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Solar forcing of the terrestrial atmosphere

Le forçage solaire sur l’atmosphère terrestre

Thierry Dudok de Wita, Jürgen Watermanna,b
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6115 CNRS - Université d’Orléans, 3A avenue de la Rechecherche Scientifique,

45071 Orléans, France
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Abstract

The Sun provides the main energy input to the terrestrial atmo-
sphere, and yet the impact of solar variability on long-term changes
remains a controversial issue. Direct radiative forcing is the most stud-
ied mechanism. Other much weaker mechanisms, however, can have a
significant leverage, but the underlying physics is often poorly known.

We review the main mechanisms by which solar variability may
impact the terrestrial atmosphere, on time scales ranging from days
to millennia. This includes radiative forcing, but also the effect of
interplanetary perturbations and energetic particle fluxes, all of which
are eventually driven by the solar magnetic field.

Résumé

Le Soleil est la principale source d’énergie de l’atmosphère ter-

restre mais l’impact de sa variabilité reste un sujet à controverse. Le

mécanisme le plus étudié est le forçage radiatif direct. Or d’autres

mécanismes bien moins intenses peuvent avoir un effet de levier non

négligeable. La plupart sont mal compris.

Nous passons en revue les divers mécanismes par lesquels le Soleil

peut affecter l’amosphère terrestre sur des échelles des temps allant

du jour aux millénaires. La liste inclut le forçage radiatif, mais aussi

l’effet des perturbations interplanétaires et des particules de haute

énergie. Tous ces mécanismes sont in fine entrâınés par le magnétisme

solaire.
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PACS : 92.70.Qr Solar variability impact, 96.60.Q- Solar activity,
92.60.Ry Climatology, climate change and variability

1 Introduction1

In two decades, the connection between solar activity and the Earth’s at-2

mosphere has moved from a mere curiosity to a hotly debated topic. Many3

reviews have been written, emphasising either the radiative forcing from a4

solar viewpoint [20, 24, 43, 45, 46], or from a terrestrial viewpoint [27, 28],5

solar variability in general [1, 8, 9, 21, 50, 60, 63], historical aspects and long-6

term effects [3, 6, 14, 32, 85, 90], and other, indirect mechanisms [53, 80].7

Here we review the solar inputs to the terrestrial atmosphere and focus on8

their origin, the underlying physics and their observation.9

The Sun-Earth connection is a world of paradoxes. Until recently, this10

seamless system was widely considered as a stack of independent layers, and11

only in recent times did the interactions between these layers really attract12

attention. The role of the Sun in our solar system goes undisputed, and yet13

the effect of solar variability on the atmosphere remains quite controversial.14

As we shall see later, the main mechanisms by which the Sun affects the15

Earth are not the most immediate ones in terms of energetic criteria.16

The Sun – like any living star – continuously radiates energy outward17

into the heliosphere. The radiated energy is carried by (i) electromagnetic18

waves over a frequency band ranging from radio waves to hard X-rays, (ii) a19

stream of hot plasma (the solar wind) consisting primarily of electrons and20

protons with a small fraction of heavier ions, (iii) an interplanetary magnetic21

field (IMF) which is carried along with the solar wind (often referred to as a22

frozen-in magnetic field), and (iv) violent solar outbreaks such as solar flares23

and coronal mass ejections (CME) [35].24

The solar radiative output is nearly constant in time and accounts for25

about 1365 W/m2 at a solar distance of 1 Astronomical Unit (AU), with26

a solar cycle dependent variation of the order of 0.1 %. Under quiet solar27

conditions the flow rates of the kinetic energy of the solar wind bulk motion28

and the solar wind thermal energy amount to about 5·10−4 W/m2 each at 129

2
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AU, i.e., a million times less than the radiative input. The energy flow rate30

of the IMF is another two orders of magnitude smaller, about 5·10−6 W/m2.31

Yet, these different mechanisms all have a distinct impact on the terrestrial32

atmosphere and none of them can be ruled out a priori.33

Nearly 70% of the solar radiation that arrives at the top of the Earth’s34

atmosphere is absorbed in the atmosphere or at the Earth’s surface; the35

rest is immediately reflected. In contrast, the efficiency of energy transfer36

from the solar wind into the magnetosphere is only 1–10%, depending on the37

orientation of the Interplanetary Magnetic Field (IMF).38

Wave and particle emissions are not the only means by which the Sun39

can influence the Earth’s atmosphere. The solar wind plasma, more precisely,40

the IMF associated with it, modifies the rate of penetration of interstellar41

energetic particles into the heliosphere and eventually into the atmosphere.42

This has led to one of the more controversial aspects of Sun-climate studies.43

In this review, we first start with an illustration of solar variability on44

time scales from days to decades (Sec. 2). Section 3 then addresses the45

solar radiative output and its effects, and Sec. 4 the role of orbital changes.46

Thereafter we focus on indirect effects, the electric circuit (Sec. 5, including47

galactic cosmic rays), atmospheric convection under quiet (Sec. 6) and active48

(Sec. 7) solar conditions, and the role of the coupling with upper atmospheric49

layers (Sec. 8). Conclusions follow in Sec. 9. External forcings that are not50

related to the Sun (such as volcanic activity) and internal forcings are not51

addressed.52

2 Solar variability53

Solar activity affects the Earth’s environment on time-scales of minutes to54

millions of years. The shorter time-scales are of particular interest in the55

frame of space weather 1 [68], but will not as much be considered here. Long-56

term changes of solar and heliospheric conditions and their manifestation in57

the Earth’s space and atmospheric environment are typically considered to58

be in the realm of space climate [58]. It is often believed that only slow59

variations (i.e. time-scales of years and above) can affect climate. This is not60

fully correct in the sense that the rate of occurrence of fast transients such61

as solar flares is modulated in time, so that all time scales eventually matter.62

1Space weather mostly deals with short-term impacts and forecasting of solar-activity,
with a particular focus on its societal effects: impacts on space systems, navigation, com-
munications, ground technology, etc.

3
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To give a glimpse on the complexity of solar variability, we illustrate63

in Fig. 1 the variation of some key solar-terrestrial parameters; several of64

them will be discussed in later sections. The long time interval (left panel)65

covers three decades only because very few accurate solar observations were66

available before the advent of the space age. One of the main tasks in solar-67

terrestrial physics today is to extrapolate these tracers backward in time.68

The tracers (or proxies, as they are usually called) of solar activity that69

are shown in Fig. 1, are respectively:70

• X-ray : the soft X-ray flux between 0.1 and 0.8 nm, which is indicative71

of the energy released during solar eruptive phenomena such as flares.72

Most of this radiation is absorbed in the upper atmosphere (above 6073

km) and above.74

• Lyα: the intensity of the bright H Lyman-α line at 121.57 nm, which75

is mainly emitted in the solar transition region and is absorbed in the76

ionosphere (above 90 km).77

• MgII : the core-to-wing ratio of the Mg II line at 279.9 nm, which is a78

good proxy for the solar irradiance in the UV. This radiation is primar-79

ily absorbed in the stratosphere, where it affects ozone concentration.80

• TSI : the Total Solar Irradiance (TSI), which represents the total radi-81

ated power measured at 1 AU, above the atmosphere. This quantity82

summarises the total radiative energy input to the Earth.83

• 10.7 cm: the radio flux emitted at 10.7 cm, or decimetric index. This84

radiation has no direct impact on climate, but it is widely used in85

Global Circulation Models (GCMs) as a proxy for solar activity. It is86

measured daily since 1947.87

• ISN : the International Sunspot Number (ISN), one of the most ancient88

gauges of solar activity, with almost daily measurements since 1749.89

• |B|: the intensity of the interplanetary magnetic field at the L1 La-90

grange point, just upstream of the Earth.91

• np: the proton density, also measured in the solar wind. This quantity,92

combined with the solar wind bulk speed, gives the solar wind dynamic93

pressure, which is the main solar parameter to define the shape of the94

magnetosphere.95

4
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• aa: the aa-index, which is a 3-hourly range measure of the level of96

geomagnetic field fluctuations at mid-latitudes. Its amplitude reflects97

the amount of magnetic energy that is released in the terrestrial envi-98

ronment.99

• φn: the atmospheric neutron flux, measured on Earth, at mid-latitude.100

This flux is indicative of the highly energetic galactic cosmic ray flux,101

which is not of solar origin, but is modulated by solar activity. Part of102

this ionising radiation is absorbed in the middle atmosphere, where it103

might affect cloud condensation.104

The left panel reveals a conspicuous modulation of about 11 years, which105

is known as the solar cycle and whose origin is rooted in the solar magnetic106

dynamo [10]. Solar magnetism is indeed the ultimate driver behind all the107

quantities we shall encounter here [14]. Its great complexity, and the wide108

range of spatial and temporal scales covered by its dynamics allows for a rich109

variety of manifestations.110

The solar cycle, which is best evidenced by the number of dark sunspots111

occurring on the solar surface, is probably the best documented manifes-112

tation of solar activity on our terrestrial environment. Statistically robust113

signatures of the solar cycle have been reported in a large variety of atmo-114

spheric records, including stratospheric temperatures [40], ozone concentra-115

tion [26, 69], changes in circulation in the middle [39] and lower [93] atmo-116

sphere, tropospheric temperatures [12], ocean surface temperature [61, 92],117

and many more. For reviews, see [28, 31, 32, 90].118

The important point in Fig. 1 is the occurrence of the same 11-year cy-119

cle in all solar-terrestrial parameters. As a consequence, disentangling their120

individual impacts on the atmosphere is almost impossible without the con-121

tribution of physical models. All quantities are correlated, but not all are122

necessarily causally related to atmospheric changes.123

A look at shorter time scales (right panel in Fig. 1) reveals a different124

and in some sense much more complex picture. Some quantities exhibit an125

occasional 27-day modulation associated with solar rotation, but correlations126

are not systematic anymore. For the same reason, the properties of the 11-127

year cycle may not be readily extrapolated to longer time scales either.128

Another distinctive feature of Fig. 1 is the highly intermittent nature of129

some quantities such as the soft X-ray flux and geomagnetic indices. The130

presence of rare but extreme events suggests that the rate of occurrence of131

such events may affect climate, even though the lifetime of each individual132

5
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event is orders of magnitude below the characteristic response time of the133

atmosphere.134

3 The solar radiative output135

The largest solar energy input to the terrestrial environment comes through136

electromagnetic waves. The Sun radiates over the entire spectrum, with a137

peak in the visible part (400-750 nm). The actual shape of the spectrum138

is dictated by the composition of the solar atmosphere and its temperature,139

which increases from near 6000 K in the photosphere to millions of degrees140

in the corona.141

The bulk of the solar spectrum is relatively well described by the emission142

of a black-body at 5770 K. On top of this smooth spectrum come numerous143

discrete features associated with absorption and emission processes [43]. The144

ultraviolet part of the solar spectrum (UV, 120-400 nm) is partly depleted145

by such absorption processes, whereas the Extreme-UV (EUV, 10-120 nm)146

is strongly enhanced by contributions from the hotter part of the solar at-147

mosphere. The visible and near-infrared contributions both represent about148

45 % of the total radiated power, whereas the UV represents about 8% and149

the EUV less than 10−3 %. Although the different layers of the solar atmo-150

sphere are strongly coupled by the solar magnetic field, the variability of the151

solar spectrum is remarkably complex and cannot properly be described by152

a single parameter.153

3.1 The total solar irradiance154

When studying the Earth’s global energy budget (see [36] and also the chap-155

ter by R. Kandel in this volume), the solar radiative forcing is often repre-156

sented by a single convenient parameter, called total solar irradiance (TSI).157

The TSI is the power integrated over the entire solar spectrum. For a long158

time, it was believed to be constant, hence its ancient name solar constant.159

The TSI can only be measured from space since the terrestrial atmosphere160

absorbs part of the radiation. The first measurements started in 1978 and161

revealed a small but significant variation. Several missions have measured162

the TSI since, giving an average value of 1365 W/m2 [23]. The relative163

amplitude2 over a solar cycle is 0.1 % but short-term variations of up to 0.25164

% may occur during periods of intense solar activity [96].165

2defined here as (maximum-minimum)/time average.

6
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Different TSI observations agree on the short-term relative variability,166

but significant differences exist between their long-term trends. There exist167

today three composites of the TSI, based on how the data from different168

instruments are stitched together, see Fig. 2. The disagreement between169

these three versions regarding the existence of a secular trend has fuelled a170

fierce debate. Indeed, the composite of the PMOD group [23] suggests the171

existence of a recent downward trend in the TSI, whereas the ACRIM group172

[94] claims the opposite.173

Two key issues with the TSI are the origin of its variability and the recon-174

struction of past values. The Sun is photometrically quiet and the short-term175

variability mainly results from a competition between an irradiance deficit176

due to sunspots and an enhancement due to bright photospheric features177

called faculae [24]. The two effects are connected, but the variability af-178

fects different spectral bands. The secular trend in the TSI is more directly179

related to weak changes in brightness during spotless periods (called quiet180

Sun), which means that trends are best observed by comparing minima in181

the solar cycle. The origin of these slow brightness changes is still unclear,182

although it is certainly related to the solar magnetic field [20].183

A reconstruction of pre-1978 values of the TSI is of course a major issue184

for climate studies. There is strong observational evidence for solar surface185

magnetism to be the major driver of TSI changes on time scales of days186

to years [38]. Based on this, Fligge et al. [18] developed a semi-empirical187

model for reconstructing TSI changes from the surface distribution of the188

solar magnetic field, using solar magnetograms inferred from solar images of189

the Ca K line emission. Unfortunately, few images exist before 1915, which190

limits the applicability of the method.191

The only direct solar proxy that is sufficiently homogeneous for recon-192

structing the TSI back to the Maunder minimum is the sunspot number.193

The Maunder minimum (1645-1715) is of particular interest since the Sun194

was very inactive at that time and temperatures in the Northern hemisphere195

were unusually low [17, 71]. By using reconstructions of the sunspot number196

going back to 1610 as inputs to open magnetic flux transport simulations,197

several authors [37, 44, 91] have demonstrated that the TSI was lower during198

the Maunder minimum than today. The uncertainty on the actual change in199

TSI, however, is high. Present estimates give a change in radiative forcing200

(the net downward radiative flux) from +0.06 to +0.3 W m−2 [19], which is201

equivalent to a ∆T =+0.04 to +0.18 K increase in global temperature since202

the Maunder minimum. The Intergovernmental Panel on Climate Change203

(IPCC) concludes that this bare change is insufficient to explain the observed204

7
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global temperature increase [19]. The same conclusions hold for reconstruc-205

tions made since 1978.206

For TSI reconstructions on time scales of centuries to millennia, a different207

approach must be used. The most reliable proxies are cosmogenic isotopes208

such as 14C and 10B, whose production rate is modulated by solar activity209

[3]. Bard et al. [4] have shown that relative variations in the abundance of210

such cosmogenic isotopes are in excellent agreement with sunspot-based TSI211

reconstructions. There have been attempts to reconstruct solar activity up to212

hundreds of thousand years in the past [85]. For such long periods, however,213

the slowly but erratically varying geomagnetic field becomes a major source214

of uncertainty. Discrepancies between paleomagnetic reconstructions based215

on different deep-sea cores today are still too important to properly quantify216

the solar contribution 20 kyr and more backward [3].217

The relatively small impact of solar radiative forcing on climate has been218

questioned by several. Scafetta and West, for example, used a phenomeno-219

logical model to conclude that at least 50% of the global warming observed220

since 1900 had a solar origin [66, 67]. Three recurrent arguments are: (i) re-221

cent solar activity is better reflected by the TSI composite from the ACRIM222

group than from the PMOD group; (ii) short-term statistical fluctuations and223

longer-term cycles have distinct effects [66], which may explain why such clear224

signatures of solar cycles (11-year, but also the weaker 90-year Gleissberg cy-225

cle) have been found in atmospheric records; (iii) feedback mechanisms are226

not sufficiently well understood and positive feedback may be much stronger227

than expected [60, 73]. Lockwood and Fröhlich [51] argue that the PMOD228

composite is the most reliable, and so solar activity has not increased at the229

end of the 20th century. Objections against (ii) and (iii) have been made by230

climate modellers who do not see evidence for such effects in GCMs, see for231

example the comment by Lean [47].232

Most of the TSI consists of visible and near-infrared radiation, which are233

primarily absorbed by oceans and land surfaces, and in the lower troposphere234

by water vapour and by CO2. For that reason, a direct connection between235

TSI change and tropospheric temperature change can be established. This236

direct forcing is insufficient to explain the observed temperature increase.237

However, several effects such as the hydrological cycle [70] and stratospheric238

water vapour feedback [74] could have an impact on the forcing-response239

relationship. The debate continues unabated.240

8
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3.2 The solar spectral irradiance241

A significant portion of the solar radiative output does not account for a242

direct radiative forcing because it is absorbed in the middle and upper at-243

mosphere where it affects photochemistry. Spectrally resolved observations244

are required to study these effects.245

The principal features of the solar spectrum and its variability are illus-246

trated in Fig. 3. The main result is the large relative variability in the UV247

band and below, which exceeds that of the TSI by orders of magnitude. In248

absolute terms, this spectral variability peaks in the UV between 200 and249

400 nm. Below 310 nm, this radiation is strongly absorbed in the mesosphere250

(from 50 km to about 80-90 km), and in the stratosphere by the ozone Hartley251

band (see the chapter by S. Godin-Beekman in this volume). During periods252

of intense solar activity, the ozone concentration thus increases, heating the253

stratosphere and higher layers, which affects the downward radiative flux.254

This also impacts the meridional temperature gradient, altering planetary255

and gravity waves, and finally affecting global circulation [26]. Haigh first256

introduced this general picture, which is now widely accepted [28, 41, 71].257

The main effects are a warming of the upper and lower stratosphere at low258

and middle latitudes, and a strengthening of the winter stratospheric polar259

night jet. Direct heating by absorption of the UV can explain most of the260

temperature response in the upper stratosphere but not in the troposphere261

and lower stratosphere. The final temperature response depends critically on262

the ozone concentration profiles and on details of the coupling mechanisms.263

These mechanisms are non-linear, and so a meaningful radiation budget can-264

not be established without resorting to GCMs. These models show important265

discrepancies and yet, recent comparisons seem to converge toward a mean266

model response of up to about 2.5 % in ozone and 0.8 K in temperature267

during a typical solar cycle [2].268

Less than 0.01 % of the total irradiance comes from wavelengths below269

200 nm. This small contribution is mostly absorbed in the lowermost iono-270

sphere, where photodissociation affects the local composition and generates271

heat. Because this part of the solar spectrum is highly variable, it has a272

noticeable effect. On time scales of hours to days, solar flares, for example,273

can increase the electron density by orders of magnitude [48]. Long-term274

signatures of solar activity are also evident in many ionospheric parameters;275

the most conspicuous one is the 11-year solar cycle [34, 42]. The solar-cycle276

dependence of the height of constant plasma density in the lower ionosphere277

is attributed to the competing effects of a higher ionisation rate (resulting278

9
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in higher plasma density at a given fixed height) and increased atmospheric279

heating and upwelling (resulting in lower plasma density at the same height)280

at solar maximum as compared to solar minimum. A slow global cooling has281

also been observed [7], similar to that found in the meso- and stratosphere.282

This global cooling is most likely related to a contraction of the atmosphere283

due to an increasing concentration in greenhouse gases.284

We conclude at this stage that the photochemical and dynamical impacts285

of the solar UV component have a significant leverage on the stratosphere286

and on climate. According to the IPCC [19], this mechanism cannot explain287

the temperature increase observed during the 20th century; it would require288

an amplification that is not reproduced by present GCMs. Three important289

issues are: (i) to better understand the physical coupling mechanisms within290

the middle atmosphere and with the lower atmosphere; (ii) to include in291

GCMs which started in the lower atmosphere a proper description of the292

often overlooked upper atmosphere and in originally thermospheric CGMs293

a proper link to the lower atmosphere, and (iii) to improve the solar inputs294

to these models in order to obtain a better response of ozone concentration295

versus time and position.296

Concerning the last issue, we note that solar spectral irradiance obser-297

vations are highly fragmented and inaccurate. Indeed, such measurements298

must be carried out from space, where detectors suffer from degradation. An299

“overlap strategy” is frequently used, where successive satellite experiments300

are directly compared to improve their long-term accuracy. For the TSI,301

uncertainties of 1 part in 105 per annum can be obtained, whereas for the302

EUV-UV range, errors of more than 50 % unfortunately are not exceptional.303

The first continuous observations of the EUV-UV spectrum started in304

2002 with the TIMED mission [95], later complemented by SORCE. Because305

of this severe lack of radiometrically accurate observations, most users of306

UV data, including climate modellers, have resigned to using proxies. The307

radio flux at 10.7 cm (or f10.7 index, see Fig. 1) is often used in atmospheric308

studies, for it can be conveniently measured from ground. The MgII index309

[78] has been advocated as a better proxy for the UV, but none of these310

quantities can properly reproduce the spectral variability [16].311
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4 Orbital changes and solar diameter varia-312

tions313

Orbital changes, and variations in the solar diameter have very little in com-314

mon. Both, however, lead to a slow modulation of the solar irradiance that315

can be described in geometrical terms. In this sense, they fall under the pre-316

ceding section. Orbital changes are well understood [13] and are discussed317

in the chapter by D. Paillard (this volume).318

The evidence for a variability of the apparent solar diameter has on the319

contrary remained elusive. Ground and space observations yield relative am-320

plitudes of less than 0.06% over one cycle but do not agree [79]. The effect on321

climate is likely to be small, but cannot be ruled out. The upcoming Picard322

mission, which will be launched in 2010, precisely aims at measuring the323

solar diameter during the rising phase of the solar cycle with unprecedented324

accuracy.325

5 Solar impact on atmospheric electricity326

Atmospheric electricity is an old field of research but its role in the Sun–327

Earth coupling has recently attracted considerable interest and controversy.328

The effect of ions on the atmosphere is discussed in more detail by E. Blanc329

(this volume); here we concentrate on the role of the Sun only.330

5.1 Effect of the atmospheric current331

A minute current of ∼ 2 pA/m2 permanently flows down from the ionosphere332

through the troposphere to the terrestrial surface, generating charges that333

are capable of affecting the nucleation of water droplets to form clouds. This334

current responds to internal but also to solar forcings, providing a mecha-335

nism by which solar activity affects various atmospheric parameters such as336

cloud cover, temperature and precipitation [64, 81]. Tinsley [80] has shown337

that there are at least four indirect solar inputs which modulate the process:338

(i) variations in the galactic cosmic ray flux, mediated by solar activity (see339

Sec. 5.2); (ii) solar energetic particle fluxes that are occasionally generated340

by intense solar flares or CME associated shocks; (iii) relativistic electrons341

coming from the Earth’s radiation belts and (iv) polar cap ionospheric elec-342

tric potential changes (see Sec. 6). The latter two are mainly induced by343

geomagnetic activity driven by interplanetary perturbations.344

11
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Most of the mechanisms listed above occur erratically and on time scales345

of days and so their long-term impact is difficult to assess. Recent advances346

have been made in the study of transient luminous events (see the chapter by347

E. Blanc in this volume), which provide an unexpected energy link between348

the lower ionosphere and the upper troposphere.349

5.2 Effect of galactic cosmic rays350

During the active part of the 11-year solar cycle the solar magnetic field and351

its heliospheric extension, the IMF, are generally stronger and more turbulent352

than around solar minimum. A stronger IMF will more successfully guide353

and deflect interstellar protons than a weaker IMF, with the result that the354

solar cycle imposes an 11-year modulation on the flux of galactic cosmic rays355

(GCRs) reaching the Earth’s atmosphere. The contribution of cosmic rays356

to ion production in the atmosphere on short and long time scales is well357

established, see for instance the review by Bazilevskaya et al. [5]. At present358

at least three models in use describe this process: one developed in Oulu359

[84], another in Bern [15] and a third one in Sofia [88, 89]. A comparison of360

model simulations with balloon-borne ion density measurements has shown361

that models and measurements are in good agreement [87].362

Svensmark and co-workers [76, 77] promoted a mechanism in which an363

increased intensity of the GCR flux is, at least in part, responsible for an364

enhanced density of free ions and electrons in the troposphere. The free365

electrons, liberated by cosmic rays, assist in producing ionised aerosols which366

in turn should act as water vapour condensation nuclei in the troposphere.367

Tinsley and co-workers [81] suggested that a GCR flux modulation changes368

the aerosol ionisation which in turn changes the ice nucleation efficiency of369

the aerosol. In both cases, the net effect is an enhancement of the global low-370

altitude cloud coverage, a modification of the Earth albedo and eventually371

a modulation of the global tropospheric temperature in correlation with the372

11-year solar activity cycle. In short, it is suggested (e.g. [76]) that the cloud373

coverage is modulated by the solar cycle, at least at heights below some three374

kilometres.375

This view is cautioned by others. Sun and Bradley [75] cast doubt on the376

usefulness of the selection of data used by Svensmark and Friis-Christensen377

[77] and demonstrate that results become different if different analysis in-378

tervals are considered. They conclude that no solid observational evidence379

exists for the suggested GCR–cloud coverage relation. Harrison and Carslaw380

[30] and Usoskin [85] conclude that neither the GCR–cloud coverage link pro-381
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posed by Tinsley nor the one proposed by Svensmark can be excluded but382

find that some elements in the chains of both mechanisms remain contentious,383

and they doubt whether the processes are efficient enough to contribute sig-384

nificantly to a modulation of low cloud formation. Sloan and Wolfendale385

[72] estimate that on a solar cycle scale, less than 23% of the 11-year cycle386

change in the globally averaged cloud cover is due to the change in the rate387

of ionisation from the solar modulation of cosmic rays.388

The controversy is still going on, and the lack of accurate long-term obser-389

vations of cosmic ray intensity and especially global cloud coverage presently390

does not allow to accept or discard a potential influence of the GCR-cloud391

connection on long-term changes of the tropospheric mean temperature. The392

CLOUD experiment that is planned at CERN should help better quantify393

the cloud formation rate [76]. Experimental evidence gathered so far appears394

to suggest that on short time scales (a few days) and on interannual time395

scales a link between cosmic ray flux and low cloud coverage exists. The396

correlation between low cloud area coverage and cosmic ray induced ionisa-397

tion has been found to be dependent on latitude and geographic region. It398

is significantly positive at mid-latitudes but poor (and possibly negative) in399

the tropics [83, 59]. Depending on the time interval considered better cor-400

relations exists over the Atlantic (1983-2000) or over the Pacific (1983-1993)401

[59]. Europe and the North and South Atlantic exhibit the best correlation402

over the period 1984-2004 [86]. The pronounced regional variation of the403

correlation eventually results in a poor global correlation [83].404

Let us stress again that all solar variability is eventually driven by the405

solar magnetic field, and so it is difficult to quantify the real contribution of406

each mechanism. As an illustration, Lockwood et al. [52] found the open407

solar magnetic flux to increase during the 20th century. This results in an408

increased shielding against GCRs and possibly a reduced cloud coverage.409

The same open magnetic flux, however, is also strongly correlated with the410

TSI [49] and with the level of geomagnetic activity, both of which lead to a411

temperature change.412

6 Atmospheric convection under quiet solar413

conditions414

Under quiet solar conditions the transfer of energy from the Sun into the415

Earth’s atmosphere leads to the development of an electric current system416

(the solar quiet or Sq system) which consists of two components, one driven417
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by solar electromagnetic radiation (Sq0) and the other by the interaction418

between the solar wind and the geomagnetic field. Note that the influence of419

the geomagnetic field on the motion of charged particle is rather strong such420

that the electrons (which above some 70-80 km altitude are little affected by421

collisions and are the more important carriers of ionospheric electric currents)422

move preferentially perpendicular to both the electric and magnetic fields423

(known as Hall effect).424

Solar UV/EUV heating increases the scale height of the neutral con-425

stituents and causes their daytime upwelling, which is accompanied by a426

systematic neutral gas redistribution via tidal winds. The ionised part of427

the upper atmosphere between about 90 and 140 km altitude, dynamically428

strongly coupled to the neutral gas via collisions between ions and neutral429

atoms and molecules, expands and contracts with the neutral gas. As this430

motion takes place in the presence of the geomagnetic field the charged par-431

ticles experience a dynamo force and move along closed stream lines. They432

form the Sq0current system, which is significant between northern and south-433

ern auroral latitudes but practically negligible at polar cap latitudes. The434

corotation electric field (due to the frictional coupling of the neutral atmo-435

sphere to the Earth rotation) exercises a strong influence at low, middle436

and subauroral latitudes and imposes a systematic eastward shift on the Sq0
437

pattern.438

Seen from an observer at a fixed point in a Sun-Earth coordinate system,439

i.e., not rotating with the Earth (for instance, at rest in a geocentric solar440

magnetospheric [GSM] system), the solar wind together with the IMF create441

a ~vSW × ~BIMF electric field, usually termed “solar wind merging electric442

field” along the high-latitude magnetospheric boundary (with ~vSW and ~BIMF443

denoting the solar wind bulk speed and IMF vectors, respectively). The444

electric field maps down to the Earth’s atmosphere along geomagnetic field445

lines (which can be considered equipotential lines in the magnetosphere)446

and is observed as an electric field from dawn to dusk across the polar cap.447

This electric field, combined with the geomagnetic field (downward in the448

northern and upward in the southern polar cap) supports a Hall current from449

the nightside to the dayside across the polar cap, closed by return currents450

(known as auroral electrojets) at slightly lower but still auroral latitudes.451

Such return currents must flow in the ionosphere because the ionospheric452

Hall currents are divergence free. This is the second contribution to the Sq453

currents. The coupling of the atmosphere to the rotating Earth and the454

magnitude of the east-west component of the IMF modify the preferential455

orientation of the convection pattern in the sense that it may become more456
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or less shifted, mostly in westward but sometimes in eastward direction.457

Although the rate of solar radiation on the topside atmosphere depends458

solely on geographic latitude and longitude the Sq current system also de-459

pends on geomagnetic latitude and longitude, as a result of the ionospheric460

plasma density distribution. The latter is not only governed by charge pro-461

duction via UV and EUV radiation but also by the electric conductivity462

tensor, which depends on the orientation of the geomagnetic field vector.463

For instance, close to the geomagnetic equator the magnetic field is nearly464

horizontal. The only way to move electric charges across the geomagnetic465

field is along the equator as any vertical electric current would immediately466

be quenched by space charges accumulating at the lower and upper bound-467

aries of the ionosphere. This effect facilitates considerably the establishment468

of a narrow electric current strip in the dayside upper atmosphere along the469

geomagnetic equator (known as equatorial electrojet).470

The Sq current system is strongly dependent on season, with a remark-471

able increase in the summer and a decrease in the winter hemisphere. The Sq472

system further depends on the solar cycle; the somewhat higher average so-473

lar wind speed and the enhanced atmospheric ionisation due to more intense474

UV/EUV radiation and energetic particle precipitation increase the electri-475

cal conductivity and contribute to more intense ionospheric electric currents476

during the maximum and early declining phases of the solar cycle.477

Figure 4 (from [54]) shows the Sq current system generated by solar478

electromagnetic radiation alone (Sq0, right hand side) and the combined479

electromagnetic and solar wind generated Sq system (left hand side).480

7 The impact of solar activity on the Earth’s481

atmosphere482

The steady-state conditions representing the quiet Sun are not typical for483

the maximum and early declining phases of the solar cycle. The impact of484

short-term (transient) events on the Earth’s atmosphere can be profound485

[35]. Several types of eruptions are known to occur, with solar flares and486

coronal mass ejections (CMEs) being the most violent ones (as far as the487

effects on the Earth’s environment are concerned). Just as under quiet solar488

conditions both electromagnetic radiation and solar energetic particle fluxes489

play important roles for the state of the upper atmosphere under the various490

types of active solar conditions.491

Solar flares, a bursty type of energy release, radiate broad-band electro-492
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magnetic waves whose intensities are much higher than steady-state solar493

radiation. The rather strong X-ray component associated with flares pene-494

trates deep into the atmosphere and enhances the ionisation level between495

60 km and 90 km altitude. This has deleterious effects on HF radio wave496

propagation.497

Some solar flares and CMEs are accompanied by streams of very energetic498

protons (up to hundreds of MeV) ejected from the Sun and accelerated in499

the solar corona and beyond. Unlike the typical solar wind protons (≈ 1500

keV) these high-energy protons can penetrate into the outer magnetosphere501

nearly unhindered by the geomagnetic field (which normally shields the Earth502

environment from the direct entry of solar wind particles) and propagate503

along the field lines toward the Earth. Protons with energies up to 10 MeV504

ionise the polar atmosphere at altitudes significantly below 100 km, which505

facilitates considerably the absorption of HF radio waves propagating at polar506

latitudes (referred to as PCA – polar cap absorption). The flare-associated507

proton flux may last for several days which is the time it takes to bring the508

plasma density back to a normal level.509

A different category of solar activity, with less profound effects on the510

average, follows a recurrent pattern. At the boundary between low speed (≈511

400 km/s) and high speed (≈ 700 km/s) solar wind flow regimes one often512

observes a shock front that is produced by the high speed plasma pushing513

the low speed plasma. The flow regime boundary is fixed to the solar surface,514

rotates with the Sun and is likely to persist for longer than one solar rotation515

such that the associated solar wind structures show a tendency to hit the516

Earth’s space environment again after one solar rotation (approximately 27517

days).518

Figure 5 (from NOAA-NGDC) shows, among other parameters, solar X-519

ray and energetic particle fluxes observed at geostationary orbit during the520

geomagnetic storm on 14 July 2000 which became famous as the ”Bastille day521

storm”. On 14 July the X-ray fluxes in both channels reach X-class intensity522

which is considered severe by space scientists. While the X-ray flux returns to523

near pre-flare intensities after several hours the particle flux remains highly524

elevated for more than a day and moderately elevated for several days.525

Solar energetic particles can penetrate the Earth’s atmosphere down to526

stratospheric and even tropospheric heights. For instance, chemically in-527

duced changes in the abundance of nitric oxide constituents in the strato-528

sphere resulting from such fluxes were observed with the UARS satellite [33].529

In another case extremely energetic solar cosmic rays associated with the530

intense solar X-ray flare and CME of 20 January 2005 led to a substan-531

16



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

tial ground level enhancement and an increase of the aerosol density over532

Antarctica as inferred from the TOMS Aerosol Index [57].533

Auroral activity, triggered by the impact of solar activity on the Earth’s534

magnetosphere, is one of the various sources of atmospheric gravity waves.535

Gravity waves play a significant role in the momentum and energy budget of536

the mesosphere and lower thermosphere [22].537

Both electromagnetic radiation and charged particle precipitation into the538

atmosphere can lead to a modification of the neutral air density in the upper539

atmosphere. Excessive UV and EUV radiation associated with solar activity,540

and to a smaller extent keV particle precipitation and Joule heating (caused541

by the motion of the ionospheric plasma forced by strong electric fields) can542

heat the atmosphere at the altitudes of Low Earth Orbiting (LEO) satellites543

– between about 300 km and more than 1000 km above the ground – thereby544

increasing the neutral air density at a given height and eventually leading to545

increased satellite drag. At the lowest satellite altitudes (300-400 km) the546

air density can reach several times the value typical for quiet conditions.547

A connection between solar activity and the atmosphere that is specific548

to the Antarctic continent was proposed by Troshichev [82]. The solar wind549

merging electric field maps, via field-aligned currents, down to the atmo-550

sphere to establish a trans-polar cap electric potential whose changes can,551

via electric connection to the troposphere, influence the large-scale vertical552

circulation system that forms above the Antarctic continent in the winter sea-553

son. In this circulation system air masses descend above the central Antarctic554

ridge and ascend near the coast. If the vertical winds become very strong (for555

instance, as a result of field line merging at the magnetopause) they disturb556

the thermal equilibrium which results in an increased cloud coverage over557

Antarctica, and they disturb the large-scale horizontal wind system, thereby558

quenching the circumpolar wind vortex. Indirect evidence for this effect was559

inferred from regular meteorological observations made at Antarctic stations.560

8 Coupling of atmospheric layers561

The coupling between the ionised and neutral gas components of the upper562

atmosphere up to about 140 km is a two-way process. If electric field and563

neutral wind measured in an Earth-fixed reference frame are denoted by564

~E and ~u, respectively, the electric current density in the presence of the565

geomagnetic field, ~B0, is expressed as ~J =Σ ( ~E+~u× ~B0) with Σ denoting the566

electric conductivity tensor. An electric field (of external origin, for instance)567
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influences the ion velocity and, via collisional coupling, the neutral gas while568

the neutral wind (due to pressure, gravity and the Coriolis force, for instance)569

is equivalent to a ~u×~B0 electric field (in an Earth-fixed frame) and influences570

in return the ion and electron velocities. In other words, solar energy may571

be transferred from the electrically charged to the neutral component of572

the upper atmosphere via frictional heating while kinetic energy may be573

transferred from the neutral to the charged component via a neutral wind574

associated electric field.575

In addition to dynamic coupling between the neutral and electrically576

charged components of the ionosphere it has become evident that differ-577

ent atmospheric height regions are also coupled. Planetary waves are prime578

candidates for linking different altitudes [65]. They are large-scale oscilla-579

tions of the lower, middle and upper atmosphere with periods preferentially580

(but not exclusively) near 5, 10 and 16 days. In some cases planetary waves581

are generated in the lower atmosphere (troposphere and stratosphere) and582

propagate upward into the middle and upper atmosphere. In other cases583

they appear to have been generated in the middle atmosphere and propagate584

latitudinally.585

Goncharenko and Zhang [25] conclude that seasonal trend, solar flux and586

geomagnetic activity cannot account for temperature variations in the ther-587

mosphere which they had observed during an incoherent scatter radar cam-588

paign in Jan-Feb 2008. They suggest that the variations are associated with589

stratospheric warming and hence demonstrate a link between the lower and590

the upper atmosphere. Yiğit et al. [97] demonstrate the penetration of grav-591

ity waves and subsequent momentum deposition from the lower troposphere592

and stratosphere to the middle thermosphere.593

Supported by the observational evidence acquired over the years it be-594

came clear that kinetic and electromagnetic coupling between atmospheric595

layers exists, and the need for developing coupled atmosphere-thermosphere-596

ionosphere-plasmasphere models emerged. As a consequence, global circu-597

lation models (GCMs) of the terrestrial upper atmosphere have evolved.598

About a decade ago the time-dependent 3-dimensional Coupled Thermo-599

sphere Ionosphere Plasmasphere (CTIP) model was developed [56]. The600

CTIP model consists of three distinct components, a global thermosphere601

model, a high-latitude ionosphere model and a mid- and low-latitude iono-602

sphere/plasmasphere model.603

The Coupled Middle Atmosphere and Thermosphere model (CMAT) is604

one of the advanced models ultimately derived from the CTIP model. Its605

range of validity was originally extended down to 30 km altitude [29], and606
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a further improved version (CMAT2, [11]) extends from exospheric heights607

(from 104 km altitude for the ionospheric flux tubes) down to 15 km altitude.608

The extensions to CTIP mean that lower atmosphere dynamic effects such609

as gravity waves can be included, and conversely the effects of ionospheric610

inputs such as auroral precipitation on middle and lower atmosphere can be611

examined.612

A Thermosphere General Circulation Model (TGCM) family, developed613

at the National Center for Atmospheric Research by Richmond et al. [62]614

comprises three-dimensional, time-dependent modules representing the Earth’s615

neutral upper atmosphere. Recent models in the series include a self-consistent616

aeronomic scheme for the coupled Thermosphere/Ionosphere system, the617

Thermosphere Ionosphere Electrodynamic General Circulation Model (TIEGCM),618

and the TIME-GCM, which extends the lower boundary to 30 km and in-619

cludes the effects of the prevailing physical and chemical processes.620

Optical phenomena such as lightning-induced sprites, jets and elves and621

the electromagnetic fields associated with them have become a topic of in-622

tense study over the last decade. They are of too small a scale to be handled623

properly by global circulation and coupling models. This kind of electromag-624

netic activity is discussed in a companion chapter by E. Blanc.625

9 Conclusions626

Solar radiation is by far the most intense source of energy supplied to the627

terrestrial atmosphere, and there is a wealth of evidence in favour of the628

response of atmospheric parameters to solar variations. Most of the attention629

has focused so far on the sole variability of the total solar irradiance, which630

gives a simplistic view of the complexity of the solar driver. Indeed, solar631

variability manifests itself in a variety of different (but coupled) mechanisms;632

most of the underlying feedback mechanisms remain poorly known, which633

hampers the quantification of individual processes. For that reason, there634

has been and is still much debate about the real impact of solar variability635

on climate. According to the IPCC [19], over the last century this impact636

has most likely been small as compared to anthropogenic effects.637

There are several important working fronts as far as the Sun–Earth con-638

nection is concerned. Most GCMs whose development started in the lower639

atmosphere still largely ignore the upper part of the atmosphere on which640

solar variability has the largest impact. One obvious issue is therefore the up-641

ward extension of these models, and a better description of the mechanisms642
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by which the upper layers may couple to the stratosphere and eventually643

to the troposphere. This also involves a better understanding on how solar644

variability affects regional climate data. On the other hand, GCM models645

like the CITP which started from the thermosphere, face the challenge of646

an appropriate downward extension to the stratosphere (and eventually the647

troposphere).648

A second issue is the definition of reference spectral irradiance in the649

EUV and UV bands for different levels of solar activity. These bands have an650

important leverage of the middle atmosphere and the reconstruction of past651

levels is still lacking today. In all these reconstruction attempts, however,652

one should be careful against inbreeding of models.653

A third issue is the understanding of the microphysics associated with654

atmospheric electricity and in particular the quantitative role of ions and655

electrons for stimulating the production of water vapour condensation nuclei.656

All three issues involve a much closer interaction between the space and657

atmospheric communities, which is definitely the highest priority of all.658
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R. Bütikofer, G. A. Kovaltsov, Ionization of the Earths atmosphere by911

solar and galactic cosmic rays, Acta Geophysica 57 (2009) 88–101.912

[88] P. Velinov, M. Buchvarova, L. Mateev, H. Ruder, Determination of elec-913

tron production rates caused by cosmic ray particles in ionospheres of914

terrestrial planets, Adv. Space Res. 27 (2001), 1901–1908.915

[89] P. Velinov, A. Mishev Cosmic ray induced ionization in the atmosphere916

estimated with CORSIKA code simulations, C. R. Acad. Bulg. Sci. 60917

(5) (2001) 493–500.918

[90] G. J. M. Versteegh, Solar Forcing of Climate. 2: Evidence from the Past,919

Space Science Reviews 120 (2005) 243–286.920

[91] Y.-M. Wang, J. L. Lean, N. R. Sheeley, Jr., Modeling the Sun’s magnetic921

field and irradiance since 1713, Astrophysical Journal 625 (2005) 522–922

538.923

28



 1 
 2 
 3 
 4 
 5 
 6 
 7 
 8 
 9 
10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 
38 
39 
40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 
55 
56 
57 
58 
59 
60 
61 
62 
63 
64 
65 

[92] W. B. White, J. Lean, D. R. Cayan, M. D. Dettinger, Response of924

global upper ocean temperature to changing solar irradiance, Journal of925

Geophysical Research 102 (1997) 3255–3266.926

[93] J. M. Wilcox, P. H. Scherrer, L. Svalgaard, W. O. Roberts, R. H. Olson,927

R. L. Jenne, Influence of solar magnetic sector structure on terrestrial928

atmospheric vorticity., Journal of Atmospheric Sciences 31 (1974) 581–929

588.930

[94] R. C. Willson, A. V. Mordvinov, Secular total solar irradiance trend931

during solar cycles 21-23, Geophysical Research Letters 30 (2003) 1199.932

[95] T. N. Woods, F. G. Eparvier, S. M. Bailey, P. C. Chamberlin, J. Lean,933

G. J. Rottman, S. C. Solomon, W. K. Tobiska, D. L. Woodraska, Solar934

EUV Experiment (SEE): Mission overview and first results, Journal of935

Geophysical Research 110 (2005) 1312–1336.936

[96] T. N. Woods, F. G. Eparvier, J. Fontenla, J. Harder, G. Kopp, W. E.937

McClintock, G. Rottman, B. Smiley, M. Snow, Solar irradiance variabil-938

ity during the October 2003 solar storm period, Geophysical Research939

Letters 31 (2004) L10802.940
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Figure 1: Relative variation (in %) of some of the key solar-terrestrial pa-
rameters. The left plots shows three decades of observations, with monthly
averaged data and the right plot a one-year excerpt with hourly or daily
observations. From top to bottom: Soft X-ray flux (from GOES/SEM), irra-
diance in the EUV (Lyman-α line composite from LASP, Boulder), irradiance
in the UV (MgII index from NOAA), Total Solar Irradiance (TSI composite
from PMOD-WRC, Davos), radio flux at 10.7 cm (from Penticton Observa-
tory), sunspot number (ISN, from SIDC, Brussels), intensity of the magnetic
field in the solar wind (|B|, from OMNIWeb), proton density in the solar
wind (np, from OMNIWeb), aa geomagnetic index (from ISGI, Paris) and
neutron flux at mid-latitude (φn, from SPIDR). All quantities are normalised
with respect to their time-average. Some of the vertical scales differ between
the two plots.
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Figure 2: Comparison of three composites of the total solar irradiance, av-
eraged over 81 days. The composites are: PMOD version d41-61-0807 [23],
ACRIM version 11/08 [94], and SARR version 3/08 [55]. For better visibil-
ity, all curves have been shifted vertically to share the same average value
for 1986-1987.
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Figure 3: From top to bottom: the solar irradiance spectrum with (dashed) a
black-body model at 5770 K, the altitude at which the UV and EUV compo-
nents are predominantly absorbed (unit optical depth), the relative and abso-
lute variability of the irradiance from solar maximum to solar minimum. All
these results refer to the [Oct. 2003–Jan. 2009] time span. This plot is based
on observations from SORCE/XPS, TIMED/EGS, SORCE/SOLSTICE and
SORCE/SIM.
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Figure 4: Ionospheric Sq current system as inferred from ground-based mag-
netometer observations at 40 sites over the period May-June 1965. Right
hand side: tidal currents only, left-hand side: combined tidal and polar cap
currents. Current intensity between adjacent lines is 10 kA counterclockwise
(solid) and clockwise (dotted) (from [54]).
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Figure 5: Observations by the SEM instrument onboard GOES-10 during
the Bastille day storm. Top panel: X-ray intensity in the 0.05-0.3 nm (XL)
and 0.1-0.8 nm (XS) bands. Second panel: Energetic particle flux intensity.
Protons >1 MeV (I1), >5 MeV (I2), >10 MeV (I3), >30 MeV (I4), >50 MeV
(I5), >60 MeV (I6), >100 MeV (I7), electrons >2 MeV (E1 – mostly no data),
α particles 150-250 MeV (A5), 300-500 MeV (A6). Third panel: magnetic
field perpendicular to GOES orbital plane (i.e., practically in geographic
northward direction). Fourth panel: neutron flux from the McMurdo neutron
monitor in the Antarctic. Note the ground level enhancement at 11 UT on
14 July and the Forbush decrease (deepest in early morning of 16 July).
Open and closed triangles mark the position of GOES-10 at local noon and
midnight, respectively. [Figure generated by NOAA’s National Geophysical
Data Center]
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Reply to the referee’s report on the manuscript

Solar forcing of the terrestrial atmosphere

T. Dudok de Wit and J. Watermann

April 22, 2009

We gratefully thank the referee for his numerous helpful comments. All of them have been taken

into account in the second version of the article. Below follows a detailed response to each comment.

1. The authors may want to cite a review of an indirect cosmic ray -¿ atmosphere link, published
recently in the same journal (Usoskin & Kovaltsov, CR Geosci., 340, 411, 2008), e.g., on
page 2.

done

2. Page 2, line 23: energy of eruptive phenomena (e.g., CME) can be also listed.

done

3. line 54: ”in the frame OF space weather”. Here the authors may refer also to a concept of
Space Climate (Mursula, K., et al., J. Adv. Space Res., 40, 885, 2007)

done

4. Page 4: The authors are requested to cite exact sources of the data shown in Fig.1

they are now briefly cited in the legend

5. line 85-86: It is incorrect that ISN provides daily measurements since 1749. In fact the
ISN/WSN data series includes heavy interpolations between sparse actual observations before
1849. Moreover, the WSN series is recommended to be substituted by GSN for earlier times
(Hathaway & Wilson, Solar Phys., 2004; Usoskin & Mursula, Solar Phys., 2003). However,
this is not important for the present study, and it is enough to simply remove the confusing
statement on daily measurements.

We agree, the shortcut was too short. The sentence now says almost daily.

6. line 97: ”neutron flux” -¿ ”atmospheric neutron flux”

done

7. line 193-195. This discussion is confusing (see also comment 5 above). The authors are ad-
vised either to remove it or to make a more detailed study of the topic. ISN/WSN was NOT
continuously measured during 1749-1849. Moreover, GSN contains more original observa-
tions than ISN and is more accurate and homogeneous. On the other hand, this discussion
is not relevant for the topic of this review and can be easily omitted.

We removed this paragraph since these aspects of the sunspot number reconstruction are

beyond the scope of this article.

8. Line 218: ”reservoir of data remains unaffected”. This is not correct. Several groups world-
wide keep working hard (including field work) increasing the proxy database, which is ex-
panding both spatially (becoming more even) and temporally (covering longer time intervals).
Most recent achievements are, e.g., CALS7k model (Korte & Constable, Geochem. Geo-
phys. Geosyst. 6, Q02H16, 2006) and ArcheoInt model (Genevey et al., Geochem. Geophys.
Geosyst. 9, Q04038, 2008).

1

* Detailed Response to Reviewers / Réponse aux lecteurs



There was probably a misunderstanding here and this sentence has now been removed from

the text. What we meant to say is that the quantity and the quality of results drawn from

radionuclide data can only improve with time, in contrast to historic records of sunspot

observations.

9. Line 266: ”concentration” of what?

corrected

10. Line 267: ”no ... cannot” - please revise.

corrected

11. Line 299: remove ”a” after ”(i)”

corrected

12. Line 346: ”solar flares OR CMEs”

corrected

13. Line 347: ”the the Earth” -¿ ”from the Earth”

corrected

14. Section 5.2. The authors may want to read a recent review (Bazilevskaya et al., Space Sci.
Rev., 137, 149, 2008) for cosmic ray effect in the atmosphere.

done

15. Line 360: ”electrons” can be omitted, they are negligible compared to protons.

corrected

16. Line 363: References are needed here.

a full paragraph with references has been added

17. Section 5.2 mostly discusses the global cloud coverage. However, as shown independently by
(Marsh & Swensmark, PRL, 107, 317, 2003; Usoskin et al., GRL, 31, L16109, 2004; Palle
et al., JASTP, 66, 1779, 2004) a statistically significant link between CR and clouds can exist
only in some well-defined geographical areas, while the global link does not exist. This ought
to be briefly discussed here.

a paragraph has been added. However, the article by Marsh & Svensmark was not cited since

it has a large overlap with other references in the text.

18. Line 401: ”. . .” ???

corrected

19. line 460: ”Some solar flares AND CMEs are accompanied ..”

done

20. throughout the paper: ”Bastille storm” -¿ ”Bastille day storm”

done

21. In Section 7, the authors may consider to discuss a recent result by Mironova et al. (GRL,
35, L18610, 2008) - a first case study to show that SEP flux from a severe event of January
2005 led to enhanced aerosol production in Antarctic.

added

22. Style of references needs to be verified. E.g., ”-+” in the end of ref. [86] (and other similar)
should be avoided. Please note that AGU journal use not pagination but article ID.

corrected
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23. Fig.2: some curves have been shifted for better visibility - which ones?

Actually all except for the PMOD curve have been shifted. This is now mentioned in the

legend. What really matters, however, is the relative variability.

24. Fig.4: what period of time is shown?

this is now mentioned in the legend

25. page 32, line 41: ”trapped particles” -¿ ”energetic particles”

corrected

26. page 32, line 47: ”McMurdo NEUTRON monitor”

corrected
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