
Atmospheric and Ice Core Chemistry of
Hydroperoxides in West Antarctica: Links to
Stratospheric Ozone and Climate Variability

Item Type text; Electronic Dissertation

Authors Frey, Markus Michael

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 20:22:20

Link to Item http://hdl.handle.net/10150/195824

http://hdl.handle.net/10150/195824


  1 

ATMOSPHERIC AND ICE CORE CHEMISTRY OF HYDROPEROXIDES  

IN WEST ANTARCTICA: 

LINKS TO STRATOSPHERIC OZONE AND CLIMATE VARIABILITY 

 

by 

Markus Michael Frey 

 

 

___________________________________ 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF HYDROLOGY AND WATER RESOURCES 

In Partial Fulfillment of the Requirements 

For the Degree of 

 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN HYDROLOGY 

 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2005 



  2 

THE UNIVERSITY OF ARIZONA 
GRADUATE COLLEGE 

 
As members of the Dissertation Committee, we certify that we have read the dissertation  
 
prepared by    Markus Michael Frey 
 
entitled  ‘Atmospheric and Ice Core Chemistry of Hydroperoxides in West Antarctica: 

Links to Stratospheric Ozone and Climate Variability’ 
 
and recommend that it be accepted as fulfilling the dissertation requirement for the  
 
Degree of Doctor of Philosophy 
 
 
_______________________________________________________________________ Date: Nov-4-2005 
Roger C. Bales    
 
_______________________________________________________________________ Date: Nov-4-2005  
Thomas Meixner    
    
_______________________________________________________________________ Date: Nov-4-2005 
Joseph R. McConnell    
 
_______________________________________________________________________ Date: Nov-4-2005 
Eric Betterton    
    
_______________________________________________________________________ Date: Nov-4-2005 
Xubin Zeng    
    
 
Final approval and acceptance of this dissertation is contingent upon the candidate’s submission 
of the final copies of the dissertation to the Graduate College.   
 
I hereby certify that I have read this dissertation prepared under my direction and recommend that 
it be accepted as fulfilling the dissertation requirement. 
 
 
________________________________________________ Date: Nov-4-2005 
Dissertation Co-Director:  Roger C. Bales 
 
________________________________________________ Date: Nov-4-2005 
Dissertation Co-Director:  Thomas Meixner 



  3 

STATEMENT BY AUTHOR 

 

 

This dissertation has been submitted in partial fulfillment of requirements for an 

advanced degree at The University of Arizona and is deposited in the University Library 

to be made available to borrowers under rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, 

provided that special acknowledgment of source is made. Requests for permission for 

extended quotation from or reproduction of this manuscript in whole or in part may be 

granted by the head of the major department or the Dean of the Graduate College when in 

his or her judgment the proposed use of the material is in the interests of scholarship. In 

all other instances, however, permission must be obtained from the author. 

 

 

 

     SIGNED:      Markus M. Frey           

 

 

 

 



  4 

ACKNOWLEDGEMENTS 

 

This work was supported by the National Science Foundation’s Office of Polar 
Programs (OPP-9814810, OPP-9811875, OPP-9903744, OPP-9904294, OPP-0216552). 
Ozone measurements on the U.S. ITASE traverse were made possible by collaboration 
with the NOAA Climate Monitoring and Diagnostics Laboratory (Boulder, CO) through 
S. Oltmans and B. Johnson. Collaboration with R.W. Stewart at the Atmospheric 
Chemistry and Dynamics Branch of NASA’s Goddard Space Flight Center (GSFC) 
allowed to conduct the photochemical modeling necessary to interpret the atmospheric 
chemistry measurements. Logistics, field support and sample transport provided by 
Ratheon Polar Services and the U.S. ITASE field team were indispensable to this study 
and very much appreciated. E. Youngman has been an invaluable help in field 
experiments and sample analysis during ITASE 2002-03. Without the assistance of D. 
Belle-Oudry, R. Banta and D. Solter-Goss in the ice core analysis processing of this large 
amount of core samples would not have been possible. D. Bell-Oudry has been also a 
great help in preparing Antarctic field seasons and performing HPLC analysis on the 
DNPH cartridge samples. Fieldwork and the continued scientific exchange during 
conferences and workshops with the U.S. ITASE team was an excellent experience in 
interdisciplinary collaboration and very benificial to this work. J.R. McConnell, M. 
Hutterli and H.W. Jacobi contributed greatly throughout this dissertation with 
discussions, exchange of ideas and comments on manuscripts. Suggestions from my 
committee members T. Meixner, E. Betterton and X. Zeng helped improve the final 
version of the dissertation and provided valuable input for future research. I thank my 
advisor R. Bales for his continuous support and advice over the past years. The 
independence granted in conducting the research in Antarctica and continued feedback 
during the process towards a publication-ready manuscript were very much appreciated. 
Finally, I would like to thank for the moral support I received from my family and my 
friends, here in the U.S. and back in Europe. 



  5 

DEDICATION 

 

 

For scientific discovery give me Scott, 

For speed and efficiency give me Amundsen, 

But when disaster strikes,  

Get down on your knees and pray for Shackleton. 

 

After Sir Raymond Priestley, 
Member of the 1907-09 Nimrod Expedition. 

 

 

It is a mistake to think  

you can solve any major problem just with potatoes. 

 

Douglas Adams, 
English humorist & science fiction novelist (1952 - 2001). 

 

 

 

 

This dissertation is dedicated to my family and friends. 

 

 

 



  6 

TABLE OF CONTENTS 

 

LIST OF FIGURES ......................................................................................................................... 8 
LIST OF TABLES......................................................................................................................... 16 
ABSTRACT................................................................................................................................... 17 
1. INTRODUCTION ..................................................................................................................... 19 

1.1 Scope of research ................................................................................................................. 19 
1.2 Context of Research............................................................................................................. 20 

2. PRESENT STUDY.................................................................................................................... 29 
2.1 Summary of Paper No.1: Atmospheric hydroperoxides in West Antarctica: links to 

stratospheric ozone and atmospheric oxidation capacity ........................................................... 29 
2.2 Summary of Paper No.2: Climate sensitivity of the century-scale hydrogen peroxide (H2O2) 

record preserved in 23 ice cores from West Antarctica ............................................................. 34 
2.3 Summary of Paper No.3: Comparison of annual accumulation rates from ice cores and 

ERA-40 Reanalysis in West Antarctica, 1958-2001.................................................................. 37 
2.4 Synthesis and Implications of Important Findings .............................................................. 39 

3. REFERENCES .......................................................................................................................... 47 
APPENDIX A. Atmospheric hydroperoxides in West Antarctica: links to stratospheric ozone and 

atmospheric oxidation capacity...................................................................................................... 52 
1. Introduction............................................................................................................................ 56 
2. Methods ................................................................................................................................. 58 
3. Results.................................................................................................................................... 61 
4. Discussion.............................................................................................................................. 64 
5. Conclusions............................................................................................................................ 75 
References.................................................................................................................................. 78 
Tables......................................................................................................................................... 86 
Figures ....................................................................................................................................... 89 
Addendum. On the collection efficiency of coil scrubbers...................................................... 101 
References................................................................................................................................ 104 



  7 

TABLE OF CONTENTS - Continued 

 

Figures ..................................................................................................................................... 105 
APPENDIX B. Climate sensitivity of the century-scale hydrogen peroxide (H2O2) record 

preserved in 23 ice cores from West Antarctica .......................................................................... 106 
1. Introduction.......................................................................................................................... 109 
2. Methods ............................................................................................................................... 111 
3. Results.................................................................................................................................. 115 
4. Discussion............................................................................................................................ 118 
5. Conclusions.......................................................................................................................... 128 
References................................................................................................................................ 131 
Tables....................................................................................................................................... 139 
Figures ..................................................................................................................................... 143 

APPENDIX C. Comparison of annual accumulation rates from ice cores and ERA-40 Reanalysis 

in West Antarctica, 1958-2001 .................................................................................................... 155 
1. Introduction.......................................................................................................................... 158 
2. Methods ............................................................................................................................... 159 
3. Results.................................................................................................................................. 160 
4. Discussion............................................................................................................................ 160 
5. Conclusions.......................................................................................................................... 163 
References................................................................................................................................ 164 
Tables....................................................................................................................................... 166 
Figures ..................................................................................................................................... 168 

 

 
 



  8 

LIST OF FIGURES 
 
Figure 1.1. Simplified chemistry scheme of the remote troposphere above snow surfaces. 

Levels of chemical species shaded in grey (NO, H2O2, HCHO) are not only 
determined by chemical production and loss but also by heterogeneous sources 
and sinks in the upper snow pack. ........................................................................ 27 

Figure 1.2. Measured absorption cross sections of various key chemical species of the 
background atmosphere are shown as a function of wavelength. Available 
experimental values determined at temperatures closest to the environmental 
conditions above the Antarctic Ice sheet were chosen: H2O2 [Molina et al., 1977], 
CH3OOH [Vaghjiani and Ravishankara, 1989], O3 [Nölle et al., 1998], HCHO 
[Cantrell et al., 1990] and NO2 [Harwood and Jones, 1994]. The data sets of the 
latter two did not include values < 300 nm. Note that this graph is for illustration 
only and absorption cross sections actually used in the photochemical box model 
were based on the data compilation by DeMore et al., [1997]. ............................ 28 

Figure 2.1. This graph shows 24-hr averages of atmospheric acetone (CH COCH ) in 
ambient (a) and firn interstitial (b) air; they were measured at many U.S. ITASE 
locations using the DNPH-cartridge method. Ratios between firn and ambient air 
(c) are shown, where simultaneous 24-hr measurements were available; note that 
during ITASE2002-03 many results from ambient air had to be discarded due to 
malfunction of a mass flow controller.

3 3

................................................................. 45

Figure 2.2. 20th century trends of H2O2 concentrations in firn and ice at 22 ice core 
locations on the West Antarctic Ice Sheet were determined from a 3rd order 
polynomial fit to annual averages. The zero line represents the 1900-50 mean 
H2O2 concentration. .............................................................................................. 46 

Figure A.1. WAIS map (based on Antarctic Digital Data Base v4.1 
http://www.add.scar.org/) overlying the RAMP DEM [Liu, et al., 2001] showing 
traverse routes of the US component of the International Transantarctic Scientific 
Expedition (US ITASE; details of the multi-disciplinary expedition at 
http://www.ume.maine.edu/USITASE/) in 2000-2002 and the 21 locations of 
atmospheric chemistry observations. .................................................................... 89 

Figure A.2. Schematic of 2-channel peroxide detector employed on ITASE; shown are air 
pumps (P), actuated injection valve (V), excitation source (Ex) and photo-
multiplier tubes (PMT1 & 2). ............................................................................... 90 

 



  9 

LIST OF FIGURES - Continued 
 

Figure A.3. Mixing ratios of H2O2 (black symbols) and CH3OOH (grey symbols) from 3 
ITASE seasons observed during the month of December in 2000 (a.), 2001 (b.) 
and 2002 (c.). H2O2 is reported as 10 min averages, while the plotted MHP data 
represent single chromatograms, each one of them representing a ~5 min average 
of sampled air. Note that as the season progressed the measurement location 
changed as well, as indicated by the site index attached to each group of data. 
Data gaps are time periods when the ground traverse was in transition to a 
different site and no measurements were done. .................................................... 91 

Figure A.4. Site averages of atmospheric mixing ratios of H2O2 (a) and MHP (b) and 
ratios of MHP to total peroxide (c) as a function of latitude. Symbols are means 
with error bars indicating one standard deviation and shaded areas the full range 
of measurements. .................................................................................................. 92 

Figure A.5. Estimates of H2O2 fluxes based on measured gradients between ambient and 
firn interstitial air are plotted as a function of latitude. Bars represent the mean 
and error bars 1 σ uncertainty. Note that at site 01-5 and 02-4 two sets of 
measurements are shown. ..................................................................................... 93 

Figure A.6. Comparisons between observations and photochemical box model estimates 
of atmospheric H2O2, MHP and HCHO mixing ratios for Byrd (a-c) and South 
Pole (e-g). Calculated NO background values are plotted as well for both sites 
(d,h). Various model scenarios include: 1) a base case with standard reaction rates 
and no heterogeneous fluxes for ROOH and HCHO (grey lines) and 2) multiple 
runs with reaction rates optimized for MHP production, emission fluxes of H2O2 
and HCHO included and the NO source set for different backgrounds in 
December (blue and red lines). Black symbols are observed mean concentrations 
at each site with error bars indicating the 1σ uncertainty range, while symbols in 
grey represent 10 min averages of measured H2O2 and MHP. No DNPH results 
were available from South Pole, instead one 24 hr run from site 02-5 was used for 
comparison with no uncertainty range (g). ........................................................... 94 

 

 

 

 



  10 

LIST OF FIGURES--Continued 
 

Figure A.7. Correlation plots of observed and calculated environmental parameters on 
ITASE: a. air temperature vs. elevation with the black line illustrating the linear 
trend (slope –8.45 K/m, r2 = 0.67), b. observed specific humidity qv (symbols and 
error bars correspond to median, 25th and 75th percentile of each bin) vs. air 
temperature. Also shown is potential qv at RH=100% (25th and 75th percentile as 
grey lines), c. wind speed vs. latitude and d. surface ozone vs. latitude. Symbols 
and error bars in a., c. and d. represent mean and 1σ uncertainty at each site and 
individual field seasons are color coded: ITASE 2000 (blue), ITASE 2001 (black) 
and ITASE 2002 (red). All meteorological and surface ozone data used are 10 min 
averages from December/January of the respective year (note that neither 
humidity nor surface ozone were measured in 2000). .......................................... 95 

Figure A.8. Panels a-c show daily ozone column densities from TOMS during each field 
season above the location of the ITASE traverse on the same dates. Panels d-f 
show calculated surface UV-B (280-315 nm), where the black line represents 
daily means and the area shaded in grey illustrates the amplitude between solar 
noon and midnight; surface UV-B radiation was also calculated for ozone column 
densities fixed at a constant 290 DU (dotted black line). ..................................... 96 

Figure A.9. Correlation plots of binned ROOH observations: (a./.e) H2O2/MHP vs. 
specific humidity qv, (b./f.) H2O2/MHP vs. calculated surface UV-B radiation 
(280-315 nm), (c./g.) H2O2/MHP vs. surface ozone and (d./h.) H2O2/MHP vs. 
wind speed. Symbols and error bars represent median values and inner quartiles 
(25th and 75th percentiles). All data used are 10 min averages in December 2001, 
2002 and early January 2003 (wind speed and UV-B correlation plots contain also 
December 2000 data). ........................................................................................... 97 

Figure A.10. Spatial distributions of total ozone above Antarctica are compared between 
December 2000 (Panel a.), 2001 (Panel b.) and 2002 (Panel c.). Images show data 
recovered by the Earth Probe TOMS instrument 
(http://toms.gsfc.nasa.gov/ozone). White areas represent data gaps..................... 98 

 

 

 

 



  11 

LIST OF FIGURES--Continued 
 

Figure A.11. Atmospheric H2O2 and related parameters are shown from 2000, 2001 and 
2002, each column representing one season of measurements. Areas shaded in 
grey highlight the comparison period November-27 - December-12 (Table 3). In 
row 1 daily column densities of ozone are plotted against time (grey symbols 
represent Byrd, while the black symbols take into account the current position of 
the ITASE traverse on the ice sheet). The second row shows 10 minute (grey 
symbols) and 24 hour averages (black symbols) of observed H2O2. Plotted are 
also simulated H2O2 mixing ratios in 2001 and 2002 from the optimized fit to 
observations at Byrd in 2002 (black line). The third row illustrates the variability 
of specific humidity (10 minute and 24 hr averages plotted as grey and black 
symbols, respectively; no data available from 2000). Calculated daily averages of 
photolysis rates for O3 (black symbols) and H2O2 (grey symbols) are shown in the 
fourth row, and surface O3 measurements from ITASE2001 and 2002 are plotted 
in the fifth row. ..................................................................................................... 99 

Figure A.12. Sensitivities of calculated H2O2, CH3OOH and HCHO to increasing NO 
background levels are shown for a. Byrd (29.11.02-7.12.02) and b. South Pole 
(2.01.03-5.01.03). Symbols represent output of individual box model runs for 
H2O2 (circles), MHP (grey triangles) and HCHO (squares). Observation ranges, 
defined as the mean plus and minus 1σ, are shown as shaded areas with solid, 
broken and dotted border lines for H2O2, CH3OOH and HCHO respectively. Note 
that at South Pole only one data point for HCHO is available (see text). Panels c. 
and d. illustrate the relationship across the same model runs between calculated 
NO and OH radical concentrations at Byrd and South Pole. .............................. 100 

Figure A.13. Collection efficiencies (CE) of MHP in a glass coil scrubber measured at 
5.8 °C (black symbols) and at 13.0 °C (grey symbols) at 926 mbar ambient 
pressure are compared to CE predicted by Henry’s Law (solid black and grey 
lines for 5.8 °C and 13.0 °C, respectively) and a kinetic theory (dashed line; see 
details in the text). Error bars represent 1 σ and CE is plotted as a function of coil 
scrubber length (a), coil pressure (b) and coil temperature (c). The dotted line in 
(c) is Henry’s Law prediction at a coil pressure of 600 mbar............................. 105 

 

 

 



  12 

LIST OF FIGURES--Continued 
 

Figure B.1. Map of the West Antarctic Ice Sheet (WAIS) showing U.S. ITASE traverse 
routes 1999-2002 and ice core locations (symbols with identifiers; see also Table 
1) in West Antarctica and at the South Pole. Core sites were grouped according to 
annual accumulation rate and temperature. Group 1 - Ross Ice Drainage System 
(00-1, 00-4, 00-5, 00-6, 00-7, 02-1, 99-1, RIDS-A, RIDS-B, RIDS-C, Siple 
Dome) with an accumulation rate of 17±4 (range 10-25) cm yr-1 and annual mean 
temperature of –28.1 ºC. Group 2 – Amundsen Sea Drainage System (00-2, 00-3, 
01-1, 01-2, 01-3, 01-4, 01-5, 01-6, Siple Station, including also 02-2) with an 
accumulation rate of 38±5 (range 33-50) cm yr-1 and annual mean temperature of 
–26.8 ºC. Group 3 – East Antarctic Plateau (02-3, 02-4 or ‘Hercules Dome’, 02-5 
and South Pole) with an accumulation rate of 11±4 (range 7-15) cm yr-1 and 
annual mean temperature of –45.2 ºC................................................................. 143 

Figure B.2. The seasonal signature of various chemical parameters and annual picks 
(black vertical lines) at different coring sites and core sections are plotted here 
against depth. Panels a. and b.: At the low accumulation site 00-5 only Cl- shows 
clear seasonal maxima throughout the whole core, while NO3

- exhibits increasing 
ambiguity at depth (‘missing’ years vertical dotted lines). EC spikes at 43.0 m and 
44.2 m depth (b. bottom panel) are tied to Tambora (1815) and an ‘unknown 
eruption’ (1808/09). Panels c. and d.: At 01-4, representative for a high 
accumulation site, seasonal H2O2 is preserved to the bottom of the core and up to 
5 seasonal markers are available for dating; note that the CFA-ICP method yields 
concentrations of total Na, Mg and Ca. .............................................................. 144 

Figure B.3. Frequency distribution of deposition timing for sea salt species (Na+, Ca2+, 
Mg2+ or Cl-) and nitrate based on depth-age scales independently determined from 
H2O2 winter minima. Cores from sites 00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-6 
and 02-2 were included. Note that in the case of multiple NO3

- peaks per year the 
summer pick was based on the sequence of other available markers. ................ 145 

Figure B.4. New century-scale records of H2O2 concentrations in 23 ice cores from West 
Antarctica are shown at sub-annual resolution (48 samples yr-1, shaded in grey) 
superimposed with a 2nd order 5-yr box car filter of the annual averages (thick 
black line), which included also snow pit data. Numbers in parentheses next to the 
location identifier (Figure 1) are 50-yr mean values of H2O2 in ppbw from 1911 to 
1960; note that at RIDS-C no data from 1922 to 1995 (top 17 m) are available 
(see text).............................................................................................................. 146 

 



  13 

LIST OF FIGURES--Continued 
 

Figure B.5. Panel a. illustrates the relationship between recently deposited H2O2 (top-
year) and mean site temperature; the average H2O2 for the most recent year was 
determined from snow pits or shallow cores analyzed in the field and includes 
concentrations from the time of sampling (usually December) back to the 
previous winter minimum (June). Panel b. shows the fraction of H2O2 preserved at 
depth as a function of accumulation rate; the fraction is computed as the ratio 
between the 1911-60 average and the top-year H2O2 concentration. Note that the 
decrease in concentration with depth includes contributions from both post-
depositional exchange and recent atmospheric trends. Values of Pearson’s r refer 
to the linear regressions shown as black lines. Elevated H2O2 at the snow surface 
from recent deposition events does influence the average of the top half year 
depending on how far from equilibrium these samples were at the time of 
sampling.............................................................................................................. 147 

Figure B.6. The spatial variability of H O  preservation across the West Antarctic Ice 
Sheet (WAIS) is shown by mapping the 1911-1960 averages of absolute 
concentrations at each core site (circular symbols). Site identifiers are given in 
Figure 1. Note that at site 99-2 and Siple Dome most H O  is lost in the surface-
near layers and the highest H O  are observed at 02-2. The WAIS map was 
obtained from the Antarctic Digital Data Base v4.1 (http://www.add.scar.org/) 
and is overlying the RAMP DEM [Liu et al., 2001].

2 2

2 2

2 2

.......................................... 148 

Figure B.7. Annual mean H2O2 concentrations from ice core measurements only are 
shown as a function of annual accumulation rate. All years from all core sites 
(grey symbols; see Table 1) are included and also the 1911-1960 results from core 
sites grouped into 3 categories (colored symbols) based on annual accumulation 
rate and temperature (see Figure 1 and text). Note that annual data from, 01-6, 02-
5, and Siple Station are not shown, since well-dated H2O2 and accumulation data 
are not available for the 1911-1960 period and 99-2 and Siple Dome are omitted 
due to H2O2 levels at or below the LOD. ............................................................ 149 

Figure B.8. Observed 50-yr averages of H2O2 from 1911 to 1960 are shown as a function 
of accumulation rate from the same period (a) and annual mean temperature (b). 
The response surface of the 2-parameter semi-empirical model fitted to Antarctic 
data is shown in (c), with symbols representing calculated H2O2 at the respective 
core sites. Data from Siple Dome [Kreutz et al., 1999], 99-2 (Table 1) and Siple 
Station [Sigg and Neftel, 1988] are also included in (a)-(c). Error bars in (a) and 
(b) represent the 1σ uncertainty. Solid lines in (a)-(c) illustrate model predictions 
with one parameter held constant at the value shown......................................... 151 



  14 

LIST OF FIGURES--Continued 
 

Figure B.9. Interannual variabilities of accumulation rate and H2O2 were computed as 1-σ 
of the detrended annual data from 1911-60 and are shown as a function of the 
mean (a,b) and 1-σ (c) of accumulation rates during the same period; sites 01-6, 
02-5 and RIDS-C are not included due to lack of data for the full averaging 
interval. Note that the largest variability in H2O2 concentrations with 1-σ >12 
ppbw is observed at 02-4, 02-3 and 02-2 (b,c). .................................................. 152 

Figure B.10. The spatial pattern of the leading EOF (EOF1) from annual accumulation 
rates (a) and annual H2O2 concentrations (b) is shown as a covariance map 
displaying amplitudes in the original time series in cm yr-1 and ppbw associated 
with one standard deviation of the respective principal component (PC1) depicted 
in Figure 11. Note that 14.2 % (16.1 %) of the total variance present in the 20-
dimensional system of accumulation (H2O2) records is explained by the EOF1. 
Colored symbols mark the ice core locations included in the analysis with 
identifiers given in Figure 1 ; small black dots indicate the remaining locations. 
The dashed black line represents the approximate location of the ice divide..... 153 

Figure B.11. Panel a. (b.) illustrates interannual variability in the PC1 time series of 
annual accumulation rates (annual H O ) from 1911-1993 in comparison to the 
annual Southern Oscillation Index (SOI). The leading mode (PC1) corresponds to 
the respective EOF1 pattern in Figure 10a and b. From the monthly SOI 1882-
2004 based upon annual standardization [Trenberth, 1984], available at 
http://www.cgd.ucar.edu/cas/catalog/climind/soiAnnual.html, we calculated 
annual averages centered on Dec-20. All data shown in a. and b. are normalized to 
unit variance and have zero mean. Panel c. (d.) shows a 10-year centered running 
correlation between the two data sets (black line) with the thick line sections 
indicating significance at the 5% level and the area shaded in grey delimiting the 
95% confidence interval.

2 2

.................................................................................... 154 

Figure C.1. WAIS map (based on Antarctic Digital Data Base v4.1 
http://www.add.scar.org/) overlying the RAMP DEM [Liu et al., 2001] showing 
locations of ice cores used in this study and levels of linear correlation 
coefficients between observed and modelled (ERA-40) annual accumulation rates 
from 1958 to 2000, with statistical significance (90% confidence interval) 
indicated by thick black edged circles. The dashed black line shows the 
approximate location of the ice divide................................................................ 168 

 



  15 

LIST OF FIGURES--Continued 
 

Figure C.2. Comparison of net annual accumulation rates from ice cores (grey line and 
symbols, ordinate on left) and ERA40 model results (black line and symbols, 
ordinate on right) from 1958 to 2000; accumulation rates are centered on Dec-20.
............................................................................................................................. 169 

Figure C.3. Ratios and linear correlation coefficients between ERA-40 model output and 
ice core observations of annual accumulation rates shown as a function of latitude 
during the pre-satellite (1958-1977) and satellite (1978-2000) era. Note that only 
where full symbols are used in (b) correlation is statistically significant (p<0.05). 
Dashed lines in (a) represent the linear latitudinal trends during the respective 
time period. ......................................................................................................... 170 

Figure C.4. Regional averages from multiple locations of observed (grey thick line) and 
modelled (black thick line) annual accumulation rates in the 1958-2000 period: 
(a) from the Thwaites Glacier Basin towards the Antarctic Peninsula (01-3, 01-4, 
01-5, 01-6), (b) Pine-Island Glacier Basin and Amundsen Sea drainage west of 
100°W (01-1, 01-2, 00-2, 00-3), (c) Ross Ice Drainage System (00-1, 00-4, 00-5, 
00-6, 00-7, RIDS-A, RIDS-B, 99-1, 02-1) and (d) East Antarctic Plateau (02-3, 
02-4, 02-5, South Pole). Areas shaded in grey and the dashed black lines indicate 
the 1σ-uncertainty range of observed and modelled accumulation rates, 
respectively. ........................................................................................................ 171 

 

 

 
 
 



  16 

 

 

LIST OF TABLES 

 
Table A.1. Locations of atmospheric chemistry observations.......................................... 86 

Table A.2. H2O2 mixing ratios measured during firn air experiments.............................. 87 

Table A.3. Overview of environmental parameters during the inter comparison period in 
December 2000-2002; listed are averages and 1σ uncertainties. ......................... 88 

Table B.1. Overview of drilling parameters and environmental conditions from WAIS .a

............................................................................................................................. 139

Table B.2. Limit of detection (LOD) and precision of the CFA and CFA-ICP lab 
techniques compared to observed concentration ranges..................................... 141 

Table B.3: Model fits of a semi-empirical deposition model ......................................... 142 

Table C.1. Comparison of accumulation rates from ice cores and ERA40 model results.
............................................................................................................................. 166

Table C.2. Comparison of basin averages of core and ERA-40 accumulation rates. ..... 167 

 



  17 

ABSTRACT 

 

Current and past records of hydroperoxides in air, snow and firn of West 

Antarctica were investigated over 3 field seasons covering >5000 km and 24 sites. 

Concentrations of methylhydroperoxide (MHP), the only important organic atmospheric 

hydroperoxide found, were ten times the levels expected based on past photochemical 

modeling. Between 76 and 90 °S, the snow pack is a net source for hydrogen peroxide 

(H2O2) but not for MHP in summer. There is strong evidence that low stratospheric ozone 

leads to increases of H2O2 at the surface. The modeled sensitivity of H2O2 and 

particularly MHP to nitrogen oxide (NO) shows that atmospheric hydroperoxides help 

constrain the NO background and thus estimate the past atmospheric oxidation capacity 

using ice cores. Century-scale H2O2 ice core records from 24 locations across the West 

Antarctic Ice Sheet (WAIS) were used to develop a regional semi-empirical deposition 

model, with accumulation rate and temperature as parameters. The model fit using long-

term average H2O2 concentrations is consistent with an existing physically based 

atmosphere-to-snow transfer model and predicts ‘effective’ annual mean atmospheric 

H2O2 mixing ratios of 1-3 pptv across the region, comparable to observations. Modeled 

sensitivities suggest that recent Antarctic temperature changes have no noticeable effect 

on the H2O2 record in the interior of WAIS and that accumulation rates dominate the 

interannual variability of H2O2 under the current temperature regime. This leads to the 

imprint of a large-scale climate signal in the H2O2 record, with significant spectral peaks 
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at ENSO-like periodicities (2-7 yr). Validation of results from the new ECMWF 

reanalysis (ERA-40) using accumulation records from the same cores showed that 

simulated accumulation rates are too low at 21 of the 22 ice core sites, averaging only 

66% (range 34–122%) of the observed accumulation over 1958-2001. Compared to the 

pre-satellite era (1958-1977) total amounts of accumulation matched better and linear 

correlations improved after 1978, showing statistical significance at 10 of 22 core sites 

(0.11 < r < 0.73, p<0.1). 
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1. INTRODUCTION 

 

1.1 Scope of research 

The interpretation of the H2O2 ice core record with regard to changes in 

atmospheric oxidation capacity requires a quantitative understanding of the atmospheric 

photochemistry of hydroperoxides above the large ice sheets as well as of the 

atmosphere-to-snow transfer function, which determines the amount of the water soluble 

gas ultimately preserved in firn and ice. This dissertation contains three papers, in which 

major findings from the U.S. component of the International Scientific Transantarctic 

Expedition (ITASE) across the West Antarctic Ice Sheet are presented.  

The first paper addresses speciation, summer concentrations and variability of 

hydroperoxides in the atmospheric boundary layer above the West Antarctic Ice Sheet, 

between 76 and 90 °S. It includes quantitative interpretation of the observations using the 

NASA-Goddard Flight Center (GSFC) point photochemical model with respect to 

stratospheric ozone levels and tropospheric oxidation capacity.  

In the second paper the centennial-scale record of H2O2 derived from 23 ice cores 

across the West Antarctic Ice Sheet is used to develop a semi-empirical deposition model 

in order to quantify the sensitivity of the H2O2 record to changes in annual accumulation 

rates and temperature. The results from the sensitivity analysis were then used to 

determine links between annual H2O2 concentrations and regional and large-scale climate 

variability.  
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In the third paper, ice core records of net accumulation, the dominating parameter 

for H2O2 preservation in West Antarctica, are compared with results from the European 

Center for Medium-Range Weather Forecast (ECMWF) Re-Analysis (ERA-40) in the 

1958-2001 period. 

 

1.2 Context of Research 

There are three main reasons for studying Antarctic tropospheric chemistry. First, 

Antarctica is a unique, clean environment for studying natural processes in the absence of 

regional or local pollution sources. It provides an important baseline against which to 

examine the effects of anthropogenic influences. Second, its particular conditions of 

sunlight and temperature, plus the absence of strong diel cycles, make it an ideal natural 

laboratory for studying (photo)chemical processes in the atmosphere (Figure 1.1). Third, 

there is a critical need to better interpret ice-core records of photochemically active 

chemical species in order to quantify past changes in atmospheric chemistry. Paramount 

in this regard is the understanding of the atmosphere-to-snow transfer of reversibly 

deposited species [Wolff and Bales, 1996]. Research advances in atmospheric and ice 

core chemistry of the high latitudes over the past two decades demonstrate that both 

fields are linked with each other and benefit from an interdisciplinary scientific approach. 

Recent observations and model studies of atmospheric chemistry in the Arctic and 

Antarctic showed that the snowpack can directly influence levels of photooxidants in the 

lower troposphere by release and uptake of chemical species such as hydrogen peroxide 
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(H2O2), formaldehyde (HCHO) and nitrogen oxides NOx (NO+NO2) [Dominé and 

Shepson, 2002] (Figure 1.1). On the other hand, the large ice sheets of Antarctica and 

Greenland have proven to be high resolution archives for past atmospheric composition, 

yielding records of greenhouse gases, aerosols, and photochemically active species, that 

singly or together, are proxies for various aspects of the climate system (e.g. temperature, 

atmospheric circulation, sea ice) [Legrand and Delmas, 1995]. Particularly records of 

hydrogen peroxide (H2O2) yield constraints on the atmospheric oxidation capacity in the 

past, provided that the atmosphere-to-snow transfer [Sigg and Neftel, 1991; Anklin and 

Bales, 1997] and links to the tropospheric oxidant budget are quantitatively understood. 

Interest in levels of atmospheric oxidants arises from the fact that the oxidizing 

capacity of the troposphere, defined as the overall burden of HOx (OH and HO2) radicals, 

hydrogen peroxide and ozone, controls in part build up and removal of many greenhouse 

gases (CH4, O3, and some halocarbons) [Thompson, 1992b] (Figure 1.1). This has been 

called ‘the chemical climate feedback mechanism’. The oxidizing capacity in turn is 

determined by the same radiatively active gases and other precursor species (Figure 1.1). 

Model calculations suggest that the HOx budget and thus the self-cleansing capacity of 

the atmosphere can change significantly due to increasing atmospheric methane (CH4), 

NOx and NMHCs [Thompson, 1992a] and enhanced surface UV-B radiation from 

stratospheric ozone depletion [Fuglestvedt et al., 1994]. For example, the elevated 

surface UV-B has a significant impact on a variety of chemical species linked to the 

oxidant budget indicated by the respective absorption cross sections (Figure 1.2). 
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Hydroperoxides (ROOH) act as reservoir species of radicals and are therefore considered 

as ‘diagnostic’ tools of the atmospheric oxidant budget (Figure 1.1). Ozone and 

formaldehyde, a product of the oxidation chain of CH4, are net sources of HOx, while 

reaction with CH4 is a net sink (Figure 1.1). The NOx (NO + NO2) background is thereby 

critical in determining the oxidizing capacity of the atmosphere since reactions of radicals 

with NO, which represent also the core of photochemical O3 production in the 

troposphere, can suppress the formation of hydroperoxides depending on the level of NO 

present [Kleinmann, 1991; Stewart, 1995]. Sources of NOx to the troposphere include 

biomass burning, soil microbial activity, lightning and anthropogenic emissions mostly 

from fossil fuel combustion. Snowpack emissions of NOx become important in a low-

NOx environment such as Antarctica (Figure 1.1). Given its importance in understanding 

ice-core records, photochemical processes affecting atmospheric OH in the Antarctic 

troposphere remain little studied. 

Important process studies have been carried out to understand summertime 

photochemistry, including the role of the snowpack in influencing atmospheric 

photochemistry at South Pole [Geophysical Research Letters, 28:19, 2001 and 

Atmospheric Environment, 38:32, 2004], coastal Antarctica [Jones et al., 1999; Jones et 

al., 2000; Jones et al., 2001] and Greenland [Jacobi et al., 2002; Jacobi et al., 2004 

Honrath et al., 1999; Honrath et al., 2000; Honrath et al., 2002]. Measured bi-directional 

summertime H2O2 fluxes from the snowpack at Summit revealed daytime H2O2 release 

from the surface snow reservoir and a partial re-deposition at night. The observations also 
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provide the first direct evidence of a strong net summertime H2O2 release from the 

snowpack, enhancing average boundary layer H2O2 concentrations ~7-fold and the OH 

and HO2 concentrations by 70% and 50%, respectively, relative to that estimated from 

photochemical modeling in the absence of the snowpack source [Hutterli et al., 2001]. 

The total H2O2 release compared well with observed concentration changes in the top 

snow layer [Hutterli et al., 2001]. Unusual high levels of oxidants were found in the 

summer troposphere at South Pole, Antarctica and were in part explained by physical and 

photochemical processes taking place in the upper snowpack [Chen et al., 2001; Chen et 

al., 2004; Davis et al., 2004a; Davis et al., 2004b; Hutterli et al., 2004; Mauldin et al., 

2004]. Therefore, a new concept has been emerging, in which the snowpack is no longer 

merely seen as a sink but rather as the highly photochemically reactive lower extension of 

the boundary layer (Figure 1.1) [Dominé and Shepson, 2002]. However, it is far from 

clear that these photochemical process involving snowpack emissions have any influence 

on the ice-core record at those sites [Jones and Wolff, 2003]. Rather, the central question 

is how to infer OH from the records preserved in the core. All-year atmospheric 

measurements have been carried out for photochemically produced species such as 

HCHO and H2O2 at coastal Antarctic sites [Riedel et al., 1999; Riedel et al., 2000], with 

year-round fresh-snow samples providing the only record in the interior of Antarctica, at 

South Pole [McConnell et al., 1997b; Hutterli et al., 2004]. However, observations of 

hydroperoxides in the gas and snow phase on the Antarctic continent linking the coast 

with the East Antarctic Plateau have been lacking so far. 
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H2O2 is the only atmospheric oxidant, which is water soluble and preserved in ice 

cores [Sigg and Neftel, 1991]. Interpretation of the ice core archive however is 

complicated by the fact that these gases undergo significant post-depositional change 

before they are permanently incorporated into the ice matrix. Past efforts have assumed 

that changes in H2O2 in an ice core represent a proportional change in the atmosphere. 

However, a recently developed physical atmosphere-to-snow transfer model for H2O2 

successfully reproduces firn profiles in different regions of Greenland and Antarctica 

[McConnell et al., 1997a; McConnell et al., 1998], but shows also that the atmosphere-to-

ice relationship is not necessarily linear but depends strongly on atmospheric temperature 

and accumulation rate and timing [McConnell et al., 1997a; McConnell et al., 1998; 

Hutterli et al., 2003]. The physically based transfer model describes H2O2 transport in the 

snowpack, and its diffusion into and out of the snow grains, which depends on the 

distribution of H2O2 in the grain, the temperature, the grain shape and size, the H2O2 

concentration of air circulating through the snowpack, and the ventilation rate 

[McConnell et al., 1998]. Laboratory measurements of the temperature dependence of 

grain-scale diffusion [Winterle, 1996] were used in subsequent modeling. Estimates of 

year-round atmospheric concentrations of H2O2 from inversion of year-round 

measurements of H2O2 in surface snow at South Pole led to the conclusion that surface 

snow acts as an excellent proxy for atmospheric concentrations, and that the pronounced, 

repeatable cycle of H2O2 in near-surface snow at South Pole is driven primarily by 

temperature [McConnell et al., 1997b]. Further, accumulation seasonality is a dominant 
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factor in determining the levels of H2O2 preserved in the firn record [McConnell et al., 

1997b]. A sensitivity study carried out for current conditions at Summit, Greenland 

suggested that atmospheric temperature is important in low-accumulation environments, 

but in regions with higher accumulation (> 25 cm of water yr-1) accumulation rate and 

timing dominate [Hutterli et al., 2003]. The study showed also that changes in 

atmospheric mixing ratios are linearly recorded in ice cores under otherwise constant 

environmental conditions and that quantitative separation of the deposition parameters 

allows for deconvolution of the atmospheric signal [Hutterli et al., 2003]. An 

understanding of how climatic factors influence the transfer function and long-term 

preservation in firn and ice is key to inverting the H2O2 records from both Greenland and 

Antarctica. 

The motivation of this study was two-fold. First, it was pursued to investigate the 

current photochemistry of hydroperoxides (ROOH) in the atmospheric boundary layer 

above the West Antarctic Ice Sheet during polar day and quantify the link between 

ROOH and atmospheric oxidation capacity. The main goals were to determine 

atmospheric concentrations, variability and speciation of ROOH in the lower troposphere 

above the West Antarctic Ice Sheet (WAIS), to evaluate sources and sinks of ROOH and 

to assess how well ROOH are suited to constrain the HOx-NOx system. 

Second, it was intended to develop spatial records in West Antarctica that provide 

a regional signal of atmospheric change in H2O2 over the past few centuries. The main 

goals here were to determine how well H2O2 concentrations are preserved in firn and ice 
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over the past centuries, what the sensitivities of H2O2 preservation to accumulation rate 

and temperature across the West Antarctic Ice Sheet were and finally where to drill in the 

future to recover a millennial-scale H2O2 record. 
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Figure 1.1. Simplified chemistry scheme of the remote troposphere above snow surfaces. 

Levels of chemical species shaded in grey (NO, H2O2, HCHO) are not only determined 

by chemical production and loss but also by heterogeneous sources and sinks in the upper 

snow pack. 
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Figure 1.2. Measured absorption cross sections of various key chemical species of the 

background atmosphere are shown as a function of wavelength. Available experimental 

values determined at temperatures closest to the environmental conditions above the 

Antarctic Ice sheet were chosen: H2O2 [Molina et al., 1977], CH3OOH [Vaghjiani and 

Ravishankara, 1989], O3 [Nölle et al., 1998], HCHO [Cantrell et al., 1990] and NO2 

[Harwood and Jones, 1994]. The data sets of the latter two did not include values < 300 

nm. Note that this graph is for illustration only and absorption cross sections actually 

used in the photochemical box model were based on the data compilation by DeMore et 

al., [1997]. 
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2. PRESENT STUDY 

 

The methods, results, and conclusions of this study are presented in the papers 

appended to this dissertation. The following is a summary of the most important findings 

in the three papers. 

 

 

2.1 Summary of Paper No.1: Atmospheric hydroperoxides in West Antarctica: links to 

stratospheric ozone and atmospheric oxidation capacity 

 

The U.S. component of the International Transantarctic Scientific Expedition 

(ITASE) provided a unique platform to sample the summer troposphere for various 

chemical species linked to the atmospheric radical budget across the West Antarctic Ice 

Sheet (WAIS) at latitudes ranging from 76 to 90 °S, similar to measurement campaigns 

on oceanic vessels. First-time high performance liquid chromatography (HPLC) 

measurements of atmospheric hydroperoxides were conducted in Antarctica using a 

custom-built atmospheric detector adjusted to the conditions encountered on the ice sheet. 

This included optimizing the LOD to the low levels of hydroperoxides expected in 

Antarctica but also adequate insulation, heating and temperature control of the 

instrument. Supporting measurements included atmospheric ozone (O3) and 

formaldehyde (HCHO) at the surface, standard meteorology (air temperature, relative 
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humidity and wind speed) and radio sonde profiles of temperature and humidity of the 

lower 1 km of the troposphere. Links to stratospheric ozone levels and the suitability of 

hydroperoxides as ‘diagnostic tools’ of atmospheric oxidation capacity were then 

evaluated using the NASA-Goddard Flight Center (GSFC) point photochemical model. 

In the following the photochemical model is described in more detail and major findings 

of this study are summarized. 

We used the NASA-Goddard Flight Center (GSFC) point photochemical model to 

integrate and evaluate measurements [Stewart, 2004], with modifications necessary to 

simulate the Antarctic boundary layer. The model input consisted in daily data of total 

ozone burden, carbon monoxide (CO), methane (CH4), surface ozone and air 

temperature. Total ozone burden was extracted for each location from the Total Ozone 

Mapping Spectrometer (TOMS) dataset (ftp.toms.gsfc.nasa.gov). Data gaps were filled 

using scaled Dobson meter measurements from South Pole. CO, CH4 and surface-ozone 

data were available from the NOAA CMDL air sampling network station at South Pole 

(ftp.cmdl.noaa.gov). Based on a comparison with ozone measurements during ITASE, 

the surface-ozone time series from McMurdo-Arrival Heights on the coast were 

considered representative for the West Antarctic Ice Sheet, while time series from South 

Pole were taken for sites on the Antarctic Plateau. AWS (Automatic Weather Station) 

data from Byrd Station (http://uwamrc.ssec.wisc.edu/) and the South Pole 

(ftp.cmdl.noaa.gov) provided air temperature. Model output included mixing ratios of 

ftp://ftp.toms.gsfc.nasa.gov/
ftp://ftp.cmdl.noaa.gov/
http://uwamrc.ssec.wisc.edu/
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hydrogen peroxide (H2O2), methylhydroperoxide (MHP), formaldehyde (HCHO), 

nitrogen oxides NOx (NO+NO2) and several radicals (OH, HO2 and CH3O2). 

The model chemistry contains a basic NOx-HOx-Ox scheme including methane, 

ethane and ethene oxidation, but with the addition of a simplified DMS oxidation scheme 

[Sander and Crutzen, 1996]. The DMS scheme was included to investigate the possibility 

that composite reactions such as DMS + OH → SO2 + 2 HCHO and DMS + NO3 → SO2 

+ NO2 + 2 HCHO contribute significantly to formaldehyde production. Under conditions 

used in the present study this was found not to be the case and these reactions were 

considered further. There are 30 variable species undergoing 70 reactions. In addition to 

chemical production and loss, several species are assumed to have physical sources and 

sinks, most importantly NO, H2O2, and HCHO. These were varied sinusoidally with the 

solar elevation angle, the maximum flux occurring at the maximum solar elevation angle. 

Fluxes were converted to source values by assuming they are distributed through a 250 m 

boundary layer. Deposition velocities are mostly from Hauglustaine et al., 1994], except 

that the rate for HCHO was taken the same as that for CH3CHO. A possible source of 

nitrous acid, HONO, from the snowpack [Zhou, et al., 2001] was not included since 

neither flux nor mixing ratio measurements of HONO were made during the 

measurement periods. The assumed flux of NO is the principal parameter used in this 

study. However, HONO photolysis could provide a source of OH leading to higher OH 

mixing ratios than currently computed in this model. The LSODE integrator [Hindmarsh, 

1983] is used to calculate the temporal evolution of all model species. No species are 
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assumed to be in steady state. Model runs were started at least one year prior to time 

periods to be studied to mitigate the effects of transients. 

 

1. First time quantitative measurements using HPLC show that MHP is the only 

important organic hydroperoxide occurring in the Antarctic troposphere, and is of similar 

concentration to H2O2 in the absence of enhanced surface UV-B from stratospheric O3 

depletion. During three field seasons in West Antarctica during summer, means and 

standard deviations for hydrogen peroxide (H2O2) were 321±158 pptv, 650±176 pptv and 

330±147 pptv. While MHP was detected, but not quantified in December 2000, levels in 

summer 2001 and 2002 were 317±128 pptv and 304±172 pptv. 

 

2. The upper snow pack between 76 and 90 °S is a net source of H2O2, at least during the 

latter half of the solar day in summer and probably over the full diel cycle for many 

months. On the other hand, a physical source of MHP is less likely to play an important 

role. These findings are based on results from firn air experiments, evaluation of the 

diurnal variability of the two chemical species and snow pit measurements. 

 

3. Amount and variability of ROOH levels above the West Antarctic Ice Sheet during the 

polar day are largely determined by NOx, atmospheric water vapor, actinic flux and 

consequently ozone column density, and, in the case of H2O2, a heterogeneous snow pack 

source. While atmospheric concentrations of model species were computed for the full 
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annual cycle, this study focused only on the summer period when observations were 

available. Atmospheric oxidation processes occurring in the absence of light during polar 

night when the nitrate radical (NO3) takes over the role of the OH radical were not 

included in this analysis. The comparison of calculated atmospheric lifetimes of H2O2 

and MHP with advection times from computed back trajectories suggests that transport 

does not play a significant role for ROOH in the interior of Antarctica during summer. 

NOx however is possibly advected over large distances and influenced by snow pack 

emissions. 

 

4. For the first time it is shown that H2O2 levels at the surface are affected by O3 levels in 

the stratosphere. Between November-27 and December-12 in 2001, when ozone column 

densities dropped below 220 DU (means in 2000 and 2001 were 318 DU and 334 DU, 

respectively), H2O2 was 1.7 times that observed in the same period in 2000 and 2002, 

while MHP was only 80% of the levels encountered in 2002. Model calculations suggest 

that enhanced surface UV-B radiation upon depletion in ozone column density increases 

H2O2 mixing ratios through increased ozone photolysis and increases in NOx levels 

following nitrate photolysis in the upper snow pack. Variability in atmospheric moisture 

content and air temperature was excluded as possible causes for the observations. 

 

5. Photochemical box model runs constrained by observations of H2O2, MHP and HCHO 

suggest that NO and OH levels on WAIS are closer to low coastal values, while Antarctic 
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Plateau levels are higher, confirming the unique nature of that region as a highly 

oxidizing environment. In this regard the U.S. ITASE traverse across WAIS provided a 

link between the two atmospheric environments, the coast and the Antarctic Plateau, 

where tropospheric chemistry in summer has been characterized before. 

 

6. The modeled sensitivity of H2O2 and particularly MHP to NOx reveals the potential use 

of atmospheric hydroperoxides to constrain the NO background and to evaluate the 

current and, using ice core reconstructions, past strength of a photolytic NO source in the 

snow pack. Since NO itself is tightly linked to the oxidation power of the atmosphere in 

remote regions, this link is expected to narrow upper and lower limits on atmospheric 

HOx. 

 

 

2.2 Summary of Paper No.2: Climate sensitivity of the century-scale hydrogen peroxide 

(H2O2) record preserved in 23 ice cores from West Antarctica 

 

New century-scale hydrogen peroxide (H2O2) records from 23 locations across the 

West Antarctic Ice Sheet (WAIS) are reported and the spatial variability of (multi-) 

annual mean H2O2 concentrations in snow and firn is used to determine how H2O2 in the 

ice cores varies with temperature and annual accumulation rate. The imprint of regional 

and large-scale climate variability in the H2O2 record is then explained by the 
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dependencies on deposition parameters found. Patterns of multi-annual averages of H2O2 

concentration and the sensitivities of H2O2 preservation to climate change from a semi-

empirical deposition model are then used to identify regions on the West Antarctic Ice 

Sheet, where the atmospheric signal is most likely to be recovered.  

 

1. A multi-century H2O2 record is preserved across West Antarctica at all but the warmest 

sites (>-25 ºC), which also have intermediate to low annual accumulation rates (<13 cm 

yr-1). In agreement with the ice-air equilibrium, H2O2 uptake at the surface is found to be 

most efficient at low temperatures, while losses from degassing increase as accumulation 

rates decrease. This resulted in almost complete loss of H2O2 at warm (>-25 ºC), low-

accumulation sites (<13 cm yr-1), but excellent preservation of records at cold (<-31 ºC), 

high-accumulation sites (>30 cm yr-1). 

 

2. A regional two-parameter semi-empirical deposition model fitted to the 1911-60 means 

in H2O2 (rmse 10.2 ppbw) predicts > 94% deviations from the ice-air equilibrium at high 

accumulation sites (> 30 cm yr-1), close-to-equilibrium values on the East Antarctic 

Plateau, where it is dry (< 11 cm yr-1) and ‘effective’ annual mean atmospheric H2O2 

mixing ratios of 1-3 pptv consistent with existing coastal observations.  

 

3. Sensitivities from the model fit suggest that recent changes of annual mean 

temperature observed in Antarctica have no noticeable effect on the H2O2 record in the 
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interior of West Antarctica and that interannual variability of annual H2O2 is dominated 

by the accumulation signal under the current WAIS temperature regime. 

 

4. The dominant role of annual accumulation rate for H2O2 preservation explains the 

imprint of a large-scale climate signal in the H2O2 record. Intermittent correlations 

between the first principal component (PC) time series of accumulation rate and H2O2 

concentration anomalies and the annualized Southern Oscillation Index (SOI) during the 

20th century are statistically significant (r > 0.6, p<0.05) during extended El-Niño-La-

Niña (ENSO)-events and explain the occurrence of significant spectral peaks at ENSO-

like periodicities (2-7 yr) in the H2O2 record.  

 

5. Core records of H2O2 at high accumulation sites (> 30 cm yr-1), located in the Pine 

Island-Thwaites glacier basins are most suitable for detection of temporal changes in 

atmospheric concentration for two reasons. First, they are less sensitive to recent change 

in annual mean temperature and accumulation rate. Second, strong covariance in 

accumulation rates and H2O2 concentrations across large distances > 600 km observed in 

the spatial pattern of the leading empirical orthogonal function (EOF) and in linear 

correlation coefficients allows to develop a statistically more robust regional signal. 

 

6. The closest site to the planned WAIS divide core, being ~2 °C warmer and having 35% 

less annual accumulation than the optimum site, provides a good record of H2O2 with the 
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seasonal cycle preserved for over 300 yr and good potential to recover a future 

millennium scale H2O2 record. On the other hand, parameter combinations where the 

semi-empirical model predicts complete loss provide guidance in the design of future 

spatial sampling for H2O2 records in West Antarctica. 

 

 

2.3 Summary of Paper No.3: Comparison of annual accumulation rates from ice cores 

and ERA-40 Reanalysis in West Antarctica, 1958-2001 

 

Variability and trends in net accumulation rates are important for H2O2 

preservation, but also for mass balance studies of the Antarctic Ice Sheet. Twenty-two ice 

core records of annual accumulation rates including new observations were used to 

validate model output from the new European Center for Medium-Range Weather 

Forecasts (ECMWF) Re-Analysis (ERA-40) across the West Antarctic Ice Sheet (WAIS).  

 

1. ERA-40 modeled accumulation rates are too low at 21 of the 22 ice core sites, giving 

an average estimate for all core sites of only 66% (range 34–122%) of the observed 

accumulation rates over the 1958-2001 period. 

 

2. Discrepancies in accumulation rate amount and variability between model and 

observations are found to increase with latitude south of 79 °S. 
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3. Integration of satellite data as model constraints after 1978 significantly improves 

overall model performance in agreement with earlier research results. Compared to the 

pre-satellite era (1958-1977) linear correlations improve after 1978 and show statistical 

significance (90% confidence) at 10 of 22 core sites with Pearson’s r ranging from 0.11 

to 0.73. In general, caution should be used when analyzing trends in ERA-40 

accumulation rates since systematic changes might be simply the result of the 

assimilation of satellite data after 1978. 

 

4. Validation of simulated net accumulation from the ERA-40 reanalysis with 

observations from 22 ice core sites in West Antarctica indicates that the reanalysis is 

substantially less accurate than on the Greenland Ice Sheet, particularly in the region 

south of 79°S towards the interior of the ice sheet. ERA-40 simulates both the amount 

and variability of net accumulation at single core sites much more poorly in West 

Antarctica than in Greenland. 

 

5. Basin averages of accumulation records derived from ice cores are reduced in 

glaciological noise and yield a more robust comparison with highly significant 

correlations between observations and model. Therefore, stacked records rather than 

records from individual sites should be used to constrain ice sheet mass balance models. 
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2.4 Synthesis and Implications of Important Findings 

 

The motivation of the research presented in this dissertation was to work towards 

reconstruction of past atmospheric concentrations of H2O2 from ice cores and towards use 

of these to infer past levels of HOx radicals and thus to constrain the oxidation capacity of 

the historic atmosphere. The dissertation addressed two main aspects relevant to this. 

First, the current atmospheric chemistry above the West Antarctic Ice Sheet (WAIS) was 

investigated by determining levels, variability and speciation of hydroperoxides and 

quantifying a link to the total atmospheric oxidant budget. Second, the sensitivity of the 

WAIS H2O2 record preserved in firn and ice to climate change was quantified by 

developing a semi-empirical deposition model based on a spatially distributed array of 

century-scale ice core records. 

Surprisingly high MHP concentrations observed in the interior of Antarctica were 

ten times that predicted by photochemical models at South Pole and were matched only 

by model runs with the NASA-Goddard Flight Center (GSFC) point photochemical 

model when the production rate from CH3O2 + HO2
 was increased to the upper limit of its 

estimated range of uncertainty. Model output matched site means of atmospheric mixing 

ratios within the observed 1σ variability, however, depending on the NO background 

chosen, fit was optimal either for H2O2 and HCHO or for H2O2 and MHP, but not for all 

3 chemical species. These findings show that our current understanding of polar 
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atmospheric chemistry is not complete with regard to the tropospheric oxidant budget and 

point to at least two sources of uncertainty.  

First, MHP production pathways other than the ones contained in the basic CH4-

CO-HOx scheme are necessary to explain the high MHP levels observed. Possible 

reactions forming MHP include gas phase ozonolyis of ethene (C2H4) and the 

photooxidation of acetone (CH3COCH3). Snowpack emissions of C2H4 [Bottenheim et 

al., 2002] and CH3COCH3 [Guimbaud et al., 2002] have been observed previously in the 

Arctic. In the Antarctic, atmospheric CH3COCH3 mixing ratios measured at many U.S. 

ITASE locations as part of my experiments were generally smaller than in the Arctic, but 

levels in firn interstitial air exceeded ambient levels at times by up to a factor 3 (Figure 

2.1). This suggests that the snowpack is at times a net source of CH3COCH3 and likely 

contributes to the high MHP levels observed. However, quantification of the net impact 

of this reaction on MHP will require further model calculations, especially if the HCHO 

producing channel, CH3O2 + HO2 → HCHO + H2O + O2, does play a role, since it 

suppresses MHP formation. In general, the implications of snowpack emissions for the 

photochemistry in the boundary layer and possibly beyond demonstrate also the need to 

characterize and quantify the organic species present in Antarctic surface snow. 

Second, the photolytic NO source in the upper snowpack is important in 

contributing significantly to the NO background in the boundary layer and therefore 

needs to be integrated into the model. Since NOx measurements in the 1-100 pptv range 

are involved and expensive, it was not possible to include these species into the 
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parameters measured on ITASE. However, complete datasets of hydroperoxides and most 

chemical species relevant to the gas phase chemistry of the back ground atmosphere are 

available through a collaboration from the ISCAT and ANTCI campaigns conducted at 

South Pole and Summit, Greenland, and will allow to develop a better model 

parameterization of the NO snowpack source in the future. 

Currently, the interpretation of the nitrate ice core record in terms of past levels of 

NOx is regarded as complicated if not impossible due to strong post-depositional 

transformation. Following the model results of this study, it would be an alternative to 

use ice core reconstructions of hydroperoxides (H2O2, MHP) to constrain the historic NO 

background. Attempts to detect MHP in Antarctic snow and firn have been unsuccessful 

at the current LOD and it is not clear if a MHP ice core record is preserved at all. 

However, based on this study atmospheric MHP levels in summer are as high as H2O2 

mixing ratios and therefore snow concentrations based on Henry’s Law constant should 

be in the 10-3-10-1 ppbw range. Future research will need to investigate the use of more 

sensitive analytical techniques for polar ice samples, e.g. a chemiluminescent method 

with a LOD in the pptw range, currently used in the Biosciences (see Capricorn Products, 

Scarborough, ME), in order to detect MHP in polar ice cores. 

The finding that the summer snowpack is a net source of H2O2 for the boundary 

layer across large areas of the West Antarctic Ice Sheet (WAIS) confirms that seasonal 

and permanent snow surfaces have the potential to modulate the photochemistry of the 

boundary and possibly the lower troposphere and ultimately climate on a regional and 
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global scale. Future research will need to investigate further at least two aspects of snow-

atmosphere exchange. First, the vertical extent of snowpack emission fluxes needs to be 

quantified, in order to assess potential impact on the free troposphere. To do that, 

observational data and use of a photochemical 1-D model with constraints relevant to 

vertical transport will be necessary. Second, regional and global effects of the snowpack 

as an active part of the lower troposphere need to be evaluated by integration into 

regional and global atmospheric chemistry models, such as GEOS-CHEM (http://www-

as.harvard.edu/chemistry/trop/geos). 

Anthropogenic emissions of NOx and NMHCs from air traffic and power 

generation using diesel fuel contribute to change of a pristine atmospheric environment. 

While every precaution was taken to minimize the impact of emissions from power 

generators and motorized vehicles during the field experiments carried out in this study, 

large scale changes of the remote atmosphere above Antarctica due to human activities 

were not included, but are likely to play a role in an environment, which is usually NOx-

limited. In order to allow future Antarctic research in atmospheric chemistry with 

meaningful results for an unpolluted background atmosphere, the use of fossil fuels 

should be substituted with alternative energy sources, such as wind and solar power. 

The regional semi-empirical deposition model for H2O2 was developed assuming 

that the range of environmental parameters encountered at all ice core sites across the 

West Antarctic Ice Sheet is a valid substitute for temporal variability at a single site. The 

spatial variability allowed forcing the model and determining the impact of large 

http://www-as.harvard.edu/chemistry/trop/geos
http://www-as.harvard.edu/chemistry/trop/geos
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variations in accumulation rate and temperature on H2O2 concentrations. The results of 

this sensitivity analysis were not only qualitatively in agreement with an existing 

physically based atmosphere-to-snow transfer model but also yielded absolute numbers 

on variability in H2O2 concentrations expected from changes in annual accumulation 

rates and temperature. The physically based atmosphere-to-snow transfer model is useful 

in order to test the current understanding of how atmospheric H2O2 is eventually 

preserved in polar ice by comparing forward-model runs with measured firn profiles. 

However, a consequence of inherent non-linearities in the transfer process is that no 

unique solution exists for inversion of the ice core records. It is expected that in 

combination with the semi-empirical model it will be possible to assess contributions of 

changes in accumulation rates and temperature to decadal trends present in the H2O2 ice 

core record (Figure 2.2). The residual originating from the atmospheric H2O2 signal can 

be extracted in the high accumulation regions, where the variability of other seasonal 

markers contains information on the subannual distribution of accumulation. This is 

important, since the timing of accumulation, another key deposition parameter, was not 

included in the semi-empirical model. Observations of negative correlations between 

stratospheric ozone and atmospheric H2O2 at the surface and of positive trends in the 

H2O2 ice core records starting around 1960 (Figure 2.2) suggest a contribution of spring 

time stratospheric ozone depletion to H2O2 preserved in firn and ice in West Antarctica. 

Therefore, future work will need to address the uncertainties related to the timing of 

accumulation and how atmospheric and accumulation rate change contributed to the 
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upward trends observed in the H2O2 records across the West Antarctic Ice Sheet (Figure 

2.2). Photochemical box model runs, constrained and unconstrained by total ozone 

column measurements, will thereby provide an independent estimate of variability in 

atmospheric H2O2, at least for the past decades. 
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Figure 2.1. This graph shows 24-hr averages of atmospheric acetone (CH3COCH3) in 

ambient (a) and firn interstitial (b) air; they were measured at many U.S. ITASE locations 

using the DNPH-cartridge method. Ratios between firn and ambient air (c) are shown, 

where simultaneous 24-hr measurements were available; note that during ITASE2002-03 

many results from ambient air had to be discarded due to malfunction of a mass flow 

controller. 
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Figure 2.2. 20th century trends of H2O2 concentrations in firn and ice at 22 ice core 

locations on the West Antarctic Ice Sheet were determined from a 3rd order polynomial fit 

to annual averages. The zero line represents the 1900-50 mean H2O2 concentration. 
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Abstract 

The troposphere above the West Antarctic Ice Sheet (WAIS) was sampled for 

hydroperoxides at 21 locations during 2-month-long summer traverses from 2000 to 2002, as part 

of US ITASE (International Transantarctic Scientific Expedition). First time quantitative 

measurements using an HPLC method showed that methylhydroperoxide (MHP) is the only 

important organic hydroperoxide occurring in the Antarctic troposphere, and that it is found at 

levels ten times those previously predicted by photochemical models. During three field seasons, 

means and standard deviations for hydrogen peroxide (H2O2) were 321±158 pptv, 650±176 pptv 

and 330±147 pptv. While MHP was detected, but not quantified in December 2000, levels in 

summer 2001 and 2002 were 317±128 pptv and 304±172 pptv. Results from firn air experiments 

and diurnal variability of the two species showed that atmospheric H2O2 is significantly impacted 

by a physical snow pack source between 76 and 90 °S, whereas MHP is not. We show strong 

evidence of a negative correlation between stratospheric ozone and H2O2 at the surface. Between 

November-27 and December-12 in 2001, when ozone column densities dropped below 220 DU 

(means in 2000 and 2001 were 318 DU and 334 DU, respectively), H2O2 was 1.7 times that 

observed in the same period in 2000 and 2002, while MHP was only 80% of the levels 

encountered in 2002. Photochemical box model runs match MHP observations only when the 

production rate from CH3O2 + HO2
 was increased to the upper limit of its estimated range of 

uncertainty. Model results suggest that NO and OH levels on WAIS are closer to coastal values, 

while Antarctic Plateau levels are higher, confirming that region to be a highly oxidizing 

environment. The modeled sensitivity of H2O2 and particularly MHP to NO reveals the potential 

to use atmospheric hydroperoxides to constrain the NO background and thus estimate, using ice 

core reconstructions, the past oxidation capacity of the remote atmosphere. 

 

Index Terms: 0365 Atmospheric Composition and Structure: Troposphere: composition and 

chemistry; 0322 Atmospheric Composition and Structure: Constituent sources and sinks; 1610 

Global Change: Atmosphere (0315, 0325); 0736 Cryosphere: Snow (1827, 1863); 0724 

Cryosphere: Ice Cores (4932) 

Keywords: hydrogen peroxide, methylhydroperoxide, Antarctica, air-snow exchange, 

stratospheric ozone, atmospheric oxidation capacity  
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1. Introduction 

Atmospheric photooxidants are responsible for the removal of carbon monoxide (CO), 

methane (CH4), nitrogen oxides (NO, NO2), dimethyl sulfide (DMS) and sulfur dioxide (SO2) and 

thus control particle formation, the buildup of greenhouse gases and ultimately climate change. 

Hydroperoxides (ROOH) contribute to the oxidizing power of the troposphere [Lee, et al., 2000], 

defined as the total burden of ozone (O3), HOx radicals and hydrogen peroxide (H2O2), and also 

constitute an important radical reservoir. There is increasing evidence that polar snow packs 

influence the overlying atmosphere by uptake and release of NOx, organic acids, formaldehyde 

(HCHO) [Dominé and Shepson, 2002] and H2O2 [Hutterli, et al., 2004; Hutterli, et al., 2001]. 

Elevated HOx levels at South Pole [Mauldin, et al., 2001; Mauldin, et al., 2004] and changes in 

ground level O3 in relation to stratospheric O3 depletion in spring [Jones and Wolff, 2003] show 

that snow-atmosphere interactions can alter the budget of atmospheric oxidants in the boundary 

layer. In addition, ice core records of H2O2 [Anklin and Bales, 1997; Sigg and Neftel, 1991] help 

constrain reconstructions of past atmospheric oxidation capacity, provided processes controlling 

deposition and preservation are understood [McConnell, et al., 1997a]. 

In the presence of sunlight, water vapor and O3, the short-lived OH radical is produced 

and converted into peroxyradicals through the oxidation of CO, CH4 and non-methane 

hydrocarbons: 

 CO + OH  + O2 → CO2 + HO2    (R1) 

 CH4  + OH  + O2  →  H2O  +  CH3O2   (R2) 

The main photolytic source of ROOH is the combination of peroxyradicals: 

 HO2  + HO2  → H2O2 + O2    (R3) 

 RO2  + HO2  → ROOH  + O2    (R4) 

However, competing reactions with NO, which represent also the core of photochemical O3 

production in the troposphere, can suppress the formation of hydroperoxides depending on the 

level of NO present [Kleinmann, 1991; Stewart, 1995]: 

 NO + HO2 → NO2 + OH    (R5) 

 NO + CH3OO (+ O2) → NO2 + HCHO + HO2  (R6) 

Observations from South Pole during the polar day show that H2O2 first increases with increasing 

NO, and decreases once NO levels exceed 100 pptv [Hutterli, et al., 2004]. 
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With methane as the only significant organic peroxy radical precursor at remote sites, 

methylhydroperoxide (MHP, CH3OOH) is expected to be the dominant organic peroxide in 

Antarctica. Photolysis and attack by the OH radical are the main photochemical sinks for 

hydroperoxides. 

 H2O2  +  hν   →  2 OH        (R7),  (λ  <  355 nm) 

 CH3OOH  +  hν  (+ O2) →  HCHO + OH + HO2   (R8),  (λ  <  360 nm) 

H2O2  +  OH  →  H2O  +  HO2    (R9) 

 CH3OOH + OH → CH3OO + H2O   (R10) 

Wet deposition affects the highly water soluble H2O2 and less so higher organic peroxides. This 

follows from the fact that the Henry’s Law constant for MHP is only 0.1% of that for H2O2 [Lind 

and Kok, 1994]. Dry deposition of ROOH above snow and ice surfaces can also impact 

atmospheric levels, as model studies at South Pole showed [Hutterli, et al., 2004]. It has to be 

noted though that deposition is reversible for these gases and changes in temperature of the 

surface snowpack drive a cycle of emission and uptake until the top layer is buried by additional 

accumulation and disconnected from further exchange [Hutterli, et al., 2001; Wolff and Bales, 

1996]. 

The only Antarctic hydroperoxide data available are summer observations of H2O2 at 

South Pole [Hutterli, et al., 2004; McConnell, et al., 1997b], spot measurements from a traverse 

in Dronning Maud Land (73-76°S) [Fuhrer, et al., 1996] and observations over various seasons at 

the coastal Neumayer Station [Jacob and Klockow, 1993; Riedel, et al., 2000]. 

The main goal of our study was to understand factors controlling the photochemistry of 

hydroperoxides in the background atmosphere above Antarctica, away from anthropogenic and 

biogenic emission sources and across a wide gradient of temperature, accumulation rate, latitude 

and elevation. There are two motivations. First, hydroperoxides are ‘diagnostic tools’ of 

atmospheric oxidation capacity (e.g. Riedel, et al., 2000 and, Lee, et al., 2000), however a 

quantitative link to polar HOx radical levels is lacking. Second, a quantitative understanding 

linking ROOH, oxidant levels, solar radiation and climate is essential to interpreting variability in 

ROOH from ice cores in terms of atmospheric change. 
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2. Methods 

We measured concentrations of atmospheric hydroperoxides in ambient and firn 

interstitial air above the West Antarctic Ice Sheet (WAIS) during three 2-month-long ground 

traverses from 2000 to 2002 (Figure 1; Table 1). Sinks and sources of ROOH were also 

investigated, including radiative conditions, atmospheric properties and snow-atmosphere 

exchange. Results were integrated using a photochemical box model. 

Traverse routes connected low-elevation WAIS regions with the cold and dry East 

Antarctic Plateau (Table 1). Each site was occupied typically for 1-4 days and atmospheric 

experiments were carried out 500 m upwind from the main camp in a Scott Polar tent (2000) and 

a heated Weatherhaven™ shelter mounted onto a sledge (2001-2002). Mixing ratios of 

atmospheric hydroperoxides were monitored continuously using a 2-channel method, with total 

peroxides determined in channel 1 [e.g. Jacobi, et al., 2002] and the amount and speciation of 

individual peroxides measured in channel 2 (Figure 2). For each channel ambient air was drawn 

through an insulated, heated PFA (¼” I.D.) intake line (typically 1.4 STP-L min-1) mounted at ~1 

m above the snow.  

Peroxides were scrubbed from the air stream into aqueous solution and analyzed using a 

fluorescence detection method [Jacobi, et al., 2002]. A number of instrument upgrades were 

made following the 2000 field season to improve performance. Separation of H2O2 and organic 

hydroperoxides was achieved using HPLC [Kok, et al., 1995; Lee, et al., 1995], involving 

automatic injection of a 912 µl sample every 10 minutes, with post-column chemistry and 

detection as in channel 1. Instrument response was calibrated 1-2 times per day with 

commercially available H2O2 and MHP standards synthesized in our lab [after Rieche and Hitz, 

1929].  

Firn interstitial air was sampled at 6 sites by periodically alternating a single intake line 

between ambient and firn air every ~30 minutes over a 4-6 h period. To sample firn air a hole was 

cored to ~10 cm depth, the intake line inserted and snow packed around the line.  

Channel 2 output was linearly interpolated to the sample times of channel 1 (1 value per 

10 s) and used to correct channel 1 for contributions of organic peroxides. Collection efficiencies 

(CE) for MHP determined in the lab at 5.8 ºC and 13.0 ºC to be 0.86 and 0.75, respectively, were 

in agreement with Henry’s Law (equilibrium constants adopted from Lind and Kok, 1994). 
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Therefore data were processed with CE calculated according to Henry’s equilibrium using coil 

temperature and pressure. Coil temperature was controlled to within 0.1 K and coil pressure 

estimated based on observed ambient pressure. The variability in ambient pressure on ITASE 

(range 690-840 mbar) would lead to overestimates of CE by up to ~4%, if not accounted for. 

Liquid flow rates were corrected for evaporation occurring in the coil scrubbers with corrections 

being generally on the order of 5%. 

The limit of detection (LOD), defined as 3 times the baseline standard deviation, for 

H2O2 from channel 1 was 50 pptv during the first two field seasons and 30 pptv during the last 

one. The precision was usually better than 20 pptv. MHP measurements from channel 2 had a 

LOD of <150 pptv in 2001 and <30 pptv during 2002 with precisions amounting to 60 pptv. 

Overall accuracy of the measurements for both species is better than 20%, where the largest 

contributions to the overall error originate from the uncertainties in liquid flow rates and coil 

pressure (MHP only). Most H2O2 data reported are from channel 1, with H2O2 from channel 2 

only used in the case of data gaps.  

Firn and ambient air formaldehyde (HCHO) levels (24-hr averages) were determined 

using Sep-Pak® DNPH-Silica Cartridges (Waters, Milford, MA) containing acidified 

dinitrophenylhydrazine reagent coated on a silica sorbent [Kleindienst, et al., 1998]. Sample air 

(2200 to 3000 L) was pumped through an ozone scrubber and then through the cartridge, which 

was mounted in an insulated housing and kept above freezing. Intake lines were also insulated 

and heated, as noted above for ROOH. After sampling sample cartridges (including blanks) were 

sealed, wrapped in aluminum foil and transported frozen back to the US for analysis. 

Standard meteorological variables, including air temperature, atmospheric pressure and 

wind speed, were measured at each site, with surface UV-A irradiance (315-378 nm) added in 

2001 and 2002.  

Balloon soundings using RS-80 (Vaisala, Helsinki, Finland) radiosondes attached to a 

helium-filled balloon were carried out frequently in order to determine the thermal structure and 

ozone profile of the atmospheric boundary layer. During a typical sounding experiment, the 

balloon was repeatedly raised and lowered over a time period of ~1 hr at a rate of 1-2 m s-1 using 

a 1000 m long tether and an electric winch. Air temperature, atmospheric pressure and relative 

humidity were transmitted to a ground station consisting in radio antenna, receiver and a 
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computer as a data logger. In 2001 ozone was measured at the ground level in between tethered 

balloon launches. In 2002 surface ozone was determined continuously at each site using a 2B 

Technologies (Golden, CO) ozone monitor [Helmig, et al., 2002]. Instruments were usually 

placed in the heated tent and a Teflon sample line was passed to the outside and mounted 1 m 

above the snow about 2 m away from the tent. 

We used the NASA-Goddard Flight Center (GSFC) point photochemical model to 

integrate and evaluate measurements [Stewart, 2004], with modifications necessary to simulate 

the Antarctic boundary layer. In this study the LSODE integrator [Hindmarsh, 1983] is used to 

calculate the temporal evolution of all model species. No species are assumed to be in steady 

state. Model runs are started at least one year prior to time periods to be studied to mitigate the 

effects of transients. The model chemistry contains a basic NOx-HOx-Ox scheme including 

methane, ethane and ethene oxidation, but with the addition of a simplified DMS oxidation 

scheme [Sander and Crutzen, 1996]. The DMS scheme was included to investigate the possibility 

that composite reactions such as DMS + OH → SO2 + 2 HCHO and DMS + NO3 → SO2 + NO2 + 

2 HCHO contribute significantly to formaldehyde production. Under conditions used in the 

present study this was found not to be the case and these reactions will not be considered further. 

There are 30 variable species undergoing 70 reactions. In addition to chemical production and 

loss, several species are assumed to have physical sources and sinks, most importantly NO, H2O2, 

and HCHO. These were varied sinusoidally with the solar elevation angle, the maximum flux 

occurring at the maximum solar elevation angle. Fluxes were converted to source values by 

assuming they are distributed through a 250 m boundary layer. Deposition velocities are mostly 

from Hauglustaine et al. [1994], except that the rate for HCHO was taken the same as that for 

CH3CHO. We do not include a possible source of nitrous acid, HONO, from the snowpack [Zhou, 

et al., 2001] since neither flux nor mixing ratio measurements of HONO were made during the 

measurement periods. The assumed flux of NO is the principal parameter used in this study. 

However, HONO photolysis could provide a source of OH leading to higher OH mixing ratios 

than currently computed in this model. 

Model runs were constrained with time series of atmospheric chemistry and 

meteorological data. Total ozone burden was extracted for each location from the Total Ozone 

Mapping Spectrometer (TOMS) dataset (ftp.toms.gsfc.nasa.gov). Data gaps were filled using 

ftp://ftp.toms.gsfc.nasa.gov/
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scaled Dobson meter measurements from South Pole. CO, CH4 and surface-ozone data were 

available from the NOAA CMDL air sampling network station at South Pole (ftp.cmdl.noaa.gov). 

Based on a comparison with ozone measurements during ITASE, the surface-ozone time series 

from McMurdo-Arrival Heights on the coast were considered representative for the West 

Antarctic Ice Sheet, while time series from South Pole were taken for sites on the Antarctic 

Plateau. AWS (Automatic Weather Station) data from Byrd Station 

(http://uwamrc.ssec.wisc.edu/) and the South Pole (ftp.cmdl.noaa.gov) provided the 

meteorological input of air temperature, atmospheric pressure and humidity. 

 

3. Results 

3.1 Atmospheric concentrations of peroxides 

Means, standard deviations and ranges for H2O2 during ITASE 2000, 2001 and 2002 

were 321±158 (<50-888) pptv, 650±176 (141-1212) pptv and 330±147 (<30-918) pptv, 

respectively (Figure 3). For ITASE 2001 and 2002 MHP levels were 317±128 (<150-1125) pptv 

and 304±172.2 (<30-1025) pptv, respectively. MHP mixing ratios in ambient air were in general 

as high as or lower than H2O2, with the exception of measurements during a storm event at site 

02-2 (Figure 3c). 

MHP was the only higher organic peroxide detected with the HPLC method described to 

the extent that no chromatogram showed additional peaks that could be associated with other 

organic peroxides. MHP typically contributed 12-15% to the total fluorescence signal in channel 

1. After this correction H2O2 concentrations from channel 1 compared well with results from the 

HPLC method. During ITASE 2000 MHP was detected in the ambient air at three sites (00-4, 00-

5 and 00-7), but low signal to noise ratios and baseline drifts did not allow quantification. 

While MHP showed only low frequency changes over several days, H2O2 exhibited a 

diurnal cycle at many sites during times when wind speeds were low (0-5 m s-1). The daily 

maximum H2O2 levels were usually in phase with or lagged air temperature maxima by up to 4 

hours. The amplitude of daily cycles, when recognizable, ranged from 130 up to 380 pptv. The 

daily amplitude of solar elevation angle (SEA) decreases with southern latitude and is zero at the 

South Pole. Correlations between daily amplitudes of either H2O2 or air temperature and latitude 

ftp://ftp.cmdl.noaa.gov/
http://uwamrc.ssec.wisc.edu/
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showed no significant trend at the 99% level, but at locations south of 80ºS H2O2 diurnal cycles 

were less frequent and disappeared on the Antarctic Plateau all together. 

Mean atmospheric levels of MHP at each site show a significant decrease between 76º 

and 90º S, from a high of 491±296 pptv to a low of 102±41 pptv (Figure 4b). It is notable that the 

range and standard deviation of MHP concentrations also show a statistically significant, linear 

decrease with more southern latitudes. The latitudinal trend of H2O2 is more complicated, ranging 

from a high of 803±150 pptv to a low of 230±56 pptv with ITASE 2000 observations in general 

lower than in 2001 at similar latitudes (Figure 4a). The contribution of MHP to total peroxides 

(Figure 4c), ranged from 0.04 to 0.98 with a mean of 0.39±0.15. The highest mean value of 0.62 

was observed at 02-2, the only site with a value above 0.5. 

 

3.2 Firn air measurements 

A total of 8 sets of firn air measurements were carried out, mostly between local noon 

and local midnight (median solar time 16:40). In 6 of the 8 sets, firn-air H2O2 was 1.3-3.5 times 

ambient air concentrations (Table 2) with gradients between the upper 10 cm of snow and the 

atmosphere ranging between 0.1 and 13.3 ppbv/m. These gradients assume that the shallow layer 

above the snow surface is well mixed and H2O2 levels between the air-snow interface and 

measurement height of 1 m are the same. Note that firn and ambient air measurements were not 

concurrent and therefore ratios assume that neither firn nor ambient air concentrations changed 

significantly over two subsequent ~20 min sampling intervals of firn and ambient air. In 2 cases, 

at site 01-5 and 02-2, ambient levels of H2O2 were higher than in the firn. On the other hand, 

MHP mixing ratios exhibited no significant differences, partly due to increased scatter during the 

sampling of firn air.  

All firn-air results are from channel 1. When firn air was sampled HPLC data showed 

large scatter and H2O2 values 2-3 times those from channel 1, and were therefore discarded. 

Our firn air experiments were generally done on calm days; wind speeds were close to 

zero at site 01-5 and less than 4 m/s at the other sites, where measured (02-1 and 02-5). 

Movement of H2O2 molecules in the open firn space is reduced by sorption on the media and 

tortuosity effects. Effective molecular diffusivities Deff were estimated after Schwander et 

al.[1989] based on measured atmospheric pressure, air temperature and snow density and ranged 
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between a low of 8.99 x 10-6 m2s-1 at site 01-5 and a high of 1.35 x 10-5 m2s-1 at the South Pole, 

which is equivalent to a reduction by up to 30% when compared to the free air diffusivities. 

Characteristic diffusion times t across distance d of 1 cm following the Einstein-Smoluchowski 

relationship t = 0.5 x d2 Deff
-1 were 4-6 s. These estimates are higher than the 1 s modeled 

previously by Hutterli et al. [2003], but still are only 10% (50%) of South Pole (Siple Dome) 

translation times due to forced ventilation (modeled vertical ventilation velocities at wind speeds 

of ~3 m s-1 were 1 mm s-1 at Siple Dome [Albert, 2002] and 0.2 mm s-1 at South Pole [McConnell, 

et al., 1998]). It is thus assumed that molecular diffusion rather than forced ventilation due to 

pressure pumping induced by horizontal airflow across a rough snow surface dominated vertical 

fluxes across the snow-air interface. 

Mean snow pack emissions of H2O2 were 7.0 x 1011 molecules m-2s-1 ranging from 1.8 x 

108 to 2.6 x 1012 molecules m-2s-1, while at sites 01-5 and 02-2 net deposition fluxes were on 

average 3.1 x 1011 molecules m-2s-1 (Figure 5). The mean HCHO flux from the data sets at Byrd 

and 02-5 was 9.4 x 1010 molecules m-2s-1. A linear regression between gradients and mean air 

temperatures during the experiments showed a weak correlation (r2 = 0.18), but significant at the 

99% level. Other factors, however, such as latitude and snow concentrations of H2O2 integrated 

over the top 30 cm exhibited no statistical relationship either to fluxes or to gradients (Figure 5). 

 

3.3 Modeling results 

The photochemical box model was run at two sites representing two extrema of 

conditions covered by ITASE. First, Byrd is a site at lower elevation and latitude with noticeable 

diurnal cycles of SEA (13 to 33°) and air temperature (–17 to –11°C) in December (air 

temperatures measured on-site compared well to the 19-yr mean diurnal cycle for Byrd in 

December, derived from AWS data). Second, South Pole is a site with constant SEA and 

consequently no diurnal cycle; air temperatures averaged –25.9°C during the first week of 

January 2003. Stratospheric ozone concentrations had already recovered from the annual 

springtime depletion when field measurements were carried out, and amounted to 332 Dobson 

Units (DU) above Byrd and 272 DU above the South Pole. 

 The model included dry deposition of H2O2 and MHP with rates set initially to 0.32 and 

0.01 cm s-1, respectively. The value of 0.32 cm s-1 for H2O2 suggested by Hauglustaine et al. 
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[1994] translates into a deposition rate of 1.3 x 10-5 s-1 assuming a boundary layer height of 250 

m, which is of the same order of magnitude as the first-order heterogeneous removal rate of 9.3 x 

10-5 s-1 derived for South Pole [Slusher, et al., 2002]. The chosen box height of 250 m in the 

model was justified by the range of observed mixing layer heights. Most of our balloon 

soundings, including a total of 117 measured vertical profiles at ITASE 2001 and 2002 sites, 

showed very stable surface inversion layers during the coldest time of the solar day of 20 to 490 

m (mean 132 m) vertical extension followed by the development of a mixed layer during local 

morning to late afternoon hours, when the surface was warming, ranging from 13 m to 354 m.  

With parameters set to their standard values, model output of H2O2, MHP and HCHO 

was 18%, 14%, 56% at Byrd and 4%, 7% and 11% at South Pole when compared to observed site 

means (Figure 6). In a second set of model runs maximum observed diffusional fluxes of H2O2 

and HCHO were introduced into the model to simulate a heterogeneous snowpack source. In 

addition, the MHP production rate from CH3O2 + HO2
 was increased within its estimated range of 

uncertainty [DeMore, et al., 1997]. The standard rate compilation used in this study results only 

in MHP production from the reaction CH3O2 + HO2 → CH3OOH + O2. Elrod, et al. [2001], have 

observed a second channel, CH3O2 + HO2 → HCHO + H2O + O2, with a branching ratio of about 

0.3 at the low temperatures characteristic of Antarctica. Use of this rate would increase the 

difficulty in matching MHP observations, but we have not studied this quantitatively. Deposition 

velocities for HCHO, MHP, and H2O2 were also reduced, but with negligible effect at times 

corresponding to the observations. Model output matched site means of atmospheric mixing 

ratios within the observed 1σ variability, however depending on the NO background chosen, fit 

was optimal either for H2O2 and HCHO or for H2O2 and MHP, but not for all 3 chemical species 

(Figure 6). 

 

4. Discussion 

4.1 Relative hydroperoxide levels 

Mean December H2O2 levels in 2000 and 2002 were 1.6 times the average concentrations 

determined on the coast at Neumayer Station (325 vs. 200 pptv) [Riedel, et al., 2000] while the 

range of both data sets compares well (~30-900 pptv). The coastal mean values, however, 

covered data from September 1997 to March 1998 and February 1999, including low spring and 
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fall values. Our average H2O2 mixing ratios on the Antarctic Plateau at sites 02-4, 02-5 and the 

South Pole (230-290 pptv) were similar to December 1995 (180-250 pptv) [McConnell, et al., 

1997b] and 2000 (280 pptv) [Hutterli, et al., 2004] levels at the South Pole. It is striking that 

mean H2O2 concentrations above WAIS during December 2001 were twice those during the other 

field seasons (650 vs. 325 pptv) and maximum values were the highest ever reported from 

Antarctica (1200 pptv). These levels, however, were still lower than concentrations observed at 

Summit, Greenland by Bales et al. [1995] (500-2000 pptv), Jacobi et al. [2002] (650 pptv) and 

Frey and Bales [1999] (400-3800 pptv). 

HPLC chromatograms were sufficiently long to allow also for the detection of 

hydroperoxides with longer retention times than H2O2 and MHP, e.g. in the case of peroxy acetic 

acid (PAA) a breakthrough would be expected 4-5 minutes after the H2O2 peak [Lee, et al., 1995] 

at the flowrates used. However, results from the HPLC method described showed no evidence of 

the occurrence of higher organic peroxides other than MHP, e.g. no chromatogram had more than 

2 identifiable peaks. In addition, the good match between H2O2 from channel 1 after correction 

with H2O2 from HPLC further suggests that other hydroperoxides possibly present only play a 

minor role. When compared to the only other existing study, MHP mixing ratios from 2001 and 

2002 were 60% higher than levels at Neumayer (310 vs. 190 pptv) [Riedel, et al., 2000], while 

again those included values from the entire sun lit season. It is interesting to note that MHP at the 

South Pole in the first week of January 2003 (100 pptv) was ten times that predicted by 

photochemical steady state model runs for the ISCAT campaign in December 2000 [Hutterli, et 

al., 2004].  

Our MHP:(MHP+H2O2) ratios of 0.39±0.15 (range 0.04 to 0.98) were on average lower 

than reported from Neumayer of 0.57±0.26 (range 0.1 to 1.0) [Riedel, et al., 2000], but in the 

range of values found in the mid latitudes of the North and South Atlantic where ratios of 

0.32±0.12 [Weller, et al., 2000] and 0.48±0.14 [Slemr and Tremmel, 1994] were reported. The 

magnitude and temporal variability of these ratios are thought to reflect preferential depletion of 

H2O2 by dry and wet deposition, which may also be why ratios in coastal Antarctica are higher 

than in continental air. The highest ratios measured on ITASE, during a storm event at site 02-2, 

were not due to depleted H2O2 but rather a consequence of elevated MHP (Figures 3c and 4c). 

Wind speeds during the storm exceeded 18 m/s and created a zone of blowing snow extending 
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vertically several tens of meters and decreasing visibility to below 10 m. MHP levels were highly 

variable reaching up to 600 pptv, when H2O2 remained around ~200 pptv. After wind speeds 

decreased to 13 m/s the snow suspension settled and MHP dropped to 200 pptv. Surface ozone 

during the storm showed a distinct drop from 17 ppbv down to 11 ppbv and recovered 24 hrs later 

to 14 ppbv, when there was no layer of blowing snow. We eliminated evaporating snow crystals 

in the intake line as a cause for this observation since the atmospheric H2O2 signal was not 

affected. Photochemical experiments at Summit, Greenland showed that OH concentrations in 

ambient air were consistently higher than model predictions, especially during episodes of high 

winds and blowing snow, suggesting that an unknown mechanism converts HO2 into OH [Huey, 

et al., 2004]. Though the true reactions involved are not understood we suspect that elevated 

MHP during the storm at 02-2 also reflects a shift in HOx partitioning. 

The surprisingly high levels of organic hydroperoxides have consequences for the 

accuracy of current atmospheric analytical methods. The bulk peroxide fluorescence detection 

method (here channel 1) was applied in the past to determine absolute H2O2 levels under the 

assumption that higher organic peroxides can be neglected at remote polar sites such as Central 

Greenland [Bales, et al., 1995; Sigg, et al., 1992]. However, our findings show that in West 

Antarctica the presence of MHP would lead on average to H2O2 overestimates by up to 15%, 

higher than previously assumed for Summit, Greenland [Sigg, et al., 1992]. Since MHP lacks the 

diurnal cycle exhibited by H2O2, MHP:(H2O2+MHP) ratios increase during the coldest time of the 

day and would lead to potential overestimates of H2O2 of, in our case, ~50%. Therefore, H2O2 

concentrations determined with the bulk method during times when the sun is at its minimum 

elevation during the polar day should, if uncorrected, be interpreted with caution. 

 

4.2 Factors controlling the variability of ROOH 

Both photochemical and physical sinks and sources as well as local meteorological 

conditions (atmospheric water vapor, air temperature, surface UV radiation) affect the variability 

of trace chemical species in the atmosphere. These not only differed across the ITASE sites, but 

also varied during the measurement periods. Therefore our results contain both temporal and 

spatial variability (Figures 3 and 4). 
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Summer air temperatures dropped from –12 to –27°C in moving from WAIS onto the 

Antarctic Plateau, largely as a function of altitude, r2=0.67 (Figure 7a). Lapse rates across all 3 

ITASE seasons were sub-adiabatic at –8.45 K/km. Specific humidities closely followed air 

temperature, r2=0.83 (Figure 7b), as expected from the temperature dependence of water vapor 

pressure, and show that the air above WAIS contains 3 times the atmospheric moisture as does 

that above the Antarctic Plateau. Wind speeds were in general highly variable, but during the 

ITASE 2002 season they appeared to be less so and lower, often below 5 m/s on the Antarctic 

Plateau (Figure 7c). At latitudes north of 85 °S measured surface ozone levels remained below 20 

ppbv most of the time, while they were significantly higher on the Antarctic Plateau (sites 02-3, 

02-4 and 02-5) reaching a maximum at the South Pole (Figure 7d). Low surface ozone on the 

coast and elevated levels at South Pole during the summer are also observed in time series from 

Arrival Heights-McMurdo (77.8 ºS 166.8 ºE) and South Pole over the past decade (data from 

ftp.cmdl.noaa.gov). The main precursors of hydroperoxides in the remote troposphere, CH4 and 

CO, are well mixed across the entire study area, as seen by comparison of data sets from Halley 

Station (75.6 ºS 26.6 ºW), Palmer Station (64.8 ºS 64.1 ºW) and South Pole, and declined 

between November and January, from 1.71 ppbv to 1.70 ppbv and 55 ppbv to 38 ppbv, 

respectively (ftp.cmdl.noaa.gov). 

SEA at solar noon varied between 36º and 23º across all ITASE seasons and daily 

amplitudes dropped from 28º at site 01-6 to 0º at the South Pole. As a consequence, daily 

amplitudes of air temperature at Byrd were 5.7 ºK, with no diurnal pattern at South Pole. 

Measured surface UV-A radiation tracked the variability in SEA (r2=0.96; data not shown). 

Unfortunately, our measurements did not extend to the UV-B region of the solar spectrum, where 

the absorption of H2O2, MHP and O3 is strongest and, as expected, UV-A and O3 burden showed 

no significant relationship. Therefore we used the Tropospheric Ultraviolet-Visible (TUV) 

radiation model version 4.1 (http://www.acd.ucar.edu/TUV) [Madronich and Flocke, 1998] to 

calculate surface UV-B (280-315 nm) and photolysis rates of H2O2, MHP and O3 taking into 

account current location, elevation and local total ozone burden under the assumption of clear-sky 

conditions and a surface albedo typical for the Antarctic ice sheet of 0.9 [King and Turner, 1997]. 

Daily means of modeled surface UV-B were highest during ITASE 2001, up to double levels in 

2000 and 2002 at the same time of year in similar regions (Figure 8 d-f). Daily amplitudes were 

ftp://ftp.cmdl.noaa.gov/
ftp://ftp.cmdl.noaa.gov/
http://www.acd.ucar.edu/TUV
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large (Figure 8 d-e) and decreased to zero towards the South Pole (Figure 8 f). Fluctuations in the 

O3 burden clearly dominate seasonal SEA changes in driving the variability of surface UV-B, as 

can be seen by comparing the results to model simulations where O3 column density is held 

constant at 290 DU (dotted line in Figure 8 d-f). At the end of November 2001, O3 burden 

dropped within 7 days by 70 DU, while the model predicted a 5-fold increase of surface UV-B in 

addition to the seasonal SEA effect.  

H2O2 and MHP are both positively correlated with specific humidity (Figure 9a and e), as 

water vapor is a significant precursor for both. High UV-B also gives high H2O2 mixing ratios 

(Figure 9 b). However, MHP was not sensitive to UV-B (Figure 9 f). While H2O2 levels dropped 

off with increasing surface ozone concentrations on the Polar Plateau (Figure 9c), MHP increased 

with O3 between 10 and 20 ppbv. Above 20 ppbv MHP levels were suppressed, less variable, 

with median values below 150 pptv. These trends of both hydroperoxide species are consistent 

with an increase in net production of surface O3 through reactions R5 and R6 at the expense of 

hydroperoxide formation. Additional NO is released from the snow pack after photolysis of NO3
- 

stored in the upper snow layer. Indeed, elevated surface O3 levels observed at the South Pole 

suggested photochemical production rates of 2.2 to 3.6 ppbv/day [Crawford, et al., 2001] and NO 

levels were surprisingly high [Davis, et al., 2004b], in part due to snow emissions of NOx from 

NO3
- photolysis [Honrath, et al., 1999]. During periods of high NO H2O2 levels were suppressed 

[Hutterli, et al., 2004]. 

Local meteorological conditions affect vertical and horizontal transport and thus the 

variability of chemical species. Higher wind speeds, at least up to 10 m s-1, resulted in lower H2O2 

(Figure 9d), while MHP and wind speed show no significant correlation (Figure 9h); an exception 

was the storm event described above. While this is not definitive, it is consistent with the fact that 

H2O2 emissions out of the snow pack are mixed into the boundary layer and thus diluted through 

turbulent transport much more efficiently during periods of higher wind speeds than during calm 

days, as was observed in the case of NO during the ISCAT campaign [Davis, et al., 2004a]. 

Snow pack emissions of H2O2 and HCHO at the South Pole in December 2000 were 

determined to be on the order of 1 x 1013 and 2 x 1012 molecules m-2s-1, respectively [Hutterli, et 

al., 2004]. Our gradients were smaller, resulting in diffusional fluxes about 10% of those from 

ISCAT 2000 [Hutterli, et al., 2004] (Figure 5). Differences are due in part to dilution of firn air 
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with an unknown amount of ambient air during sampling, making reported values lower limits. At 

these reduced rates the reservoir of H2O2 in the snow phase is not limiting, e.g. at maximum 

emission flux, average H2O2 snow concentrations of 4.4 µM and a mean snow density of 370 kg 

m-3 in the upper 10 cm of snow pack [Frey et al., in preparation] it would take ~1.2 yr to deplete 

H2O2 completely from the upper snow layer. 

The observed large diurnal cycle of H2O2 is most likely caused by the same reversible 

temperature driven exchange mechanism as at Summit, Greenland, where diurnal cycles have 

been explained by net emission during the day and net deposition during the night [Hutterli, et 

al., 2001]. Even though no decrease in amplitude with more southern latitude was observed, our 

findings that H2O2 and air temperature amplitudes show a weak correlation and no diurnal cycles 

were detected south of 85 °S are consistent with a decrease in variability of air temperature and 

snowpack emissions at the more southern latitudes. 

A significant physical MHP source in the surface is unlikely, given that no diurnal cycle 

was observed and that MHP remained below the detection limit of 7 ppbw in all samples from 1 

m snow pits collected at ITASE 2000 sites [Frey et al., in preparation]. Previous attempts to find 

MHP down to a stated threshold of 0.1 ppbw in an Antarctic ice core at Law Dome failed as well 

[Gillett, et al., 2000]. 

The contribution of the snow pack to boundary layer photochemistry also depends 

strongly on atmospheric dynamics and the vertical extent of the planetary boundary layer. For 

example, at site 02-4 (‘Hercules Dome’) H2O2 concentrations dropped between 25-Dec 0:00 UTC 

and 25-Dec 3:00 UTC from levels above 400 pptv down to ~220 pptv. Balloon profiles from 24-

Dec 21:35 UTC and 25-Dec 2:45 UTC showed the existence of a mixed layer of 120–150 m 

vertical extent, remaining virtually unchanged over the same time period, and therefore dilution 

effects due to an expansion of that layer can be excluded. Air temperatures dropped from –18 to –

26 °C, leading to a change in H2O2 consistent with decreased snow pack emissions or even net 

deposition during lower temperatures. Back trajectories (see below) showed that air originating 

from the Weddell Sea sector from 4 days prior arrived with only marginal vertical movements 

within the planetary boundary layer at 02-4 at the same time. 

At Neumayer Station advection of marine air was responsible for sporadic increases in 

ROOH during the polar night when the photochemical production of peroxides is shut down 



  70 

[Riedel, et al., 2000]. Also inland locations such as South Pole can be influenced by influx of 

marine air [Swanson, et al., 2004]. Daily back trajectories calculated for all ITASE seasons with 

the NOAA HYSPLIT model [http://www.arl.noaa.gov/ready; Draxler and Rolph, 2003] show 

that air masses originating in the Amundsen, Bellingshausen or Weddell Sea sector can reach 

central locations on the West Antarctic Ice Sheet within less than ~3 days, with the air at ground 

level moving along the topography. According to the same trajectories air masses are also 

advected frequently through katabatic flow from the Antarctic Plateau down slope to lower 

elevations of WAIS. We compared these transport times with atmospheric lifetimes τ of H2O2 and 

MHP with respect to reaction with OH and photolysis using τh2o2 = (kR9 [OH] + kR7)-1 and τMHP = 

(kR10 [OH] + kR8)-1. Reaction rates from Atkinson et al. [1997] were extrapolated to conditions at 

ITASE locations and photolysis rates calculated with the TUV model. The lifetimes of H2O2 and 

MHP averaged over all field seasons were 49 hr and 63 hr, assuming coastal levels of OH of 0.5 x 

105 molecules cm-3 [Jefferson, 1998] and decreased to 25 and 34 hr, when the ISCAT 2000 mean 

for OH of 2.1 x 106 molecules cm-3 at South Pole [Mauldin, et al., 2004] was used. Including dry 

deposition decreased ranges to 14 and 57 hr in the low and 11 and 33 hr in the high OH scenario. 

Thus it is unlikely that H2O2 at locations in the interior of Antarctica in summer time, 

even during meteorological situations that facilitate fast transport from the coast, is impacted by 

distant off-continent source regions. In the case of MHP long range transport might play a role at 

WAIS locations closer to the coast due to the smaller sensitivity to heterogeneous removal and 

therefore longer lifetimes, however our observations lack any sudden changes in concentration to 

support this. 

 

4.3 Stratospheric ozone 

The high H2O2 and lower MHP concentrations above WAIS during 2001 can be 

explained by 3 factors: a) change in relative abundance of atmospheric precursors CO, CH4 or 

water vapor, b) variability of the physical heterogeneous snow pack source, and c) changes in 

surface UV-B, with corresponding impacts on the HOx-NOx cycle and the ROOH budget. In 

order to evaluate interannual differences of ROOH levels we compared 15-day periods in 

December 2000, 2001 and 2002 when measurements were carried out at locations with similar 

features (Table 3). By comparing equal time periods of different years we exclude seasonal 

http://www.arl.noaa.gov/ready
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variations of the solar elevation angle as a contributing factor and expect UV-B to change only as 

a function of location and stratospheric ozone. Mean UV-B calculated with a constant ozone 

overhead column of 290 DU is indeed comparable between the 15-day periods of all 3 seasons, 

with the slightly lower value for 2002 reflecting the fact that 02-40, Byrd and 02-1 are located at 

more southern latitudes (Table 3). Between November-27 and December-12 in 2001 H2O2 was 

70% higher than during the same time period in 2000 and 2002, while MHP was 80% the levels 

encountered in 2002 (Table 3). 

It is unlikely that atmospheric precursors of H2O2 are responsible for much of the 

interannual differences. While CH4 mixing ratios in all 3 years were almost identical, December 

2000 had 6-8 ppbv less CO than 2001 and 2002. However, no effect on mean H2O2 is obvious, 

since December 2000 levels were comparable to the mean of December 2002 (Table 3). 

Atmospheric moisture was 80% higher in 2002 when compared to 2001, while the concurrent 

change in H2O2 was opposite of what is expected if the difference was driven by humidity 

changes. MHP, however, followed the pattern in atmospheric moisture.  

Systematically higher air temperatures in combination with stable atmospheric 

stratification and recent deposition prior to air sampling could potentially lead to increases in 

H2O2 levels as a consequence of temperature driven release from the snow pack [Hutterli, et al., 

2001]. Conversely, regularly occurring fog events could lower H2O2 levels through net 

deposition, as suggested to be the primary reason for below average H2O2 levels during a 3-week 

period at Summit, Greenland [Hutterli, et al., 2004; Jacobi, et al., 2002]. However, wind speeds 

showed no significant difference between seasons, mean air temperatures were lower when H2O2 

was high (Table 3), and fog events were observed occasionally, but were not systematically more 

frequent on the ITASE 2000 and 2002 traverses. 

This leaves systematic differences in surface UV-B as the leading cause for differences in 

H2O2. Previous model studies predicted that enhanced surface UV-B increases ozone photolysis, 

leading to enhanced OH and H2O2 [Fuglestvedt, et al., 1994]. Ozone column densities were low 

in December 2001 and dropped below the ozone-hole-defining threshold of 220 DU [Newman, et 

al., 2004] above most of the West Antarctic Ice Sheet, including sites 01-1, 01-2 and 01-3 

(Figures 8 and 10). In the present case a decrease in O3 column density can increase production of 

H2O2 through two mechanisms: enhanced ozone photolysis and increase of photolytically induced 
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snow pack emissions of NO in a low-NOx regime, where both species are positively correlated. 

This is consistent with the low MHP in December 2001, which according to our model sensitivity 

study should decrease rapidly as NO concentrations rise. 

With high surface UV-B in 2001 (Figure 8e) photolysis rates of ROOH and ozone are 

expected to increase, with the latter showing large positive perturbations when ozone burden is 

low (Figure 11, 4th row). The first direct observations at South Pole during ISCAT 2000 revealed 

that decreases in overhead O3 column density were accompanied by increases in j(O3 → 

O(1D)+O2) and OH concentrations [Mauldin, et al., 2004]. Ozone photolysis rates calculated with 

the TUV model during times of low O3 burden are up to 5 times the observed values during the 

first week of December 2000 at South Pole, and maximum values >5 x 10-5 s-1 are comparable to 

photolysis rates calculated for mid latitude locations (non-polluted sky at sea level, SEA of 0° and 

surface albedo 0.03, [Jacobson, 1999]). Therefore, enhanced primary production of OH through 

O(1D)+H2O(g) → OH +OH after ozone photolysis followed by R1 appears to be one likely cause 

for the observed net increase in H2O2. Higher H2O2 production rates thereby exceed photolytic 

loss rates, which according to the TUV model show only slight enhancement (Figure 11, 4th row). 

The slow decrease in observed surface ozone levels during the comparison periods in 2001 and 

2002 (Figure 11, 5th row) points also to a regime of net destruction of O3. 

The change in NOx chemistry due to increased surface radiation and nitrate photolysis in 

the snow results in a net increase in OH and H2O2. Surface radiation changes related to the ozone 

hole drive the rate of nitrate photolysis in the upper snowpack enough to increase NOx emissions 

and lead to a net production of ozone [Jones and Wolff, 2003], possibly explaining elevated 

surface ozone levels observed at the South Pole during summer [Crawford, et al., 2001] starting 

in the late 1970s after the onset of the ozone hole. Box model simulations for the ISCAT 2000 

data set suggest that elevated and highly variable OH and HO2+RO2 are a direct result of equally 

high and variable levels of nitric oxide. The reason for high OH is that NO is efficiently cycling 

HO2 into OH. Correlations between NO and OH or H2O2 both showed a positive relationship up 

to a threshold of ~100 pptv of NO [Hutterli, et al., 2004; Mauldin, et al., 2004]. Beyond that 

H2O2 production is suppressed. This hypothesis is supported by the observation of enhanced 

surface O3 on the Antarctic Plateau indicating net O3 production (Figure 11, 5th row) and the 
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lower MHP in 2001 (Table 3). MHP formation is suppressed at lower NO levels than is H2O2 and 

shows a rapid decline as NO increases (see below). 

There is a time lag between changes in O3 burden and the response in H2O2 at the surface 

(Figure 11), most likely due to the fact that the system is not in photochemical steady state. 

Indicators of a low NOx regime are low surface ozone above WAIS and low NO levels reported 

from the coast [Jefferson, 1998; Jones, et al., 1999]. Since our box model scales the NO source as 

the inverse square of the cosine of solar zenith angle and does not include at this point nitrate 

photolysis it comes to no surprise that modeled OH (not shown) and H2O2 (Figure 11, 2nd row) 

fail to show a significant increase during low O3-burden episodes. Modeled H2O2 in 2001 is 

slightly higher than in 2002 and shows a small positive change after overhead ozone has passed 

through a minimum clearly not capturing the increase indicated by observations. ROOH observed 

at Neumayer Station during the period of stratospheric ozone depletion in 1997 showed mixing 

ratios comparable to typical winter levels and no obvious change [Riedel, et al., 2000]. However, 

in the Neumayer data set a large increase in H2O2 occurs between day of year 310 and 320 

(1997), right around the time where surface O3 shows higher variability and tendency to increases 

as well. This is consistent with Jones and Wolff [2003], who found that the impact of change in 

UV-B radiation on nitrate photolysis and subsequently elevated NO becomes important later in 

the sunlit season at higher solar elevation angels. 

 

4.4 Atmospheric oxidation capacity 

Since calculated hydroperoxides in our box model runs were highly sensitive to the NOx 

background (not measured) the NO source term in the model was set to achieve modeled ambient 

NO levels within the range of existing measurements in Antarctica. Mean coastal NO levels 

reported from Neumayer Station [Jones, et al., 1999] and Palmer Station on the Antarctic 

Peninsula [Jefferson, 1998] were less than 10 pptv, while high values were found at the South 

Pole, averaging 133 and 244 pptv for Dec. 15-31 in 2000 and 1998, respectively [Davis, et al., 

2004b]. 

 The sensitivity study showed that in a low NOx regime (Byrd) H2O2 increases 

with NO until a maximum is reached at NO ≈ 10 pptv and drops off quickly thereafter (Figure 

12a). The decrease of MHP with increasing NO is more pronounced, no maximum being 
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indicated over the range of NO studied. There are two factors that contribute to this difference in 

behavior. First, NO reacts with both H2O2 and MHP precursors, HO2 and CH3O2 (R5 and R6), but 

in the case of HO2 the OH formed may simply be recycled to HO2 and is again available for 

peroxide formation. In the case of CH3O2 the organic product is HCHO, which cannot produce 

MHP in subsequent reaction steps. Second, OH increases throughout a low NOx regime (Figure 

12, c and d) and, since the loss of MHP via reaction with OH (R10) exceeds that for peroxide loss 

(R9), the decrease of MHP with increasing NO tends to be more pronounced. 

According to this model it is hard to sustain elevated MHP at the high NO mixing ratios 

observed at the South Pole, since MHP decreases rapidly at NO levels rising beyond 40 pptv at 

the South Pole (Figure 12b). Predictions of NO (OH) levels based on optimum model runs, 

including physical sources of H2O2 and HCHO, were 10 pptv (8.9 x 105 molecules cm-3) at Byrd 

and 42 pptv (2.4 x 106 molecules cm-3) at South Pole, respectively. Thus within the 1σ range the 

modeling suggests that a combination of our observations of H2O2, MHP and HCHO consistently 

constrain the NOx background. As can be seen from Figure 12 MHP is the limiting species due to 

its high sensitivity to NO changes. Since NOx is controlling the oxidizing capacity in the 

troposphere above the ice sheet, as seen by the close relationship between NO and OH (Figure 

12), we consider this to be a quantitative link between ROOH, HCHO and current atmospheric 

oxidation capacity. 

The modeled HOx-NOx chemistry at Byrd appears to be close to the composition of the 

atmosphere on the coast [Jefferson, 1998; Jones, et al., 1999], while the constrained simulations 

for South Pole are qualitatively in agreement with the ISCAT results and further confirm that the 

Antarctic Plateau is a unique atmospheric environment of high oxidizing power. However, it 

should be noted that NO levels above 100 pptv, as observed during ISCAT 2000, are clearly not 

in agreement with the relatively high MHP measured on ITASE. Since a physical snowpack 

source of MHP is unlikely, other photochemical reactions involving organic trace gases can 

potentially lead to increased MHP. Even at a remote location as the interior of the Antarctic there 

are appreciable amounts of organic molecules in the snow; e.g. the TOC content of South Pole 

snow samples was found to be similar to Arctic snow from Summit, Greenland or Alert, Nunavut 

[Grannas, et al., 2004]. Ethene emissions from the snowpack, as observed at Alert, Nunavut 

[Bottenheim, et al., 2002], could contribute to MHP production through gas phase ozonolysis. 
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Lab experiments provided evidence that reaction of ozone with alkenes can yield alkylperoxides 

including MHP under dry conditions [Gab, et al., 1995; Horie, et al., 1994]. Another possible 

mechanism is the photooxidation of acetone, CH3(CO)CH3 + hν + O2 → CH3OO + CH3C(O)O2, 

leading to the formation of additional methylperoxy radicals. Under low NO conditions more 

MHP is then produced through R4. The trace gas acetone was found to be emitted from high 

latitude snowpack as results from the ALERT 2000 campaign show [Guimbaud, et al., 2002]. 

However, formation mechanisms for organic hydroperoxides are in general still poorly 

understood and further field measurements including other possible organic precursor species are 

required to understand MHP sources in the remote environment. 

 

5. Conclusions 

First, it is important to note that the US ITASE ground traverse served as an excellent 

research platform for an extensive atmospheric sampling program in remote West Antarctica, 

providing a unique data set of atmospheric observations across latitudes, similar to measurement 

campaigns on oceanic vessels. Our findings from spatially distributed spot measurements of 

summer levels of ROOH above the West Antarctic Ice Sheet indicate that atmospheric water 

vapor, actinic flux and consequently ozone column density, and, in the case of H2O2, a 

heterogeneous snow pack source, are the main factors controlling atmospheric concentrations. 

The upper snow pack between 76 and 90 °S is a net source of H2O2, at least during the latter half 

of the solar day in summer and probably over the full diel cycle for many months. On the other 

hand, a physical source of MHP is less likely to play an important role. First time quantitative 

measurements using HPLC show that MHP is the only important organic hydroperoxide 

occurring in the Antarctic troposphere, and is of similar concentration to H2O2 in the absence of 

enhanced surface UV-B from stratospheric O3 depletion. We show strong evidence for a negative 

correlation between stratospheric ozone and surface levels of H2O2 by comparing differences in 

atmospheric moisture content, air temperature and photolysis rates from a radiation transfer 

model calculation. The difference of H2O2 above WAIS in the low O3-burden year 2001 

compared to the 2000 and 2002 seasons is significant. Enhanced surface UV-B radiation upon 

depletion in ozone column density affects H2O2 mixing ratios through increased ozone photolysis 

and increases in NOx following nitrate photolysis in the upper snow pack. This finding will 
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impact the interpretation of century scale records of H2O2, which are currently being developed 

from shallow cores recovered at all ITASE locations [Frey, et al., 2004]. 

The US ITASE traverse across WAIS provided a link between the two atmospheric 

environments, the coast and the Antarctic Plateau, where tropospheric chemistry in summer has 

been characterized before. Photochemical box model runs constrained by observations of H2O2, 

MHP and HCHO suggest that NO and OH levels on WAIS are closer to coastal values, while 

Antarctic Plateau levels are higher, confirming the unique nature of that region as a highly 

oxidizing environment. This also implies that the positive feedback on H2O2 from higher surface 

UV-B due to a thinning stratospheric ozone layer should be more pronounced in the WAIS region 

where NOx levels are low. The modeled sensitivity of H2O2 and particularly MHP to NOx reveals 

the potential use of atmospheric hydroperoxides to constrain the NO background and to evaluate 

the current and, using ice core reconstructions, past strength of a photolytic NO source in the 

snow pack. Since NO itself is tightly linked to the oxidation power of the atmosphere in remote 

regions, this link is expected to narrow upper and lower limits on atmospheric HOx. It should be 

emphasized that during this study no NOx measurements were available to validate the model. 

Future work will therefore need model constraints from NO observations in order to improve the 

model parameterization of NO flux from nitrate photolysis in the snow pack and eventually 

capture better the large observed increase in H2O2. A better understanding of ROOH formation in 

the polar troposphere will require also a detailed characterization of organic precursors from the 

snow pack. 
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Tables 

Table 1. Locations of atmospheric chemistry observations 

 

Site 

lat/ long, 

°S/ °W 

elev, 

m 

Ta, 

°C 

 

Dates 

00-1 79.38/ 111.23 1791 -13.7  11/27 – 12/6/00 

00-2 78.73/ 111.50 1675 -15.0  12/7 – 12/9/00 

00-3 78.42/ 115.92 1741 -16.7  12/10 – 12/13/00 

00-4 78.08/ 120.08 1697 -15.0  12/14 – 12/17/00 

00-5 77.68/ 123.99 1827 -11.8  12/18 – 12/22/00 

00-6 78.33/ 124.48 1639 -15.4  12/23 – 12/25/00 

00-7 79.13/ 122.27 1494 -13.8  12/26 – 12/29/00 

01-1 79.16/ 104.97 1843 -22.4  11/23 – 11/29/01 

01-2 77.84/ 102.91 1353 -18.7  11/30 – 12/04/01 

01-3 78.12/ 95.65 1633 -17.3  12/05 – 12/9/01 

01-4 77.61/ 92.25 1484 -15.2  12/10 – 12/12/01 

01-5 77.06/ 89.14 1246 -14.0  12/13 – 12/19/01 

01-6 76.10/ 89.01 1232 -13.0  12/20 – 12/24/01 

02-40 80.35/ 118.08 1537 -12.0  11/27 – 11/28/02 

Byrd 80.02/ 119.60 1537 -13.8  11/28 – 12/7/02 

02-1 82.00/ 110.01 1765 -18.1  12/8 – 12/13/02 

02-2 83.50/ 104.99 1965 -24.1  12/13 – 12/17/02 

02-3 85.00/ 105.00 2400 -24.0  12/19 – 12/22/02 

02-4 86.50/ 107.99 2601 -24.4  12/23 – 12/27/02 

02-5 88.00/ 107.98 2749 -23.8  12/27 – 12/30/02 

South Pole 89.91/ 147.57 2810 -27.1  01/2 – 01/4/03 
a average temperature during atmospheric chemistry measurements 
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Table 2. H2O2 mixing ratios measured during firn air experiments. 

 

Site 

 

timea (local noon) 

duration, 

hrs 

 

Tair
b / SEAc

ambient aird, 

pptv 

firn aird, 

pptv 

01-5A 16-Dec-01 0:20 (17 :51) 4:20 -7.4 / 35.9 756 ± 146 1442 ± 478 

01-5B 16-Dec-01 20:10 (17 :51) 5:20 -11.4 / 35.9 783 ± 82 638 ± 74 

02-1 10-Dec-02 23:59 (19 :13) 4:11 -17.0 / 30.9 416 ± 232 625 ± 52 

02-2 16-Dec-02 1 :13 (18 :55) 5:00 -24.1 / 30.9 177 ± 32 128 ± 12 

02-3 21-Dec-02 20:47 (18 :57) 4:33 -20.3 / 29.4 433 ± 61 888 ± 141 

02-4A 26-Dec-02 1:41 (19 :11) 5:00 -23.7 / 26.4 198 ± 36 257 ± 87 

02-4B 26-Dec-02 6:58 (19 :11) 5:40 -25.3 / 26.4 167 ± 53 245 ± 28 

02-5 29-Dec-02 20:50 (19 :13) 5:39 -23.3 / 24.9 213 ± 158 742 ± 258 
a median time of experiment 
b mean air temperature during the experiment 
c solar elevation angle in degrees 
d mean and standard deviation for total length of experiment based on 2.5 min values 
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Table 3. Overview of environmental parameters during the inter comparison period in December 

2000-2002; listed are averages and 1σ uncertainties. 

Parameter 11/27 - 12/12/00 11/27 - 12/12/01 11/27 - 12/12/02 

H2O2, ppbv 412±202 674±180 401±151 

MHP, ppbv - 314±129 403±161 

latitude, °S 78.42 - 79.38 77.61 - 79.16 80.00 - 82.00 

Elevation, m  1675 - 1791 1353 - 1843 1537 - 1765 

air temperature, °C -14.2±4.1 -19.0±3.8 -14.6±2.4  

qv, g kg-1 - 0.72±0.21 1.13±0.14  

wind speed, m s-1 6.2±2.3 5.0±2.9 4.1±2.9 

CO, ppbv 42.9±1.5 48.7±1.3 50.7±1.9 

CH4, pptv 1709±2 1708±2 1713±1 

Surface O3, ppbv - 14.5±3.0 19.3±2.5 

O3 burden, DU 318±23 220±34 334±10 

UV-Ba, W m-2 0.35±0.33 0.60±0.55 0.30±0.26 

UV-Bb, W m-2 0.40±0.36  0.42±0.39 0.37±0.31 
a calculated UV-B using observed ozone column densities 
b calculated UV-B at constant ozone column densities (290 DU)
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Figures 

 
 

Figure 1. WAIS map (based on Antarctic Digital Data Base v4.1 http://www.add.scar.org/) 

overlying the RAMP DEM [Liu, et al., 2001] showing traverse routes of the US component of the 

International Transantarctic Scientific Expedition (US ITASE; details of the multi-disciplinary 

expedition at http://www.ume.maine.edu/USITASE/) in 2000-2002 and the 21 locations of 

atmospheric chemistry observations. 

 

http://www.add.scar.org/
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Figure 2. Schematic of 2-channel peroxide detector employed on ITASE; shown are air pumps 

(P), actuated injection valve (V), excitation source (Ex) and photo-multiplier tubes (PMT1 & 2). 
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Figure 3. Mixing ratios of H2O2 (black symbols) and CH3OOH (grey symbols) from 3 ITASE 

seasons observed during the month of December in 2000 (a.), 2001 (b.) and 2002 (c.). H2O2 is 

reported as 10 min averages, while the plotted MHP data represent single chromatograms, each 

one of them representing a ~5 min average of sampled air. Note that as the season progressed the 

measurement location changed as well, as indicated by the site index attached to each group of 

data. Data gaps are time periods when the ground traverse was in transition to a different site and 

no measurements were done. 
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Figure 4. Site averages of atmospheric mixing ratios of H2O2 (a) and MHP (b) and ratios of MHP 

to total peroxide (c) as a function of latitude. Symbols are means with error bars indicating one 

standard deviation and shaded areas the full range of measurements. 
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Figure 5. Estimates of H2O2 fluxes based on measured gradients between ambient and firn 

interstitial air are plotted as a function of latitude. Bars represent the mean and error bars 1 σ 

uncertainty. Note that at site 01-5 and 02-4 two sets of measurements are shown. 
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Figure 6. Comparisons between observations and photochemical box model estimates of 

atmospheric H2O2, MHP and HCHO mixing ratios for Byrd (a-c) and South Pole (e-g). 

Calculated NO background values are plotted as well for both sites (d,h). Various model 

scenarios include: 1) a base case with standard reaction rates and no heterogeneous fluxes for 

ROOH and HCHO (grey lines) and 2) multiple runs with reaction rates optimized for MHP 

production, emission fluxes of H2O2 and HCHO included and the NO source set for different 

backgrounds in December (blue and red lines). Black symbols are observed mean concentrations 

at each site with error bars indicating the 1σ uncertainty range, while symbols in grey represent 

10 min averages of measured H2O2 and MHP. No DNPH results were available from South Pole, 

instead one 24 hr run from site 02-5 was used for comparison with no uncertainty range (g). 
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Figure 7. Correlation plots of observed and calculated environmental parameters on ITASE: a. air 

temperature vs. elevation with the black line illustrating the linear trend (slope –8.45 K/m, r2 = 

0.67), b. observed specific humidity qv (symbols and error bars correspond to median, 25th and 

75th percentile of each bin) vs. air temperature. Also shown is potential qv at RH=100% (25th and 

75th percentile as grey lines), c. wind speed vs. latitude and d. surface ozone vs. latitude. Symbols 

and error bars in a., c. and d. represent mean and 1σ uncertainty at each site and individual field 

seasons are color coded: ITASE 2000 (blue), ITASE 2001 (black) and ITASE 2002 (red). All 

meteorological and surface ozone data used are 10 min averages from December/January of the 

respective year (note that neither humidity nor surface ozone were measured in 2000). 
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Figure 8. Panels a-c show daily ozone column densities from TOMS during each field season 

above the location of the ITASE traverse on the same dates. Panels d-f show calculated surface 

UV-B (280-315 nm), where the black line represents daily means and the area shaded in grey 

illustrates the amplitude between solar noon and midnight; surface UV-B radiation was also 

calculated for ozone column densities fixed at a constant 290 DU (dotted black line). 
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Figure 9. Correlation plots of binned ROOH observations: (a./.e) H2O2/MHP vs. specific 

humidity qv, (b./f.) H2O2/MHP vs. calculated surface UV-B radiation (280-315 nm), (c./g.) 

H2O2/MHP vs. surface ozone and (d./h.) H2O2/MHP vs. wind speed. Symbols and error bars 

represent median values and inner quartiles (25th and 75th percentiles). All data used are 10 min 

averages in December 2001, 2002 and early January 2003 (wind speed and UV-B correlation 

plots contain also December 2000 data). 
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Figure 10. Spatial distributions of total ozone above Antarctica are compared between December 

2000 (Panel a.), 2001 (Panel b.) and 2002 (Panel c.). Images show data recovered by the Earth 

Probe TOMS instrument (http://toms.gsfc.nasa.gov/ozone). White areas represent data gaps. 

 

 

http://toms.gsfc.nasa.gov/ozone
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Figure 11. Atmospheric H2O2 and related parameters are shown from 2000, 2001 and 2002, each 

column representing one season of measurements. Areas shaded in grey highlight the comparison 

period November-27 - December-12 (Table 3). In row 1 daily column densities of ozone are 

plotted against time (grey symbols represent Byrd, while the black symbols take into account the 

current position of the ITASE traverse on the ice sheet). The second row shows 10 minute (grey 

symbols) and 24 hour averages (black symbols) of observed H2O2. Plotted are also simulated 

H2O2 mixing ratios in 2001 and 2002 from the optimized fit to observations at Byrd in 2002 

(black line). The third row illustrates the variability of specific humidity (10 minute and 24 hr 

averages plotted as grey and black symbols, respectively; no data available from 2000). 

Calculated daily averages of photolysis rates for O3 (black symbols) and H2O2 (grey symbols) are 

shown in the fourth row, and surface O3 measurements from ITASE2001 and 2002 are plotted in 

the fifth row. 
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Figure 12. Sensitivities of calculated H2O2, CH3OOH and HCHO to increasing NO background 

levels are shown for a. Byrd (29.11.02-7.12.02) and b. South Pole (2.01.03-5.01.03). Symbols 

represent output of individual box model runs for H2O2 (circles), MHP (grey triangles) and 

HCHO (squares). Observation ranges, defined as the mean plus and minus 1σ, are shown as 

shaded areas with solid, broken and dotted border lines for H2O2, CH3OOH and HCHO 

respectively. Note that at South Pole only one data point for HCHO is available (see text). Panels 

c. and d. illustrate the relationship across the same model runs between calculated NO and OH 

radical concentrations at Byrd and South Pole. 
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Addendum. On the collection efficiency of coil scrubbers 

(not part of the final manuscript accepted for publication) 

 

 

 

Since precise description of the collection efficiency (CE) of coil scrubbers for less 

soluble species such as organic peroxides is critical for the accuracy of measurements we provide 

further details on the evaluation of the experiment and how results compare to theoretical 

predictions. 

An air stream with a constant level c0 of trace gas is pumped through two similar coil 

scrubbers A and B set up in series. The liquid phase concentrations cA and cB after each one of the 

two coils A and B is measured. Then, the order of the coils is reversed, and the procedure 

repeated to measure cA’ and cB’. With the following equations relating the respective 

concentrations to the collection efficiencies CEA and CEB of coil A and coil B, respectively, 

 

  cA = CEA * c0        (A1) 

  cB = CEB * c0(1- CEA)       (A2) 

  cB’ = CEB * c0        (A3) 

  cA’ = CEA * c0(1- CEB)       (A4) 

 

the experimental results can be evaluated with 
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In our experiment the difference in CE between two similar custom-made glass coils was ~1%. If 

the difference is small or both coils are identical, then the above equation may be simplified using 

cA = cB’ and cB = cA’ and becomes 
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A

B

c
cCE −=1         (A6) 

 

Typically, experimental results are compared to Henry’s Law, which implies that equilibrium 

between gas and liquid phase is reached in the coil, regardless of the nature of the gas, coil 

dimensions or flow rates. Here, we expand this analysis by comparing to a more detailed kinetic 

theory used in evaluating the gas uptake in wet flow denuders [Roethlisberger, 1996]. The 

movement of molecules in the air stream through the coil can be described as a superposition of 

molecular diffusion and laminar flow in a cylindrical tube leading to a differential equation 

[Gormley and Kennedy, 1949] 
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where Ψ is the partial pressure of gas, r, distance from axis of the tube, a, radius of tube, ζ, length 

of tube, D, molecular diffusion coefficient in air and κ = 2Φg/( π a4D) with Φg as the gas flow 

rate. The maximum distance, which a gas molecule can travel is a-s, where s is the thickness of 

the liquid layer in the coil, estimated to be on the order of 10-5 m. It is assumed that once a trace 

gas molecule enters into contact with the scrubber liquid irreversible uptake occurs. Boundary 

conditions in the tube are (1) Ψ=0 at r = (a-s), since the partial pressure of the trace gas 

approaches zero at the liquid surface, and (2) Ψ = Ψ0 at ζ = 0, with Ψ0 as the partial trace gas 

pressure at the beginning of the tube. The ratio of the number of molecules at any ζ is then given 

by 
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where n0 is the total number of molecules entering the tube at ζ = 0, n(ζ), number of molecules at 

ζ and Ψ a solution of the above differential equation for partial pressure. The integral above can 

be developed as a series [Gormley and Kennedy, 1949] given below 
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with h = ζ π D/(2 Φg). This approach is valid only as long as the liquid concentrations are much 

smaller than Henry’s equilibrium. It also has to be noted, that flow in a coil scrubber is turbulent. 

The resulting CEs are plotted as a function of coil length, coil pressure and temperature (Figure 

13) and compared to experimental results and Henry’s Law. The kinetic theory generally over 

predicts the measured CE, even though turbulent flow in the coil should rather lead to an under 

prediction. On the other hand sticking coefficients are not unity (e.g. for H2O2 the coefficient 

above aqueous surfaces decreases from 0.38 at 255 K to 0.12 at 295 K [Worsnop, et al., 1989]) 

and only a fraction of molecules remains in the aqueous phase upon contact. Almost no 

sensitivity to coil pressure and temperature is present, clearly in contradiction to the experiment. 

As coil lengths decrease Henry’s equilibrium becomes less likely and one would expect a 

decrease in CE; this behavior is now only captured by the kinetic theory (Figure 13a).  

In summary, Henry’s Law is still the best approach to describe CE and provides a lower 

boundary for the true value of CE with only small deviations from the experiment. The positive 

discrepancy from Henry’s Law of CE measured at 5.8 °C and 926 mbar (Figure 13) indicates a 

contribution of kinetic effects and leads to gas phase mixing ratios ~2% lower than predicted by 

Henry’s Law, which is small when compared to other sources of uncertainty in the overall 

accuracy of measurement. The kinetic theory described above appears to be useful for 

constraining optimum coil scrubber dimensions and could be improved by including a 

temperature dependent sticking coefficient, in order to capture better the temperature sensitivity 

of CE. 
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Figures 

 
 

Figure 13. Collection efficiencies (CE) of MHP in a glass coil scrubber measured at 5.8 °C (black 

symbols) and at 13.0 °C (grey symbols) at 926 mbar ambient pressure are compared to CE 

predicted by Henry’s Law (solid black and grey lines for 5.8 °C and 13.0 °C, respectively) and a 

kinetic theory (dashed line; see details in the text). Error bars represent 1 σ and CE is plotted as a 

function of coil scrubber length (a), coil pressure (b) and coil temperature (c). The dotted line in 

(c) is Henry’s Law prediction at a coil pressure of 600 mbar. 
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Abstract 

We report new century-scale ice core records of hydrogen peroxide (H2O2), a major 

atmospheric oxidant, from 23 locations across the West Antarctic Ice Sheet (WAIS) and use the 

spatial variability of (multi-) annual mean H2O2 concentrations in snow and firn to investigate the 

sensitivity of ice core H2O2 preservation to mean annual temperature and accumulation rate. In 

agreement with the ice-air equilibrium partitioning, H2O2 uptake in near-surface firn was found to 

be greatest at low temperatures, while losses from degassing increase as accumulation rates 

decrease. This resulted in almost complete loss of H2O2 at warm (>-25 ºC), low-accumulation 

sites (<13 cm yr-1), but excellent preservation of records at cold, high-accumulation sites. A two-

parameter semi-empirical model fitted to the 1911-60 H2O2 means across all sites predicts > 94% 

deviations from the ice-air equilibrium at high accumulation sites (> 30 cm yr-1), but close-to-

equilibrium values on the East Antarctic Plateau, where it is dry (< 11 cm yr-1). It also estimates a 

weighted average of the annual atmospheric H2O2 cycle of 1-3 pptv, consistent with observations. 

Sensitivities from the model fit suggest that recent changes of annual mean temperature observed 

in Antarctica have no noticeable effect on the H2O2 record in the interior of West Antarctica and 

that interannual variability of annual H2O2 is dominated by variations in regional-scale 

accumulation under the current WAIS climate. Intermittent correlations between the first PC time 

series of accumulation rate and H2O2 concentration anomalies and the annualized SOI during the 

20th century are statistically significant (r > 0.6, p<0.05) during extended El-Niño-La-Niña-events 

and explain the occurrence of significant spectral peaks at ENSO-like periodicities (2-7 yr) in the 

H2O2 record. Core records of H2O2 at high accumulation sites (> 30 cm yr-1) are most suitable for 

detection of temporal changes in atmospheric concentration, although a long term H2O2 record 

will be well preserved under the current environment at the WAIS Divide core site. 

 

Index Terms: 0724 Cryosphere: Ice Cores (4932), 1616 Global Change: Climate Variability (1635, 

3305, 3309, 4215, 4513), 1610 Global Change: Atmosphere (0315, 0325) 

Keywords: hydrogen peroxide, air-snow exchange, El Niño Southern Oscillation, Antarctica 
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1. Introduction 

The ice sheets of Greenland and Antarctica contain the most detailed multi-parameter 

climate record of any paleo archive currently available. Ice core analysis of gases trapped in air 

bubbles, major ions, insoluble particles, stable isotopes, electrical conductivity and metals 

provide a highly resolved time history of past variability in climate and atmospheric composition, 

increases in anthropogenic emissions and frequency of volcanic eruptions. Hydrogen peroxide 

(H2O2) is an important radical reservoir and contributes to the oxidizing capacity of the 

atmosphere along with the hydroxyl radical (OH) and ozone (O3). It is the main sink for the HO2 

radical in the gas phase and for sulfur dioxide (SO2) in the aqueous phase. Due to its relatively 

high solubility in water and ice, H2O2 is deposited in snow to the large ice sheets and preserved 

over time; the H2O2 ice core record helps constrain past OH levels due to the tight link between 

H2O2 and the HOx (OH+HO2) radical budget [Sigg and Neftel, 1991; Frey et al., 2005]. Model 

calculations suggest that the HOx budget, and thus the self-cleansing capacity of the atmosphere 

can change significantly due to increasing atmospheric methane (CH4), nitrogen oxides NOx 

(NO+NO2) and NMHCs [Thompson, 1992] and enhanced surface UV-B radiation from 

stratospheric ozone depletion [Fuglestvedt et al., 1994]. Recently, atmospheric levels of H2O2 

were reported from a ground traverse across the West Antarctic Ice Sheet (WAIS) between 76 

and 90°S and a 1.7-fold increase in atmospheric mixing ratios during December 2001 compared 

to December 2000 and 2002 has been linked to anomalously low stratospheric ozone 

concentrations [Frey et al., 2005]. 

The first reported measurements of H2O2 in ice and firn samples from Antarctica were on 

selected sections of the Byrd core (drilled in 1968-69) and a core from South Pole (drilled in 

1981-82) and showed preservation down to 1652 m depth (~22 kyr) at Byrd (Figure 1) [Neftel et 

al., 1984]. The very strong seasonality of H2O2, with maxima in the summer and minima 

occurring during polar night, also make it an excellent parameter for dating polar ice cores. It was 

first reported as a dating tool in an 83-yr record (64 m core length) from Siple Station, West 

Antarctica (Figure 1) (drilled summer 1983-84) [Sigg and Neftel, 1988], and has been used 

routinely in Greenland [Anklin et al., 1998; McConnell et al., 2000a]. Increases in firn and ice 

concentrations of H2O2 measured in Greenland ice cores have been attributed to atmospheric 

change [Sigg and Neftel, 1991; Anklin and Bales, 1997]. 
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However, quantitative interpretation of decadal to centennial ice core records for 

seasonally dependent water soluble gases, such as H2O2, is complicated since post-depositional 

exchange processes between the atmosphere and snow can significantly alter the ice-core record 

[Wolff and Bales, 1996] and the variance associated with the annual cycle typically exceeds any 

variation expected from trends in climate or atmospheric composition [McConnell et al., 1997a]. 

The reversible deposition of H2O2 has been described quantitatively with a recently developed 

physically based atmosphere-to-snow transfer model [McConnell et al., 1997b; McConnell et al., 

1997c; McConnell et al., 1998]. Concentrations in fresh snow reflect water-to-H2O2 ratios in the 

cloud, whereas snow exposed sufficiently long to the atmosphere will reach a partitioning 

equilibrium analogous to Henry’s Law [Conklin et al., 1993; Bales et al., 1995]. That is, 

deposited snow is altered by temperature driven release and uptake until buried by subsequent 

snowfall [McConnell et al., 1997b; Hutterli et al., 2001]. During the firnification process 

recrystallisation and diffusional redistribution, which are both functions of local accumulation 

rates and temperature, cause further loss and smoothing of the seasonal H2O2 signal [Sigg and 

Neftel, 1988; McConnell et al., 1997b]. Below pore close-off depth, the much slower solid-phase 

diffusion remains the dominant smoothing process. 

Inversion of H2O2 in surface snow at South Pole from a 2-yr data set was in agreement 

with atmospheric box model results and summer gas phase measurements [McConnell et al., 

1997c] and demonstrated that a repeatable annual cycle of H2O2 is recorded in the surface snow. 

The study showed that surface snow concentrations at South Pole are primarily determined by 

atmospheric concentration and temperature, with some dependence on grain size [McConnell et 

al., 1998] and that accumulation timing and rate are critical in understanding transfer and 

preservation [McConnell et al., 1998]. A sensitivity study for Summit, Greenland using the same 

model showed that changes in atmospheric mixing ratios are linearly recorded in ice cores under 

otherwise constant environmental conditions and that quantitative separation of the deposition 

parameters allows for deconvolution of the atmospheric signal [Hutterli et al., 2003]. 

The aim of this research was to determine sensitivities of firn and ice concentrations of 

H2O2 to climate change across the West Antarctic Ice Sheet, and to thence develop spatial records 

that provide a regional signal of change in atmospheric H2O2 over the past few centuries. We first 

describe the levels of H2O2 concentrations that are present in snow and firn deposited onto the 
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West Antarctic Ice Sheet over the past centuries and how (multi-) annual averages vary spatially 

and temporally as a function of temperature and accumulation rate. We then investigate the 

spatio-temporal coherence of the distributed array of annual H2O2 and accumulation records, and 

determine what regional and large-scale climate signal the H2O2 records contain. Finally, we use 

these results to determine the optimal location for obtaining a millennial-scale and Holocene-

transitional history of atmospheric H2O2. 

 

2. Methods 

2.1 Sample collection and analysis 

H2O2 concentrations were measured in snow pits and ice cores from 24 locations across 

the West Antarctic ice sheet (Figure 1 and Table 1); previously published results from Siple 

Dome [McConnell, 1997; Kreutz et al., 1999] and Siple Station [Sigg and Neftel, 1988] were also 

included in this study (Figure 1 and Table 1). All ITASE cores were drilled during the U.S. 

ITASE seasons 1999-2003, while the cores from RIDS (Ross Ice Drainage System) sites A, B 

and C and the South Pole were collected in 1995 by the University of New Hampshire and PICO 

(Polar Ice Coring Office), respectively [Kreutz et al., 2000b; Meyerson et al., 2002]. Procedures 

for ITASE cores, including retrieval, handling and transport from the field to the National Ice 

Core Laboratory (NICL), Denver, CO are described in detail elsewhere [Steig et al., 2004]. The 

use of the Icefield Instruments Eclipse™ drill had the disadvantage that core collection usually 

started 1 m below the snow surface. Therefore, we sampled the top 0.3-5 m at all ITASE sites at 

1-3 cm depth resolution either using a stainless steel custom-built sampling tool or during ITASE 

2001 and ITASE 2002 with a 5.6-cm light-weight drill (built by Glacier Data for the University 

of Maine). Longitudinal 3 x 3 cm2 sections of all cores were sampled at NICL and shipped frozen 

to our laboratories at the University of Arizona, Tucson, AZ and the Desert Research Institute 

(DRI), Reno, NV.  

Cores drilled on the U.S. ITASE traverses were generally analyzed within 12-18 months, 

while the earlier cores had already been in storage at NICL for more than 5 years. Immediately 

prior to analysis, cores were removed from the plastic sample bags in a cold room kept at –20 ºC, 

cut with a commercial band saw to fit a melter stand, the ends shaved off with a teflon coated 

spatula to avoid possible contamination and then analyzed for a series of chemical species and 
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electrical conductivity using a self-built continuous flow analysis (CFA) system, similar to the 

ones described previously [Anklin et al., 1998; Röthlisberger et al., 2000]. Cores were 

continuously melted on a temperature controlled, teflon-coated cylindrical aluminum melterhead 

at melt rates between 4-8 cm min-1. Only the melt water pumped from the inner portion of the 

core was used, to assure that samples had minimum contact with lab air. Reagents were 

subsequently mixed into the sample water stream at a constant pumping rate and the chemical 

species quantitatively determined using the respective fluorescence or photometric detection 

method [Röthlisberger et al., 2000]. H2O2 was quantified by detection of the fluorescence signal 

from the dimer formed after enzymatic reaction of peroxides with 2,4-ethylphenol at pH > 11. 

Snow-pit samples and shallow cores recovered with the 5.6-cm drill were analyzed for H2O2 in 

the field, either immediately on-site or in the lab at McMurdo Station, Antarctica during the same 

field season. Snow-pit samples from the 2000 season were also tested for the presence of organic 

peroxides using an HPLC method [Frey, et al., 2005]. 

For the first time, we included chloride (Cl-) in the series of co-registered chemical 

parameters by optimizing a standard photometric detection method [Zall et al., 1956 EPA, 1984] 

to concentration levels typical for Antarctic snow and firn, ranging from 14 to 64 ppbw [Legrand 

and Mayewski, 1997]. Chloride reacts with mercuric thiocyanate, liberating thiocyanate ion by 

forming soluble mercuric chloride. In the presence of ferric ion, free thiocyanate ion forms a 

highly colored ferric thiocyanate complex, which was quantified at 469 nm using an ACUTECT 

500 UV/VIS detector. Pumping rates for sample, color reagent and the working nitric acid 

solution were set to 0.405, 0.092 and 0.045 ml min-1, respectively. The LOD (Table 2), defined as 

three standard deviations of the baseline, was determined from 5 continuous days of core analysis 

and at 7.1 ppbw is significantly lower than that published previously for this method [Zall et al., 

1956], comparable to 2.0 ppbw established by ion chromatography [Legrand and Delmas, 1984]. 

Cores from the RIDS sites, the South Pole and ITASE-2000 season were analyzed in the 

lab at the University of Arizona for Ca2+, NH4
+, H2O2, NO3

-, Cl- and electrical conductivity using 

the CFA setup as described above. The remaining cores from the ITASE 2001-2003 seasons were 

analyzed at the lab of the Desert Research Institute, using the CFA method to determine H2O2, 

NO3
- and electrical conductivity; concentrations of total Ca, Mg and Na were determined with a 

CFA-ICP (Inductively Coupled Plasma) method where the sample water stream is analyzed in 



  113 

real time with an IRIS Intrepid ICP-OES (Optical Emission Spectrometer; Thermo Electron 

Corp.) using a modification of the system described by McConnell et al., [2002]. 

The standard response and baseline of detectors were monitored by switching to lab 

blank water and running liquid standards on average after every 10 m of core melted. Absolute 

concentrations of liquid H2O2 standards determined at least once a year by titration with KMnO4 

showed less than a 6% decrease over a time period of 2 years. LOD and precision, defined as the 

standard deviation of a set of measurements of the same quantity, for most chemical parameters 

compare well to values published in the literature (Table 2). Precision for H2O2, NO3
-, Cl-, Na 

determinations was well within the observed concentration range (Table 2). While precision for 

Ca and Mg was not as good as for the other species, these still produced accurate relative 

concentrations for dating the core (Table 2). Overlapping sections between individual melt days 

were generally in good agreement for all chemical species and analysis of two replicate samples 

of the upper 8 m of the South Pole core for H2O2 and NO3
- yielded an rms error of 6.2% and 

11.1%, respectively, suggesting that intra-lab repeatability of the CFA measurements is excellent. 

In addition, comparison between our CFA results and IC measurements performed by the 

University of Maine on replicate samples of RIDS and ITASE cores confirmed a good inter-lab 

reproducibility of trace level measurements using either method (personal comm. D. Dixon). 

However, we decided not to use neither NH4
+ concentrations nor the results for Ca2+ levels 

determined at the lab in Arizona, because a combination of low concentration levels and 

uncorrectable baseline drifts resulted in some negative concentrations. 

The raw mV-signal from each channel was corrected for baseline drift, matched in time 

with the electrical conductivity signal to ensure exact co-registration and converted into liquid 

concentration. Core depth was then calculated from melt time assuming that melt rates remained 

constant between core breaks. All core records were resampled at a uniform rate on an evenly 

spaced time grid and final data reported at a resolution of 48 samples per year. This translates into 

‘artificial’ depth resolutions ranging between 0.16 and 0.89 cm depending on the respective site 

accumulation rate. However, the ‘true’ depth resolution is limited by capillary rise in the firn 

sample and dispersion in the CFA tubing and is estimated to be around or better than ~2 cm in 

shallow firn and ~1 cm in ice [see also Anklin et al., 1998]. Core (pit) densities, determined in the 
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field at 1 m resolution, were interpolated to core depths with a 5th order polynomial (linear) fit 

and used to calculate the corresponding snow water equivalent depth. 

 

2.2 Core chronology 

Cores were annually dated based on a combination of seasonal markers, which included 

sea salt related ions (Na+, Cl-, Ca2+, Mg2+), nitrate (NO3
-) and hydrogen peroxide (H2O2) (Figure 

2). The H2O2 record provides the most robust timing marker (mid-winter), since the predominant 

source of atmospheric H2O2 is of photochemical origin, limiting production to the sun-lit season 

[see also Steig et al., 2004]. The only existing set of year-round measurements of H2O2 in the 

Antarctic troposphere is from a coastal site and shows a distinct seasonal cycle with a minimum 

around the winter solstice [Riedel et al., 2000]. Year-round snow sample studies at the South Pole 

provide evidence that the same highly repeatable annual cycle is recorded in the surface snow and 

preserved at depth as a function of accumulation rate and temperature [McConnell and Bales, 

2004]. We therefore assigned the day of the solstice on June-21 to the H2O2 minimum. 

We assumed that the bulk of sea salt deposition occurs mainly during the late winter and 

early spring months as a consequence of storm events, based in part on the observed annual cycle 

of atmospheric sea salt aerosols at South Pole [Bodhaine et al., 1986; Shaw, 1988; Bergin et al., 

1998] and ice core measurements in West Antarctica and at South Pole [Whitlow et al., 1992; 

Kreutz et al., 2000b]. We further investigated this by evaluating the monthly distribution of sea 

salt deposition based on an independently derived depth-age scale using only the H2O2 

concentration minima and assuming uniform accumulation throughout the year. Results from 810 

main sea-salt peaks at 8 sites (00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-6 and 02-2) show a broad 

maximum, indicating that more than 50% of the peaks occurred in August and September (Figure 

3). Using the same approach, nitrate is mostly deposited in December and January (> 50% of a 

total of 715 identified peaks). Multiple peaks per year of similar magnitude in most cores do not 

allow the use of NO3
- as a truly independent seasonal marker. However, one peak was usually in 

phase with the H2O2 maximum and out of phase with the sea salt peak confirming the overall 

dating approach (Figure 2). It should be noted that deviations from a uniform distribution of 

accumulation throughout the year, which was assumed in this study, add to the total error in 
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estimated intra-annual deposition timing. Following the above reasoning we tied the sea salt peak 

to September-1. 

Snow and firn layers deposited some time after a major volcanic eruption are usually high 

in acidity and sulfate concentrations. Electrical conductivity (EC) is a bulk parameter combining 

contributions from major ions and protons in solution. High electrical conductivity layers were 

associated with major volcanic eruptions in 1808/09 (‘unknown event’) and 1815 (Tambora) and 

1883 (Krakatoa) and thus provided an absolute time marker in cores from intermediate to low 

accumulation areas and independent validation of the layer counting (Table 1; bottom panels of 

Figure 2a,b). Running a 200-point median filter and analysis of the positive residual yielded no 

further information on eruptions of lesser magnitude as for example detectable in the sulfate 

record [Cole-Dai et al., 1997; Dixon et al., 2004] due to the high EC background. 

Previously published depth-age scales were used for the RIDS [Kreutz et al., 2000a] and 

the South Pole [Meyerson et al., 2002] cores (Figure 4 and Table 1). No strain rate correction to 

account for layer thinning was applied to any of the core records. 

 

3. Results 

Depending on local accumulation rates and core depth, record lengths of all cores cover 

on average the past 245 yr, ranging from 24 yr at site 01-6 to 695 yr at the South Pole (Table 1). 

The core sites varied significantly in their environmental parameters; elevations ranged between 

621 (Siple Dome) and 2810 m (South Pole) and mean annual temperatures were as low as –49.3 

at South Pole and as high as –21.4 °C at site 99-2 (Table 1). Mean annual accumulation rates 

(water equivalent) for the 1950 - 2000 time period were between 8 (South Pole) and 50 (Siple 

Station) cm yr-1 (Table 1). 

Seasonal variability was present in all core records of sea-salt-related species (Na+, Ca2+, 

Mg2+ and Cl-), NO3
- and H2O2 (Figure 2) and thus allowed development of core chronologies 

based on the deposition timing of the respective tracers, as noted above. Layer counting at site 02-

4 (‘Hercules Dome’) was done by using a combination of published δD data [Jacobel et al., 

2005] and our continuous electrical conductivity measurements. Volcanic layers associated with 

the eruptions of Krakatoa (1883), Tambora (1815) and the ‘unknown event’ (1808/09) were 

detected at 25.38 m, 37.19 m and 38.29 m, respectively, leading to a revision of the provisional 
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timescale and the accumulation rate estimate at this site [Jacobel et al., 2005]. The age at 48-m 

depth is now estimated to be 240 yr; this age was estimated before to be at 72 m [Jacobel et al., 

2005]. Mean accumulation rates are 11.3±2.5 cm yr-1 and 12.4±3.5 cm yr-1 over the past 116 yr 

(25.4 m) and the full record, respectively; these were estimated before to be 16±4 cm yr-1 and 

20±8 cm yr-1, respectively [Jacobel et al., 2005]. Below 48 m we used a linear extrapolation 

based on the 1762-1800 mean accumulation rate of 14 cm yr-1. At site 02-5 accurate dating with 

the available parameters was possible down to 8.08 m, corresponding to spring 1973. Below that 

we again estimated an average depth-age scale by extrapolating the 1817-1973 mean layer 

thickness of 7 cm of water per year. The bottom age of the South Pole core drilled in 1995, dated 

annually back to 1487 A.D. (71 m depth) [Meyerson et al., 2002] was estimated to be 695 yr 

using a mean accumulation rate of 8 cm yr-1 to extrapolate from 71 down to 92 m depth (Table 1). 

The dating uncertainty is basically reduced to zero at all sites where the seasonal H2O2 

signal is preserved along the entire core (00-1, 00-2, 00-3, all ITASE 2001 sites and 02-2). It has 

been found that wet deposition dominates deposition of water soluble ions including sea salt 

related chemical species at sites in the interior of West Antarctica [Kreutz et al., 2000a] and at 

coastal sites with minor contributions from dry deposition (< 10%) [Wolff et al., 1998]. During 

years with low or no accumulation dry deposition should still lead to visible sea salt peaks in the 

core record. Thus, comparison with the sea salt tracer signal made it unlikely to miss entire years 

due to reduced or even no snowfall. 

For the remainder of the core records (00-4, 00-5, 00-6, 00-7, 02-1, 02-3, 02-4, 99-1), 

dating uncertainty was ±1 yr except for 00-6 and 00-7 where uncertainty is estimated to be ±2 yr 

based on repeated layer counts and comparison to absolute time horizons (Table 1). Our core 

chronologies agree well with results from the same U.S. ITASE 2000 and 2001 cores published 

previously [Dixon et al., 2004; Kaspari et al., 2004; Steig et al., 2004], with minor differences in 

year-to-year values because of the use of different seasonal markers. A comparison of the 1922-

1990 mean accumulation rate at 10 sites (00-1, 00-4, 00-5, 01-2, 01-3, 01-5, 99-1, RIDS-A, 

RIDS-B, South Pole) showed that our results are within 0.4 cm yr-1 of previously published 

values [Kaspari et al., 2004], except at 01-2, where we obtain 1.2 cm yr-1 less accumulation than 

Kaspari et al., [2004]. 
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Absolute H2O2 concentrations measured in pits and cores were generally in agreement 

with a few exceptions: during transport and storage (>18 months, in some cases up to 5 years) 

diffusional redistribution led to considerable smoothing of the seasonal H2O2 signal, decreasing 

the summer maximum and increasing the winter minimum. Annual mean levels appear not to be 

affected by this process, thus for the top meter we report only the annual mean value from the pits 

or shallow cores analyzed in the field (Figure 4). 

Based on HPLC analysis of 400 snow pit samples collected at ITASE 2000 sites (Figure 

1) we conclude that the contribution of organic peroxides to the total peroxide signal is negligible 

and concentrations of methylhydroperoxide (MHP), if present, are below the LOD of 7 ppbw 

[Frey et al., 2005]. No results for the upper 17 m of the RIDS-C core are reported, since for the 

top 13 m no archived samples from the National Ice Core Lab (Lakewood, CO) were available 

and for the remaining core sections data were lost due to a logger mal function during one lab day 

(Figure 4). 

The spatial variability across all sites in multi-annual averages of H2O2 in snow and firn 

is significant, since the 1911-60 means varied by about a factor of 10, ranging from 7 ppbw 

(RIDS-C) to 67 ppbw (02-2) (Figure 4). For 99-2, which at –21.4 ºC is the warmest site, a 

continuous H2O2 record was not preserved. H2O2 concentrations drop off quickly from 140 ppbw 

at the surface to levels < 1 ppbw at 0.8 m and eventually below detection limit at 1.8 m depth 

(data not shown). CFA results down to 48.5 m depth show occasional concentration increases 

from below the LOD up to 1-3 ppbw. This is similar to patterns already observed in the Siple 

Dome core (–25.4 ºC, 12.4 cm yr-1) [McConnell, 1997; Kreutz et al., 1999]. 

The seasonal variability of H2O2 concentrations at a single site is comparable in 

magnitude to the observed spatial variability between cores. In the top 4 m, summer maxima 

exceed winter minima by a factor of 10 (range 3-17) and at 58-60 m depth by a factor of 6 (range 

2-9) even after diffusional smoothing. Mean seasonal amplitudes over the top 4 m are 104 ppbw 

(range 34-180 ppbw) and decrease, where preserved, to 44 ppbw (range 9-101 ppbw) at 58-60 m 

depth. The most pronounced seasonal signal along the entire record is observed at site 02-2, a 

high-accumulation site with a low annual mean temperature. In general, seasonal oscillations in 

the H2O2 record survive diffusional smoothing over the entire record at sites with annual 

accumulation rates >22 cm yr-1 (Figure 4, Table 1), and in the case of 00-1, over a time span of at 
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least 310 yr. At sites with 15-22 cm yr-1 annual accumulation rate, the seasonality is lost between 

20 and 40 m depth (after 55-142 yr). At accumulation rates smaller than 15 cm yr-1, no regular 

extrema are recognizable below the top 8 m (Figure 4, Table 1). An exception is RIDS-B at 14.4 

cm yr-1 annual accumulation, where the seasonal H2O2 signature is visible down to 23 m depth 

(85 yr). 

We performed a Fourier spectral analysis on the 1900-2002 records of annual 

accumulation rates and H2O2 concentrations in order to determine dominant frequencies. Prior to 

computing the periodograms the records were detrended by subtracting a 3rd order polynomial fit 

and then normalized to unit variance. We found significant spectral peaks (99% confidence above 

a red noise background from 1000 Monte Carlo runs based on F statistics) at ENSO-like 

periodicities of 2-7 yr in most accumulation records (except at 00-5, 01-6, 02-5 and RIDS-C) and 

many H2O2 records, including 99-1, 00-1, 00-2, 00-3, 00-7, 01-2, 01-3, 01-4, 01-5, 02-2, 02-3, 02-

4 and RIDS-A. 

 

4. Discussion 

In order to facilitate comparison of the core records, we divided the sites (Table 1) into 

three different groups based on their respective deposition features (Figure 1): warm sites of low 

to intermediate accumulation rates (group 1), warm sites of high accumulation rates (group 2) and 

cold sites with low annual accumulation rates (group 3). 

 

4.1 Post-depositional exchange and diffusion 

Post-depositional losses of H2O2 were quantified by comparing average concentrations of 

snow deposited in the most recent half year with multi-annual averages at depth, where there is 

no further exchange with the atmosphere. We used 1911-60 as the reference period, except where 

the record length is shorter. Implicit in this analysis is that all differences are the result of post-

depositional exchange. In fact, some of this difference may be a climate signal and part of an 

upward H2O2 trend that began ~1960. 

We calculated ~0.5 yr averages of H2O2 (H2O2(0.5yr)) from our snow pit or shallow core 

samples taken usually in December, including concentrations from the surface down to the depth 

of the previous winter minimum. We chose this particular averaging interval because vertical gas 
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fluxes in the firn pore space are driven by concentration and temperature gradients, and the low 

H2O2 levels in the cold layer of the previous winter act as a barrier to vertical exchange and loss. 

We therefore considered mean levels above the winter minimum as representative of recent 

surface conditions. Average near-surface H2O2 concentration correlates strongly (r = 0.92, p < 

0.01) with mean annual site temperature (Figure 5a), with about the same result (r = 0.91, p < 

0.01) when accumulation rate is included (r = 0.49, p < 0.02 for accumulation rate only). 

For the long-term average H2O2 concentration preserved at each site, we used the 50-yr 

mean from 1911 to 1960 (H2O2(1911-60)), where most records of this study overlap and no 

significant temporal trends in H2O2 concentrations are detected, with the exception of weak linear 

trends at 00-7, 01-3, 02-1 RIDS-B and South Pole (r < 0.45, p < 0.02). Strong positive H2O2 

concentration trends observed in all cores start at the end of the 1950’s or later (Figure 4) and will 

be discussed elsewhere (manuscript in preparation). Note that accumulation rates show no trend 

in the same time period (data not shown), with the exception of 01-5 (r = 0.46, p < 0.01). Previous 

long-term snowpack simulations at the South Pole suggested that the firn continues to lose H2O2 

to the atmosphere for at least 10-12 years (~3m) after burial at current local temperatures and 

accumulation rates [McConnell et al., 1998]. Layer depths corresponding to the year 1960 at the 

time of drilling at all of our core sites vary between 6.8 m at the South Pole and 32 m at 01-2. 

Therefore, 1911-60 averages are not affected by either recent temporal trends or, even at the 

driest sites, interaction with the atmosphere. 

H2O2 losses, 1-(H2O2(1911-60)/H2O2(0.5yr)), are significant, ranging from 49±21 % (range 13-

73 %) at locations of high accumulation rates (group 2) to a maximum of 84±12 % (66-94 %) at 

low-accumulation sites (groups 1 and 3); fractions of H2O2 preserved at depth (H2O2(1911-60)/ 

H2O2(0.5yr)) correlate well with annual accumulation rates, r = 0.88 at p < 0.01 (Figure 5b). The 

coldest sites (02-4, 02-5, South Pole) show the highest H2O2 in the top layer with levels > 250 

ppbw (Figure 5a), but at the same time also the most pronounced losses, >86%, consistent with 

continued reemission over several years due to low accumulation rates (Figure 5b). In contrast, 

the near-surface H2O2 concentration at the warm sites (group 1 and 2) is less than 50% of the 

cold-site value (mean 110 ppbw) (Figure 5a), with the losses negatively correlated to 

accumulation rates (Figure 5b). The combination of low accumulation rate and warm temperature 

(group 1) leads to strong, in the case of 99-2 and Siple Dome, almost complete loss of H2O2 
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(Figure 5b). At Siple Dome H2O2 levels measured in a 1994 snowpit decrease, similar to our 

observations at 99-2, from 200 ppbw at the surface to < 1 ppbw at 1.8 m and then below LOD at 

2.63 m depth [McConnell, 1997; Kreutz et al., 1999]. These average long-term losses occur on a 

time scale of months and years. For comparison, observations at South Pole showed that on a 

time scale of days and weeks near-surface H2O2 concentrations can change by as much as a factor 

4 following deposition events [Hutterli et al., 2004b]. Thus, most loss takes place at the surface 

right after deposition, but continued emissions are still significant for months and years 

depending on the accumulation rate. 

The losses discussed here are primarily due to physical exchange, although photolytical 

processes do take place as well. Photoformation of OH and H2O2 within the snowpack has been 

observed at Alert, Nunavut, Canada [Anastasio and Jordan, 2004], but that contribution is small 

at the conditions on the ice sheet [Hutterli et al., 2004a]. A comparison of the long-term average 

with snow concentrations predicted by the lab-determined ice-air equilibrium constant [Conklin et 

al., 1993] is difficult to make, since ‘effective’ annual H2O2 mixing ratios at each site are not 

known. However, we estimate the deviation from equilibrium at mean atmospheric conditions 

using a semi-empirical deposition model, as discussed below. 

Other processes, as yet not well understood, occur at depth and potentially affect 

millennial scale records of H2O2. In Greenland cores, chemical loss of H2O2 was observed below 

the bubble close-off depth in layers of elevated acidity and sulfate content, associated with 

volcanic eruptions and attributed to consumption of the oxidant by reaction with SO2 [Laj et al., 

1990; Sigg and Neftel, 1991; Anklin and Bales, 1997; Anklin et al., 1998]. We observed H2O2 

depletions in layers of high electrical conductivity and linked to volcanic eruptions used for 

dating, as noted above. Correlations between H2O2 and CO2 trapped in air bubbles in Greenland 

core samples suggested the possibility that H2O2 might be depleted also through oxidation of 

organic compounds such as formaldehyde (HCHO) and thereby produce CO2 [Tschumi and 

Stauffer, 2000]. In Greenland ice, additional corrections of ~1% per century were suggested [Sigg 

and Neftel, 1991]. This effect is much smaller in the cleaner Antarctic ice where H2O2 is 

preserved for more than 15 kyr [Neftel and Fuhrer, 1993]. 
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4.2 Spatial variability 

Mapping of the 1911-60 average levels of H2O2 shows intermediate to high 

concentrations, >33 ppbw, at all sites in the Thwaites and Pine Island Glacier basins (group 2) 

and other sites close to the ice divide between the Amundsen, Ross and Weddell Sea basins (00-1, 

02-1, 02-2, 02-3, 02-4) (Figure 6). Low concentrations, 0-32 ppbw, prevail in the Ross Ice 

Drainage System (RIDS) towards the coast and on the East Antarctic Plateau (Figure 6). 

Gradients in H2O2 concentrations follow ice sheet topography and thereby illustrate the net 

impact of accumulation rate and mean temperature on preservation (Figure 6). Within the Ross 

Ice Drainage System (RIDS), H2O2 levels increase with elevation and decreasing distance to the 

ice divide, where accumulation rate are also higher [Kreutz et al., 2000a] (from below 1 ppbw at 

lower elevations (99-2, Siple Dome) to the highest levels found across the ice sheet (02-2)). 

Conversely, the gradient reverses sign between WAIS and the dry East Antarctic Plateau and 

preserved H2O2 decreases with increasing elevation between sites 02-2, 02-3, 02-4, 02-5 and 

South Pole (Figure 6).  

In general, the spatial pattern of the long term mean H2O2 concentrations mirrors the 

spatial distribution of accumulation rates. Accumulation rates vary spatially as a function of 

distance from the moisture source, prevalent atmospheric circulation, elevation due to the 

temperature dependence of water vapor pressure, and other orographic effects. Low accumulation 

rates in the Ross Ice Drainage System (group 1) and on the East Antarctic Plateau (group 3) and 

high rates in the Pine Island-Thwaites drainage systems (group 2) due to moisture advection from 

the Amundsen and Bellingshausen Sea concur with corresponding variations in H2O2 

concentration. Topographic effects possibly contribute to lower H2O2 concentrations at 00-5, 

since this site receives less accumulation in part due to its location ~150 km to the lee of a large 

obstacle, Mt. Sidley (77.03ºS/ 126.07ºW, elevation 4181 m). Site 02-2 has the highest H2O2 

concentrations due to lower mean temperature but also due to its peculiar location close to the 

lowest point of the ice divide between the Ross and Weddell Sea drainage systems, where 

moisture fluxes are likely to converge resulting in the high accumulation rates observed (Figure 

6). 

Net H2O2 deposition fluxes, calculated as the product of concentration and accumulation 

rate averaged over the same time period, further emphasize the observed spatial patterns. The 
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lowest deposition fluxes of less than 33 x 10-9 mol cm-2 yr-1 are seen at the RIDS and all group 3 

sites, where annual accumulation rates are also low. Group 2 sites and 02-2 have the highest 

deposition fluxes, 46 x 10-9 – 72 x 10-9 mol cm-2 yr-1. It should be noted that snowpack emissions 

of gaseous H2O2 to the lower troposphere observed at the ice coring sites during the summer 

months were 3.0 x 10-16 - 4.3 x 10-12 mol cm-2 s-1 [Frey et al., 2005] and thus, exceed the annual 

mean net deposition flux on a per-second basis (1.0 x 10-15 - 2.3 x 10-15 mol cm-2 s-1) by up to 3 

orders of magnitude. Large emission fluxes in the summer are consistent with the observed loss 

of H2O2 in the top layers of the snowpack. 

 

4.3 Sensitivity to accumulation rate and temperature 

Calculation of empirical sensitivities of H2O2 core preservation to environmental 

conditions at a single site is generally limited by the availability of all relevant deposition 

parameters and recent interannual variability might also not provide sufficient forcing to explore 

the full range of past and future climate change. We therefore adopted the current approach used 

for the stable isotope-temperature relationship [Jouzel et al., 2003] and substituted the temporal 

relationship (temporal slope) with present day observations (spatial slope) to investigate H2O2 

preservation under changing environmental conditions, namely accumulation rate and 

temperature. 

Annual H2O2 and accumulation rate during 1911-1960 at high accumulation sites (group 

2, except 02-2) show intermediate to strong correlations at 99% confidence, with Pearson’s r 

ranging from 0.38 (01-5) to 0.64 (00-3). On the other hand, regressions between air temperature 

records from Byrd (http://uwamrc.ssec.wisc.edu/) and South Pole (ftp.cmdl.noaa.gov) and annual 

H2O2 at neighboring core sites were not significant at all (data not shown). Plotting annual H2O2 

concentrations against accumulation rate for all core sites (Figures 7, 8a) reveals the existence of 

three clusters corresponding to groups 1, 2 and 3 described above and a clearly non-linear 

relationship that is consistent with transfer model predictions [Figure 5d in Hutterli et al., 2003].  

Within groups 1 and 2 annual H2O2 increases with accumulation rate from levels below 1 

ppbw until a plateau around 52 ppbw (range 46-67 ppbw) is reached at accumulation rates > 30 

cm yr-1 (Figure 7, 8a). At higher rates surface snow is rapidly buried by subsequent accumulation 

before it can exchange with the atmosphere and virtually all deposited H2O2 is preserved. Once 

http://uwamrc.ssec.wisc.edu/
ftp://ftp.cmdl.noaa.gov/
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accumulation rates drop below a threshold of ~12 cm yr-1 at warm temperatures (–21.4 °C at 99-2 

and –25.4 °C at Siple Dome) most H2O2 is lost to the atmosphere (Figure 8a). At cold sites (group 

3) annual and 1911-60 mean H2O2 levels at a given accumulation rate are higher than at the warm 

sites (Figure 7, 8a) and the extrapolation using the semi-empirical model described below predicts 

complete loss below ~7 cm yr-1 at an annual mean of –50 °C (Figure 8a). This is in agreement 

with snow pit measurements from Dome C (75.1 °S / 123.4 °E; 2.7 cm yr-1, –54 °C) on the East 

Antarctic Plateau, where H2O2 drops below 2 ppbw at 3.5 m depth (M. Hutterli, pers. 

communication). A simple relationship between annual H2O2 and temperature is not apparent, 

since the accumulation rate effect dominates (Figure 8b). 

Since time series of the remaining parameters important to H2O2 preservation are lacking, 

we assess their impact qualitatively. According to transfer model calculations, atmospheric 

mixing ratios are linearly recorded in the snow under otherwise constant environmental 

conditions [Hutterli et al., 2003]. Summer atmospheric mixing ratios observed between 76° and 

90°S varied spatially by a factor of 2-3 due to differences in atmospheric moisture, actinic flux, 

photochemical precursors and strength of a physical snow pack source [Frey et al., 2005]. The 

only existing H2O2 measurements during polar night are from the coastal Neumayer station and 

were 0.054±0.046 ppbv (range <0.03-0.11 ppbv), with the high values explained by transport 

from lower latitudes as a consequence of increased atmospheric lifetime [Riedel et al., 2000]. 

Since meridional transport in winter between sunlit latitudes and the interior of Antarctica is 

reduced by the polar vortex, H2O2 concentrations in the lower troposphere are expected to be 

close to zero throughout much of the study area. Thus, the ‘effective’ annual atmospheric mixing 

ratio determined by the weighted average of the annual H2O2 cycle can be assumed to be similar 

across the WAIS sites (group 1 and 2), while it is likely lower on the East Antarctic Plateau 

(group 3). Any difference, however, cannot be distinguished in the core records since it is offset 

by more efficient uptake at the prevailing lower temperatures (Figure 8a). 

Firn air diffusivity changes as a function of snow temperature, firn porosity and wind 

speed, all of which vary between sites [Frey et al., 2005]. Recent observations at selected sites of 

our study showed that summer H2O2 gas fluxes in the top snow layers are dominated by 

molecular diffusion rather than by forced ventilation from wind pumping [Frey et al., 2005]. In 

addition, a model study for Summit, Greenland suggested that degassing of H2O2 from firn is 
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rather insensitive to firn air diffusivity [Hutterli et al., 2003], so even in the event of systematic 

increases in wind speed we do not expect any significant effect on H2O2 preservation. 

The seasonal cycle of snow accumulation rate is currently not known at the study sites. 

However, shifts in timing of accumulation can affect annual H2O2 significantly, even if the mean 

annual accumulation rate remains constant. Changes in snowfall amount taking place in either 

spring or fall would have the most pronounced effect. If at Summit, Greenland an additional 10% 

of annual accumulation was deposited in April or October, average annual H2O2 concentration in 

the firn would increase by up to 15% [Hutterli et al., 2003]. 

To further explore the variability of preserved H2O2 concentrations we use site averages 

from 1911 to 1960, cH2O2, from all sites, including Siple Dome and 99-1, to fit a semi-empirical 

deposition model with two parameters, bulk accumulation, A, and mean annual temperature, T 

(1). Note that neither accumulation rates nor the H2O2 record show significant temporal trends 

during this time and H2O2 concentrations are not affected by ongoing loss to the atmosphere at 

these depths (see 4.1). In addition, using a 50-yr mean limits the impact of interannual variability 

from accumulation timing on the model fit: 

 

  cH2O2 = a0 + a1 exp (a2 A) + a3 Kd (1) 

 

The model estimates the total H2O2 concentration in the firn, cH2O2, and includes 4 free parameters 

a0, a1, a2 and a3. The last term in (1) describes the temperature-dependent ice-air partitioning with 

Kd = exp(0.22109 T2 – 0.99248 T + 8.8932), a second order exponential fit to lab determined 

equilibrium coefficients Kd [Conklin et al., 1993] (T in Kelvin, scaled with (T-m)/s, using 

m=258.48 and s=13.87) and a3, an ‘effective’ annual mean atmospheric mixing ratio. The first two 

terms determine the deviation from the ice-air equilibrium as a function of accumulation rate. If 

both of these terms are equal but of opposite sign, the expression becomes cH2O2 = a3 Kd, 

implying that snow has reached equilibrium with the overlying atmosphere. 

Model fits are satisfactory (rmse = 10.2 ppbw), but deteriorate when parameter a3 is 

prescribed with scaled ‘effective’ H2O2 mixing ratios based on summer observations [Frey et al., 

2005] (rmse = 12.9 ppbw), or annual data from the 1911-60 period are used instead of the 

averages (rmse = 14.5 ppbw) (Table 3.). Note that in the first two cases the fitted ‘effective’ 
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annual H2O2 mixing ratio a3 (Table 3) falls at the lower end of the range of atmospheric H2O2 

levels observed at Neumayer station in late winter to early spring [Riedel et al., 2000]. In the 

absence of post-depositional exchange, this is consistent with the bulk accumulation in the 

interior of Antarctica falling in the non-summer months [Bromwich, 1988; McConnell et al., 

1997a], when atmospheric H2O2 is low but uptake is also most efficient due to low temperatures. 

Qualitatively in agreement with the transfer model, our model fit predicts the largest deviations 

from the ice-air equilibrium (terms 1 and 2 in equation 1) at the high accumulation sites (group 

2), where < 6% of H2O2 is explained by temperature, while at the dry sites (group 3), firn is near 

equilibrium with average annual conditions. The model captures average H2O2 levels at all sites 

within the observed 1-σ uncertainty (Figure 8a), except at 00-7, RIDS-A, 02-3 and South Pole. 

This disagreement is most likely due to shifts in accumulation timing that are not accounted for in 

Equation (1). 

The semi-empirical model can be used as a diagnostic tool to assess the potential impact 

of past and future climate change on multi-annual average H2O2 concentrations given that (a) the 

model fit is specific to the WAIS region and (b) annual cycles of temperature, accumulation rate 

and atmospheric mixing ratios are assumed to be stationary and comparable in shape across the 

study region. Implications for the interpretation of trends in the WAIS H2O2 core records are as 

follows. Changes in annual temperature smaller than 2 °C within the –22 to –50 °C range have no 

noticeable effect on annual H2O2 at sites warmer than –35 °C and only a minor impact at colder 

sites (Figure 8b,c). Interannual 1-σ variabilities of air temperature observed at Byrd and South 

Pole from 1979 to 2000 are 1.0 °C and 1.3 °C, respectively, and indeed, no significant 

correlations between annual temperatures and annual H2O2 are found in the cores closest to the 

AWS. While the mean temperature trend for all Antarctic stations for 1959-96 is +1.2 °C  

century-1, annual air temperatures at the South Pole have cooled –2.0 °C century-1 since 1958 at 

but have warmed on the Antarctic Peninsula +3.3 to +5.6 °C century-1 since the 1950s [Vaughan 

et al., 2001]. Therefore, we do not expect to see an impact of recent temperature trends on the 

centennial-scale H2O2 ice core record in the interior of WAIS, where annual mean temperature is 

greater than -35 °C (see also Figure 8b,c). However, more significant change such as the ~8 °C 

warming at the LGM-Holocene transition [Jouzel et al., 2003] needs to be taken into 

consideration when interpreting H2O2 records from deep cores in the study area. 
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Sensitivities of H2O2 concentrations to variability in accumulation rate at a given annual 

mean temperature themselves vary as a function of annual accumulation rate (Figure 8a). High-

accumulation sites (group 2 with > 30 cm yr-1) are least sensitive to changes in annual mean 

accumulation rate. Higher accumulation rates coincide generally with higher local mean 

temperature (group 2 with > -35 °C), making these sites also less sensitive to temperature changes 

as mentioned above. Group 1 sites, (including 00-1 (Figure 8c), which is closest to the candidate 

drill site for a new deep core [Conway et al., 2005]), are more sensitive to change in accumulation 

rates, with the greatest sensitivity at rates smaller than 20 cm yr-1 (Figure 8a,c); a 50% increase of 

annual net accumulation rate at a 15 cm yr-1 site would lead to an 80% increase in average H2O2 

concentrations. Group 3 sites show even more sensitivity, indicated by the steeper slope of the 

model fit at accumulation rates < 20 cm yr-1 (Figure 8a).  

These statements are supported by the evaluation of the standard deviations in the 

detrended time series of both accumulation rates and H2O2 concentrations during 1911-60. The 

accumulation rate variability increases with the annual accumulation rate within group 1 and 3 

and shows large scatter above 25 cm yr-1 (Figure 9a). Similarly, the variability in H2O2 

concentration shows a steep increase with the average and 1-σ of accumulation rate at group 1 

sites, where sensitivities are also predicted to be large (Figure 9b,c). At high accumulation sites 

(group 2) the variability of H2O2 concentration appears to level off if 02-2 is considered an 

outlier. At group 3 sites, standard deviations of H2O2 concentrations indicate, consistent with the 

model, the largest response to increases in mean and 1-σ of accumulation rate (Figure 9b,c). 

 

4.4 Regional and large-scale climate variability 

In order to determine regional and large-scale climate variability in the H2O2 record we 

evaluated the spatio-temporal structure of the anomalies during the overlap time period 1911-

1993 using principal component analysis (PCA). The annual data sets of accumulation rates and 

H2O2 concentrations from 20 core sites (01-6, 02-5, RIDS-C excluded) were first detrended by 

subtracting a 3rd order polynomial fit and normalized to unit variance, then the empirical 

orthogonal functions (EOF) and principal component (PC) time series were calculated. The 95% 

confidence intervals of the EOFs computed after North et al., [1982], with the degrees of freedom 

determined following Bretherton et al., [1992], suggest that only EOF1 is statistically significant, 
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that is for both parameters well separated from the other modes. The leading EOF (EOF1) 

explains 14.2% (16.1%) of the total variance present in the accumulation (H2O2) record. EOF1 is 

plotted for both parameters as a covariance map displaying the amplitudes in the real data 

associated with one standard deviation of the first PC (PC1) (Figure 10a,b). Accumulation 

covaries strongly in the Pine Island-Thwaites drainage systems (anti-correlation with the PC1) 

with the exception of site 01-3 (Figure 10a). Less covariance and a switch to the opposite sign 

(00-6, 00-7, 02-1, 02-4 and South Pole), indicating a different climate regime, are encountered at 

sites across the ice divide in the Ross Ice Drainage System (RIDS) and at sites on the East 

Antarctic Plateau (Figure 10a). As expected from the close link to accumulation rates, a similar 

pattern is found in the mapped covariances of H2O2 concentrations, with most of the covariance 

occurring in the Pine Island-Thwaites drainage system across distances as far as >600 km (Figure 

10b); exceptions are sites 02-1 and 02-2 where signs are different compared to the accumulation 

map. 

The PCA results are supported by evaluating the linear correlation coefficients (Pearson’s 

r) for all combinations of core sites using the 1900-2002 anomalies of annual accumulation rates 

and H2O2 concentration (data not shown). Both positive and negative correlations significant at 

the 95% level are found in the annual accumulation rate and H2O2 record between sites across the 

whole study area. When using a 5-yr raised-cosine filter to smooth time series of both parameters 

the number of occurrences and strengths of significant correlation increase. Temporal filters 

generally improve correlations between core records since they suppress glaciological noise, 

which originates from uncertainties in the depth-age scale and density measurements, small-scale 

spatial variability caused by local topography, ice flow and changes in storm paths affecting 

advection of moisture [McConnell et al., 2000b]. Significant correlation in the smoothed H2O2 

concentration time series occurred over distances as far as 400 km within the Ross Ice Drainage 

System (0.27 < r < 0.83, p<0.05), the Pine Island-Thwaites glacier basins (0.22 < r < 0.53, 

p<0.05) and on the East Antarctic Plateau (-0.21 < r < 0.82, p<0.05). Spatial correlation in the 

smoothed accumulation records was less strong and at times negative with -0.25 < r < 0.55 

(p<0.05) in the Ross Ice Drainage System, 0.21 < r < 0.68 (p<0.05) in the Pine Island-Thwaites 

glacier basins and -0.39 < r < 0.48 (p<0.05) on the East Antarctic Plateau. For comparison, 

significant spatial correlation of r ranging from 0.63 to 0.78 (p<0.01) in 2 kyr records of H2O2 has 
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been found previously in three ice cores drilled in Dronning Maud Land, East Antarctica (75°S, 

3°W - 6°E) 122 km and 183 km apart from each other [Sommer et al., 2000]. 

The temporal structure in the leading EOF is revealed by the PC1 time series of the 

anomalies in accumulation rates (Figure 11a) and H2O2 concentrations (Figure 11b). Two features 

are important to note. First, they are significantly correlated at r = 0.30 (p<0.05), consistent with 

the above finding of a close link between accumulation rate and H2O2 concentration. Second, 

both PC1 time series show intermittent negative and positive correlation with the SOI (Figure 

11c,d). Pearson’s r values from a 10-year centered running correlation greater than 0.6 are 

statistically significant (p<0.05). In the case of the PC1 of accumulation rate they coincide with 

strong El- Niño (1940-42) and La-Niña (end of 1950s) events and range then from 0.67 to 0.83 

(Figure 11c). Strength and sign of correlation between the PC1 of H2O2 concentration and the 

SOI vary in a similar way, but reach statistical significance only during La-Niña (end of 1950s) 

(Figure 11d). Sites in the Pine Island-Thwaites drainage system are out of phase with SOI, while 

sites in the Ross Ice Drainage System and on the East Antarctic Plateau are either in phase or out 

of phase, with just a small amplitude explained by the main mode of variability (Figure 10a). The 

observation of an intermittent teleconnection between the PC1 of accumulation rates and the SOI 

in the study region during 1911-1993 based on ice cores confirms a previous model study. 

Accumulation data from the new ERA40 reanalyses and from a 200-yr simulation were shown to 

have a robust mode of variability in West Antarctica with an intermittently strong El-Niño-

Southern-Oscillation (ENSO) signature [Genthon and Cosme, 2003]. Due to the link between 

accumulation rates and H2O2 concentration, we find the ENSO imprint also in the H2O2 record; it 

is intermittent as in the case for accumulation rates and mostly visible during extended periods of 

extreme events (Figure 11d). This explains also the finding that power spectra of the annual H2O2 

data contain statistically significant peaks at ENSO-like periodicities of 2-7 yr. 

 

5. Conclusions 

The temperature and accumulation variability in West Antarctica and covered by the U.S. 

leg of the International Trans-Antarctic Scientific Expedition (ITASE) offer both a replicated 

record of H2O2 for evaluation of past atmospheric change and an excellent test of our air-snow 

transfer model, previously applied at Summit, Greenland and South Pole. 
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The multi-century H2O2 records preserved across West Antarctica at all but the warmest 

(>-25 ºC), intermediate to low annual accumulation (<13 cm yr-1) sites vary systematically with 

temperature and accumulation in accord with the model. H2O2 concentrations of the most recent 

year are negatively correlated with annual temperature. H2O2 levels preserved in deeper firn/ice 

correlate positively with mean accumulation rates, leading to the optimum net preservation of 

H2O2 where accumulation rate is high (>30 cm yr-1) and temperatures are low (<-31 ºC). Spatial 

replication is especially important given the considerable interannual variability in seasonal 

accumulation rates in Antarctica, which results in highly variable ice-core concentrations of all 

impurities from year-to-year even with no change in atmospheric forcing. 

Recent changes of annual mean temperature observed in Antarctica do not have any 

noticeable effect on the H2O2 ice core record in the interior of West Antarctica and interannual 

variability of annual H2O2 concentration is dominated by accumulation rate change under the 

current WAIS temperature regime. The close link to accumulation is further demonstrated by the 

imprint of a large-scale climate signal in the H2O2 record. The intermittent but high correlation 

between the first PC time series of H2O2 concentration anomalies and the SOI during the 20th 

century explains the occurrence of significant spectral peaks at ENSO-like periodicities in the 

H2O2 record from the West Antarctic Ice Sheet. 

Core records of H2O2 at high accumulation sites (> 30 cm yr-1) are most suitable for 

detection of temporal changes in atmospheric concentration for two reasons. First, they are less 

sensitive to recent change in annual mean temperature and accumulation rate. Second, strong 

covariance in accumulation rates and H2O2 concentrations across distances as large as 600 km in 

the region allow stacking of core records in order to obtain statistically more robust results. 

Future work will need to address the uncertainties related to the timing of accumulation and how 

atmospheric and accumulation rate changes contributed to the positive trends observed in the 

H2O2 records. 

Based on the combination of low annual mean temperature and high annual accumulation 

rate, site 02-2 is an optimum site for the recovery of a future millennial-scale H2O2 record. The 

closest site to the planned WAIS Divide core, 00-1, being ~2 °C warmer and having 35% less 

annual accumulation than 02-2, will still provide a good millennial-scale record of H2O2 with the 

seasonal cycle preserved for over 300 yr. On the other hand, parameter combinations where the 
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semi-empirical model predicts complete loss provide guidance in the design of future spatial 

sampling for H2O2 records in West Antarctica. 
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Tables 

Table 1. Overview of drilling parameters and environmental conditions from WAISa. 

Site lat/ lon, 

°S/ °W 

elev, 

m 

T, 

°C b
acc, 

cm yr-1 f

depth, 

m g
H2O2 record, 

A.D. 

∆-t, 

yr j

99-1 80.62/122.62 1350 -27.1d 14±4 58.0 1707-1999i ±1 

99-2 81.19/125.90 1040 -21.4c - 48.6 - - 

00-1 79.38/111.23 1791 -29.4e 23±5 105.3 1690-2000i 0 

00-2 78.73/111.50 1675 -28.3e 44±6 61.2 1910-2000 0 

00-3 78.42/115.92 1741 -28.9e 35±5 60.2 1888-2000 0 

00-4 78.08/120.08 1697 -28.5e 19±5 58.2 1798-2000i ±1 

00-5 77.6/123.99 1827 -29.8e 13±4 56.9 1736-2000i ±1 

00-6 78.33/124.48 1639 -27.9e 12±3 60.3 1706-2000i ±2 

00-7 79.13/122.27 1494 -26.5e 14±4 63.6 1764-2000i ±2 

01-1 79.16/104.97 1843 -27.6d 34±6 73.2 1860-2001 0 

01-2 77.84/102.91 1353 -25.0d 44±9 71.1 1887-2001 0 

01-3 78.12/95.65 1633 -25.9d 33±6 70.9 1858-2001 0 

01-4 77.61/92.25 1484 -26.4e 34±5 68.2 1867-2001 0 

01-5 77.06/89.14 1246 -26.4d 34±7 114.7 1779-2001 0 

01-6 76.10/89.01 1232 -23.8e 41±9 18.1 1977-2001 0 

02-1 82.00/110.01 1765 -29.2e 23±7 62.6 1790-2002i ±1 

02-2 83.50/104.99 1965 -31.2e 37±9 62.1 1894-2002 0 

02-3 85.00/105.00 2400 -35.5e 17±5 45.4 1848-2002 ±1 

02-4 86.50/107.99 2601 -47.2e 11±3 72.1 (1638)-2002h,i ±1 

02-5 88.00/107.98 2749 -48.7e 11±3 54.5 (1570)-2002h,i - 

RIDS-A 78.73/116.33 1750 -29.3e 22±4 149.0 1503-1995i k

RIDS-B 79.46/118.04 1650 -28.3e 14±4 60.0 1722-1995i k

RIDS-C 80.00/119.53 1575 -27.6c 10±4 60.0 1591-1921i k

South Pole 89.91/147.57 2810 -49.3c 8±3 92.0 (1300)-1994h,i l
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Siple Stationm 75.92/84.25 1054 -24c 50.0 80.0 1870-1982 - 

Siple Domen 81.66/148.81 621 -25.4 12.4 3.0 - - 

 
a Included are U.S. ITASE (additional details archived at the National Snow and Ice Data Center; 

www.nsidc.org), RIDS (Ross Ice Drainage System) sites, South Pole and two sites where H2O2 

data were published previously, Siple Station [Sigg and Neftel, 1988] and Siple Dome 

[McConnell, 1997; Kreutz et al., 1999] 
b Average annual temperature 
c Calculated from automatic weather station (AWS) data (http://amrc.ssec.wisc.edu/aws.html; 

http://www.cmdl.noaa.gov/obop/met/spo/); the estimate was improved at RIDS-C by using a 

composite temperature record for Byrd integrating AWS and passive microwave data (C. 

Shuman, pers. communication) 
d 10-m borehole temperatures measured on-site 
e linearly extrapolated value from annual mean of the closest AWS using the dry-adiabatic lapse 

rate 
f 1950-2000 mean accumulation rate ± 1σ in cm of water per year, except sites 99-1 (1950-1999), 

01-6 (1977-2000), 02-5 (1973-2000), South Pole (1950-1995) and RIDS-C (1911-1921); for the 

latter compare with accumulation rate in snow water equivalent from the Byrd core of 10-12 cm 

yr-1 [Hammer et al., 1994; Hammer et al., 1997] 
g core depth (not water depth) 
h age at core bottom estimated based on extrapolation of a mean layer thickness (see text) 
i absolute dating using EC peaks associated with eruptions of Tambora (1815) and the ‘unknown 

event’ (1809). 
j ∆-t is the estimated depth-age scale uncertainty  
k depth-age scale from Kreutz et al., [2000a] 
l depth-age scale down to 71.0 m (1487 A.D.) from Meyerson et al., [2002] 
m H2O2 data reported previously [Sigg and Neftel, 1988]] 
n H2O2 data reported previously [McConnell, 1997; Kreutz et al., 1999] 

 

http://www.nsidc.org/
http://amrc.ssec.wisc.edu/aws.html
http://www.cmdl.noaa.gov/obop/met/spo/
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Table 2. Limit of detection (LOD) and precision of the CFA and CFA-ICP lab techniques 

compared to observed concentration ranges 

Species LOD, ppbwa LOD, ppbwb precision, %c conc range, ppbwd

H2O2 0.64±0.40 0.1 (0.2) 2.2±2.1 (60) 0 - 400  

NO3
- 0.44±0.15 1.0 (3.0) 2.5±2.8 (60) 2 - 100 

Cl- 7.1±0.6 - 1.3±1.0 (29) 2 - 450 

Ca2+ 0.07±0.02 0.1 (0.2) 7.1±4.2 (26) 1 - 30 

Mg2+ 0.11±0.02 - 3.8±3.9 (27) 1 - 30 

Na+ 6.3±0.4 0.5 3.9±5.9 (27) 4 - 250 

 
a mean and standard deviation of LOD (defined as 3 standard deviations of the baseline) during 5 

consecutive lab days; note that results from CFA-ICP method refer to total Ca, Mg and Na not 

just the soluble form as in IC analysises. 
b LOD of similar CFA systems reported previously [Röthlisberger et al., 2000; Anklin et al., 

1998] 
c averages and 1σ-range of the normalized standard deviation of a set of multiple runs of the same 

liquid standard were computed for all lab days (typically 2-6 standards per lab day included; No 

of lab days in parenthesis) 
d determined from all U.S. ITASE cores including snow pit samples 
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Table 3: Model fits of a semi-empirical deposition model 

data a0 a1 a2 a3, pptv rmse, ppw 

1911-60 mean 

(N=25) 

1.52 x 10-6 -3.04 x 10-7 -1.5019 3 10.2 

all years 1911-60 

(N=1010) 

2.53 x 10-6 -1.42 x 10-6 -0.28336 1 14.5 

1911-60 mean 

(N=25) 

9.67 x 10-7 -3.46 x 10-7 -1.3631 - a 12.9 

a prescribed atmospheric mixing ratios: 30 pptv at group 1 & 2, 10 pptv at group 3 sites 
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Figures 

 
 

Figure 1. Map of the West Antarctic Ice Sheet (WAIS) showing U.S. ITASE traverse routes 

1999-2002 and ice core locations (symbols with identifiers; see also Table 1) in West Antarctica 

and at the South Pole. Core sites were grouped according to annual accumulation rate and 

temperature. Group 1 - Ross Ice Drainage System (00-1, 00-4, 00-5, 00-6, 00-7, 02-1, 99-1, 

RIDS-A, RIDS-B, RIDS-C, Siple Dome) with an accumulation rate of 17±4 (range 10-25) cm yr-1 

and annual mean temperature of –28.1 ºC. Group 2 – Amundsen Sea Drainage System (00-2, 00-

3, 01-1, 01-2, 01-3, 01-4, 01-5, 01-6, Siple Station, including also 02-2) with an accumulation 

rate of 38±5 (range 33-50) cm yr-1 and annual mean temperature of –26.8 ºC. Group 3 – East 

Antarctic Plateau (02-3, 02-4 or ‘Hercules Dome’, 02-5 and South Pole) with an accumulation 

rate of 11±4 (range 7-15) cm yr-1 and annual mean temperature of –45.2 ºC. 
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Figure 2. The seasonal signature of various chemical parameters and annual picks (black vertical 

lines) at different coring sites and core sections are plotted here against depth. Panels a. and b.: At 

the low accumulation site 00-5 only Cl- shows clear seasonal maxima throughout the whole core, 

while NO3
- exhibits increasing ambiguity at depth (‘missing’ years vertical dotted lines). EC 

spikes at 43.0 m and 44.2 m depth (b. bottom panel) are tied to Tambora (1815) and an ‘unknown 

eruption’ (1808/09). Panels c. and d.: At 01-4, representative for a high accumulation site, 

seasonal H2O2 is preserved to the bottom of the core and up to 5 seasonal markers are available 

for dating; note that the CFA-ICP method yields concentrations of total Na, Mg and Ca. 
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Figure 3. Frequency distribution of deposition timing for sea salt species (Na+, Ca2+, Mg2+ or Cl-) 

and nitrate based on depth-age scales independently determined from H2O2 winter minima. Cores 

from sites 00-2, 00-3, 01-1, 01-2, 01-3, 01-4, 01-6 and 02-2 were included. Note that in the case 

of multiple NO3
- peaks per year the summer pick was based on the sequence of other available 

markers. 
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Figure 4. New century-scale records of H2O2 concentrations in 23 ice cores from West Antarctica 

are shown at sub-annual resolution (48 samples yr-1, shaded in grey) superimposed with a 2nd 

order 5-yr box car filter of the annual averages (thick black line), which included also snow pit 

data. Numbers in parentheses next to the location identifier (Figure 1) are 50-yr mean values of 

H2O2 in ppbw from 1911 to 1960; note that at RIDS-C no data from 1922 to 1995 (top 17 m) are 

available (see text). 
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Figure 5. Panel a. illustrates the relationship between recently deposited H2O2 (top-year) and 

mean site temperature; the average H2O2 for the most recent year was determined from snow pits 

or shallow cores analyzed in the field and includes concentrations from the time of sampling 

(usually December) back to the previous winter minimum (June). Panel b. shows the fraction of 

H2O2 preserved at depth as a function of accumulation rate; the fraction is computed as the ratio 

between the 1911-60 average and the top-year H2O2 concentration. Note that the decrease in 

concentration with depth includes contributions from both post-depositional exchange and recent 

atmospheric trends. Values of Pearson’s r refer to the linear regressions shown as black lines. 

Elevated H2O2 at the snow surface from recent deposition events does influence the average of 

the top half year depending on how far from equilibrium these samples were at the time of 

sampling. 
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Figure 6. The spatial variability of H2O2 preservation across the West Antarctic Ice Sheet (WAIS) 

is shown by mapping the 1911-1960 averages of absolute concentrations at each core site 

(circular symbols). Site identifiers are given in Figure 1. Note that at site 99-2 and Siple Dome 

most H2O2 is lost in the surface-near layers and the highest H2O2 are observed at 02-2. The WAIS 

map was obtained from the Antarctic Digital Data Base v4.1 (http://www.add.scar.org/) and is 

overlying the RAMP DEM [Liu et al., 2001]. 

 

 

 

http://www.add.scar.org/
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Figure 7. Annual mean H2O2 concentrations from ice core measurements only are shown as a 

function of annual accumulation rate. All years from all core sites (grey symbols; see Table 1) are 

included and also the 1911-1960 results from core sites grouped into 3 categories (colored 

symbols) based on annual accumulation rate and temperature (see Figure 1 and text). Note that 

annual data from, 01-6, 02-5, and Siple Station are not shown, since well-dated H2O2 and 

accumulation data are not available for the 1911-1960 period and 99-2 and Siple Dome are 

omitted due to H2O2 levels at or below the LOD. 
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Figure 8. Observed 50-yr averages of H2O2 from 1911 to 1960 are shown as a function of 

accumulation rate from the same period (a) and annual mean temperature (b). The response 

surface of the 2-parameter semi-empirical model fitted to Antarctic data is shown in (c), with 

symbols representing calculated H2O2 at the respective core sites. Data from Siple Dome [Kreutz 

et al., 1999], 99-2 (Table 1) and Siple Station [Sigg and Neftel, 1988] are also included in (a)-(c). 

Error bars in (a) and (b) represent the 1σ uncertainty. Solid lines in (a)-(c) illustrate model 

predictions with one parameter held constant at the value shown. 
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Figure 9. Interannual variabilities of accumulation rate and H2O2 were computed as 1-σ of the 

detrended annual data from 1911-60 and are shown as a function of the mean (a,b) and 1-σ (c) of 

accumulation rates during the same period; sites 01-6, 02-5 and RIDS-C are not included due to 

lack of data for the full averaging interval. Note that the largest variability in H2O2 concentrations 

with 1-σ >12 ppbw is observed at 02-4, 02-3 and 02-2 (b,c). 
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Figure 10. The spatial pattern of the leading EOF (EOF1) from annual accumulation rates (a) and 

annual H2O2 concentrations (b) is shown as a covariance map displaying amplitudes in the 

original time series in cm yr-1 and ppbw associated with one standard deviation of the respective 

principal component (PC1) depicted in Figure 11. Note that 14.2 % (16.1 %) of the total variance 

present in the 20-dimensional system of accumulation (H2O2) records is explained by the EOF1. 

Colored symbols mark the ice core locations included in the analysis with identifiers given in 

Figure 1 ; small black dots indicate the remaining locations. The dashed black line represents the 

approximate location of the ice divide. 



  154 

 
 

Figure 11. Panel a. (b.) illustrates interannual variability in the PC1 time series of annual 

accumulation rates (annual H2O2) from 1911-1993 in comparison to the annual Southern 

Oscillation Index (SOI). The leading mode (PC1) corresponds to the respective EOF1 pattern in 

Figure 10a and b. From the monthly SOI 1882-2004 based upon annual standardization 

[Trenberth, 1984], available at http://www.cgd.ucar.edu/cas/catalog/climind/soiAnnual.html, we 

calculated annual averages centered on Dec-20. All data shown in a. and b. are normalized to unit 

variance and have zero mean. Panel c. (d.) shows a 10-year centered running correlation between 

the two data sets (black line) with the thick line sections indicating significance at the 5% level 

and the area shaded in grey delimiting the 95% confidence interval. 

http://www.cgd.ucar.edu/cas/catalog/climind/soiAnnual.html
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Abstract 

Twenty-two ice core records of annual accumulation rates including new observations 

were used to validate model output from the new European Centre for Medium-Range Weather 

Forecasts (ECMWF) Re-Analysis (ERA-40) across the West Antarctic Ice Sheet (WAIS). ERA-

40 modeled accumulation rates are too low at 21 of the 22 ice core sites, giving an average 

estimate for all core sites of only 66% (range 34–122%) of the observed accumulation rates over 

the 1958-2000 period. Compared to the pre-satellite era (1958-1977) linear correlations improve 

after 1978 and show statistical significance (90% confidence) at 10 of 22 core sites with 

Pearson’s r ranging from 0.11 to 0.73. Discrepancies in accumulation rate amount and variability 

between model and observations are found to increase with latitude south of 79°S. ERA-40 

simulates both the amount and variability of net accumulation at single core sites much more 

poorly in West Antarctica than in Greenland. In general, caution should be used when analyzing 

trends in ERA-40 accumulation rates since systematic changes might be simply the result of the 

assimilation of satellite data after 1978. 
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1. Introduction 

Data on interannual variability in snow accumulation rates in the high latitudes are 

critical for quantifying the mass balance of the large ice sheets of Greenland and Antarctica [e.g. 

McConnell et al., 2000a; Davis et al., 2005]. Reanalysis provides climatological time series in 

remote high-latitude regions where the observational network is sparse, thereby allowing study of 

recent climate change such as trends in the circumpolar vortex/Antarctic Oscillation [Thompson 

and Solomon, 2002; Gillett and Thompson, 2003], the El Niño-Southern Oscillation (ENSO) 

teleconnection [Bromwich et al., 2000; Genthon and Cosme, 2003] and ice sheet mass balance 

[Davis et al., 2005], to name a few. The reanalysis consists of a global climatological time series 

of model-consistent data generated by a numerical weather prediction model run retrospectively, 

feeding in all available observations to a 3D-Var Data Assimilation system [Simmons and 

Gibson, 2000; Kållberg et al., 2004; Hanna et al., 2005]. Modelled annual net accumulation from 

the new ERA-40 reanalysis (ECMWF Re-Analysis ERA-40) by the European Center for 

Medium-Range Weather Forecasts (ECMWF), Reading, UK, was used recently to investigate 

regional climate forcing in Greenland [Hanna et al., 2005] and the 1993 to 2003 ice sheet mass 

balance in Antarctica [Davis et al., 2005]. Because of a paucity of observations to constrain the 

reanalysis in remote regions, independent, long-term measurements are mandatory for model 

validation.  

Annual net accumulation rates derived from well-dated ice cores provide probably the 

only means to validate ERA-40 simulations in the interior of Antarctica over the 1958-2001 

period. Recent validation of ERA-40 accumulation rates in Greenland using 58 ice-core 

accumulation data sets across the Greenland Ice Sheet yielded an average correlation coefficient 

of 0.53 with 47 of 58 sites showing significance at the 1% level [Hanna et al., 2005]. More 

recently, basin averages of annual accumulation rates derived from ice cores in West Antarctica, a 

subset of those used in this study, showed good agreement with ERA-40 simulations during the 

1980-2001 period [Davis et al., 2005]. However, a recent comparison of ERA-40 estimates of 2-

m air temperature, mean sea level pressure and 500-hPa geopotential height with Antarctic station 

observations during the 1958-2001 overlap period suggested that before 1978 model results 

should be interpreted with caution over the high southern latitudes during the nonsummer months. 
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Assimilation of satellite data into ERA-40 after 1978, however, resulted in significant 

improvement in ERA-40 performance [Bromwich and Fogt, 2004]. 

The goal of this research is to validate the new ERA-40 data set of annual accumulation 

rates in West Antarctica using observations from ice cores. To do this we use a total of 22 ice 

core records of annual accumulation, including 11 new records, to evaluate both the amount and 

inter-annual variability of ERA-40 model simulations across the West Antarctic Ice Sheet 

(WAIS). We thereby extend the study of Davis et al., 2005) to the full reanalysis period 1958-

2001 and evaluate if ice core data can improve model predictions in the high latitudes and if any 

differences in model performance between the pre-satellite and the satellite era exist. 

 

2. Methods 

In situ annual net accumulation rates were derived from 22 century-scale ice cores 

collected across the West Antarctic Ice Sheet (WAIS) at elevations above 1000 m (Figure 1 and 

Table 1). Many of the ice cores were drilled during the 1999-2003 U.S. component of the 

International Trans-Antarctic Scientific Expedition (ITASE). Annual snow accumulation 

observed in an ice core record reflects total precipitation minus losses from melt, sublimation and 

wind transport. Because of the very cold temperatures throughout the study area, losses from melt 

can be ignored [King and Turner, 1997]. Quantification of the annual layer thickness and 

development of an absolute core chronology was achieved using the seasonal cycle in a 

combination of multiple parameters, including hydrogen peroxide (H2O2), sea salt related species 

(K+, Na+, Mg2+, Ca2+, Cl-) and NO3
- [Frey et al., 2005]. As annual markers we used the H2O2 

winter minimum and the sea salt peak in late winter, with nominal deposition dates assigned as 

June-21 and September-1, respectively [Frey et al., 2005]; so the annual time series of net 

accumulation were centered on Dec-20 of each year. Snow or firn-depth was converted to water-

depth using a 5th order polynomial fit to measured density profiles [Frey et al., 2005]. Records of 

annual net accumulation from 1958 to the time of collection are reported for the first time from 

11 sites (00-2, 00-3, 00-6, 00-7, 01-1, 01-4, 02-1, 02-2, 02-3, 02-4 and 02-5), while from the 

remainder were published previously [Kreutz et al., 2000; Meyerson et al., 2002; Kaspari et al., 

2004]. 
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Monthly accumulation rates from 1958 to 2001 for the node point closest to each core 

location were obtained from the 1.25 by 1.25 degree ERA-40 reanalysis grid and then aggregated 

to annual time series centered on Dec-20. 

 

3. Results 

Mean and standard deviation of average accumulation rates in cm of water equivalent per 

year for all 22 sites (Figure 1) in the period of overlap were 24.6±12.1 (range 8.3 to 45.8) cm yr-1 

and 16.3±9.4 (range 3.9 to 34.5) cm yr-1 for observations and model results, respectively (Table 

1). The annual mean model to core ratios in net accumulation was 0.66 (range 0.34 to 1.22). 

Comparisons over the full 1958-2000 time span of the reanalysis (Figure2) shows that agreement 

is generally good (e.g. 00-2 and 01-1) but also that at some sites, the time series are out of phase 

(e.g. South Pole and 02-5). Significant correlations (90% confidence interval) for the 1958-2000 

period were found at 11 of 22 core sites, with a mean r of 0.39 (range -0.45 to 0.63). The only 

significant negative correlation (r = -0.45) was observed at 00-5, the only site where the model 

overestimates the measured accumulation rate (Table 1). In the 1978-2000 period 10 of 22 core 

sites showed significant correlations (90% confidence interval), with a mean r of 0.48 (range 0.29 

to 0.73) (Figure 1 and Table 1). 
 

4. Discussion 

Comparison with the ice core records shows that ERA-40 model estimates of net 

accumulation rates are in general too low throughout the West Antarctic Ice Sheet, except at site 

00-5. The smallest model to core ratios in the 1958 to 2000 period were found on the East 

Antarctic Plateau (02-3, 02-4, 02-5, South Pole) and at 99-1 and 00-3, where model to core ratios 

were also low (Table 1). Conversely, model estimates closest to the observations were found in 

Thwaites and Pine Island basins and showed a positive trend going northeast from the Ice Divide 

towards the Antarctic Peninsula (0.42 at 00-3 to 0.83 at 01-5). Figure 3a illustrates that trend, 

showing decreasing model performance in capturing the absolute amount of net accumulation 

with increasing latitude. Note that ice sheet elevation between the coast and the East Antarctic 

Plateau increases also with latitude. In Greenland, overall agreement between ERA-40 

simulations and ice core observations is much better, with simulations 95% of observations on 
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average [Hanna et al., 2005]. However, excluding the very southern regions of Greenland, 

simulations at locations in the interior of the Greenland Ice Sheet are significantly smaller, 

ranging from 67% to 92% of ice core observations. These are comparable to the ratios we found 

in West Antarctica [Hanna et al., 2005]. Simulated net accumulation much lower than 

observations in the interior of the ice sheets was also reported in earlier ECMWF-based models 

and has been explained in part by errors in the underlying elevation model [Hanna et al., 2005]. 

In addition, observation stations in Greenland and Antarctica are mostly located on coastlines, 

with the latter having an even sparser network except for the clustering of stations in the region of 

the Antarctic Peninsula. Consequently, the reanalysis is poorly constrained by observations in the 

interior of both ice sheets, especially during the pre-satellite era, explaining in part magnitude and 

spatial trend of the discrepancies found. Comparison of model to core ratios during the pre-

satellite era (1958-1977) and the satellite era (1978-2000) shows a systematic increase at all sites 

(Figure 3a), suggesting that the assimilation of satellite soundings after 1978 into the model 

improved performance significantly. This is consistent with the previously reported overall 

increase in performance of ERA-40 after 1978 [Bromwich and Fogt, 2004]. 

Ice-core sites with significant correlation (90% confidence) between observations and 

ERA-40 accumulation rates in the 1978-2000 period cluster along the Ice Divide between the 

Ross Ice Drainage System (RIDS) and the Thwaites and Pine Island basins draining to the 

Amundsen Sea (Figure 1). It should be noted that almost half of all the core records show non-

significant and in 3 cases even slightly negative correlations during 1978-2000 and are seen with 

decreasing elevation in the RIDS area and onto the East Antarctic Plateau. Part of it might be due 

to deteriorating model performance in the interior of the ice sheet, as discussed above, but 

glaciological noise is another possibility. Generally, ice core records of accumulation contain in 

addition to the precipitation signal random noise, which can be described as a pseudo-random 

component with contributions from spatial variability due to local to regional scale accumulation 

features [McConnell et al., 2000b] and uncertainties in the depth-age scale and core density 

measurements. Recent ice core collections from Greenland, Siple Dome (West Antarctica; Figure 

1) and the South Pole suggested the contribution of random noise to the accumulation 

measurement in a single year to be a 1σ-uncertainty of 3.0-4.1 cm yr-1 [McConnell et al., 2000b; 

Hanna et al., 2005]. Correlations between model and observations should be better, where 
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temporal variability dominates the ice core signal. Standard deviations in observed accumulation 

rates (Table 1), after subtracting an assumed noise component of 3.0 cm yr-1, suggest that the 

temporal variability exceeds or equals the spatial variability at 00-2, 01-2, 01-3, 01-5, 01-6, 02-1, 

and 02-2. These are all locations of high accumulation (>33 cm yr-1), except 02-1, and show 

indeed, significant correlations with the ERA-40 model, with the exception of 01-3 and 01-6 

(Figure 1, Table 1). Conversely, sites of intermediate (15-33 cm yr-1) to low (< 15 cm yr-1) 

accumulation show weak or no correlation, usually statistically not significant, between model 

and core, indicating that spatial variability dominates the signal, which is not accounted for in the 

model (Figure 1, Table1). Correlations considering the pre-satellite era 1958-1977 show 

statistical significance only at 6/22 core sites (mean 0.21 at 90% confidence), with two being 

negative (02-4, South Pole). In the era after 1978 the number of sites with significant correlations 

increases to 10 (mean 0.48) (Table 1). However, at sites 00-4, 01-5, 02-1 and 02-2 correlations 

were stronger prior to 1978. 

We expected to reduce contributions from local spatial variability in the ice core record 

and thereby improve the correlations by averaging core records from multiple locations. To do 

this, we arranged cores into 4 groups based on proximity and location with respect to Ice Divides 

(Figure 1): a. from the Thwaites Glacier Basin towards the Antarctic Peninsula with 01-3, 01-4, 

01-5 and 01-6 (Figure 4a), b. Pine-Island Glacier Basin and Amundsen Sea drainage west of 

100°W with 01-1, 01-2, 00-2 and 00-3 (Figure 4b), c. Ross Ice Drainage System (RIDS) with 00-

1, 00-4, 00-5, 00-6, 00-7, RIDS-A, RIDS-B, 99-1 and 02-1 (Figure 4c) and d. the East Antarctic 

Plateau with 02-3, 02-4, 02-5 and South Pole (Figure 4d). The averaged records show 

intermediate to strong correlations (0.49 < r < 0.66) at 99% confidence in three of the four groups 

(Table 2 and Figure 4), with the best agreement between model and observation in the Pine Island 

Glacier – Amundsen Sea Basin. It is important to note that the ERA-40 data suggest a positive 

step-change in annual accumulation rates at the end of the 1970s, which is clearly not reflected in 

the core records; only in the case of the Pine Island Glacier – Amundsen Sea Basin (Figure 4b) a 

slight positive trend starting around the same time is recognizable. The timing of the step-change 

suggests that the integration of satellite data into the model not only improves capture of 

interannual variability but also increases the precipitation amount, as discussed above (Figure 3). 
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5. Conclusions 

Validation of simulated net accumulation from the ERA-40 reanalysis with observations 

from 22 ice core sites in West Antarctica indicates that the reanalysis is substantially less accurate 

than on the Greenland Ice Sheet, particularly in the region south of 79°S towards the interior of 

the ice sheet. Integration of satellite data as model constraints after 1978 significantly improves 

overall model performance in agreement with earlier research results. Model performance and 

local noise in the ice core record both affect the direct comparison. Thus, basin averages reduced 

in glaciological noise yield a more robust comparison with highly significant correlations and are 

suitable to constrain ice sheet mass balance models. However, caution is warranted when 

analyzing trends in ERA-40 data, since systematic changes are found to be due simply because of 

assimilation of satellite data after 1978. In order to better calibrate the model future arrays of 

shallow cores (< 20m) drilled across the vast interior of the Antarctic continent have the potential 

to better constrain the ERA-40 model were it is weakest. 
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Tables 

Table 1. Comparison of accumulation rates from ice cores and ERA40 model results. 

Site lat/ lon, 

°S/ °W 

core-acc, 

cm yr-1 a

ERA40-acc, 

cm yr-1 a

correlation  

coefficientb

ratioc periodd 

 

99-1 80.62/122.62 14.8±3.8 7.2±4.0 0.01/-0.07 0.48 ’58-’98 

00-1 79.38/111.23 23.2±4.9 18.5±4.5 0.17/0.14 0.80 ’58-’99 

00-2 78.73/111.50 44.3±6.0 24.3±5.3 0.63/0.73 0.55 ’58-’99 

00-3 78.42/115.92 34.9±5.1 16.5±4.4 0.51/0.57 0.47 ’58-’99 

00-4 78.08/120.08 19.1±5.3 11.5±4.1 0.34/0.43 0.60 ’58-’99 

00-5 77.6/123.99 12.3±3.3 15.0±4.3 -0.45/0.12 1.22 ’58-’99 

00-6 78.33/124.48 11.9±3.1 8.4±3.7 -0.05/0.41 0.70 ’58-’99 

00-7 79.13/122.27 13.7±3.9 9.1±4.0 -0.16/-0.14 0.67 ’58-’99 

01-1 79.16/104.97 34.6±5.6 24.6±5.5 0.55/0.64 0.71 ’58-’00 

01-2 77.84/102.91 45.8±7.6 33.8±7.3 0.56/0.51 0.74 ’58-’00 

01-3 78.12/95.65 33.4±6.4 25.4±6.2 0.05/0.11 0.76 ’58-’00 

01-4 77.61/92.25 33.8±5.5 26.1±6.3 0.31/0.54 0.77 ’58-’00 

01-5 77.06/89.14 34.0±7.1 28.4±7.0 0.49/0.29 0.83 ’58-’00 

01-6 76.10/89.01 40.8±9.3 34.5±6.2 0.05/0.05 0.85 ’78-’00 

02-1 82.00/110.01 22.8±7.0 13.1±4.3 0.48/0.37 0.58 ’58-’00 

02-2 83.50/104.99 37.5±9.2 13.6±3.7 0.29/0.42 0.36 ’58-’00 

02-3 85.00/105.00 17.4±5.0 9.1±3.4 0.60/0.34 0.52 ’58-’00 

02-4 86.50/107.99 10.3±2.2 4.3±2.5 0.04/0.28 0.42 ’58-’00 

02-5 88.00/107.98 11.3±3.1 3.9±1.5 0.02/-0.12 0.34 ’73-’00 

RIDS-A 78.73/116.33 22.0±4.5 16.5±6.0 0.09/0.46 0.75 ’58-’94 

RIDS-B 79.46/118.04 14.2±3.9 10.6±4.0 -0.09/0.15 0.75 ’58-’95 

South Pole 89.91/147.57 8.3±2.9 4.4±1.1 -0.08/0.13 0.53 ’58-’93 
 

a 1958-2000 mean ± 1σ of annual accumulation rates centered on Dec-20 in cm of water per year 
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b Pearson’s r calculated for 1958-2000 / 1978-2000 with significant correlation (90% confidence) 

in bold print 
c mean model/core accumulation rate ratio for the respective averaging period 
d comparison period varies in length due to availability of ice core data 

 

 

 

Table 2. Comparison of basin averages of core and ERA-40 accumulation rates. 

Basin core-acc, 

cm yr-1 a

ERA40-acc, 

cm yr-1 a

correlation 

coefficientb

ratioc

Thwaites Glacier Basin 34.5±4.0 27.6±6.4 0.49/0.30 0.80 

Pine Island Glacier– Amundsen Sea 39.9±5.2 24.9±5.5 0.64/0.66 0.62 

Ross Sea Drainage System 17.0±2.0 12.3±4.0 0.16/0.36 0.73 

East Antarctic Plateau 12.0±1.8 5.2±2.0 0.60/0.56 0.43 
a 1958-2000 mean ± 1σ of annual accumulation rates centered on Dec-20 in cm of water 

equivalent per year 
b Pearson’s r calculated for 1958-2000 / 1978-2000 with significant correlation (99% confidence) 

in bold print; note that the correlation in the Ross Sea Drainage System is significant for 1978-

2000 at 90% confidence. 
c mean model/core accumulation rate ratio for the respective averaging period 
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Figures 

 

 
Figure 1. WAIS map (based on Antarctic Digital Data Base v4.1 http://www.add.scar.org/) 

overlying the RAMP DEM [Liu et al., 2001] showing locations of ice cores used in this study and 

levels of linear correlation coefficients between observed and modelled (ERA-40) annual 

accumulation rates from 1958 to 2000, with statistical significance (90% confidence interval) 

indicated by thick black edged circles. The dashed black line shows the approximate location of 

the ice divide. 

http://www.add.scar.org/
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Figure 2. Comparison of net annual accumulation rates from ice cores (grey line and symbols, 

ordinate on left) and ERA40 model results (black line and symbols, ordinate on right) from 1958 

to 2000; accumulation rates are centered on Dec-20. 
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Figure 3. Ratios and linear correlation coefficients between ERA-40 model output and ice core 

observations of annual accumulation rates shown as a function of latitude during the pre-satellite 

(1958-1977) and satellite (1978-2000) era. Note that only where full symbols are used in (b) 

correlation is statistically significant (p<0.05). Dashed lines in (a) represent the linear latitudinal 

trends during the respective time period. 
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Figure 4. Regional averages from multiple locations of observed (grey thick line) and modelled 

(black thick line) annual accumulation rates in the 1958-2000 period: (a) from the Thwaites 

Glacier Basin towards the Antarctic Peninsula (01-3, 01-4, 01-5, 01-6), (b) Pine-Island Glacier 

Basin and Amundsen Sea drainage west of 100°W (01-1, 01-2, 00-2, 00-3), (c) Ross Ice Drainage 

System (00-1, 00-4, 00-5, 00-6, 00-7, RIDS-A, RIDS-B, 99-1, 02-1) and (d) East Antarctic 

Plateau (02-3, 02-4, 02-5, South Pole). Areas shaded in grey and the dashed black lines indicate 

the 1σ-uncertainty range of observed and modelled accumulation rates, respectively. 
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