH (odd hydro

gen) dominate these cycles. In the lower stratosphere the 0 ( 3P) concentration is low 

and other catalytic cycles dominate. At mid-latitudes the odd hydrogen cycles dominate 

the lower stratospheric ozone destruction through the reactions:

OH -r O3 —r H 02"t02 1̂3

HOt +  O3 —► OH +  2O2 1̂4

Net: 2O3 —► 3O2

where Reaction lt4 is the rate limiting step. However in the presence of sulfate aerosols 

two additional catalytic cycles become important when odd hydrogen couples with chlo

rine and bromine through the following cycles:

H 02 +  CIO -*• OHCI+O2 Its

OHC1 +hv ^  OH +  Cl J i

Cl +  0 3 -+ CIO +  0 2 1*6

OH -f- O3 -> HO2+ O 2 lt3

Net: 2O3 —► 3O2

and
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HO2 +  B rO  -¥  O H B r-K > 2 kr

O H B r +hz/ O H  +  br h

Br 4- O3 —► B rO  +• O2 ks

O H  -j- O3 —► H O 2+ O 2 k3

Net: 2O3 - r  3O2

These cycles are several orders of magnitude faster than the odd hydrogen cycles in 

typical lower stratosphere mid-latitude conditions. The following cycle combining chlo

rine and bromine may be significant at mid-latitudes as well:

CIO -f- BrO —r Cl -f- Br +  O2 ^11/ 12/13

Br +  O3 —► BrO +  O2 kg

Cl -r O3 —► CIO+O2 kfi

Net: 2O3 —► 3O2

The following catalytic cycle will run in PSC activated air frequently found in the lower 

stratosphere at high latitudes during winter:

CIO +  CIO +  .VI -> CI2O2 +  VI k9

CIiOt +  hv -+ ClOO +  Cl Jg.0

ClOO +  VI -t. Cl +  0 2 +  VI kio

Net: 2O3 —> 3O2

where Reaction k9 is the rate limiting step. Since this is a three body reaction the 

rate will decrease with increasing elevation. Sunlight is required as well for this catalytic

cycle to run. In addition there are three passible cycles involving both chlorine and

bromine that can occur in PSC activated air:

CIO +  BrO -+ Br +  ClOO kn

ClOO +  VI -+ CIO +  0 2 +  VI kio

or
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CIO +  BrO -+ B r +  OCIO k l2

OCIO +  hi/ -4 0  +  CIO J 3

or

CIO +  BrO —> BrCl +■ 0 2 ki3

BrCl +  hi/ -► Br +  Cl J 4

The first and the last of these three cycles lead to catalytic loss of ozone, when fol

lowed by the reactions:

Br -r O3 BrO +■ 0 2 kg

Cl 4- O3 —> CIO ■+• 0 2 kg

Net: 2O3 —> 3 0 2

The first reaction gets less efficient as temperature increases. In previously PSC ac

tivated air the pathways for recreating the chlorine reservoir species are:

CIO +  X 02 +  .VI -► C10.N‘0 2 +  VI kl4

CH4 +  Cl -> HC1 +  CH3 ku

Reaction k l5 is fairly slow and Reaction k u  depend on the availability of X 02. Be

fore the HC1 reservoir is built up again we will have enhanced levels of C10N02 and 

catalytic loss can continue even in the presence of X 0 2 through the cycle:

ClOXOo ■+• hi/ —► Cl -+• NO3 J 5

XO3 -f- hv XO +  0 2 Jg

Cl -r O3 —► CIO •+• 0 2 kg

N O -r O3 —► X 02 +  0 2 kl6

CIO +  X 02 +  VI C10X02 -1- VI k u
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R eactive  N itro g e n

The single tropospheric source gas of stratospheric reactive nitrogen is nitrous oxide 

(XiO). Photolysis is the main sink for X20  but the reaction with 0 ( l D) is the main 

source for stratospheric XOy. The reaction:

0 ( 1D) +  X20  XO +  XO kir

has a 2-107c yield and is efficient in the tropical middle stratosphere, in regions where 

0 {l D) and X20  have large concentrations. This reaction competes with the reactions:

X20  +  hi/ —> Xo +  0  kir

and

0 ( 1D) ■+• X20  —► X2 +  O kig

which produce molecular nitrogen. The other source of stratospheric reactive nitro

gen comes from transport from the thermosphere. This transport is only efficient at 

high latitudes and is included as a  boundary condition in the SCTM -I. The main loss of 

stratospheric XOy is transport to  the troposphere where it is rained out as HNO3 , but 

there is also a loss through the following slow reactions with atomic nitrogen:

X -r 0 2 —► XO ■+■ O kis

X ■+■ XO —+ X2 +  O kis

The reactive nitrogen family members interact with the reactive chlorine and bromine

families and form shared reservoir species. Two important reactions in the lower strato

sphere that tie these families together are:

CIO -  X 0 2 +  M -► C 10i\02 +  M k l4

BrO -t- X 0 2 +  XI —t BrON02 +  XI k2o
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whose efficiency decreases with altitude due to the three body reaction. During day

time photolysis of CIONO2 and BrON02 will occur through the reactions:

0  +  ClONOo ->• X 03 +  CIO k2i

BrON02 -f hu -* BrO -I- N 02 J r

C10N02 +  hu -c  Cl +  X 03 J 8

where the photolysis Rate J 7 is rapid during daytime through the whole stratosphere 

while Rate J 8 is slow in the lower stratosphere.

R eactive  C h lo rine

Reactive chlorine is produced by photolysis and reactions of 0 ( l D) or OH with chlo

rinated tropospheric source gases. Both processes are used in SCTM-1. The reactive 

chlorine mixing ratio used in the model is about 3.2 ppb.

The main reservoir species of reactive chlorine. HCl. is closely coupled with the odd 

chlorine family (Clr ). In fact Clr  and HCl are linked through the following nine reactions:

HCl +  OH -4  H20  +  Cl k22

HCl +  0  -+ OH +  Cl k23

HCl +  hi/ -► H +  Cl J9

HCl -i- 0 ( 1D) —► Cl -h HOr k24

Cl -  H2 - f  HCl +  H k25

Cl +  CH4 -*• HC1 +  CH3 k2e

Cl +  CH20  -*> HCl +  HCO k27

Cl + H20 2 -4  HCl +  H 02 k28

Cl +  H 02 -»• HC1 +  0 2 k29

There is no other gas phase loss of H O  in SCTM-1  and other reactions of the odd 

chlorine family only results in changes in the internal partitioning of the family. The gas 

phase loss of HCl is slow in the lower stratosphere which make HCl the major reservoir 

species of reactive chlorine, while in the middle stratosphere H O  and odd chlorine has 

comparable concentrations. Most of the HCl produced by Reactions k26 and k®. In
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addition to the main reactive chlorine reservoirs HCl and ClONOj already described, 

OHC1 and BrCI are important nighttime reservoirs. In the lower stratosphere the ma6t 

efficient reactivation of HCl and C10N02 goes via heterogeneous reactions, while in the 

upper stratosphere gas phase reactions become more efficient.

R eac tive  B ro m in e

Chemistry of reactive bromine resembles that of reactive chlorine. The most important 

difference is that bromine is much less tightly bound into reservoir forms. HBr, BrON02, 

OHBr. and BrCI are reservoirs a t only night since they easily photolyse. The amount 

of bromine is much lower (less than 1/ 100) than that of odd nitrogen and odd chlorine. 

Lack of data makes parameterization and verification of bromine chemistry difficult. 

Most important tropospheric source gases which are included in SCTM-1. are C ^ B r  

(methyl bromide) and halons 1211 and 1301. Methyl bromide is thought have both 

natural and anthropogenic sources. In SCTM-1  we use a  loading of reactive bromine 

of approximately 16 ppt which is maintained by photolysis of the source gases and the 

reaction between CHaBr and OH. There are no chemical losses of reactive bromine. Loss 

only occurs through transport to the troposphere where it is rained out. The lifetime of 

HBr is of the order of one day in the lower stratosphere and about one hour in the upper 

stratosphere when exposed to sunlight. The other reservoir species have a  lifetime of the 

order of minutes or less in the sunlit lower stratosphere.

4.2.5 Heterogeneous Chemistry

The heterogeneous chemical processing of odd chlorine, reactive bromine, and odd ni

trogen on three types of particles are parameterized in SCTM-1. The particles used 

are liquid sulfate aerosols a t mid-latitudes, either as background particles under normal 

conditions or as volcanic aerosols when large increases due to volcanic eruptions are in

cluded. In addition, a t high latitudes, SCTM considers “cold” (Temperature <  210K) 

sulfate aerosols and Type 1 PSCs (N'AT). The effects of PSCs are modeled in terms 

of effective lifetimes of gaseous reactants present. Parameterizations are based on the 

OSLO 2-D model (Isaksen and Stordal, 1986: Isaksen et al.. 1990). Seven heterogeneous 

reactions are modeled in SCTM-1:
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C10X02 (g) +  HCl(s) -► Cl2(g) +  HN03(s) k30

C10N02 (g) +  H20 (s) -► OHCl(g) +  HNOats) I*3t

■\'>05 (g) +  HCl(s) -► C lN 02 (g) +  HN03(s) k32

X20 5 (g) +  H20 ( s) -► 2 HN03(s) IC33

OHCl(g) +  HCl(s) Cl2 (g) +  H20 ( s) k34

B r0 .\'0 2 (g) +  H20 ( s) -► OHBr(g) +  HN03 (s) k35

OHBr(g) +  HCl(s) -► BrCl(g) +  H20(s) k36

Reactions k3o - are modeled on PSCs (NAT). After the reactions take place the 

solid (s) products (HNO3 . H20 )  are available in the particles while the gaseous (g) prod

ucts (Cl2. OHCl. CINO2) are desorbed from the particles. Liquid sulfate aerosols are a 

mixture of sulfuric acid, water and possibly nitric acid. The composition changes with 

temperature and gets more diluted with water as the tem perature falls. In the presence 

of background aerosols only, and when the temperature is above 210K only reactions 

k.31- 33. and k35 are important. The other reactions require higher concentrations of 

HCl in the aerosols to be efficient. This occurs when the tem perature is below 210K. 

The other reactions become important as well when the aerosol loading is high after a 

volcanic eruption. The sticking coefficients are based on laboratory data  and depends 

strongly on the acidity of the aerosols. The uptake of HNO3 and HCl into PSCs is as

sumed to occur immediately and completely when ambient tem perature is low enough 

for PSCs to form. The background aerosol level is based on SAGE II 1989 seasonally 

averaged data. PSCs are allowed to form pole wards of 40° in the lower stratosphere. 

PSCs are switched on and off according to vertically resolved threshold temperatures. 

The thresholds are 197 K for the 100 - 46.4 hPa layer and 193 K for the 46.3 - 21.5 hPa 

layer. The geographical and temporal distribution of PSCs in the SCTM-1 Northern 

Hemisphere are consistent with published studies (Poole and P itts. 1994: Pawson et al.. 

1995).
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4.3 SLIMCAT

SLIMCAT is a three dimensional chemical transport model developed at Cambridge Uni

versity (Chipperfield et al., 1996). This model is similar to the OSLO SCTM -1  but there 

are some significant differences that we will describe below. One of the most impor

tant differences is that SLIMCAT uses potential temperature as its vertical coordinate 

system. The advantage of this approach is that it limits the vertical transport between 

grid boxes to diabatic transport. In this scheme the vertical transport is independent 

of the analysis data and is entirely based on heating rate calculations. In SCTM-1 

there are problems with too much vertical transport a t high latitudes due to grid ceil 

convergence as well as de-coupling of wind and temperature fields. These problems are 

eliminated in SLIMCAT. Though this approach is not entirely without problems. It may 

induce discontinuities close to the surface and it makes the volume of the grid cells vary 

greatly. To compensate for volume mismatches SLIMCAT performs a linear scaling of 

all constituents to get the correct volume density. This scaling prevents the chemical 

constituents from being conserved during transport and thereby creates artificial sinks 

or sources particularly in regions with steep gradients in the constituent concentration.

SLIMCAT is based on UKMO analysis data  for both temperature and horizontal 

winds while SCTM is based on N'CEP analysis da ta  for temperature fields whereas 

the transport is based on GCMAM GCM model output. The use of analysis data for 

transport as well as temperature fields allows the SLIMCAT model output to be directly 

compared to measurements.

SLIMCAT also has a more sophisticated treatment of PSCs than SCTM-1. In SLIM

CAT PSCs are created when they are thermodynamically possible, that is PSC formation 

depends on the concentration of HNO3 and H20  as well as temperature while SCTM-1 

has a pure temperature switch.
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Chapter 5

Model and Measurement Analysis

In this chapter we will first look at the underlying climatology for the 1994-95 winter. 

This information provides a basis for understanding measurements and model results, 

the differences we observe between the models themselves as well as differences observed 

between the models and the measurements. It will also help us identify problems in 

current model parameterizations and help identify measurements as well as parameter

ization changes needed to improve model performance in the future. We are particular 

interested in the lower stratosphere climatology since this is where the bulk of the ozone 

layer is situated and also is the area where heterogeneous ozone chemistry is most impor

tant. The lower startosphere is covered by model layer 10 (100.0 - 46.4 mb) and 11 (46.4 

- 21.5 mb) in SCTM-1. Layers 10 and 11 is also the layers where PSCs are parameterized 

in SCTM-1.

5.1 Climatology of the 1994-95 NH Winter

S tra to sp h eric  Temperatures

The 1994-95 winter XH stratospheric temperatures were colder then normal but there 

was a significant warming event in late January early February within the polar vortex as 

seen in Figures 5.1 and 5.2. In about 15 days the temperature increased close to 50 C in 

layer 1 1 and close to 40 C in layer 10 . There appear to be substantial wave activity over 

the next two months with large but decreasing amplitude in the tem perature change.

77
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Further evidence that these large changes in temperature are caused by wave activity is 

the large increase in CIONO2 which resulted from the adiabatic heating of PSC-activated 

air which led to rapid conversion of the active chlorine compounds to CIONO2 . If the 

warmer air was caused by exchange of air through the vortex edge we should have seen 

a decline in CIONO2 and an increase in HCl refecting the typical CIONO2 to HCl ratio.

Looking at both Fairbanks and Ny-Alesund temperature profiles shown in Figures 5.2

Ny-Alesund Temperature Profile 8-35 Km 1994-95
35i
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o
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AugSep Oct NovOec JanFeb Mar Apr May Jun 
1994 1995

Figure 5.1. L994-95 season temperature profile through the lower stratosphere above 
Nv-Alesund. Svalbard, based on NCEP analysis data.

and 5.4. we note the anti-correlation in late November early December when there is 

a sudden warming over Ny-Alesund and corresponding cooling over Fairbanks. This 

indicates air exchange between high- and higher mid-latitudes a t this point, possibly a 

temporar breakdown of the polar vortex in its early formation stage. The second large 

dip in the Fairbanks stratospheric temperatures occur in the beginning of March. This 

could be caused by filaments peeling off from the vortex edge and subsequent transport 

of cold vortex air to lower latitudes. The SLIMCAT modeled ratio of CIONO2 to HCl 

over Fairbanks shown if Figure 5.27 supports this hypothesis by showing a  sharp increase 

at the same time as the cooling. The model results from SCTM-1, where the transport 

is based on GCM output instead of the actual wind field analysis used in SLIMCAT.
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do not show any sharp increase in the CIONO2 to HCl ratio, which further strengthens 

the assumption of cross vortex edge transport compared to adiabatic cooling due to 

vertical updraft. The mid to lower stratospheric temperature profiles in Figures 5.1 

and 5.3 show that there is a distinct difference between the two sites. While both sites 

show a significant annual cycle in the upper and middle stratospheric temperature, the 

lower stratospheric temperature over Fairbanks does not show much change through 

the annual cycle except during a  couple of short episodes where colder air was peeled off 

from the polar vortex edge. The lower stratospheric temperature over Nv-Alesund shows 

significant annual variation with winter temperatures about 40 C colder than summer 

temperatures. The initial drop in temperature during the fall is very similar to what we 

observe over the South Pole, but the wave activity in the NH prevents the stable cooling 

from persisting through the spring as it does in the SH. The amplitude of the annual 

variation is also about 10 C less in the NH compared to the SH (IPCC Third Assessment 

Report, in Press)
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Figure 5.2. 1994-95 season SCTM-1 layer 10 and 11 model temperatures compared with 
layer mass averaged temperature as well as layer maximum and minimum temperatures 
based on balloon soundings above Xy-Alesund. Svalbard. The model PSC threshold 
temperature is indicated by a  dashed blue line and the -63°C tem perature threshold 
for effective uptake of HCl and heterogeneous chlorine activation in liquid sulfuric add 
aerosols is indicated by the cyan dashed line.
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Fairbanks Temperature Profile 8-35 km 1994-95

AugSepOctNovDecJanFebMar AprMayJun 
1 9 9 4  1995

Figure 5.3. 1994-95 season temperature profile through the lower stratosphere above
Fairbanks based on XCEP analysis data.
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Figure 5.4. 1994-95 season SCTM-1 layer 10 and 11 model temperatures above Fairbanks. 
SCTM-l model PSC temperature threshold is indicated by a  dashed blue line and the 
-63°C temperature threshold for effective uptake of HCl and heterogeneous chlorine 
activation in liquid sulfuric acid aerosols is indicated by the cyan dashed line.
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S tra to sp h e ric  Particles and Temperature Sensitivity

In SCTM-1 we assume that PSCs of type 1 (NAT) are present when the temperature go 

below a certain value (-76° C for model layer 10 and -80° C for model layer 11). Figure

5.5 shows the spatial distribution of the spring 1995 model PSC occurrence. The

PSC Frequency Winter of 1994-95

0 10 20 30 40 50 60
Number of days with PSC I

Figure 5.5. Spatial PSC frequency distribution used in SCTM-1 for the 1994-95 N*H
winter.

PSC frequency distribution shown in Figure 5.5 and percent coverage of the NH shown
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Figure 5.6. Northern Hemisphere PSC cover temperature sensitivity. The upper panel 
shows the fractional cover of the 1994-1995 NH PSCs. The temperature sensitivity of 
the fractional cover is shown by indicating the fractional cover when the temperature is 
perturbed by up to three degrees Celsius. The lower panel show the sensitivity of the 
total cover to changes in temperature.

in Figure 5.6 is based on temperature only. The PSC formation temperature threshold 

depends on the partial pressures of HNO3 and HaO as well. We have a  limited number
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NH Area Below "Cold" SA Treshola, Winter 1994—95
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Figure 5.7. Fraction of the N'H where the temperature was below the sulfuric acid “cold” 
temperature during the 1994-95 winter. The “cold” SAA temperature threshold is the 
temperature at which the SAAs start to absorb HCl efficiently and thereby become 
efficient in heterogeneously converting HCl to active chlorine.

of LIDAR profiles from .Xy-Alesund that are all consistent with the fixed threshold 

temperature assumption, a subset is shown in figures 5.10 - 5.12. The PSC threshold 

assumption is also consistent with analysis by Poole and Pitts [1994], and Pawson et al. 

'1995]. WMO [1999] reports that the high latitude lower stratospheric temperature trend 

since 1990 in the NH is -3° to -4° C per decade, but emphasizes the great uncertainty 

associated with this number due to  the large year by year variability and influence of 

relatively short-term multi year effects such as the Quasi Biennial Oscillation (QBO), el 

Nino, the solar cycle and possibly other natural variations not yet identified and the short 

historical record. The strong sensitivity of the PSC cover to the tem perature will cause 

large inter annual variation in the PSC cover and occurrence frequency and thereby the 

efficiency of the heterogeneous chemistry in the NH. Figures 5.8 and 5.9 show the spatial 

distribution of PSCs if the tem perature was raised or lowered three degrees respectively. 

As seen in Figure 5.6 just a three degree change in tem perature will increase the area
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PSC Frequency Winter 1994-95
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Figure 5.8. Spatial PSC frequency distribution if the tem perature was three degrees 
warmer than during the 1994-95 N'H winter.

covered with 60% in case of a  temperature drop or reduce the cover with 40% in case of 

an temperature increase. This high sensitivity to temperature partly explains the large 

inter annual variations in the N'H ozone column. As indicated by Figures 5.10 - 5.12 

and Rummukainen [1996] the temperature switch for representing PSCs seem to give a  

reasonable good estimate on whether PSCs are present or not. However there still is
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Figure 5.9. Spatial PSC frequency distribution if the temperature was three degrees 
colder than during the 1994-95 N'H winter.

substantial uncertainty in regard to  particle phase and thereby surface area and reaction 

rates. The LIDAR de-polarization measurements (Figures 5.10 - 5.12) indicate that the 

NAT assumption is not very good as large parts of the PSC cloud consist of spherical and 

most likely liquid particles. WMO [1999] also emphasizes the problem of determining 

the PSC phase and composition.
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Figure .5.10. The left panel shows the aerosol backscatter ratio and de-polarization ratio. 
The de-polarization ratio indicates presence of solid (non-spherical) particles throughout 
the cloud. The right panel shows the two closest sounding tem perature profiles and
model layer temperature.
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Figure 5.11. The left panel shows the aerosol backscatter ratio and de-polarization ratio. 
Compared to Figure 5.10 this PSC cloud is optically thicker as well as located lower in 
the stratosphere. The de-polarization ratio indicates presence of layers of solid (non- 
spherical) particles in the upper part of the cloud while the particles in the lower part 
are spherical and are likely to be liquid. The dashed lines indicate the SCTM -l layer 
boundaries. The right panel shows the two closest sounding tem perature profiles and 
model layer temperature.
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Figure 5.12. The left panel on this figure shows no layer of enhanced backscatter in 
contrast to what we observed in Figures 5.10 and 5.10. And from the right panel we 
can see that the temperatures are close to  the PSC threshold but do not drop below, 
consistent with the PSC formation temperature threshold assumption in SCTM-1.
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5.2 Model and Measurement Results

T he 1994-95 F airbanks Ozone Column

The 1994-95 vertical ozone column amount above Fairbanks were measured using a 

Biospherical Instruments GUV-511 instrument and a retrieval algorithm developed by 

Dahlback [1996]. These measurements are supported by a  shorter time series of Dobson 

Instrument measurements during the spring of 1995. These measurements are compared 

with TOVS ozone data  from the international satellite cloud climatology project (IS- 

CCP) and results from the SLIMCAT and SCTM-1 models in Figure 5.13. The GUV. 

Dobson, and TOVS data  show excellent agreement except for the months of December 

and January were the GUV and TOVS disagree. At this time the solar elevation is very 

low and the uncertainties in the GUV measurements becomes very large. The SLIM

CAT reproduced ozone column agree very well with the measurements. In the fall until 

end of November the SLIMCAT ozone values are about 10% higher than the GUV and 

TOVS measurements but from the beginning of December and throughout the spring 

the agreement is excellent. The TOVS data have larger day to day variations and seem 

to overestimate the ozone column when we have ozone maxima (due to wave activity) 

with at some instances as much as 50 DU compared to the Dobson. GUV and SLIMCAT 

ozone columns. The SCTM-1 seem to consistently underestimate the ozone amount by 

about 30%. The magnitude of the annual seasonal variation is similar to SLIMCAT and 

some of the variation due to  larger scale temperature changes are similar, but due to the 

different wind fields used, the day by day variations are different. Both the measure

ments and the SLIMCAT model data  show a  dip in the ozone column amount of about 

100 DU between day 50 and day 75. During the same period we saw from Figure 5.4 

that the temperature dropped up to ‘20°C. In addition from Figures 5.26 and 5.27 we 

see enhanced values of CIONO2 . This indicates that the air has previously experienced 

heterogeneous processing. The lack of active chlorine indicates that the catalytic ozone 

destruction by chlorine has ended, and that the active chlorine has been converted to the 

reservoir species CIONO2 . This air has most likely been ’‘peeled off* the polar vortex 

edge as it has the chemical signatures of heterogeneously processed air. A similar but 

smaller dip in the ozone column with a  corresponding increase in the CIONO2 to HCl
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Figure 5.13. 1994-95 season ozone column amounts above Fairbanks. The figure com
pares measured data from ground based (DOAS. GUV, Dobson) and space born (TOVS) 
instruments. The ozone column amounts modeled by SLIMCAT and SCTM-1  are show
as well.

ratio occurs from day 110 to day 120. At this point it is likely th a t this is air originating 

from the polar vortex region that has been transported and started to mix with the 

mid-latitude air after the polar vortex breakup. This scenario is supported by the return
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to pre-vortex conditions above the Ny-Alesund as shown by the measurements around

day 110 .

T h e  1994-95 Ny-Alesund Ozone Column

The 1994-95 vertical ozone column amount above Ny-Alesund was measured with the 

DOAS instrument described in Chapter 3 as well as with a  SAOZ instrument provided by 

the Norwegian Institute for Air Research (NILU). Ozone da ta  from an FTIR instrument 

and balloon soundings provided by the Alfred Wegner Institute are also available. We 

compare these measurements with ISCCP TOVS ozone retrievals and SLIMCAT and 

SCTM-1 model results. Both the FTIR. sondes and DOAS measurements seem to slightly 

underestimate the ozone column compared to the SAOZ and TOVS measurements. The 

integrated sounding column will slightly underestimate the total ozone column because 

we integrated the column only up to 30 km. During summer the difference between the 

soundings and FTIR compared to the TOVS da ta  grew from very good agreement (dose 

to 0 Dl* difference) at the end of April (when the midnight sun appeared and the DOAS 

and SAOZ time series ended) to 100 DU a t the end of June (see Figure 5.14). This 

disagreement cannot be fully resolved with this dataset and should be addressed again 

in the future with datasets from other satellite sensors and ground based instruments 

which are available from other more recent time periods. The model underestimation 

of the active nitrogen (NO and NO2) column during summer will explain some of the 

difference. The SLIMCAT model agrees very well with TOVS over the full annual cycle. 

In late January and early February the ozone column above Xy-Alesund starts to decline 

having its maximum value around day 36. The temperature profile (Figure 5.1) as well as 

the peak in ozone and downward shift of the ozone profile maximum (Figure 5.15) a t this 

date indicates a strong vertical downdraft and adiabatic heating caused by the onset of 

wave activity. The higher mixing ratio of ozone a t higher altitudes causes this observed 

correlation between temperature and ozone column. At the same time we have return of 

sunlight and activation of chlorine. SLIMCAT has the highest concentration of G O  as 

well as ozone on day 36. however the G O  concentration quickly becomes anti-correlated 

with the temperature and ozone column as expected due to the need for heterogeneous 

processing to maintain the active chlorine. Even though the total amount of CIONO2
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Figure 5.14. 1994-95 season ozone column above Ny-Alesund. The figure compares 
measured data from ground based (DOAS, SAOZ. FTIR), in-situ (Ozone sondes), an- 
doscillations space born (TOVS) instruments. The ozone column amounts modeled by 
SLIMCAT and SCTM-1 are shown as well.

is enhanced during this period we have small local minima corresponding to the peaks 

of the active chlorine concentrations and temperature minima. The SCTM-1 estimated 

ozone column agrees fairly well from day 0 to day 100 but does not reproduce the vortex
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Figure 5.15. 1994-95 season ozone profile above Xy-Alesund. The red dots in the lower 
panel indicate the integrated column up to the balloon bursting point. The blue dots 
and line show the integrated ozone column up to 30 km based on the ozone soundings
that ascended to altitude higher than 30 km.

breakup or the variations due to  the wave activity. The SCTM-1 column is also severely 

effected by the vertical transport problem described in Chapter 4 that causes rapid 

oscillations of the column amounts of tracer species with large vertical gradients in the 

tracer concentration. The ozone column above Xy-Alesund (within the polar vortex) 

recovers fully around day 110-120 which is after the polar vortex has broken up.
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The Reactive Nitrogen Column

The stratospheric nitrogen species are particularly important in controlling the ozone 

related chemistry. NO and NO2 molecules participate in catalytic ozone destruction 

through the catalytic cycle described by reactions ki and lt2 in Chapter 4. The active 

nitrogen species are also important in limiting the catalytic ozone destruction by binding 

to active chlorine and bromine through reactions k u  and k2o forming the reservoir species 

ClOXOo and Br0 X0 2 , limiting the very efficient catalytic ozone destruction caused by 

active chlorine and bromine.

1994-1995 Fairbanks Results

The XOo column above Fairbanks was measured using the UAF DOAS instrument de

scribed in Chapter 2. In Figure 5.16 we compare the measured AM and PM twilight 

XO2 column with the 12 UTC SLIMCAT as well as the 12 and 21 (local noon) UTC 

SCTM -1 model results. The difference between the SLIMCAT and SCTM-1 results 

are larger in the spring consistent with the fact that SCTM-1  does not seem to form 

a polar vortex that is shifted over towards Europe as observed in the XCEP analysis 

data. Instead SCTM-1  centers the vortex over the pole and tend to include Fairbanks 

into the vortex region. Further, we should expect the 12 UTC column measurements 

(3 AM AST) to be larger than the twilight measurements as ail the XO is converted to 

XO2 within minutes of sunset. Figure 5.16 indicates that this discrepancy (both models 

underestimates the XO2 column) between measurements and model results seem to be 

larger during summer time. In Figure 5.17 we have compared the odd nitrogen from 

the two models. The “steps” exhibited in the XO. XO2, and X2O5 SCTM-1  model col

umn amounts occur because the internal partitioning between these species is strongly 

dependent on the J-values. The steps are caused by the parameterization of the J-value 

computations. The J-values are based on radiative transfer model computations done for 

the Loth of every month. The SCTM-1 model has an interpolation scheme to adjust for 

the days in between to account for the gradual change in solar zenith angle but it seems 

to fail to account for the gradual change of sunset/sunrise time. The difference between 

the SLIMCAT and SCTM-1  spring values of CIOXO2 above Fairbanks is caused by the

Reproduced with permission o f the copyright owner. Further reproduction prohibited w ithout permission.



97

Fairbanks N02 Column 1 9 9 ^ -9 5  Winter
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Figure 5.16. 1994-95 season XO2 vertical column above Fairbanks. The upper panel 
show AM and PM NO2 vertical column measured with the DOAS technique and results 
from the SLIMCAT and SCTM-1 models. The lower panel show the difference between 
the morning and evening NO2 measurements.

difference between the dynamic representation of the polar vortex in the models and 

therefore the prior exposure of the air parcels to heterogeneous chemistry. The mod

eled HNO3 columns agree well throughout the annual cycle, with the exception of the
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Figure 5.17. 1994-1995 season 12 UTC modeled columns of odd nitrogen species above 
Fairbanks. Note the large difference between SLIMCAT and SCTM-1 the modeled NO2
columns during spring and summer.

spring period due to the polar vortex differences already described. The SCTM-1  N’Or 

family total columns vary little throughout the year. Also the amount of the source gas 

NiO agrees well between the models as shown in Figure 5.19 with the SCTM-1  column 

amounts about 5% higher than the SLIMCAT column amounts throughout the year. 

The differences during the spring was reduced to about one half due to the difference in 

the polar vortex dynamics between the two models.
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Figure 5.18. Fairbanks 1994-95 season nitrogen budget. Total column amounts of odd
i. \'O r ) and reactive (XOy) nitrogen integrated as families from SCTM -1. In addition we 
show the SLIMCAT and SCTM HNO3 column amounts.
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Figure 5.19. Fairbanks 1994-95 season modeled X2O column amounts. N2O is the only 
tropospheric source for stratospheric odd nitrogen. SCTM-1  predicts 3-4% more N2O 
than SLIMCAT. This discrepancy could be due to more efficient vertical transport in
SCTM-1.
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1994-1995 N y-A lesund Results

The X 02 column above Ny-Alesund was measured using three different instruments. We 

used data from the UAF DOAS instrument described in Chapter 2, NILU provided NO2 

data  from their SAOZ spectrometer and AW1 provided da ta  from their FTIR instrument. 

In Figure 5.20 we compare the AM and PM twilight NO2 columns measured by the UAF 

and NILU instruments with the 12 UTC SLIMCAT and SCTM-1  model results and 

AWl FTIR daily averaged column amounts retrieved from solar and lunar absorption 

spectra. The difference between the SLIMCAT and SCTM-1 results are much smaller 

here than over Fairbanks but the mid-summer SCTM-1 values about 25% lower than the 

SLIMCAT values. Further we expect the 12 UTC column model results to be between 

the AM and PM column measurements since 12 UTC is very close to local noon at Ny- 

Alesund and the X 02 column is expected to grow slowly throughout the day due to the 

slow photolysis of N2O5. This is. however, not the case. The modeled seasonal change 

in the X 02 column has a smaller amplitude than what we see in the measurements 

and a smaller gradient in the seasonal change. The modeled late spring and early fall 

column amounts are substantially smaller than the measured column amounts. The few 

measurements of mid summer NO2 column amounts from the AWI FTIR instrument 

are also larger than the modeled column amounts. This may explain the discrepancy in 

the modeled ozone where the models showed a larger ozone column through the summer 

and fall compared to the sounding data. During summer conditions increased levels of 

X0 2 will increase ozone destruction through the catalytic cycle involving reactions ki 

and k2 described in Chapter 4. Figure 5.21 compares modeled odd nitrogen species and 

AWI FTIR measurements. As already mentioned the XO2 column during late spring 

and summer seem to be underestimated. Consistent with this, we see that the NO 

column is underestimated as well. The measured early winter CIONO2 column is also 

substantially higher than the model results, but the uncertainty in these measurements 

is large. The spring CIONO2 SLIMCAT and FTIR seem to agree well but the SCTM-1 

does not have an increase in the CIONO2 column amounts before close to the time of 

the vortex breakup. Both models fail to reproduce the large measured increase in 

HXO3 in early winter shown in Figure 5.22. During the early spring period the SCTM-1 

overestimates the HNO3 column slightly compared to SLIMCAT and FTIR data. The
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agreement between both models and the measurements is good during late spring and 

summer. The X20  column amount measurements and the model results agree well, but 

the SCTM-1 results are noisy due to the vertical transport problem of the SCTM-1  

model at high latitudes, and they show about 2-3% higher column amounts than the

SLIMCAT results on average.
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Figure 5.20. 1994-95 season SO 2 vertical column above Ny-Alesund. The upper panel 
shows AM and PM NO2 vertical column amounts above Ny-Alesund measured with the 
I'AF DOAS instrument and the NILU SAOZ instrument both using the DOAS retrieval 
technique. The measurements are compared with results from the SLIMCAT and SCTM- 
1 models and AWI FTIR measurements. The lower panel shows the difference between 
the morning and evening NO2 DOAS vertical column measurements.
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Figure 5.21. 1994-95 season 12 UTC modeled column amounts o f odd nitrogen species 
above Ny-Alesund. Note tha t both models underestimate the NO and NOj summer 
column amounts compared to the AWI FTIR measurements.
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Figure 5.22. 1994-95 season column amounts over Ny-Alesund of odd (NOr ) and reactive 
(XOv) nitrogen. Total integrated family column amounts from the SCTM-1 model and 
SLIMCAT and SCTM HNO3 model column amounts are compared with AWI FTIR
HXO3 column amounts.
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Figure 5.23. Comparison of Xy-Alesund 1994-95 X20  column amounts. X20  is the 
only tropospheric source for stratospheric odd nitrogen. SCTM-1  predicts 3-4% more 
N ,0  than SLIMCAT. This difference could be due to more efficient vertical transport 
in SCTM-1 which at high latitudes show artificially large vertical transport oscillations. 
AWI FTIR column measurements of X20  indicates th a t the SLIMCAT estimates are 
reasonable.
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T he R eac tive  C h lo rin e  C o lum n

Long-lived organic compounds containing bromine, chlorine, fluorine and iodine are re

leased from the Earth 's surface and propagate into the stratosphere where they are 

converted to inorganic compounds either through reactions with OH or photolysis to 

form inorganic species of bromine, chlorine and fluorine. The inorganic species that 

form either react with ozone or form reservoir species. Under normal lower stratospheric 

conditions the inorganic species will form reservoir species such as bromine nitrate and 

chlorine nitrate or hydrochloric acid. The presence of cold or enhanced concentrations of 

sulfuric acid aerosols (SAAs) and PSCs will efficiently convert these species into active 

forms and result in increased local ozone depletion. The fluorine species has not lead 

to catalytic ozone depletion due to  the stability of its reservoir form HF (Stolarski and 

Rundel. 1975). The stratospheric iodine concentrations are to small to effectively destroy 

ozone (Wenneberg et al.. 1997).

1994-1995 F a irbanks R esu lts

The Fairbanks temperature data  shown in Figure 5.4 reveal two periods of temperatures 

below the "cold" SAA threshold temperature (*63°C). These tem perature drops coincide 

in time with a drop in the total column amounts of chlorine reservoir species, in particular 

the HCl column amount, shown in Figures 5.26 and 5.24. During the first period we 

also see a doubling of the CIO and OCIO column amounts during the period when the 

temperature stayed below the SAA threshold. This indicates an adiabatic downdraft 

as the mixing ratios of CIO. OCIO and OHC1 increase with altitude in the stratosphere 

and the tracer vertical gradient is even steeper during nighttime than during daytime. 

The absence of elevated levels of C10X02 indicates that this air has not been activated 

previously and the corresponding warming of the air inside the vortex mentioned earlier 

supports the assumption that we had an episode of partial break-down of the vortex as 

well at this time. During the second episode around day 60 we have less active chlorine 

but dear evidence of prior heterogeneous activation from the enhanced levels of C10N*02. 

This is consistent with the lower amounts of ozone observed in this air parcel. Vertical 

downward transport is less likely at this time as we don’t  have the strong increases in
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Figure 5.24. 1994-95 season total chlorine reservoir column over Fairbanks. The models 
agree well with each other during summer and fail while SCTM-1 show significantly 
lower column amounts during spring compared to SLIMCAT.

CIO. OCIO and OHC1 we observed during the first cooling event. The SCTM-1  model 

predicts levels of active chlorine over Fairbanks comparable with the levels predicted 

over Xy-Alesund which is about a  factor of 10 higher than the chlorine column amounts 

SLIMCAT predicts during winter over Fairbanks. Some of this can be contributed to 

difference in the dynamics of the models but even summer time SCTM-1  column amounts 

of CIO. OCIO and OHC1 are about a  factor of 3 higher than the SLIMCAT results. The 

lack of measurements of active chlorine species is a  problem and more measurements 

are needed to verify the model performance and explain the discrepancies between the 

models. The modeled column amounts of the chlorine reservoir species agree well but 

SCTM-1 yields lower values during spring and does not show the effects of the vortex 

peeling, however this is expected since SCTM-1  uses GCM wind fields and therefore does 

not represent any particular year.
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Figure 5.25. Modeled active chlorine column amounts above Fairbanks. Data from 
SCTM-l in the upper panel show values during winter typical for heterogeneously acti
vated air and are about a  factor of 10 larger than the SLIMCAT data  shown in the lower 
panel. The increase in CIO towards the summer is due to the 12 UTC sampling time. 
This increase is due to the fact that we go from darkness to  a  sunlit atmosphere a t this 
time of the year. Therefore some of the CIONO2 will be reactivated through photolysis 
(Chapter 4. Reaction J 5 ).
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Figure 5.26. 1994-95 season modeled column amounts of chlorine reservoir species over 
Fairbanks. The models agree well with each other during summer and fall. During 
winter and spring SCTM-1  data show less HCl and CIONO2 , hut more OHCl than 
SLIMCAT. The SLIMCAT data  show enhanced amounts of CIONO2 corresponding to 
the low temperature extremes shown in Figure 5.4 indicating intrusion of heterogeneously 
processed air peeled of from the polar vortex.
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Fairbanks CI0N02/HCI Ratio 1994—95 Winter
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Figure 5.27. 1994-95 season modeled ratio of ClONOj to H Q  column amounts above 
Fairbanks. The SLIMCAT ratio has large spikes corresponding with the CIONO2 spikes 
due to the intrusion of vortex air shown in Figure 5.26. During early winter the SCTM-1 
ratio is lower than the SLIMCAT ratio while in late spring it is higher, with the exception 
for the periods of vortex intrusion in spring shown in the SLIMCAT data.
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1994-1995 N y-A lesund R esu lts

The modeled total column amounts of the stratospheric chlorine reservoir species and 

corresponding measurements are shown in Figure 5.28. We see a  slow steady decline 

from mid summer 1994 (day -180) until day -20. at which point the tem perature above 

Ny-Alesund fell below the SCTM -1  PSC threshold tem perature and stayed below until 

day 20. By day 1 two thirds of the chlorine reservoir species has been activated. Once 

the temperature goes above the PSC threshold on day 20 we have an immediate recovery 

of the CIOXO2 column to elevated levels that persist until day 80. During this period 

the temperature is mostly below the "cold” SAA threshold and above the PSC threshold. 

After day 80 the CIONO2 column slowly returns to the background level which it reaches 

around day 150. From Figure 5.30 we can see that the HCl column is slowly recovering 

after day 20 when the first wave-driven heating occurred and the HCl column is fully 

recovered to pre-heterogeneous conditions by day 120 after the polar vortex has broken 

down. It is interesting to notice the long •‘settlement” time from when the total chlorine 

reservoir column is recovered on day 80 and returns to summertime CIONO2 to HCl 

ratio which is achieved two months later. The ozone column also started to  recover 

after day 80. Figure 5.14. and appear “fully” recovered from the springtime depletion by 

day 110. The effectiveness of the background level SAA during cold (<-63°C) periods is 

shown clearly in Figure 5.30 and supported by the FTIR measurements and temperature 

analysis fields. The early winter cold SAA heterogeneous reactions had the effect of 

shifting the chlorine reservoir from HCl to C1N02. Once the temperature sinks below 

the PSC threshold, both reservoir species are rapidly depleted and converted to  forms of 

active chlorine. Looking at the active chlorine in Figure 5.29, we not that both models 

agree well on the amounts of CIO except for the period from day 60 to 100 when the 

SCTM-1 CIO column amount triples. The modeled OCIO column amounts agree well 

through January but the SCTM -1  OCIO level is kept high through February until the 

sunrise when it abruptly disappears, while SLIMCAT yields a gradual decline through 

February. This discrepancy could be related to the problem in SCTM-1 with the J-value 

interpolations. The SCTM-1 level of OHCl is very similar to the SLIMCAT and SCTM- 

1 CIO level, except for the day 60 to  100 period of tripled SCTM-1  CIO levels. The 

SLIMCAT OHCl levels stay elevated from day 20 until day 80 but a t a  level less than
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half of that of SCTM-1.

Ny-Adesund Total Chlorine Reservoir Column '9 9 4 —95

- t o o  a too
Days since January t, '995 .

Figure 5.28. N'y-Alesund 1994-95 season measured and modeled total column amounts 
of the chlorine reservoirs species. The stars show column amounts derived from AWI 
FTIR measurements. The solid lines show SLIMCAT and the dotted lines show SCTM-i
modeled total column amounts.
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Ny-Aclesund Active Chlorine 1994—95 Winter

-1 0 0  0 100 
Days since January 1995.

Figure 5.29. 1994-95 season modeled active chlorine above N'v-Alesund. The SLIMCAT 
and SCTM-1 model results agree much better here than over Fairbanks (see Figure 
5.25). The largest differences are in the OHCl column where SCTM-1  shows elevated 
levels from day -80 until day 100 while SLIMCAT has elevated levels from day 20 until 
SO. The SCTM-1  OHCl background level during summer is about three times that 
of SLIMCAT and about twice during the period of elevated levels during winter. The 
SCTM- 1 OCIO levels stay elevated through February while SLIMCAT only stays elevated 
through January. The CIO levels agree very well except between day 60 and 80 where 
the SCTM-1 level triples.
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Ny-Aalesuna Chlorine Reservoirs 1994—95

- t o o  0 ' 0 0
Days since January t, t995.

Figure 5.30. Ny-Alesund 1994-95 season measured and modeled column amounts of the 
chlorine reservoir species. The stars show column amounts derived from AWI FTIR 
measurements. The solid lines show SLIMCAT and the dotted lines show SCTM-1 
modeled column amounts. The largest discrepancy is between the SCTM-l ClON'Oo 
column amounts and the SLIMCAT and FTIR column amounts during spring after the 
first wave-driven major warming.
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2.c r
Ny-Aclesund ClONOj/HCl Ratio 1994—95 Winter

SCTM ClONOj/HCi 
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Figure 5.31. Xy-Alesund 1994-95 season CIONO2 to HCl ratio. The difference between 
the SCTM-L ratio and the SLIMCAT and FTIR ratios reflects the discrepancies we saw 
in Figure 5.30 between the SLIMCAT and SCTM -1  models.
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T he R eactive B ro m in e  C o lum n

Catalytic reactions involving bromine are thought to be responsible for as much as 20% 

of the ozone depletion after chlorine has been activated through heterogeneous processes. 

There are still large uncertainties in the reaction rates used for the bromine chemistry 

in the models. The bromine ‘‘reservoir’ species are easily photolyzed and act primarily 

as night-time reservoirs. There are not much data  available and none for the dates and 

areas considered in this analysis so we can only compare the two models and look at 

the differences between the sites. The difference between the Fairbanks and Ny-Alesund 

column amounts is small and mainly reflects the time of the day we sample due to the 

difference in J-values (and solar zenith angle). The total bromine column appears to be 

slightly larger over Fairbanks than over Ny-Alesund for both models. The SLIMCAT 

BrONOo column amount is also about 25% larger than the SCTM-I column amount 

over both sites. The level of HOBr is elevated during darkness over Ny-Alesund and 

the BrO column increases sharply as the sun rises again to remain more or less constant 

throughout the rest of the year. When looking at Fairbanks data one have to  remember 

that the data are from L2 UTC which is close to 2 hours away from local midnight. The 

internal changes within the bromine family are very much controlled by photolysis with 

the exception of BrCl which depends upon reactions involving active chlorine. The main 

effect of the bromine is to accelerate the ozone depletion caused by active chlorine-driven 

cycles catalytic ozone destruction.
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Fairbanks Reactive Bromine 1994—95 Winter
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Figure 5.3*2. 1994-95 season modeled column amounts of reactive bromine above Fair
banks. The modeled column amounts of BrO agree well, while the SLIMCAT BrONO^ 
column amount is about ‘25% higher than the SCTM-1  column amount. The SLIMCAT 
HOBr column amount is substantially higher than the SCTM-1  column amount during
winter.
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\y -A a ;e sun < 3  Reactive Bromine 1994—95 Winter

-7 00  Q 700
Days since January 7, 7 995.

Figure 5.33. 1994-95 season modeled column amounts of reactive bromine above Sy- 
Alesund. The SCTM-1 data  appear noisy due to the vertical transport problems dis
cussed earlier. The SLIMCAT and SCTM-1  model results exhibit the same discrepancies 
here as observed above Fairbanks shown in Figure 5.32.
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Chapter 6

Summary and Conclusions

The current understanding of the stratospheric ozone chemistry is quite good but there 

are still many uncertainties that prevent us from accurately predicting the future strato

spheric ozone column. To improve model performance we depend on accurate measure

ments of a wide range of atmospheric properties including trace gas amounts, aerosol 

composition, phase, and size distribution, as well as wind and tem perature fields. In this 

work we have contributed to the improvement of measurement accuracy by improving 

the techniques for accurate dark current removal from photodiode array measurements 

as well as. by improving the accuracy of the vertical trace gas column retrieval from 

differential optical spectroscopy measurements. We have also assessed the current state 

of the art in 3D chemical trace gas model performance based on comparison with a 

comprehensive measurement d a ta  set to identify current weaknesses in these models.

6.1 Dark Current Removal

The dependence of the dark current of a  photodiode on the diode charge causes the dark 

current to change throughout the exposure time. The integrated dark current over a 

single exposure will depend on the temperature of the diode, the light intensity and the 

integration time. We can remove the problem with the tem perature dependence by ac

curately controlling the temperature to a  set value. The dependence of the photo-diode 

dark current on the diode charge was derived by Stutz and P latt [1992]. We have further

120
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developed this technique to correctly remove dark current and offset from photodiode 

array measurements. The advantage of this approach is that one can do longer expo

sures at higher diode temperatures without compromising the data  quality and thereby 

avoid expensive cooling and the associated problems with condensation and icing on the 

sensor. The traditional approach for dark current removal is to do dark integrations 

and subtract these from the normal integrations under the assumption that the dark 

current is constant. The problem with this approach is that it introduces an error that 

depends on the degree of saturation of the photodiodes in the array and overestimate the 

amount of dark current that is subtracted. The error introduced depends on the degree 

of saturation, temperature of the diode and integration time used. In the setup we have 

used this will lead to an underestimate of the tracer amount by about o%.

6.2 Seasonal Air Mass Factor Corrections

The ozone air mass varies substantially through the seasons. This was shown by Hoyskar 

1997] for three sites a t mid and high latitudes based on analysis of ozone soundings and 

radiative transfer calculations. The seasonal variation is caused by changes in the vertical 

distribution of the absorber. The main reason appears to  be a  vertical shift in the profile 

due to changes in air density with the seasonal variation in the air temperature. We have 

shown that there is a strong correlation between the seasonal variation in the 30 and 

70 mb isobar heights and the ozone air mass factor. Analyzing the Ny-Alesund ozone 

sounding data from 1992 to 1998 using a  radiative transfer model, we find that we can 

achieve the same accuracy for the seasonal variation of the air mass factor by using the 

correlation with the 30 or 70 mb isobar height (without access to ozone soundings) as by 

using monthly averages of air mass factors computed from the ozone profiles. This will 

allow us to correct for seasonal variations of air mass a t sites without long time series of 

ozone soundings. The technique will also allow us to correct for seasonal variations of air 

mass for other trace gases such as NO2 . However some profile measurements are required 

for verification and determination of coefficients relating the isobar heights with the air 

mass because seasonal chemical variations that affect the profile shape of the trace gas 

species will affect the correlation. This will need to be further investigated.
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6.3 3D Model Performance

We have compared the performance of the OSLO SCTM-1 and the Cambridge SLIMCAT 

3D chemical transport models with measurements above Xy-Alesund and Fairbanks. 

These two sites were chosen because the former normally resides inside the polar vortex 

region while the latter is normally outside the vortex region, even though both sites 

resides at high latitudes 79 and 65 degrees north, respectively. This choice of locales will 

allow us to evaluate the model performance throughout a full annual cycle, where the 

air above Ny-Alesund frequently experienced polar stratospheric clouds (PSCs) and cold 

sulfuric acid aerosols (SAAs) during the 1994-95 winter, while the air above Fairbanks 

never reached the PSC threshold temperature, and only during two episodes experi

enced temperatures below the SAA threshold. The current parameterization of PSC 

formation in terms of a temperature threshold agree well with LIDAR measurements 

but the assumption that these particles consist purely of solid nitric acid trihydrate 

(NAT) particles is not correct. The LIDAR de-polarization measurements indicate that 

parts of (distinct layers) and on some occasions most of the PSCs consist of spherical 

particles and therefore most likely liquid droplets. This is consistent with laboratory 

results reported in the most recent WMO Scientific Ozone assessment (WMO. 1999). 

The uncertainty with regard to the phase and composition of the PSCs makes it more 

difficult to parameterize the PSC surface area and leaves more uncertainty in the rates of 

the heterogeneous processes. Still the SLIMCAT model yields column amounts of ozone 

and chlorine reservoir species that agree amazingly well with the measurements during 

periods of PSC occurrence. This agreement supports the current parameterization of 

PSC formation and heterogeneous chemistry.

There are substantial discrepancies between the modeled and measured column amounts 

of the nitrogen species. SLIMCAT also seems to slightly overestimate the ozone column 

amount during summer compared to  the ozone sounding integrated column amount over 

Ny-Alesund and compared to late summer and fall measurements from TOVS and the 

GUY instrument over Fairbanks. The underestimation of summertime active nitrogen 

could explain the overestimation of ozone, since active nitrogen destroys ozone through 

catalytic cycles as described in Chapter 4. Reactions k i —kj  in Chapter 4. involving NOr
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is the most efficient cycle for destroying ozone in the mid to lower stratosphere under 

normal non-volcanic conditions, with temperatures above the cold sulfuric acid aerosol 

(SAA) threshold. The SCTM-1 model underestimates the ozone column by 30% over 

Fairbanks but yields realistic seasonal variation. The SCTM-1 ozone predictions over 

Ny-Alesund are not trustworthy because this model has problems with vertical transport 

at the highest latitude bands of the model. The vertical transport problem creates unre

alistic high-frequency, large-amplitude, wave-like oscillations that are especially apparent 

during winter. The SCTM-1 underestimation of the ozone column over Fairbanks can 

partly be explained by the higher amounts of active chlorine and less active nitrogen than 

in SLIMCAT during winter. One problem with the assessment o f model performance 

above Fairbanks is the lack of measurements of chlorine and bromine trace gas species as 

well as nitrogen species other than NO2. The representation of the bromine chemistry 

cannot be properly assessed with the current dataset due to total lack of measurements 

of the bromine species. The modeled and measured partitions of the main chlorine reser

voir species in the presence of PSCs agree well, but the measured column amounts of 

CIONO2 in the presence of cold SAAs in early December show values higher than what 

the model predicts. However, the large uncertainties in the CIONO2 measurements and 

relatively few samples prevent us from drawing a  firm conclusion. The modeled level 

of HCl agrees very well with the measured one but the sum of the measured chlorine 

reservoir concentratios increases due to the high CIONO2 concentrations measured dur

ing this period. A sharp increase in total reactive chlorine is not reasonable from errors 

neither in transport nor in chemical reaction rates, so the claimed accuracy of these 

measurements must be questioned.

The SCTM-1 model obviously could benefit from improvements in its transport pa

rameterization in particular a t high latitudes. The current decoupling between wind 

fields and temperature fields prevents air parcels from changing due to  prolonged ex

posure to temperature extremes lasting several transport steps. Therefore substantial 

changes in chemical partitioning of long lived species due to  the tem perature dependen

cies of reaction rates are prevented. The SCTM-1 determines vertical transport based on 

volume correction after the horizontal transport. The problems we encounter with artifi

cially high vertical transport oscillations could be caused in part by the wind-temperature
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decoupling described above due to the air density and thereby volume dependence on 

temperature. Another problem is th a t the GCM wind fields used do not seem to recreate 

the polar vortex region well, and Fairbanks appears to  be inside the SCTM-1  polar vortex 

region for substantial time periods, hence the high levels of active chlorine and low ozone 

column amounts. Neither SLIMCAT nor SCTM-1 have parameterized vertical diffusion 

due to breaking of planetary waves, but some artificial diffusion would result from the 

relatively course vertical resolution and sharp tracer vertical gradients during vertical 

transport. There is no evidence in the dataset that the observed discrepancies between 

model predictions and measurements are caused by the breaking of topographically in

duced planetary waves. Li et al. [1995] and Nathan et al. [2000] found that inclusion of 

planetary wave-breaking would increase the seasonal variation of ozone at mid to high 

latitudes (by about 6% pole-ward of 60°N) by mainly increasing the total ozone amount 

during winter/spring by vertical diffusion at the lower to  middle stratosphere level. The 

problem with the model predicting to low amounts of NOy is most likely caused by 

underestimation of vertical downward model transport particularly within the vortex 

region. The model results are extremely sensitive to  downward transport in the mid to 

lower stratosphere due to the sharp vertical gradient of NOy in this region. NOy has a 

maximum mixing ratio a t about 40 km (WMO, 1999). Increased downward transport 

would also slightly increase transport of ozone to the lower stratosphere but this increase 

would be offset by increased ozone destruction by the increased amounts of XOr . The 

model predicted NOy deficiency is larger within the polar vortex, i.e. above Ny-Alesund 

than outside over Fairbanks. This would be expected as the downward transport is most 

efficient within the vortex region, but this downward transport is also efficient a t high 

latitudes outside the vortex region, particularly during winter (WMO, 1999). If the NOy 

deficiency was to be caused by errors in the reaction rates of the main source gas X2O 

we would expect the error to be present also a t lower latitudes. Chipperfield [1999] did 

not find any discrepancies between measured and SLIMCAT modeled XO2 and ozone at 

mid-latitudes, i.e. above Hohenpeissenberg (45°N). This problem with model predictions 

of high latitude ozone during summer is also evident in a  comparison between POAM 

11 ozone measurements and the REPROBUS three-dimensional model predictions pre

sented by Deniel et al. [1998]. However, these authors offered no explanation for this
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discrepancy.

In potential tem perature coordinates the thickness of a layer varies greatly. Thus to 

maintain correct air density in SLIMCAT a linear scaling of all species is performed after 

each transport cycle. This may cause errors when the horizontal gradients of the trace 

gases are large and grid cell volume gradients are large.

The S C T M -1  model was not designed to be compared directly with measurements 

as the G C M  wind fields do not represent any particular year. Therefore, the goal of this 

assessment was not to compare SCTM-1  output with the measurements and SLIMCAT 

predictions on a day-by-dav basis, but rather to look at the seasonal variation and the 

average column amounts of key trace gases. The biggest problem with the SCTM-1 

appears to be the vertical transport. But the large underestimation of the ozone and 

X O i column amounts over Fairbanks indicates that there may be other problems as well.

The S L IM C A T  model shows good agreement with measurements of the ozone column 

amounts through the fall, winter and spring, but it seems to underestimate the reactive 

nitrogen (X O y) column amounts which leads to summertime N O x values that are signif

icantly underestimated. This is consistent with the observed overestimate the modeled 

ozone column amount during summer. A similar comparison between SLIMCAT and 

ozone soundings over Sodankyla for the years 1994 to 1997 reported by Chipperfield 

'1998] shows the same problem as we found with the modeled summertime ozone col

umn. In particular SLIMCAT showed the expected internal changes in chlorine reservoir 

species under cold SAA and PSC condition and showed very good agreement with mea

surements. except for the December CIONO2 measurements as discussed earlier. More 

measurements of active chlorine and bromine species are required to better assess model 

parameterization of the heterogeneous chemistry. Accurate measurements of the com

position. phase, and shape of the PSC particles would help our current understanding 

and allow us to better parameterize PSCs and the associated heterogeneous chemistry.

The models have shown that the presence of PSCs and cold SAAs rapidly and severely 

changes the chemical partitioning between reservoir and active forms of chlorine and 

nitrogen species and accelerates the destruction of ozone. Analysis of the spatial extent 

of the P S C s based on tem perature shows that small changes in tem perature dramatically 

increase or decrease PSC occurrence both in duration and spatial extent. A 3°C cooling
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would increase the coverage with about 50%. Though uncertain, the current arctic 

stratospheric temperature trend was estimated to  be -3°C to -4°C per decade in the 

WMO 1998 scientific ozone assessment . Persistence of PSCs throughout the spring 

after the arctic sunrise will make the catalytic ozone depletion a lot more efficient by 

denitrification of the air. which prevents the active chlorine from being bound into the 

ClONOi reservoir species.
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