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ABSTRACT 

This work represents an analysis of the spatial and temporal variability of nitrate 

deposition and preservation recorded in multiple ice core and snow pit records from the 

Greenland ice sheet. The primary objective of this research was to develop improved estimates of 

variability in the preserved ice core record of nitrate to aid in the interpretation of 

paleoatmospheric concentrations of reactive nitrogen compounds. Three separate works are 

presented, each focusing on a unique component of variability. The first is a study related to the 

direct preservation of nitrate over a single year. The second and third topics are related to analysis 

of ice core records collected during NASA’s Program for Arctic Regional Climate Assessment 

(PARCA) which was initiated in 1993 and continued through 2002. 

The first study of preservation demonstrated that nitrate, despite possible post-

depositional cycling and alteration, was well preserved throughout the year, such that the total 

flux measured in a snow pit taken to represent the previous year, was representative of snow 

surface concentrations during the past year. The small difference in preserved concentrations 

from observed surface snow concentrations gives evidence of only 7% post-depositional loss at 

this site  (mean annual accumulation ~23 g cm-2 yr-1). Results from these studies indicate that at 

this site accumulation is the most significant process affecting preservation of nitrate in the firn. 

In the second study, the temporal variability of preserved nitrate was evaluated through 

time series analysis and correlation studies with available paleoclimate proxy records. Six 

Greenland ice cores covering the period 1794-1995 show correlated co-variability of nitrate 

concentration for periods greater than ten years and a ~60% increase in average concentration 

during the last 75 years. The changes in concentration yield ~30% higher nitrate flux  (2.5 to 3.2 

µg m-2 a-1) and ~11% greater variability during 1895-1994 period versus the prior 100 years.  
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Nitrate trends in the cores during the last 100 years are also correlated with global nitrate 

emissions, with an average r-value of 0.93 for the six cores. 

The last study focused on spatial variability of nitrate, and the relation of deposition to 

components of the earth system including temperature and accumulation. The objective of the 

study was to assess the contribution of spatial (latitude, longitude, and elevation) and climate 

(accumulation and temperature) components to the preserved record. Furthermore, the study 

evaluated the influence of anthropogenic activities on the spatial distribution of nitrate of the 

Greenland ice sheet. Large scale spatial variability exists as a result of accumulation gradients, 

with concentration 5% greater in the northern plateau, yet flux over the northern plateau is 30% 

lower than the dry snow zone as a whole. While spatially, flux appears to be more dependent on 

accumulation, preservation of flux shows increasing dependence on concentration with increasing 

accumulation. The relationship between concentration and accumulation is non-linear, showing 

less dependence in the low accumulation regions versus high accumulation regions. 

Accumulation alone is insufficient to account for the observed variability in nitrate flux in the low 

accumulation regions, and evidence supports an additional component to a transfer function 

model for nitrate that includes photochemistry, temperature, and possibly sublimation. In high 

accumulation regions, evidence points to a dilution effect, with concentration decreases resulting 

from increased accumulation. Flux estimates over the ice sheet are compared with a GEOS-

CHEM model estimate of reactive nitrogen vertical fluxes showing the model captures a 

significant component of the variability in the southern portion of the ice sheet, but under-

represents the flux and variability in the northern half of the ice sheet by a factor of 4. 
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I. INTRODUCTION 

PROBLEM STATEMENT 

The research addressed in this dissertation was principally funded through an Earth 

System Science Fellowship from the National Aeronautic and Space Administration (NASA). 

The primary objectives of NASA’s Earth Science Enterprise address climate variability and 

prediction at seasonal to inter-annual and decadal scales. Though many advances in global 

climate modeling and climate change prediction have been made, there is still an insufficient 

understanding of climate dynamics and anthropogenic forcing resulting from greenhouse gas 

emissions, particularly the climate response of the sub-polar regions [Bromwich and Robasky, 

1993; Bromwich, et al., 1993; Chen, et al., 1997; Cullather, et al., 1997]. Atmospheric chemical 

transport models and global climate models compromise a set of fundamental tools used to 

evaluate climate response under future scenario conditions. However, these models require 

accurate characterization of the natural Earth system components to generate accurate 

quantitative predictions of their response. Nitrate as a proxy for NOx would help constrain 

modeling of the past atmospheric photochemistry and hence development of future scenarios 

[Stewart, 1995; Thompson, 1995; Thompson, et al., 1996; Thompson and Stewart, 1991]. 

Understanding the variability in the natural and anthropogenic nitrate record is fundamental in 

order to use that record to help infer past atmospheric concentrations of NOx (NO + NO2) and 

changes in emissions sources. There are no adequate measures of pre-industrial NOx 

concentrations, and data on contribution from natural sources are limited. 

Expanding on the results of NASA’s Program for Arctic Regional Climate Assessment 

(PARCA), this research evaluated the components of the Earth system, and in particular the 
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Arctic, that contribute variability to the preserved nitrate record over the Greenland Ice Sheet 

with the goal of 1) assessing climate driven variability in the time series of nitrate developed from 

ice core records, and 2) assessing spatial variability of nitrate deposition, ultimately developing 

maps of nitrate flux over the ice sheet. This product will yield a new tool for the validation of 

global satellite monitoring and modeling of nitrogen chemistry in the Arctic troposphere. 

Emphasis in the depositional mapping is placed on nitrate due to the significance of reactive 

nitrogen in atmospheric chemistry. Nitric acid and the associated nitrate ion are the final products 

of nitrogen oxidation in the atmosphere. As a result of their high solubility these two products are 

readily incorporated into the glaciochemical record. Specific questions the research will address 

include: 

• What is the annual variability associated with nitrate deposition across the ice sheet over 

the last 30-40 years? 

• What is the decadal variability in nitrate deposition over the last 200 years? 

• What is the scale of spatial variability for nitrate? 

• Which Earth system processes drive variability spatially and temporally in the nitrate 

record? 

• How is the regional and/or temporal variability in nitrate deposition affected by 

anthropogenic activity? 

• What is the uncertainty in current measurements of nitrate flux? 

• Can maps of nitrate deposition be used to validate troposphere chemical transport models 

and satellite monitoring? 

These questions are addressed through the measurement and subsequent statistical 

analysis of multiple ice cores collected over the Greenland Ice Sheet and through field 

experiments at the Greenland Environmental Observatory at Summit (GEOSummit). The use of 



13 

  

empirical modeling, time series analysis, and geostatistical analysis are incorporated into the 

research to provide estimates of variability at multiple scales, both temporally and spatially.  

PARCA was developed under NASA to specifically address the application of various 

remote sensing techniques toward the primary goal of understanding the mass balance of the 

Greenland Ice Sheet (GIS). Through PARCA we have developed a spatial array of shallow (10–

200 m) ice cores to develop annually resolved records of accumulation on the Greenland Ice 

Sheet. The value of this data set for validation of modeled precipitation and remotely sensed 

altimetry analyses is demonstrated in several journal articles [Bromwich, et al., 1999; Bromwich, 

et al., 1998; Davis, et al., 1998; McConnell, et al., 2000]. Chemical parameters: H2O2, NO3
-, Ca2+ 

and NH4
+ were measured in these ice cores using Continuous Flow Analyses (CFA) techniques 

for dating purposes and as a result, we have generated high-resolution, annually dated records of 

each [Röthlisberger, et al., 2000a]. Additional data includes surface snow and accumulation 

measurements collected at GEOSummit throughout the year which are compared to snow pit 

records excavated adjacent to the accumulation stakes during the following summer. A 

tropospheric chemical transport model driven by assimilated meteorological data from the NASA 

Goddard Earth Observing System (GEOS) was used to generate total reactive N surface fluxes 

over the Greenland ice sheet for direct comparison to geostatistical maps of nitrate flux developed 

from the ice core records. 

The research questions presented above are addressed in three journal articles 

summarized in Section II, and appended to this dissertation. 

REVIEW OF PRIOR RESEARCH 

Nitrogen plays a central role in both atmospheric climate systems and terrestrial 

ecosystems. The goals of this research are directly related to improving the present understanding 



14 

  

of climate variability as a result of anthropogenic and natural influence on the nitrogen cycle, and 

subsequent climate response resulting from increased atmospheric contributions of nitrogen. The 

review of present literature is presented in three parts: 1) a review of the nitrogen cycle; 2) a 

review of climate variability in the North Atlantic and over the Greenland Ice Sheet; and 3) the 

current state of our understanding of nitrate deposition and preservation in polar snow and ice is 

provided, with an emphasis on transfer function related investigations. 

The Nitrogen cycle  

The components of the nitrogen cycle are numerous, and no effort is made to cover each 

individually. Rather the discussion is limited to two sections: a general review of nitrogen in the 

terrestrial biosphere; and second, a review of nitrogen’s role in the atmosphere.  

Nitrogen in the terrestrial biosphere 

Essential for life, Nitrogen (N) is a limiting nutrient in natural terrestrial ecosystems, and 

though it is the most abundant compound in the atmosphere, only a fraction of it is available to 

sustain life. Natural processes convert the abundant pool of ‘unavailable’ N2 into ‘available’ 

forms through Biological Nitrogen Fixation (BNF) and lightning; the latter contributing only a 

small amount of fixed N to ecological systems. BNF is a natural process in which a limited 

number of species (principally Bacteria) have evolved the ability to convert the abundant N2 into 

fixed forms of reactive nitrogen (Nr), or biologically available N [Galloway, et al., 2004]. Other 

mechanisms release Nr into the atmosphere through direct consequence of anthropogenic 

activities (discussed below). 

A compartmentalized view of the nitrogen cycle has three primary components: 1) the 

atmosphere with abundant N2; 2) the N limited terrestrial biosphere; and 3) the oceans. Nitrogen 
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cycling occurs on two timescales depending on whether the nitrogen is in a fixed or denitrified1 

form. nitrogen that is in the form of diatomic N2 has an atmospheric lifetime that is measured in 

terms of 107 years, whereas Nr in the terrestrial biosphere has a mean residence time of 700 years 

[Schlesinger, 1997], and only several days in the atmosphere. 

In terrestrial ecosystems, ammoniafication is the process in which heterotrophic microbes 

release NH4
+ to the soil from decomposing materials. Once NH4

+ is in the soil, it is in an available 

form for plants and microbes, at which point it will be taken up by plants, immobilized by 

microbes, or undergo fixation and become sequestered into clay minerals [Schlesinger, 1997]. 

Remaining NH4
+ may be oxidized into NO3

-, at which point it may be lost from the ecosystem 

through runoff or through soil emissions. 

In natural ecosystems N is a limiting compound to plant growth. Processes such as 

weathering of soils generally do not provide enough N to an ecosystem, therefore delivery of N is 

primarily through atmospheric deposition of Nr. In some cases episodic volcanic events or forest 

fires may provide abundant N to an ecosystems, but generally these sources are low [Vitousek, et 

al., 2002]. 

Losses of N may occur through denitrification, in essence closing the terrestrial N cycle. 

These losses occur primarily in anoxic soils and wetlands and lead to the production of N2O, NO, 

N2. Rates of N2O production are enhanced through increases in soil moisture [Schlesinger, 1997], 

though recent evidence has shown that denitrification is not limited to wetlands, and in fact 

occurs extensively within drained soils [Vitousek, et al., 2002]. 

Biogeochemical cycling of N has been extensively altered through anthropogenic 

influences resulting from population growth and the demand for food and energy. Agriculture 

alone significantly altered the amount of Nr available through the production of Nr producing 

                                                 
1 Denitrified in this review refers to nitrogen which has been converted back to diatomic N2. 
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legumes such as soybeans and the cultivation of rice. By the mid 19th c. discovery of N-limited 

functioning of agriculture led ultimately, to the development of the Haber-Bosch process in 1913, 

whereby N is converted from N2 to NH3. Enhanced food production resulting from the 

availability of N containing fertilizer, and the demand for energy in the early 20th century led to 

anthropogenic Nr production rates that are nearly equivalent to the total natural production rates. 

Most alarming regarding these increases is the fact that during the past ~130 years, a ~4.5 factor 

increase in population has led to a factor of ~10 increase in anthropogenic Nr production 

[Galloway, et al., 2004].  

Atmospheric nitrogen cycling 

While 78% of the atmosphere is composed of diatomic nitrogen (N2), it is the trace gasses 

of oxidized nitrogen (NOy), and particularly NO2 and NO collectively, that are critical in the 

production of ozone, both in the stratosphere and in the troposphere, and hence play a role in 

controlling the oxidizing capacity of the atmosphere [Jones, et al., 1999; Seinfeld, et al., 1998]. 

Ozone in the atmosphere has a duplicitous nature. Stratospheric ozone is, for all intensive 

purposes, essential for life on earth. It strongly absorbs short wave radiation (< 290 mm) allowing 

only actinic radiation to penetrate the troposphere. In the troposphere the photolysis of ozone 

leads to the formation of atomic oxygen and subsequently OH, a critical oxidant for atmospheric 

chemistry, and a ‘cleanser’ of the atmosphere. However, excess ozone can cause severe health 

effects and ecosystem damage.  

Virtually all atmospheric ozone is produced through the reaction: 

32 OOO M⎯→⎯+  (1) 

where M may be O2 or N2. In the stratosphere this reaction is controlled by the Chapman 

mechanism, a series of reactions initiating with the photolytic destruction of diatomic oxygen, 
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which lead to a steady state cycle of ozone. In the troposphere, photolysis of O2 will not occur; 

therefore a primary source of atomic oxygen, particularly in polluted environments, is NO2, 

which is photolysed in the lower atmosphere to create NO and O. 

The role of NOx (NO2 + NO) in the cycling of ozone and other oxidants in the 

troposphere has been thoroughly studied and is well established [Finlayson-Pitts and Pitts, 2000; 

Seinfeld, et al., 1998]. Concentrations of NO will establish controls on whether tropospheric 

ozone is formed or destroyed. In NOx rich environments, or polluted airsheds, the reaction: 

⋅+→+ OHNONOHO 22  (2) 

followed by,  

ONOmmhvNO +→<+ )430(2 λ  (3) 

leads to ozone production from reaction (1). 

In a NOx poor environment, reaction (2) is essentially replaced by competitive HOx and 

ROx reactions which do not oxidize NO to NO2, and therefore do not lead to a production of 

ozone through photolysis of NO2 (3). Rather, ozone destruction results from: 

 232 2OOHOHO +→+  (4) 

leading to a net destruction of ozone in low NOx environments. As a result, there exists a break-

even concentration of NO, which is a function of the local ozone concentration. Above this 

concentration ozone production will occur. This value is generally considered to be around ~30 

ppt [Seinfeld, et al., 1998]. 

It is clear why the NOx component of the NOy family of compounds is so important to 

tropospheric chemistry. These compounds, however, are generally short lived; in the lower 

troposphere having a lifetime of hours to days. When considering longer range transport of NOx, 

certain compounds exists within the NOy family that may be considered reservoir species for 

NOx. Two important species, HNO3 and peroxyacyl nitrates (PAN) have been recently studied in 
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the Arctic, as carriers of NOx to remote environments. However, numerous questions still exist 

regarding their budgets, perhaps one of the most challenging is determining the proper HNO3/ 

NOx ratio, which is generally poorly characterized in remote regions [Seinfeld, et al., 1998], and 

of significant importance to the proper interpretation of nitrate in ice core records [Dibb, et al., 

1998; Honrath, et al., 2000a].   

As in the troposphere, NOx interacts with ozone in the stratosphere creating a chain 

reaction that ultimately leads to ozone loss through the following mechanism: 

223

22

223

: OOOONET

ONOONO
ONOONO

+→+

+→+
+→+

 (5) 

 A significant difference between stratospheric and tropospheric NOx chemistry lies in the 

source of NOx. In the stratosphere it comes from other compounds which have greater residence 

times, and hence, act as reservoir species for NOx. The primary reservoir species responsible for 

delivery of  NOx to the stratosphere is N2O, of which ~90% is destroyed by photolysis: 

22
1

2

1
2

1
22

)(

2)(
:

)(

ONDOON
or

NODOON
lysubsequent

DONhvON

+→+

→+

+→+

 (6) 

 Nitrous oxide released from soils during nitrification is emitted into the atmosphere, 

where, over time it reaches the stratosphere. Once in the stratosphere, the above reactions destroy 

N2O producing NO, which in turn destroys ozone. However, this mechanism is limited by the 

availability of N2O, and is elevation dependent, as N2O concentrations are continually decreasing 

with increased elevation.  A recent concern from anthropogenic activities is the direct injection of 

NOx into the free troposphere and stratosphere as a result of high speed civil transport aircraft, 
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and the space shuttle. High levels of NOx would enhance ozone destruction rates, and alter the 

natural cycling of ozone as moderated by the Chapman Cycle. 

It is clear that in order to predict anthropogenic impacts of pollutant emissions one needs 

to constrain initial NOx boundary conditions. Adequate measures of pre-industrial concentrations 

do not exist, and there is a paucity of data for natural sources or variability of those sources. 

Through ice core records of nitrate, investigators hope to develop pre-industrial NOx 

concentration estimates, such that uncertainty in model-predicted impacts of anthropogenic 

emissions will may be reduced. Nitrate as a proxy for NOx will only constrain modeling scenarios 

[Stewart, 1993; Thompson, 1995] if the processes driving deposition and preservation are defined. 

In other words, one needs a transfer function to quantitatively evaluate the paleoatmospheric 

glaciochemical nitrate record.  

Climate variability 

The following review is intended to give a working definition of climate variability as it 

relates to the Arctic from the current literature. While the general temporal and spatial 

characteristics are described, an emphasis is made to relate the variability to the climate of the 

Greenland Ice Sheet. 

North Atlantic Climate Variability 

The primary mode of variability in the North Atlantic (NA) is observed in the North 

Atlantic Oscillation (NAO). However, several other modes of variability have been identified as 

well, including the Atlantic Multidecadal Oscillation (AMO), the Great Salinity Anomaly (GSA) 

or Ice and Salinity Anomalies (ISA), Thermohaline Circulation (THC) anomalies, and Sea 

Surface Temperature (SST) variability.  
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The North Atlantic Oscillation (NAO) is not a newly identified feature in the Earth’s 

climate. However, in the past decade, an unprecedented number of articles have been published 

on the topic. Wanner et al. [2001] reviewed the topic extensively offering a general description; 

historical review; and discussion of the dynamics, temporal, and spatial trends of the climate 

anomaly.  

There are several definitions of the NAO, particularly in the recent literature. The most 

fundamental definition measures the gradient between station-based Sea Level Pressure (SLP) 

observations from two stations: one near the center of the Icelandic Low and one in the vicinity of 

the Azores High. For instance, Hurrell [1995] based the index on Stykkisholmur and Lisbon 

station data, while Jones et al. [1997] based their index on Reykjavik and Gibralter stations. 

When the Icelandic Low is anomalously strong, the pressure gradient is high. In this mode the 

NAO is positive. When the gradient is weak, the NAO is negative. Note that the NAO is not a 

reversal of the pressure fields, though a complete reversal is possible. Nor is the NAO bi-modal; 

that is, there exists a continuum of states in which the NAO can exist [Wanner, et al., 2001]. 

Finally, in general the NAO is a climate phenomenon that is manifested most strongly during the 

winter months. Other anomalies that have been related to the NAO are the mean wintertime 

temperatures for the cities of Jakobshavn, Greenland and Oslo, Norway. When the NAO is in the 

positive phase, “Greenland above” conditions exist in which the mean wintertime temperatures at 

Jakobshavn are above normal and the Oslo temperatures are below. During the negative phase 

“Greenland below” conditions exist in which the opposite temperature anomaly exists. 

More recent definitions of NAO have considered not only temporal components of the 

oscillation, but spatial variability as well. These spatio-temporal indices utilize a more advanced 

statistical analysis (EOF, PCA, etc.) of gridded Sea Level Pressure (SLP) fields from climate 

models and reanalysis results to calculate a regionally averaged gradient. In this way researchers 
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are able to catch spatial variability of the center of the Icelandic Low and the Azores High 

[Barnston and Livezey, 1987; Paeth, et al., 1999; Portis, et al., 2001; Thompson and Wallace, 

1998]. Finally, extending NAO records is an area of significant focus. As the original NAO index 

utilizes station-based observations, the period of the index was limited to such observations. 

Several recent studies have utilized proxy data from tree rings, ice cores, pollen data, and 

sediment cores to extend the NAO index as far back as 500 years from the present [Appenzeller, 

et al., 1998b; Cook, et al., 2002; Luterbacher, et al., 2004; Luterbacher, et al., 1999].  

The NAO manifests itself on the Earth’s climate in several ways. The periodicity of the 

oscillation has been identified using spectral density analysis. Several periodicities emerge: 2.5 

yrs, 5-6 yrs, and 8 yrs [Gamiz-Fortis, et al., 2002; Pozo-Vazquez, et al., 2001].  The effects on 

climate driven by NAO are therefore at decadal and interannual time scales. Generally speaking, 

in the positive mode westerly winds in the NA are strengthened, the Labrador Sea ice cover is 

more extensive, there is greater deep convection in the Labrador Sea, and the NA storm track is 

shifted northward. In the negative mode, westerlies are weakened, the Labrador Sea ice cover is 

less extensive, deep convection is reduced, and the NA storm track shifts to the south [Wanner, et 

al., 2001]. Figure 1 depicts the NAO and its influence on precipitation and SLP. 

Finally, a periodicity of roughly 64 years has been identified in the NAO by several 

researchers [Cook, et al., 2002; Delworth, et al., 1997; Schlesinger and Ramankutty, 1994]. The 

term Atlantic Multidecadal Oscillation (AMO) has been used to reflect the larger scale of the 

impacts of the oscillation, rather than the higher frequency variability observed in the NAO. This 

periodicity may have caused a masking effect during the 1970’s when many were skeptical about 

warming that was occurring during the decades prior, but had ceased, or slowed in intensity. An 

important component of the NAO relating to the climate of the Greenland ice sheet is a change in 

the temperature gradient between the ice sheet and the ocean surface. In the positive mode the 
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gradient is weak, therefore there is less significant flow divergence over Greenland and 

accumulation on the ice sheet is expected to be less [Bromwich, et al., 2001a; Bromwich, et al., 

1999].  

Other modes of North Atlantic variability 

Several other modes of variability have been observed in the NA. The underlying 

dynamics of these phenomena is still unclear: whether they themselves are driving climate or if 

they are manifestations of some other external forcing. Nonetheless, some of the decadal and 

interannual variability of the Arctic climate may be attributed to these features. 

One of the most well known such features is the Great Salinity Anomaly (GSA). Since 

the discovery of this unique event, characterization of the deep-water convection cycles and sea 

ice exports from the Arctic Ocean have been improved. Several Ice and Salinity Anomalies 

(ISAs) have now been identified with a periodicity in the range of 15-20 years [Mysak and 

Venegas, 1998; Tremblay and Mysak, 1998; Venegas and Mysak, 2000]. In characterizing these 

events, Mysak et al. developed a model of the dynamics associated with the anomaly and defined 

a feedback loop with oscillatory behavior at the decadal scale. Beginning with Arctic river runoff, 

the feedback loop works as follows: increased runoff from the Canadian arctic freshens the waters 

of the Canada Basin and Baffin Bay regions, increases in sea ice associated with the freshened 

sea water are observed. Following the course of the Transpolar Drift Stream (TDS), the sea ice 

increases lead to increased sea ice cover in the Greenland and Iceland Seas. The next effect is a 

negative feedback whereby the salinity of the upper ocean waters is decreased. This in turn 

positively (increases) affects convective overturning and cyclogenesis in the Iceland Seas during 

winter. Finally, precipitation is enhanced again and the cycle continues. However, since the 

connection between the sea ice extent and the upper ocean salinity is negative, as the process 

cycles, there is a shift in behavior during the second cycle creating the decadal scale oscillation. 
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Considering the importance of fresh water inputs from arctic river runoff, it is important to note 

the likely connection to the Arctic Oscillation (discussed below) and NAO as shifts in their 

behavior are expected to alter climate and precipitation totals over the Canadian arctic. 

A related variability can be observed in the Thermohaline Circulation (THC) patterns 

which are partly driven by ISAs. The connections between atmospheric and oceanic variability 

are currently being extensively investigated, primarily through the use of Global Climate Models 

(GCMs) and reanalysis data. THC is related to ISAs and the atmosphere through modulation of 

Sea Surface Temperature (SST). However, as the time scale of the variability of THC is expected 

to be pluridecadal and involve an extensive review of the complex ocean dynamics (Frankignoul, 

1999), THC is not addressed in this review. SST dynamics on the other hand, are closely linked to 

short term (monthly and interannual) atmospheric variability and must be considered.  

Observational and modeling studies of SST in the NA climate have found two 

predominant regimes of variability: monthly and yearly variability linked to natural variability of 

local sea-air fluxes, and decadal variability linked to the response of wind driven circulation with 

changes in atmospheric forcing [Frankignoul, 1999]. 

The seasonal to interannual variability in SST is a result of surface heat exchanges and 

vertical entrainment in the atmosphere. Essentially, high frequency changes in the atmosphere 

force the surface of the ocean. The oceanic mixed layer (near surface) responds rapidly to this 

forcing [Frankignoul, 1999]. The first and second EOFs of SST measurements from 1952-1992 

in the NA are related to NAO and Western Atlantic (WA) pattern and can account for 22% and 

15% of the variance, respectively. This variance occurs at a time scale of seasonally to 

interannual. However, spectral analysis of the first and second principal components of the SST 

measurements (similarly related to NAO and WA pattern, respectively) reveals the significant 

decadal scale variability as well. 
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The decadal scale variability of the SST is similarly driven by air-sea fluxes, but reflected 

in large-scale changes in the wind patterns. Thus, the decadal variability is also closely related to 

the NAO variability. On the shorter time scale, the oceanic forcing of the atmosphere is less. 

However, at longer periods, the ocean appears to have a “memory” and can propagate 

atmospheric changes in a feedback cycle [Halliwell and Mayer, 1996; Kushnir, 1994; Luksch, 

1996; Raible, et al., 2001] 

Arctic Oscillation 

The Arctic Oscillation (AO) was first coined by Wallace and Thompson (1998) as the 

“leading principal component of the wintertime (November-April) monthly mean SLP anomaly 

field over the Northern Hemisphere (NH) poleward of 20°N”. The AO accounts for 22% of the 

variability in a 98-year record of SLP. The mode of variability embedded in the AO includes 

components of Pacific Ocean variability and the NAO. However, Wallace and Thompson argue 

that it is a feature unique from any of those as a result of “its slightly larger horizontal scale and 

higher degree of zonal symmetry.” They argue that the AO has a signature more similar to the 

leading EOF of the SLP in the Southern Hemisphere. Additionally, with respect to the air 

temperature patterns it is more similar to the signature of the polar vortex aloft. Therefore they 

conclude that this is in itself a unique feature distinguishable from the NAO that must be 

considered in a dynamic sense when modeling NH climate [Thompson and Wallace, 1998].  

The current understanding of AO shows strong anomalies occurring during the winter 

months with a decadal periodicity. The AO has several affects on climate. During the positive 

mode there is decreased pressure over the northern polar ice cap and increased SLP at high 

latitudes (~55°N). Westerly winds along that latitude are enhanced driving storm tracks north, 

wetting Scandinavia and Alaska and drying Spain and California .  



25 

  

Essentially the conditions manifested during the AO are very closely linked to those 

noted during different phases of the NAO. Currently there exists a debate as to the existence of 

the AO unique from NAO. If it does in fact exist as a unique entity, it is most likely an oscillation 

with lower frequency variability than NAO, and possibly dynamically linked to the strength of 

the polar vortex. 

Greenland Climate Variability 

The most comprehensive singular reference on the general climatology of the Greenland 

Ice Sheet is from Volume 14 of Elsevier’s “World Survey of Climatology”. In Chapter 2, P. 

Putnins [1970] offers a thorough review of the general characteristics and patterns of climate both 

along the coast of Greenland and over the ice cap. To date, no other comprehensive synthesis has 

replaced this reference, though extensive research has been conducted to investigate specific 

climate dynamics in greater detail [Box, 2002; Box, et al., 2004; Box and Rinke, 2003; Bromwich, 

et al., 2001a; Bromwich, et al., 2001b; Bromwich, et al., 1999; Cassano, et al., 2001; Shuman, et 

al., 2001; Steffen and Box, 2001; van der Veen, et al., 2001] 

The GIS has a strong influence on general circulation and climate of the NH resulting 

from its size, elevation, and location. As the GIS extends from 60ºN to nearly 84ºN it lies in the 

path of many predominant weather systems over the NH. Low pressure systems traveling from 

the west are often retarded and move northward as a result of orographic influences. 

Alternatively, low-pressure systems moving northward from Newfoundland may be split, with 

one portion traveling north along the Davis Straight, and the second half being projected 

northeasterly or easterly. One of the most notable features of the ice sheet is the strong gradient 

and diurnal fluctuation of temperature both over the ice and along the coast. These baroclinic 

areas have a pronounced effect on the movement and development of pressure systems. In 
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addition, over the ice sheet there is a permanent temperature inversion; potentially even stronger 

than over other portions of the Arctic Basin [Putnins, 1970]. 

The magnitude of the effects of the GIS on NH climate has a seasonal variability that is 

similar to observations of NAO and AO. That is, they are more pronounced in the winter months. 

The atmospheric pressure distributions change over the GIS from season to season with different 

effects on the regional atmospheric circulation. The dominant circulation regimes behave as 

follows: in winter, meridional circulation dominates; whereas during the summer there is 

evidence of zonal flow over the ice sheet. [Steffen and Box, 2001] 

The temperature inversions on the ice sheet are related to climate variability through the 

process of cyclogenesis. On the west coast of Greenland, the initiation of cyclogenesis is 

enhanced by the temperature inversions and formation of baroclinic areas. The formation of 

baroclinic areas over the ice sheet is also seasonally dependent. Putnin [1970] has shown that the 

intensity of the inversions is strongest during the winter. In addition, the maximum variability of 

the inversion is observed in the winter months. During the winter, cold air sinks from the 

stratosphere toward the center of the ice sheet. Near the surface, katabatic flows dominate, and 

the cold air is directed downslope toward the coastal regions. In general, as a result of the Coriolis 

effect, the winds are deflected clockwise (or north along the west coast). This movement of air 

northward enhances the flow of warm air from the south, further enhancing conditions for 

cyclogenesis. When storms systems moving from the west are deflected or stalled over the Davis 

Straight or Baffin Bay, they often build into deeper lows as a result of these factors. A result of 

this pattern is enhanced accumulation on the western half of the ice sheet once storms finally 

move across the ice sheet [Steffen and Box, 2001].  

In an effort to characterize climatic anomalies related to different dominating low 

pressure systems, Putnin [1970] investigated different zonal indices for two regions: one 



27 

  

dominated by the Icelandic Low, and one dominated by the Baffin Bay Low. The southern 

portion of Greenland (60° – 70°N) was divided into eastern (50° – 90° W) and eastern (0° - 40° 

W) sections. The zones were compared to one another as well as eastern and western zones from 

the area directly south of Greenland. Differences between the eastern and western zones over 

southern Greenland are most pronounced during the winter months. Over the southeastern portion 

of the ice sheet, the zonal index has a distinct peak in March, and is at its greatest difference from 

the southwestern portion of the ice sheet. Over the southwestern portion of the ice sheet, the zonal 

index indicates a bi-modal behavior with peaks in March/April and October. Both areas have a 

minimum during June/July. At the time of the investigation little information was known as to the 

cause of the differences of the zonal index. It is interesting to note that regionalization concepts of 

GIS weather were already founded in the literature many years prior to the more current NAO 

analysis which indicate zonal behavior and regional variability (see below) [Bromwich, et al., 

1999]. 

The most recent comprehensive reviews of Greenland’s climatology are those of Steffen 

and Box [2001] and Box et al. [2004]. As part of NASA’s Program for Arctic Regional Climate 

Assessment (PARCA) a series of 18 Automatic Weather Stations (AWS) were installed on the 

GIS. The purpose of PARCA was to derive highly accurate estimates of GIS mass balance using 

ground-based, airborne, and satellite data as well as empirical models. A recent addition of the 

Journal of Geophysical Research was devoted to results from the campaign (JGR v.106, 2002). 

The GC-Net was established in 1995 for the purposes of providing climatological and 

glaciological observations.  

Steffen and Box considered the orography of Greenland as well as the latitudinal extent to 

develop distinct regions of study: western, eastern, and northern. The AWS network was well 

distributed along major ice divides and in both accumulation and ablation portions of the ice 
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sheet. Characteristics of air temperature, temperature lapse rate, and annual mean surface 

temperatures, englacial temperatures, wind speed and direction, and surface height changes are 

discussed accounting for the location of the measurement. 

As expected, air temperature measurements for the three regions behave similarly 

reaching a maximum in July and a minimum in February. There are some subtle differences in 

the variability of the temperature; however, these could easily be a result of differences in 

available data. Nonetheless, on the western portion of the ice sheet variance in air temperature 

increases from south to north, whereas no such trend is evident on the eastern half. In all regions, 

variance is greatest in the winter. This is in agreement with Putnin’s [1970] description of the 

temperature inversions and dynamically related to the same katabatic outflows that cause the 

inversions. The results of the englacial temperatures are interesting to note as they are often used 

for annual mean temperature proxies. From the AWS data, use of these measurements would 

create a bias that is a function of the location of the measurement. In the dry snow zone, the bias 

would be negative (1.3°C-2.6°C); in the percolation zone the bias would be positive (1.5°C); and 

in the equilibrium line altitude the bias may be as high as 6.6°C [Steffen and Box, 2001].  

Another research effort under the PARCA program was that of Bromwich [2002] who 

report on precipitation modeling results over the GIS. The results of this most recent paper build 

on a series of papers related to various components of precipitation over the GIS including a 

relation to the NAO, comparisons with ground-based accumulation measurements, and 

comparisons with airborne surface height change measurements [Bromwich, et al., 2001b; 

Bromwich, et al., 1999; Bromwich, et al., 1998; Chen, et al., 1997; McConnell, et al., 2000]. In 

order to understand the variability of accumulation on the ice sheet, it is important to understand 

precipitation. Empirical models that incorporate analyzed winds, geopotential height, and 

moisture fields are greatly beneficial to gaining a better understanding of the dynamics behind the 
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precipitation and accumulation variability. One of the greatest challenges over the GIS has been 

properly expressing spatial variability of precipitation as it is related to topography. Additionally, 

in past studies, it was found that the representation of the timing of the accumulation and general 

large-scale trends were good, but that the magnitude under-represented observed accumulation. In 

the McConnell et al. [2000] paper, a scalar was used to adjust the modeled precipitation results of 

Chen et al. [1997] to match the observed accumulation. The Bromwich et al. [2002] model 

utilizes an improved dynamic method that has a greater correspondence with ground-based and 

airborne observations. Three fundamental differences exist between the improved dynamic 

method and past models: a better representation of the topography through the use of a new 

Digital Elevation Model (DEM); the full implementation of the geopotential and geo-stream-

function; and a simplification of the large-scale condensation scheme, neglecting evaporation of 

condensate. 

The results of this modeling clearly indicate the importance of ice sheet topography on 

precipitation and accumulation. In addition, the results show there is definitely a regional 

component to weather on the ice sheet as discussed in Bromwich et al. [1999] and Steffen and Box 

[2002].  

The variability of large-scale climatic patterns greatly influences the weather over the 

GIS, however, there is large spatial variability resulting simply from topography and the lateral 

extent of the ice sheet. It is important to understand how climate variability is expressed over the 

ice sheet both spatially and temporally. Clearly there is evidence that the magnitude of large-scale 

features (meridional winds, NAO, AO, etc.) will be manifested to a greater extent depending on 

the time of year (i.e. winter) but that the pattern of climate is potentially significantly different 

during other times of year (i.e. more regional during the summer). The next section focuses on the 
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manifestations of different large-scale climatic patterns on GIS weather patterns and proxy 

records. 

Arctic Climate Teleconnections Relating to Greenland 

In this section an effort is made to discuss how and when different climate features may 

be observed on the ice sheet. For a better understanding of the variability of climate one often 

considers the use of proxy records as well as direct observations and modeling. Several papers are 

in the literature that discuss relations of GIS accumulation and precipitation to the NAO 

[Appenzeller, et al., 1998a; Appenzeller, et al., 1998b; Bromwich, et al., 1999]. However, for all 

of these methods, it is necessary to be aware of the timing of the observations in relation to the 

timing of climate on the ice sheet. In addition, the expression of the climatic feature on GIS 

climate may be different spatially and temporally. 

An analysis of the direct correlation between the NAO and modeled precipitation and ice 

accumulation measurements from Greenland revealed a likely connection between precipitation 

and the NAO [Appenzeller, et al., 1998a; Appenzeller, et al., 1998b]. The data, however, 

indicated the correlation would be spatially dependent. An analysis of highly resolved modeled 

precipitation (1.25° x 1.25°) from the GIS showed that precipitation over the Labrador Sea and 

the central-western portion of the ice sheet is negatively correlated with regional NAO indices for 

the same time period (1979-1993). However, on the eastern side of the ice sheet the correlations 

were positive. From five ice core records of accumulation for the central portion of the ice sheet, 

an average accumulation time series was developed to account for some of the localized spatial 

variability. Correlation of this time series with the NAO index was weaker, as expected from the 

spatial pattern produced from the ERA reanalysis data (modeled precipitation). Thus, both from 

modeled estimates and in situ observations developed from ice cores, there appear to be strong 
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evidence of teleconnections of the GIS to NAO. Furthermore, it seems likely that these 

connections are regional. 

In a modeling study of precipitation over the ice sheet, Bromwich et al. [1999] developed 

regions that were statistically distinguishable when related to the NAO. In their study five distinct 

regions were analyzed for correlation with the NAO. The regions include the north, central west, 

central, central east, and south. It is somewhat clear (though not inherently discussed) that the 

regions were defined based on dynamical understanding of the climatic processes driving 

precipitation over the GIS. For instance, the boundary of the southern region clearly follows the 

storm tracks along the southeastern coast. Nonetheless, the regionalization concept is supported 

from the results of the correlation analysis. Correlation to the NAO clearly appears to be spatially 

and temporally dependent; as one would expect from the earlier studies (for example Putnin, 

1970). In particular the south region has the strongest correlation (-0.80) during the winter months 

and yet the overall annual correlation is very low (-0.02). Central and central-east regions have 

fairly strong annual correlations (0.55 and 0.64, respectively) while in there is none for the 

central-west, yet during specific seasons, the central west correlation is quite strong. These results 

are based on dynamic modeling, that has subsequently been improved upon based on noted flaws 

in its representation of accumulation. 

In discussing the physical basis for the correlations Bromwich et al. [1999] note that 

comparing the two-station index (NAO) may not be ideal for the GIS. During certain times of the 

year precipitation and accumulation are driven by more regional cyclonic activity that the NAO is 

likely not representing. Finally it is interesting to note that the authors relate the precipitation 

modeling results back to the well-known mean winter temperature relation to the NAO (discussed 

earlier). When the “Greenland above” climate anomaly is occurring, there is an increase in 

precipitation. Likewise, during “Greenland below” conditions, precipitation is reduced. The 
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correlation is fairly high over the entire ice sheet. A physical explanation is given relating the 

location of the Icelandic Low and more generally the mean wintertime low. It is shown that the 

mean wintertime low during “Greenland above” stages, in which there is increased temperatures 

and precipitation, sits to the southwest of Greenland, directing prevalent southeasterly flows over 

the southern part of the GIS. 

From the various studies of arctic climate anomalies and climate specific to Greenland, it 

is clear that there is evidence of teleconnections to large-scale modes of variability and climate 

over the ice sheet. In particular, there appears to be direct correlations to both precipitation and 

accumulation. These variations in climate patterns have several time scales of variability that 

must be considered from seasonal to decadal and even pluridecadal. Spatial variability is also 

important to consider when trying to understand how the modes of variability are manifested on 

the ice sheet.  

In applying this knowledge to ice core interpretation there are several issues that are 

critical: (1) location of the ice core; (2) temporal resolution of the ice core; (3) seasonal 

representation of the ice core, and (4) “transfer function” of the constituent of analysis. Consider 

the first issue, it has been shown that the correlation to NAO and other large-scale climate modes 

is a function of location. For instance, on the western portion of the ice sheet, accumulation is 

likely to be negatively correlated with NAO, whereas on the eastern side it may be positively 

correlated. Furthermore, there are redistribution issues associated with the ice core record that 

need to be considered and factored in. The second issue “temporal resolution” is equally 

important. The variability of climate over the ice sheet occurs at several time scales. Not all of 

these time scales are represented in ice core records, however, sometimes more than one time 

scale it (i.e. annual, decadal, and century scale events). Isolating a specific frequency of 

occurrence will pose a great challenge to the proper interpretation of the records. Finally, the third 
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issue addresses the issue of what the ice core can “see”. Certainly we have access to records that 

are multi-decadal but what season are they representative of? Are they representative of mean 

annual events or just wintertime events? It was shown that the seasonal dependence of the 

correlation is very strong; therefore, an ice core record may not be able to capture the appropriate 

seasonal representation to show the same correlation, if it is only recording variability annually, 

or even only for a portion of a single year. 

Nitrate preservation in polar snow 

While nitrates have been measured extensively in snow and ice core records for several 

decades [Davidson, et al., 1989; Herron, 1982; Koide, et al., 1977; Mayewski, et al., 1986; 

Mayewski, et al., 1990; Risbo, et al., 1981], it is only during the most recent ten years that 

extensive efforts have been conducted toward developing a transfer function for nitrate such that 

a quantitative interpretation of the ice core record may be developed into a proxy for 

paleoatmospheric reactive nitrogen (NOy) [Bales, 1995; Dibb, et al., 1998; Wolff, 1996]. This 

review focuses on the more recent investigations of the deposition, preservation, and rapid 

photochemical cycling of nitrate in the surface snow of polar and Arctic regions. 

In 1993 and 1995 two separate North Atlantic Treaty Organization Advanced Science 

Institute (NATO ASI) workshops were held to improve the interpretation of ice core records, and 

two evaluate the surface snow processes driving reversible deposition [Delmas, 1995; Wolff, 

1996]. From these meetings several articles were spawned that initiated a series of intensive 

investigations of post-depositional processes relating to the chemistry of reversibly deposited 

species in polar snow, including hydrogen peroxide, formaldehyde, nitric acid, and nitrate. At that 

time the only definitive argument regarding the numerous preserved records of nitrate that could 

be made was related to the 2-fold increases in concentration measured in Greenland ice cores, 
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despite studies attempting to relate nitrate concentration to solar activity, polar stratospheric 

temperatures, tropical lightning, and supernovae [Wolff, 1995]. An assessment of the 

measurements required to develop a quantitative ‘transfer function’ for nitrate in ice cores 

indicated that parameters resolving physical degassing processes[Bales, 1995], and 

photochemical cycle [Honrath, et al., 2002] must be developed.  

Bales and Choi [Bales, 1996] defined a conceptual model for exchange processes of the 

following form: 
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where the volume fraction (θ) of air (a) and ice (i) concentrations (C) in the firn in time (t) are a 

function of advection and dispersion (Dk) of bulk concentrations in coordinate direction xk 

(k=1,2,3) and barometric pressure changes causing ventilation of the firn (uk). The solution can be 

found by using a second equation for the slow air-ice transfer between the bulk ice grain and 

surface concentrations with firn air: 
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with kf and kb defined as pseudo first-order rate coefficients, and KD is an air-ice equilibrium 

partitioning coefficient. This conceptual model was used to satisfactorily explain variability in the 

preserved profile of hydrogen peroxide [McConnell, et al., 1997]. 

Fischer et al. [1998a,b] published results from a measurement program which traversed 

the northern portion of the Greenland ice sheet. Partly in preparation for a new deep drilling 

program, the North Greenland Traverse (NGT) was coordinated by the Alfred Wegner Institute to 

evaluate spatial distributions of accumulation, ion concentrations, and other geophysical 
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parameters of the region. The first of the two Fischer et al. papers evaluated large scale regional 

patterns of nitrate and sulfate concentrations [Fischer, et al., 1998b], while the second focused on 

the temporal histories extracted from the ice core records [Fischer, et al., 1998a]. In their analysis 

they developed an empirical, macroscopic model of post-depositional preservation of nitrate in 

low accumulation regions. Their model accounted for nitrate losses in the firn through the 

application of a loss term appended to a traditional linear fit of the concentration versus 

accumulation relationship: 
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essentially stating the concentration of firn (Cf) is a function of the fresh snow concentration (Cs) 

plus total dry deposition (Jtot) uniformly diluted by accumulation (A). Losses result as a function 

of the thickness (∆z) of a theoretical surface ‘box’ which is susceptible to loss, and a pseudo first-

order coefficient (λ).While this model helped understand the magnitude of loss, it provided no 

mechanism, and therefore did not lead to a quantitative assessment of the preserved nitrate record 

in an ice core. For nitrate, a physically based model had yet to be developed. 

Similar conclusions to Fischer et al. [1998 a,b] were drawn from measurements of nitrate 

in surface snow at Halley station in Antarctica in a study that provided evidence of temperature 

modulated uptake and release resulting in a net loss of HNO3 in shallow firn [Mulvaney, et al., 

1998]. Seasonality of the surface snow concentrations were preserved over time, but the authors 

conclude that this was strongly dependent on accumulation. 

In early measurements of nitric acid deposition at Summit, it was shown that 93% of 

deposition to the surface snow is due to efficient scavenging by snowflakes of atmospheric 

HNO3(g) [Bergin, et al., 1995]. Later, evidence revealed that atmospheric concentrations of 

HNO3(g) alone cannot account for the very high levels of NO3
- measured in the surface snow 
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[Dibb, et al., 1998], raising further questions as to what the ice core record represented. It was 

shown that in one case, retention and conversion of just 1% of the available pool of NOy to NO3
- 

in the surface snow could account for the differences between the surface snow concentrations 

and overlying gas phase concentrations of nitric acid. A significant result of this study was the 

detection for the first time of HNO3 emissions from the snow surface into the boundary layer. The 

results of Dibb et al. [1998] stimulated several research campaigns that were targeted at 

evaluating the budget of NOy at the snow surface. Furthermore, subsequent research now had two 

foci: to characterize the significance of snow pack emissions on boundary layer tropospheric 

chemistry, particularly in remote, snow covered regions, while continuing to evaluate post-

depositional transformation of the near surface snow toward developing a physically based 

transfer function model for nitrate. 

The first measurements of NOy mixing ratios and eddy fluxes at Summit were conducted 

in 1995 demonstrating bidirectional fluxes of NOy on the order of 1 µmol m-2 h-1 were consistent 

throughout the period of May through July, [Munger, et al., 1999]. The results from these 

measurements demonstrated that the overall net exchange resulting from the fluxes was not 

significant relative to the total HNO3 concentration in the snow pack. Measurements during the 

campaign indicated the boundary layer at Summit was quite stable, such that if the primary 

process controlling dry deposition of HNO3 is entrainment from aloft, the observed fluxes could 

account for the surprisingly low concentrations observed in the surface layer by Dibb [1998]. 

This study also showed HNO3 only accounted for 1% of the NOy budget, indicating that other 

species, presumably PAN, were the predominant source of NOx to the region. It should be noted, 

however, that data used in both analyses were from the same measurement campaign. Coastal 

Antarctic measurements of the NOy budget provided additional evidence that HNO3 was not the 

predominant source of NOx in the polar surface layer. Rather, it was found that organic nitrates, 
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and particularly methyl nitrate, dominate the budget [Jones, et al., 1999]. Both experiments 

suggested that inorganic nitrate (HNO3 and p-NO3
-) was not the predominant source of nitrate in 

ice cores, as had been thought by the ice core community. Yet it should be noted that the 

environments of the Antarctic campaign were vastly different from the Greenland campaign, and 

neither program provided definitive evidence of the NOx source from the NOy pool. 

While the results of Dibb et al. [1998] provided the first measurements of HNO3 

emissions from the snow, it was a follow-up investigation that revealed the release of NOx from 

the snow pack was also occurring, possibly as a result of photolysis of nitrate in or on ice surfaces 

[Honrath, et al., 1999].  Photolysis of nitrate leads to the production of NO2, NO2
-, and OH 

[Wagner, 1980]. In the upper layers of the firn, interstitial firn air concentrations of NOx were in 

excess of the measured surface layer NOy. Photochemical conversion of a small fraction of the 

nitrate in the firn could account for the enhanced concentrations, but the measured losses of 

nitrate in buried surface layers, were well in excess of the amount of NOx accounted for. Wind 

pumping and advection within the firn were likely removing NOx from the interstitial air, 

delivering it to the overlying atmosphere [Honrath, et al., 1999].  

In a series of measurement campaigns from the period 1999-2000 clear evidence was 

provided indicating photochemical production of NOx in the surface snow results from nitrate 

photolysis [Beine, et al., 2002b; Honrath, et al., 2000a; Honrath, et al., 2002; Honrath, et al., 

2000b]. Aqueous photo-dissociation of nitrate occurs following: 

}{}{2}{3 aqaqaq OHNOhvHNO +→+ −  (10) 

where {aq} denotes species occurring on the surface of ice grains. Qui [2002] used chemical 

actinometry to estimate the photolysis rates of NO3
- (JNO3-). The method of chemical actinometry 

is sensitive and effective for measuring JNO3- in a highly scattering media such as snow, where 

limited environmental controls are available. The rates they determined from the in situ 
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measurements were similar to that for laboratory estimates of JNO3- on ice layers and aqueous 

solutions [Berland, et al., 1996]. The production of OH through this process will enhance 

oxidation within the firn and interstitial air possibly having direct consequence on the 

interpretation of organic compounds [Honrath, et al., 2000a] as well as inference of past 

atmospheric conditions of NOx.  

Further investigations revealed that vertical fluxes of NOx, HONO, and HNO3 occur over 

the snow pack with net emissions of NOx and HONO, while HNO3 was deposited [Honrath, et 

al., 2002]. Overall, the emissions of NOx and HONO were significantly greater than the HNO3 

deposition, providing a mechanism for nitrate losses from the surface snow. However, the authors 

acknowledge that losses could be mitigated by depositing fog. While surface snow emissions are 

probably not significant to the global NOx budget in the troposphere, they have significant 

implications for the interpretation of the ice core record as the relationship between the overlying 

atmospheric concentration of HNO3 and nitrate preserved in the surface snow will be affected by 

photochemical losses. This relationship is expected to be a function of fog frequency and 

deposition, boundary layer structure, and the intensity of sunlight. A concurrent investigation 

demonstrated mobilization of nitrate within the snow pack results from diffusion, which could 

enhance snow surface concentrations, and subsequently snow surface photochemistry [Beine, et 

al., 2002a]. Both of these investigations revealed a dependence of the photochemistry and 

diffusion on snow pH. Several studies have shown nitrate preservation to have dependence on the 

alkalinity of the snow such that seasonality of the nitrate record was lost during interglacials 

when the ice was acidic. During glacial periods the snow was alkaline and nitrate was bound to 

heavy cations, hence preserving the seasonal cycle. Laboratory measurements of diffusion 

coefficients for HNO3 in ice, and subsequent investigations of sections of the GRIP ice core 

revealed that Ca2+ and Na are likely cations interacting with nitrate in glacial ice. The seasonality 
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is preserved as a result of the significantly lower diffusion coefficients for these ions 

[Röthlisberger, et al., 2002a; Röthlisberger, et al., 2002b; Thibert and Domine, 1998]. In addition 

to depleting an interglacial, acidic layer of nitrate and reducing the preserved seasonality of the 

record, the diffusion of nitrate to alkaline glacial ice causes a redistribution of nitrate which 

results in enhanced concentrations in adjoining layers of the ice core [Röthlisberger, et al., 

2000b].  

A review of air-snow interactions was provided by Dominé and Shepson [2002] in which 

the authors identified snow pack emissions as a potential source of several inorganic and organic 

compounds in the troposphere. Model predicted gas-phase chemistry was found to consistently 

under-predict the observed concentrations, with the exception of ozone, which is apparently over 

predicted. Reactive N species NOx and HONO for instance, were predicted at 1 pptv levels, 

however, measured values over snow packs were between 20 and 25 pptv [Domine and Shepson, 

2002]. The implication is most significant for ice cores rather than global concentrations, as not 

only is the nitrate subject to significant mobilization and alteration within the snow pack, but 

additionally, nitrate concentrations preserved in the ice reflect highly enhanced concentrations of 

interstitial air, requiring significant physically-based model to back out true atmospheric 

concentrations. 

While individual components of nitrate preservation in ice are better understood, there is 

still a sufficient amount of uncertainty as to what drives variability in the nitrate record, and to 

what extent post-depositional alteration affects that record. While we know that preservation of 

NO3
- in polar snow and ice is affected by: 1) snow accumulation, 2) in situ photochemical 

reactions, 3) temperature-dependent partitioning between the air and ice, and 4) pH-dependent 

mobility of the ion in ice [Bales, 1996; Röthlisberger, et al., 2000b; Röthlisberger, et al., 2002a; 

Wolff, 1995; Wolff, et al., 2002; Wolff, 1996], it is presently unclear as to what dynamic 
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interactions exist between these processes, ultimately complicating ice core interpretation. 

Furthermore, sufficient evidence exists to suggest that our fundamental assumptions of nitrate 

preservation are insufficient, lacking proper assessment of organic nitrates and interactions within 

the interstitial air creating a highly enhanced oxidative environment as a result of the nitrate 

photolysis in ice. A quantitative air-snow transfer function model will necessarily incorporate 

these components in order to asses a paleo-atmospheric concentrations of NOx from ice core 

records. 

DISSERTATION FORMAT 

This dissertation is presented with the inclusion of published papers and submitted 

manuscripts following guidelines adopted by the University of Arizona Graduate Council in 

January, 1992. Three papers addressing 1) preservation of nitrate in polar snow; 2) temporal 

variability of nitrate over Greenland during the past 200 years; and 3) geographic variability of 

nitrate over the Greenland ice sheet; are attached in Appendices A, B, and C. 
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II. PRESENT STUDY 

This section is divided into 3 sub sections, each providing a summary of the journal 

articles in Appendices A, B, and C. Papers are presented in the order in which they were 

completed, which followed a logical progression of characterizing components of the 

preservation process of nitrate and examining variability in the preserved record. The first paper 

presents an experimental study designed to directly evaluate the preservation of nitrate utilizing 

year-round measurements of surface snow chemistry and in situ data from Greenland. The two 

papers presented in Appendices B and C both examine variability of the nitrate record: the first 

temporally, the latter spatially. A principal goal throughout the three studies was to improve our 

understanding of the components of the climate system that are driving variability in the record of 

nitrate in ice cores; both from the perspective of evaluating post-depositional alteration occurring 

in the snow pack, and also through identifying significant components of variability in the natural 

background atmospheric signal of nitrate that are recorded in the ice sheet. Lastly, Appendix D 

provides the supporting material for the analysis conducted in Appendix C. 

SUMMARY OF PAPER #1 (APPENDIX A) 

Seasonal accumulation timing and preservation of nitrate in firn at Summit, 

Greenland. 

Published: Journal of Geophysical Research, Vol. 109 (D19302), doi.10.1029/2004JD004658, 

2004 

Summit, Greenland is the location of the GISP II drilling program, completed in 1993, 

where a 3054 m ice core was collected providing over 100,000 years of climate information, and 

is recognized as a benchmark paleoclimate proxy [Alley, et al., 1995]. The present study 
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expanded on investigations of atmosphere-to-snow exchange of certain compounds believe to be 

reversibly deposited into the firn [Wolff, 1996], including hydrogen peroxide [McConnell, et al., 

1997], formaldehyde [Burkhart, et al., 2002; Hutterli, et al., 1999], and nitric acid [Dibb, et al., 

1998] that began following the completion of the deep ice core drilling.  

In order to develop proxy records of paleoatmospheric reactive N concentrations from ice 

cores, the processes controlling the preservation of nitrogen into the ice matrix is critical. An 

experiment was designed at the Greenland Environmental Observatory, Summit (GEOSummit) to 

evaluate the preservation of year-round nitrate deposition. In a year-long investigation of the air-

snow transfer function for nitrate (NO3
-) surface snow concentrations measured every other day 

were compared with levels measured in 10 snow pits dug adjacent to accumulation stakes. 

Figure 1. Reconstructed flux profiles from 10 snow pits showing reconstructed (black, dash) flux
closely matches observed (gray) profiles. 
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Reconstructed profiles from surface snow observations and accumulation data closely matched 

the observed profiles (Figure 1). The small difference in preserved concentrations from observed 

surface snow concentrations gives evidence of only 7% post-depositional loss at this site. Results 

indicate that at this site accumulation is the most significant process affecting preservation of 

nitrate in the firn. Other rapid post-depositional processes may impact surface snow 

concentrations, but do not appear to significantly change the preserved record. The inverse 

analysis of converting preserved records to surface snow concentrations provides equivalent 

evidence of the same preservation. 

This study contributed to the field of hydrology by demonstrating that for regions with 

moderate accumulation distributed throughout the year, there is sufficient preservation to develop 

annual records of nitrate, with the assumption that they will be representative of mean annual 

concentrations rather than major post-depositional alteration. Global studies of natural nitrogen 

variability will benefit from improved proxy records of natural variability that may be developed 

from ice cores. With one component of the transfer function for nitrate better defined, the science 

is closer to gaining the tools necessary to develop quantitative interpretations of the 

paleoatmospheric record. 

SUMMARY OF PAPER #2 (APPENDIX B) 

Modes of temporal variability recorded in nitrate and accumulation records from six 

Greenland ice cores 

Prepared for submission: Journal of Geophysical Research – Atmospheres.  

The primary objective of the analysis reported in this paper is to identify components of 

temporal variability in ice-core records of nitrate concentration and the records of nitrate flux 

over the past two centuries toward developing an improved understanding of the earth system 
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processes driving the recorded variability. The specific aims of the analysis are to: 1) identify 

common patterns in nitrate and accumulation records from 6 ice cores from the central and 

northwestern part of Greenland, 2) relate these patterns to regional indices of climate variability 

and nitrogen emissions, and 3) understand how this variability is reflected in both the natural and 

anthropogenically influenced ice-core nitrate records.  

Through this analysis we provide an estimate of temporal variability resulting from 

natural nitrogen cycling within the earth system. Variability resulting from accumulation is 

defined allowing us to examine regional correlations of nitrate concentration variability that are 

representative of atmospheric concentration changes.  

Annual nitrate fluxes show low-frequency trends 

driven by changes in concentration, while higher-frequency 

variability is driven by variability in the accumulation 

record. The changes in concentration yield ~30% higher 

nitrate flux  (2.5 to 3.2 µm-2 a-1) and ~11% greater 

variability during the period from 1895-1994 versus the 

prior 100 years.  Nitrate trends in the ice-core records are 

highly correlated with the global nitrate emissions, with an 

average r-value of 0.93 for the six cores. A frequency 

analysis on the anomalies of the accumulation records 

shows a component of the North Atlantic Oscillation (NAO) 

is anti-correlated to the accumulation records, while there is 

evidence it is positively correlated with nitrate 

concentration. 

Figure 2. Normalized concentration 
time series (1789-1994) as fraction of 
mean with SSA non-linear trends 
shown. Grey lines are SSA trend from 
206-year analysis, black dashed from 
the pre-anthropogenic analysis, and 
black solid from anthropogenic 
analysis. 
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The relationship between NAO and nitrate concentration in the anthropogenic era is a 

significant result as it may provide evidence of anthropogenic forcing of a major climate 

oscillation [Eckhardt, et al., 2003; Gamiz-Fortis, et al., 2002]. Furthermore, the results illustrate 

the ability of a quasi-periodic, hence pseudo-predictable, climate anomaly to influence 

atmospheric transport such that prediction of pollutant impacts to the Arctic may be improved. 

SUMMARY OF PAPER #3 (APPENDIX C) 

Geographic variability in nitrate deposition and preservation over the Greenland ice 

sheet 

Prepared for submission: Journal of Geophysical Research – Atmospheres.  

The work in this manuscript represents an ultimate goal of the dissertation research: to 

develop quantitative maps of nitrate deposition over Greenland as a validation tool for 

tropospheric chemical transport models. Using 99 records of nitrate concentration and flux over 

Greenland, we have characterized the statistical uncertainty of preservation and nitrate flux based 

on region-specific environmental parameters including location, elevation, temperature, and 

accumulation. Using the information contained in individual time series at each point, and the 

spatial relation of the mean values at each site we address the following questions: 1) Are nitrate 

concentrations and flux uniformly distributed over the ice cap such that the ice sheet may be 

considered a homogeneous paleoatmospheric archive for nitrate? 2) Has the geographic 

distribution of nitrate over the ice sheet shifted during the period of recent anthropogenic 

influence? 3) What is the spatial variability of nitrate deposition, and how is it related to 

accumulation variability? 4) What are the likely components of a physically based transfer 

function model? and 5) Do current flux estimates from a global tropospheric transport model 

capture the spatial and temporal variability of flux over the ice sheet as recorded in ice cores? 
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Figure 3. Kriged surfaces of nitrate concentration (a.) and flux (b.) over the Greenland Ice Sheet 
using 96 ice core and snow pits with at least two years of data from 1988 – 1994. 

Our results improve upon current understanding of preservation processes by developing, 

for the first time, quantitative estimates of spatial variability in varying accumulation regimes. In 

addition we have shown that the ice sheet is inhomogeneous with respect to preservation of 

atmospheric concentrations, and that concentration gradients result from both natural post-

depositional processes and alteration of source regions strength through anthropogenic activities. 

 

This research demonstrates the importance of developing a physically-based transfer 

function model for nitrate which incorporates natural earth system processes such as 

photochemistry of the surface layer, blowing snow redistribution, sublimation, as well as 

temperature and accumulation variability. This research directly benefits the field of hydrology 

through improving our understanding of variability in nitrate deposition over Greenland as a 
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result of anthropogenic activities and natural climate system mechanisms. This is relevant for 

future ice core site selection, interpretation of previously collected records, and paleoatmospheric 

modeling to improve our understanding of natural climate variability. 
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ABSTRACT 

In a year-long investigation of the air-snow transfer function for nitrate (NO3-) at the 

Greenland Environmental Observatory, Summit (3203 m.a.s.l.), surface snow concentrations 

measured every other day were compared with levels measured in 10 snow pits dug adjacent to 

accumulation stakes. Concentrations in the surface snow ranged from 0.4 to 34 µM with a mean 

of 2.9±1.9 µM. Measured firn profiles in the snow pits had a maximum NO3- concentration of 12 

µM and a mean of 2.7±0.5 µM. Reconstructed profiles from surface snow observations and 

accumulation data closely matched the observed profiles. The small difference in preserved 

concentrations from observed surface snow concentrations gives evidence of only 7% post-

depositional loss at this site  (mean annual accumulation ~23 g cm-2 yr-1). Removing the three 

highest outliers (which may originate from local sources) of surface snow concentration drops the 

mean to 2.7 µM, further demonstrating preservation. Results indicate that at this site 

accumulation is the most significant process affecting preservation of nitrate in the firn. Other 

rapid post-depositional processes may impact surface snow concentrations, but do not appear to 

significantly change the preserved record. The inverse analysis of converting preserved records to 

surface snow concentrations provides equivalent evidence of the same preservation. 
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INTRODUCTION 

Ice cores as high-resolution archives of paleoatmospheric conditions have given the 

scientific community a valuable tool to understand natural variability of the atmosphere at time 

scales from annual to 100 kyrs. More recent drilling projects have dated recovered ice with 

annual and even sub-annual accuracy [McConnell et al., 2002a; Hutterli et al., 2001]. The recent 

documentation of rapid climate change [Alley, 2003; NRC, 2002] further highlights the 

importance of high temporal resolution climate records. A higher resolution record enables a 

more complete understanding of the transfer function for the constituent of interest, and the 

possibility to separate actual atmospheric change from noise resulting from variability in the 

deposition or preservations of species recorded in ice cores.  

As a reversibly deposited species in the snow, the transfer function for NO3
- involves 

multiple processes. Recent work [Munger, 1999; Jones, 1999, 2000; Beine, 2002; Dibb, 2002; 

Honrath, 2002, 2000, 1999; Wolff, 2002] has shown that HNO3 in the surface snow is recycled in 

a photochemical cycle between the boundary layer, surface snow, and interstitial air. Negative 

fluxes of NOx in the boundary layer, and net positive fluxes of NO3
- in the snow have been 

observed, suggesting that the snowpack is ultimately a source for NOx while acting as a sink for 

NO3
- [Honrath, 2002].  

Preservation of NO3
- in polar snow and ice is thought to be determined by: 1) snow 

accumulation, 2) temperature, 3) in situ physiochemical reactions, 4) temperature-dependent 

partitioning between the air and ice, and 5) pH-dependent mobility of the ion in ice [Bales, 1995; 

Bales and Choi, 1996; Röthlisberger, 2002, 2000a]. Recent studies of Röthlisberger et al. [2002] 

provide evidence for a strong correlation of the NO3
- concentration in snow with temperature, 

given sufficient accumulation (>5 g cm-2 yr-1) to preserve the NO3
-, in Antarctica and Greenland. 

They also show that NO3
- concentrations may be strongly affected by the pH of the snow at the 

time of deposition. Further demonstrating the effect of snow pH are the results of Beine [2003] 
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that show increased alkalinity of the snow may reduce the availability of nitrate in the snowpack 

to post-depositional physical exchange or photochemistry. Results from a coastal Antarctic 

station with low accumulation demonstrated the cause for post-depositional loss of NO3
- in the 

near surface snow to be likely controlled by an equilibrium process with atmospheric 

concentrations [Beine, 2003; Mulvaney, 1998]. In contrast, Yang et al. [1995] did a linear 

regression of annual mean concentration with annual accumulation in the GISP II core and 

concluded that NO3
- concentrations at Summit, Greenland are independent of accumulation. Their 

study of five northern hemispheric ice cores, however, does show a clear relationship between the 

flux of NO3
- and accumulation. An earlier study of south polar snow had similar results, finding 

that NO3
- concentration was independent of accumulation while flux strongly depended on 

accumulation [Legrand & Kirchner, 1990]. All of these findings are contradictory to the initial 

work of Herron [1982] who suggested higher accumulation resulted in a dilution of NO3
-.  

Accumulation on the Greenland Ice Sheet is sufficient in most regions to adequately 

preserve the annual signal of NO3
-. Research described in this paper focused on the post-

depositional changes of NO3
- during the first year following snow deposition.  Specifically, we 

asked: i) can year-round surface snow concentrations be accurately estimated from the 

concentrations preserved in the firn, and ii) what components of the transfer function for NO3
- 

most affect the preserved profiles? 

METHODS 

Three sets of measurements were used in this analysis: field observations of snow 

accumulation, nitrate concentrations measured in surface snow samples collected year round, and 

nitrate concentrations in snow pit samples collected at the end of the year round period. 

Observations of snow accumulation were made during three periods when personnel were on-site 

year round at the Greenland Environmental Observatory (GEOSummit) located at the summit of 

the Greenland Ice Sheet (3203 masl). The spatial variability of snow accumulation was measured 
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approximately twice a week from June 1997 to May 1998 and again from August 2000 to August 

2002 at 100 1.5-m long bamboo poles set in a square array, 10 stakes to a side, with 10-m 

spacing. An additional single measurement of the array was made in August of 1999. A datum 

was set at the top of each ~1.5 m stake initially, and the distance from the datum to the snow 

surface was recorded to within 0.5-cm. Once or twice a year the snow stakes were reset as snow 

accumulated. The measurements represent net snow accumulation for the period between 

measurements.   

During the year round campaigns, personnel also collected surface snow scrapes from the 

topmost homogenous layer every other day and during fresh snow events wearing polyethylene 

gloves and a Tyvek® suit and using stainless steel or plexiglas scrapers to collect enough volume 

of the surface snow layer to fill a 100 mL Schott bottle. The bottles were stored and shipped 

frozen to our laboratory for analysis. Snow samples were collected approximately 100 m 

northeast of the accumulation array in an area that has been designated “no traffic” and is upwind 

of local pollution sources. Descriptions of the snow age and texture were recorded. 

In July 1998, 1.2-m snow pits were sampled at 1-cm resolution beside ten of the stakes 

around the periphery of the accumulation array. Snow pits were excavated by personnel wearing 

polyethylene gloves and a Tyvek® suit to minimize contamination using a clean aluminum hand 

shovel. The sampled wall was carefully scraped using a stainless steel sheet and observations of 

stratigraphy and temperature were recorded. Snow samples were taken at 1-cm intervals with a 

stainless steel trowel measuring 5.5 x 6 x 1 cm (33 cm3) that had been pre-rinsed in milli-Q water. 

Care was taken that no grains were able to cross-contaminate samples. Samples were weighed 

and stored in Whirl-pack bags and shipped frozen to our laboratory. The weight variability of 100 

Whirl-pack bags was less than 0.05 g, well below the observed standard deviation of sample 

weights (0.15 g) and the range for sample measurements within the pits. 

Once received in our lab, the surface snow and snow pit samples were stored frozen at –

15oC until analyzed. Two hours prior to analysis, each sample was thawed in a clean glass bottle 
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with aliquots transferred by syringe for injection into a Dionex® DX-100 IC ion chromatograph 

system. All samples were analyzed with a standard sample injection volume of 4 ml. Standards 

were used to calibrate the IC prior to and following sample analysis [Littot, 2002]. 

RESULTS 

The mean annual snow accumulation for the entire observation period was 74.4 cm snow 

with a standard deviation of 8.1 cm. Using a surface snow density of 0.31 g cm-3 [unpublished 

GEOSummit data], the mean annual accumulation is equivalent to 23.1 g cm-2 water. 

Accumulation during the 1997-1998 winter was 26.0 g cm2, 13% greater than the mean (Figure 

1). This winter appears to be unique from the other two years showing a more linear growth 

pattern. During the 2000-2002 seasons, one can see some seasonal changes in the slope of the 

cumulative accumulation record (Figure 1). From the individual monthly averages of all years, it 

is apparent there is seasonality (Figure 2) with the lowest accumulation occurring during the 

months of April, May, and June. This trend is consistent in individual monthly averages of the 

gross accumulation (sum of positive measurements). Additionally, the seasonal cycle of the net 

accumulation appears to be enhanced due to increased loss during the summer months. While it is 

tempting to label the loss sublimation, other processes such as enhanced densification during the 

summer or redistribution of the surface snow from wind must be considered. However, there does 

not appear to be a clear relationship between the mean or peak wind speeds with the height 

change variability (Figure 2). For the three years of cumulative snow height measurements, there 

is an average gross loss of 20%.  

Of 398 samples of surface snow collected between June 1997 and May 1998, NO3
- 

concentrations ranged from 0.4 to 34.4 µM, with 85% of the values being less than 5 µM (Figure 

3). Mean concentration was 2.9 (± 1.9) µM.  There is variability in the record; however, there is 

no clear seasonality. Some of the “spikey” variability may likely be from local camp pollution. 
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Snow pits sampled to 1-m depth with a 1-cm resolution had a mean annual concentration 

of 2.7 (± 0.5) µM (Table 1). The maximum concentration recorded in any of the pit samples was 

12 µM, observed in pit i-10, which in general had a higher degree of variability than the other 

pits. Flux for the snow pits was calculated as the sum of cumulative layer inventories during one 

year using the relationship between concentration (converted to g m-3) and accumulation: 

lll ACF ×=  
 

Where:  Fl = flux for individual layer (g m-2) 

  Cl = concentration of layer (g m-3) 

  Al = accumulation for individual layer (m.w.e.q.) 

Average nitrate flux over a one-year period for the ten snow pits was 0.05 (±0.01) g m2 a-

1. 

Concentration versus depth profiles for each stake were constructed from the single-year 

set of surface snow concentrations (Figure 3) and the stake-specific change in snow height (dh/dt) 

measurements of (Figure 4). A concentration was assigned to each preserved layer using averages 

of the surface snow concentrations for the two-week period in which the accumulation occurred. 

Only those layers that had subsequent burial (i.e. positive dh/dt) were assumed to be preserved. 

During periods of negative or zero accumulation, it was assumed that there was no preservation 

of NO3
-. Additionally, if a loss of snow occurred during a two-week period exposing the previous 

layer(s), NO3
- was assumed lost and a new layer thickness was calculated for the old layer. 

Neither the concentration profiles constructed from the snow-stake and surface snow 

concentrations nor those observed in the ten snow-pits collected after the 1997-1998 year round 

season showed distinct seasonal patterns (Figure 5).  

The results of t-tests performed both on the observed and reconstructed concentration 

values for each pit show that with a confidence of 95% the values in the reconstructed pits are not 

statistically different from the observations with the exception of pit c-1 (Table 1). To examine 
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whether the constructed profiles had the same sample distribution as the observations, 

Kolmogorov-Smirnov (KS) tests were conducted. For all but two pits, c-1 and j-6, there was no 

statistical difference between the reconstructed and observed distributions. 

Flux calculations were made using the concentration profiles, available density profiles, 

and depth-time scales for each pit. The reconstructions generally followed the observations for 

seven of the ten pits with the exceptions of pits c-1, g-10 and i-10 (Figure 6). These differences 

likely resulted from differences in whether or not spikes were preserved. In c-1, a large spike at 

30-cm depth was not evident in the pit. This spike created an overestimate of flux that was 

proliferated throughout the depth of the pit ultimately overestimating the flux by 50%. The 

reverse is the case for g-10, a peak in the pit was not reflected in surface snow, leading to an 

underestimate by 15% of the annual flux. In pit i-10, an underestimate also results though by 

15%. Several peak events were evident in the pits, yet the surface snow only exhibited one major 

peak, which occurred in the late winter. 

DISCUSSION 

Characterization of preserved nitrate record 

The importance of accumulation for the preservation of reversibly deposited species has 

been demonstrated in numerous studies. Steig et al. [1994] showed the concentration of 

seasonally varying species in an ice core record is largely sensitive to the temporal distribution of 

accumulation events. In a physically based model of atmosphere-to-firn transfer of H2O2 and 

HCHO, Hutterli [2003] demonstrated that the greatest uncertainty in paleoatmospheric mixing 

ratios developed from proxy records of preserved profiles is a function of the seasonality and 

timing of accumulation.  

Accumulation records for the three years of measurement exhibited large inter-annual 

variability (Figure 1). In particular, 1997-1998 had a 13% greater accumulation rate than the two 
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later years. This particular year was an El-Niño year and it is possible the accumulation at 

Summit was affected by the climate anomaly. Another difference is the linear nature of 

accumulation during the 1997-1998 season. The latter two years of measurements from 2000 to 

2002 showed a higher degree of non-linearity, consistent with the pattern presented by Bromwich 

et al. [1993]. 

Reconstructions of the firn nitrate profiles demonstrate the importance of understanding 

accumulation variability when reconstructing paleo-surface snow concentrations from preserved 

records. In part, because our bi-weekly accumulation measurements were not as frequent as the 

surface snow measurements of nitrate, which were 3-4 times per week, the reconstructed depth 

profiles failed to match many of the concentration spikes in the preserved pits in a one-to-one 

basis. Surface snow concentrations exhibited considerable day-to-day variability, owing to both 

fresh and blowing snow (Figure 3). However, there are some qualitative similarities in the 

profiles. In a few of the pits (a-9, c-1, j-10), there are sections where there is almost an exact 

match between the reconstructions and the observations. It can be seen that for pit a-9, the high-

concentration surface snow event was captured in both profiles. In other pits this event was either 

not captured, or smoothed by post-depositional processes. However, nine of ten pits are 

statistically indistinguishable to the observed profiles (Table 1, t-tests) and eight of ten pits have a 

consistent distribution (Table 1, KS-tests).  Visually, the mismatch in profiles appears to be due to 

a combination of concentration spikes and small offsets in timing, both of which could reflect 

wind redistribution of snow. Similarly, the mismatch in average concentration in pit c-1 appears 

to be due to differences in one main event. 

Assuming an average annual snowfall at Summit of ~70 cm, the 1-cm pit sampling gave 

an average resolution of more than 1 sample per week or twice as frequent as the reconstruction 

based on bi-weekly observations. However, due to sublimation and wind-driven snow 

redistribution, the actual age of layers in the pits varies and they are neither uniform nor 

sequential. It is common to measure accumulation at stake arrays assuming a starting point 
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datum, and measuring the net accumulation at some point in time afterward. This approach yields 

a similar result to picking annual indicators in ice cores. When calculating nitrate flux for 

individual snow pits, we compared using the net accumulation to establish the depth for the one-

year interval and the depth based on the reconstruction. When constructing the snow pits, weekly 

snow height changes are either added or subtracted from an initial datum. In some cases, the 

surface level of the snow drops below the initial datum due to sublimation or physical removal. In 

these cases the actual depth of the pit for the year exceeds that measured by net accumulation. 

The depth based on the reconstruction is the actual depth of the 6/11/97 layer however; using this 

value will bias the results to overestimate accumulation, and thus flux, as it includes a component 

of the gross accumulation the net stake measurements miss. Note that datum for the 

reconstructions in most cases are within 3% of the net dateline. However, in two of the pits (a-9 

and c-1) they differ by 8% and 14% (Table 1 and Figure 5, 6). Lacking high-resolution seasonal 

markers it is common to simply assume uniform annual accumulation over the year [Beer et al., 

1991]. Using high-resolution continuous flow analysis [e.g. Röthlisberger, 2000b, McConnell, 

2002b] one can infer seasonal markers and thus improve the accuracy of time-depth calculations. 

The empirical reconstructions do not account for chemical post-depositional processes. 

Differences in profiles (e.g. i-10, Figure ) most likely result from surface snow redistribution, as 

well as the net effect of nitrate loss from surface snow to the atmosphere and dry deposition of 

HNO3 to surface snow. Nine of the ten pits had similar stratigraphy; however, that of i-10 was 

unique from the other pits, with excessive hoar layers at 30 and 60 cm depths. In a study of 

structure and microphysics of arctic snowpack in Alert, Domine [2002] described intense 

sublimation and condensation cycles leading to the formation of hoar layers. Using acetone as an 

example, they show that major releases of the compound may be induced with increases in 

temperature and physical restructuring of the snow surface area. Changes have also been 

documented in formaldehyde and hydrogen peroxide concentrations during snow metamorphism. 

[Hutterli, 1999, 2001; McConnell, 1997]. 



65 

  

The linear characteristic of the cumulative flux profile suggests that flux is uniform with 

accumulation. Whether or not the flux is uniform throughout the year is a function of the timing 

of the accumulation and concentrations in the surface snow. On average across the stakes, 

accumulation was linear through the 1997-1998 season (Figure 1). However, this may not be the 

case for all years or for other regions of the ice sheet [Bromwich, 1999]. The ability of the 

reconstructions to mirror the measured flux observations demonstrates how large a role 

accumulation variability and timing play in the preservation of NO3
-. In cases where there are not 

strong post-depositional alterations in the pits, one can accurately estimate the total flux from 

concentrations accounting for accumulation alone. Accounting for accumulation alone 

successfully captures the statistical nature of the annual deposition. However, in cases that have 

high-resolution variability of the NO3
- record in the snow, or if one is looking at seasonal 

variability, a more rigorous approach to the transfer function is required. In recent decades there 

is no obvious seasonal cycle in NO3
- concentrations (e.g. Figure 3 & 5). However, prior to 

anthropogenic influences on NO3
- definite peaks in spring are apparent [e.g. Anklin et al., 1998], 

resulting in a slightly higher spring flux.  

Conditions at Summit are very good for the preservation of nitrate as a result of the 

consistently cold temperatures and the relatively high accumulation. In areas of lower 

accumulation such as Dome-C, post-depositional processes will play a greater role in the 

preserved record [Wolff et al., 2002, Röthlisberger, 2000a]. Rapid losses have been observed at 

Dome C, that exceed estimates of nitrate photolysis in the snowpack. Other measurements of 

South Pole surface snow samples of nitrate exhibit up to 90% losses [J. McConnell, unpublished 

data]. To accurately characterize the nitrate record in lower accumulation conditions will require 

a physically based transfer function model. 

This study demonstrates that deposition of nitrate through the winter is largely 

irreversible but closely related to the timing of snowfall events. The results of correlation analysis 

of the mean values from the snow pit observations show a stronger relationship between flux with 



66 

  

concentration (r=0.73) than flux with accumulation (r =0.55). With respect to the observations, 

between the two components concentration and accumulation; about 25% and 35%, respectively, 

of the variability of flux can be explained. While this explains more than half of the variability in 

the observations, it demonstrates that there is still a large component of unexplained variability 

that likely results from post-depositional processes. Interestingly, there is very little correlation 

between concentration and accumulation alone within the ten snow pits. This is consistent with 

the results of Yang et al. [1995] who found that there was no clear correlation between these two 

variables, in a multi-century analysis of the GISP core which was also drilled at Summit.   

As an argument that post-depositional transformations are occurring only to NO3
- in the 

snow, Yang et al. [1995] conducted normality tests on chemical concentration data in four ice 

cores. Nitrate was the only compound for which annual means were normally distributed. Their 

argument concluded that the normal distribution was a result of post-depositional transformation 

that did not alter other ions in the snow. Normality tests conducted on all pits in this study had 

varied results. Only two of the observed profiles were normally distributed. The same is true for 

the reconstructed pits, with the exception of the two that failed the KS test, j-1 and j-10. However, 

these results do not necessarily differ from those of Yang et al., as the time scale of the 

observations is very different. Their tests were conducted on annual average values whereas ours 

are conducted on irregularly spaced data within a snow pit spanning one year. Post-depositional 

processes for NO3
- may, and likely would, continue for longer than one year. What is important to 

note, is the similarity of the two distributions within each pit. One could argue that preservation 

resulting from high accumulation, rather than post-depositional processes, is accounting for a 

large portion of the variability within the first year of deposition, as the reconstructions capture 

the statistical nature of the distribution for both individual pits and spatially looking at all ten pits.  
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Inversion of Pit Record 

To understand the importance of the high-resolution variability, we have examined back 

calculations of surface snow concentrations from the observed pit profiles. One of the greatest 

challenges to the proper interpretation of ice core proxies is inverting the record to a meaningful 

record of the “time of deposition” conditions. The inversion of preserved snow or ice profile to 

surface snow concentrations is one step in a multi-step process of inverting an ice core record to 

an atmospheric concentration. 

Using only the observed snow pit concentration profiles, and the depth-age relationship 

generated from the reconstructions, a time series of surface snow concentrations was estimated 

from the pit measurements. The calculations assumed 100% preservation of NO3
- in snow that 

accumulated. In other words, if the layer of fresh snow was preserved in the pit, all of the NO3
- 

was also preserved. 

Time series of surface snow concentration generated from the pit profiles along with 

weekly average time series from the winterover observations are shown together in Figure . In 

general the agreement is quite good, however, as with reconstructing the firn profiles, it is clear 

some of that variability is not captured, leading to an underestimate or overestimate of the surface 

snow concentrations at different points throughout the year.  Surface snow reconstructions from 

preserved layers in the pits pass t-test comparisons with surface snow from the same period of 

time with the exception of pit c-1 (Table 2). To conduct the t-test the populations of concentration 

from preserved layers are compared with a population of concentration from observed surface 

snow during the same period that the preserved layers represent. The means of all the time series 

(2.7 µM) is ~7% lower than mean surface snow observations (2.9 µM), as can be seen in Table 2. 

However, the mean of the surface snow observations drops to 2.7 µM simply by removing the 

three highest concentration events in the surface snow record. This evidence of rapid post-

depositional loss is shown by the fact that none of the inverted pit observations generates a 
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surface snow concentration equivalent to the maximum observed concentration and that the mean 

concentrations match when those spikes are removed.  The physical process of wind 

redistribution smoothing the surface snow record may explain these rapid losses, however one 

must not exclude the possibility of other physical or chemical processes occurring in the surface 

snow.   

CONCLUSIONS 

Concentration profiles developed using only observed accumulation and mean surface 

snow concentration closely matched the observed pit profiles. Though there was not a strong 

correlation between annual accumulation and concentration, it is clear accumulation is critical to 

the preservation of NO3
- and that by accounting for accumulation and surface snow 

concentrations the variability of nitrate flux may be adequately captured at Summit, Greenland. 

The ability to reconstruct pit profiles indicated that post-depositional processes controlling NO3
- 

preservation at Summit are mainly driven by accumulation variability and wind redistribution. 

Over 90% of the measured nitrate in the surface snow is preserved in the pits indicating that 

photochemistry and temperature-dependent uptake and release from the snow do not play as 

important a role with preservation at Summit as has been indicated for Antarctic sites. Estimating 

surface snow concentrations from snow pits was also successful, using knowledge of the timing 

of snow accumulation. These results suggest that inverting a preserved record in a longer core to 

reproduce past conditions and estimating annual fluxes based on knowledge of the accumulation 

timing should be feasible. The use of statistical rather than time series accumulation data should 

be further analyzed. 
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TABLES 

Table 1 - Results from observations, reconstructions, and statistical analysis of ten snow pits 
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Table 2 - Statistics for surface snow samples and reconstructed surface snow time series. 
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FIGURES 

 
 

 
Figure 1 – Cumulative mean accumulation and standard deviation for the 100-stake field at 
Summit, Greenland. Note: only two net measurements were made for the 1999-2000 year. 
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Figure 2 – Monthly snow accumulation (gross, net, and loss) averaged over the 100-stake field 
for all three years. Mean and peak wind speeds are shown for concurrent measurement periods. 
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Figure 3 – Surface snow concentrations from 1997-1998 year round measurements. 



79 

  

 
Figure 4 – Stake specific snow height measurements from Summit, Greenland 1997-1998.
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Figure 5 – Observed (solid gray) and reconstructed (dashed black) snow pit profiles of nitrate 
concentrations. The 1-year dateline of 6/11/1997 from cumulative accumulation observations is 
shown as a horizontal gray line. The reconstructed maximum depth is shown as a dashed black line. 
The vertical scale is snow depth, measured as collected.  
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Figure 6 - Observed (gray) and reconstructed (black) snow pit cumulative nitrate flux profiles. 
The 1-year dateline of 6/11/1997 from cumulative accumulation observations and from the 
reconstructions is also shown. 
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Figure 7 – Observed (gray) bi-weekly surface snow concentrations and reconstructed (black) 
surface snow concentrations from preserved layers in the snow pits. 
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ABSTRACT 

Nitrate records from Greenland along with five other ice cores covering the period 1794-1995 

show correlated co-variability of nitrate concentration for periods greater than ten years and a 

~60% increase in average concentration during the last 75 years. Annual nitrate fluxes show low-

frequency trends driven by changes in concentration, while higher-frequency variability is driven 

by variability in the accumulation record. The changes in concentration yield ~30% higher nitrate 

flux  (2.5 to 3.2 µg m-2 a-1) and ~11% greater variability during 1895-1994 period versus the prior 

100 years.  Nitrate trends in the cores during the last 100 years are also correlated with global 

nitrate emissions, with an average r-value of 0.93 for the six cores. During the period of 

anthropogenic influence nitrate is positively correlated with the North Atlantic Oscillation 

(NAO), while prior to that the correlation is negative, but less significant. However, significant 

pre-anthropogenic periodicities identified through singular spectrum analysis do follow lower-

frequency climate oscillations resulting from the Dalton minimum (1790-1820) in solar 

irradiance.  
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INTRODUCTION 

Understanding the variability in the natural and anthropogenic nitrate record is important 

in order to use that record to help infer past atmospheric concentrations of NOx (NO + NO2) and 

changes in emissions sources. Adequate measures of pre-industrial NOx concentrations do not 

exist, and data on contribution from natural sources are limited. Nitrate as a proxy for NOx would 

help constrain modeling of the past atmospheric photochemistry and hence development of future 

scenarios [Stewart, 1995; Thompson, 1995; Thompson, et al., 1996; Thompson and Stewart, 

1991]. 

Nitrate has been measured in ice cores for over 3 decades (e.g. [Herron, 1982; Herron, et 

al., 1981; Herron and Langway, 1978; Koide, et al., 1977; Legrand, et al., 1992; Mayewski, et 

al., 1993; Yang, et al., 1995]), yet interpretation of the records in terms of identifiable variability 

of nitrogen cycle components remains a challenge [Röthlisberger, et al., 2002; Wolff, et al., 

1996]. Post-depositional processes, including both photochemical cycling of nitric acid in the 

surface snow layer and temperature dependent physical ice-air partitioning, are likely a function 

of the average accumulation at the ice core site. While in some cases total flux throughout a year 

may not be affected, the annual cycle of the nitrate recorded in the ice may be altered as a result 

of this exchange. 

Nitrate has been measure in ice cores from the Arctic [Fischer and Wagenbach, 1996; 

Goto-Azuma, et al., 2002; Mayewski, et al., 1990; Röthlisberger, et al., 2002], the Antarctic 

[Curran, et al., 1998; Röthlisberger, et al., 2000b; Sommer, et al., 2000; Wolff, et al., 2002], and 

mid-latitude mountaine regions [Thompson, et al., 2002; Thompson, et al., 2003; Yalcin and 

Wake, 2001], yet to date a definitive interpretation of pre-anthropogenic nitrate variability has yet 

to be developed. While increases in nitrate recorded in Greenland and several other northern 

hemisphere ice cores correlate well with one another and with anthropogenic emissions, there is 

considerable variability in decadal, annual, and seasonal fluxes [Alley, et al., 1995] and 



86 

  

concentrations have yet to be related to specific components of the climate system or nitrogen 

cycle. 

The primary objective of the analysis reported in this paper is to identify components 

of temporal variability in ice-core records of nitrate concentration and nitrate flux over the 

past two centuries, and to develop an improved understanding of the processes driving the 

variability. The specific aims of the analysis are to: 1) identify common patterns in nitrate and 

accumulation records from 6 ice cores from the central and northwestern part of Greenland, 

2) relate these patterns to regional indices of climate variability and nitrogen emissions, and 

3) understand how this variability is reflected in both the natural and anthropogenically 

influenced ice-core nitrate records.  

DATA AND METHODS 

Sub-annual nitrate records were developed from six ice cores collected as part of 

NASA’s Program for Arctic Regional Climate Assesment (PARCA) [Bales, et al., 2001a] from 

the central to northwestern region of the Greenland Ice Sheet (Figure 1; Table 1). All cores were 

analyzed using continuous flow analysis (CFA), allowing for multi-parameter dating with 

accuracy of essentially zero up to ±3 years between markers at high versus low accumulation 

sites, respectively over the time periods considered in this paper [Anklin, et al., 1998; Bales, et 

al., 2001b; Röthlisberger, et al., 2000a]. Annual markers were defined from the distinct spring 

peak in calcium and the summertime peak and winter minima of hydrogen peroxide, to define 

individual years. Additionally, beta radiation peaks in tritium from nuclear bomb testing during 

the 1960’s and known volcanic events (Novarupta, 1912; Tambora, 1816; and Laki, 1783) were 

used as absolute age indicators. All cores except the GITS core are in the dry snow zone, above 

the 2000 m contour of the ice sheet; hence melting is insignificant and does not affect mean 

annual concentrations. The slight melting at the GITS site was moderated by its high 
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accumulation, such that annual dating and average concentrations were not affected [Bales, et al., 

2001b].  

Time series analysis was conducted on annual records of accumulation, concentration, 

and flux (the product of accumulation and concentration). Accumulation was derived from a 

polynomial fit to field-collected density measurements and the depth-age scale for the core. For 

some analyses data were normalized by subtracting the mean and dividing by the standard 

deviation; in other cases a record of residuals was developed by removing long-term trends as 

described individually for each analysis. 

The longest record is 851 years (1144-1995) from the 1995 Humboldt core, the 

northernmost core of the dataset. The southernmost core and the next longest record (~469 yrs) 

comes from the 1999 Summit core, collected 6 km east of the GEOSummit Observatory and the 

former GISP2 coring site. The cores NASAU, D2, and D3 are spaced in a southeasterly direction 

from the Humboldt core at 540, 796, 1029 km distance, with record lengths of 350, 218, 259 

years, respectively. The GITS core is located over a divide 180 km southwest from the Humboldt 

core. Despite their close location the two cores represent the extremes of the dataset with respect 

to average nitrate flux, the GITS core having the highest (5.9 µg cm-2 a-1) and the Humboldt core 

the lowest (1.3 µg cm-2 a-1). The longest period of concurrent continuous data in all six cores is 

206 years, 1789-1994 (Table 1). For most of the analysis, two periods were defined: 1789-1894, a 

106-yr period of pre-anthropogenic influences, and 1895-1994, a 100-yr period of 

anthropogenically influenced records. Past results from Greenland ice cores suggest that the 

earliest anthropogenic increases occur after 1890, with strong anthropogenic increases in the 

nitrate record observed after 1940 [Fischer, et al., 1998; Mayewski, et al., 1990]. 

Time-domain analysis 

Analysis in the time domain included least-squares regression, Kolmogorov-Smirnov 

normality tests, autocorrelation, and partial-autocorrelation to describe the data. The purpose 
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of this step was to better understand the stochastic nature of the data, define trends, and 

identify uniqueness in the data. Along with the two primary periods chosen for this analysis, 

shorter periods exhibiting unique characteristics such as trend or an extreme event were 

analyzed more closely to evaluate climate drivers that my be causing the variability.  

Time-series plots for each of the records were generated, followed by the 

development of histograms and descriptive statistics. Normality tests were conducted on time 

series records of accumulation, concentration, and flux. Despite skew in the nitrate 

concentration, the data for all normalized (u-ū/σ) variables were adequately distributed such 

that no transformations were necessary for further time series analysis. 

Frequency-domain analysis 

In addition to traditional frequency domain tools such as Fast Fourier Transform (FFT) 

and analysis of the spectrum and periodogram, we used Monte-Carlo SSA (MCSSA) for non-

linear trend removal and the detection of significant frequency contributions. A Monte-Carlo 

approach to Singular Spectrum Analysis (SSA) [Allen and Smith, 1996], has been extensively 

used in time series analysis for the identification of signal structure in short noisy time series 

without the use of prior information (i.e. indeterminant systems) [Broomhead and Jones, 1989; 

Vautard, et al., 1992]. Developing a model or forecasting tools of the process is challenging. 

Rarely can a deterministic model adequately define non-linear climatic systems, which has led to 

some reliance on a stochastic approach for prediction. Fortunately, despite instabilities in the 

system that may generate high-frequency variability, for large time scales there may be 

macroscopic regularities that contribute a large portion of the variability to the system [Vautard, 

et al., 1992], in this case the North Atlantic Oscillation (NAO). 

For a purely indeterministic discrete stationary process, the integral of the spectral 

density function, or spectrum, is equivalent to the total variance in the system. Identifying an 
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interval or peak frequency in the spectrum that contributes a significant amount of variability to 

the system aids in the identification of processes controlling the system.  However, time series of 

earth system processes – in this case, accumulation and nitrate concentrations over the Greenland 

Ice Sheet – are often dominated by low-frequency variability, creating a spectrum representing 

“red” noise [Ghil, 1986; Vautard and Ghil, 1989]. Similarly, variability of the AR(1) process is 

largely biased toward low-frequency components and thus has a “red” spectrum. For this reason, 

it is difficult to reject the AR(1) noise null hypothesis and identify periodicities that significantly 

contribute to the variability of the record.  

RESULTS 

Nitrate concentration 

Mean annual concentrations of the six ice cores during the pre-anthropogenic period 

range from 51 to 138 ng g-1 (Figure 2; Table 2). The mean of the anthropogenic period 

concentrations are 35% greater, ranging from 68 to 187 ng g-1. In both periods, the mean 

concentration of the cores relative to one another was consistent, suggesting that common 

processes drove concentration increases across the region.  The coefficient of variation of annual 

values is 20-50% greater in the latter period at Humboldt, NASA-U, D2 and D3.  Ten-year 

running variances in concentration showed all six cores having higher variability during the latter 

half of the 20th century, with four of the cores also having a period of increased variability in the 

earliest part of the 19th century. At the GITS site, the most coastal core, variance was higher in 

the pre-anthropogenic period. 

Unstandardized annual nitrate concentrations are positively skewed with a kurtosis 

slightly greater than three. In the anthropogenic period there were fewer outliers, consistent with 

higher overall observed concentrations, and indicating anthropogenic signals may be masking 

natural variability. 
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Linear trends of 10-year running means were identified by least-squares regression from 

the beginning of the record until the longest trend with an r > 0.9 was identified. At that point, a 

new trend period was calculated from the end of the last period in the same manner. If no 

significant trend with duration more than 10 years was found, the starting time was increased by 

one year. Four periods of significant, concurrent trends were identified (Figure 3), and trend 

statistics recalculated for each core for those common periods.  For the first period (1789-1850) 

all cores except Humboldt show an average decreasing concentration trend with a mean decline 

of -2.3 ng g-1 a-1 (Table 3), with the trend significant above the 90% confidence level in the GITS 

and D3 cores. The second period (1851-1920) is relatively flat for all cores, with a maximum 

change of 1 ng g-1 a-1 in the GITS core; others showed a slight decrease. Note that the linear 

regression statistic will not be significant for a flat trend, and no r-values exceeded 0.90 for this 

period. During the short period from 1921 to 1938, all cores except Humboldt show a strong 

decrease in concentration, averaging -3.4 ng g-1 a-1. During the last period, 1939-1994, all of the 

cores show an increase averaging 3.3 ng g-1 a-1, a rate 50% greater than the trends found in the 

earlier period. All trends are statistically significant above 90%, except Humboldt. 

To extract non-linear trends, we employed Monte-Carlo SSA, using over 10,000 

realizations of a time series with AR(1), red noise parameters, to determine the significance of the 

trends above red noise. The embedding dimension, M, was defined as 40, though we 

experimented with larger and smaller values (30<M<75). M represents the maximum time lag 

considered for the autocorrelation function and defines the spectral resolution of the analysis. The 

statistical dimension of the trend was two.  As the first two components of the SSA were 

significant from red noise at the 95% level, they were summed to reconstruct the trend. 

The overall pattern of non-linear trends in concentration (Figure 4) was similar to that for 

linear trends (Figure 3).  GITS, NASAU, Summit, & D3 had periods of significant pre-

anthropogenic decreases, but Humboldt and D2 did not. In the pre-anthropogenic period the non-
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linear trend lines deviated up to 34% from the mean (NASAU); however, for most records they 

remained within 20% of the mean and are not as strong as the trends during the past 100 years.  

The non-linear trends were removed to create a stationary data set, with an AR(1) process 

the best fit to the residuals of the SSA.  Year to year variability, represented by the residuals, can 

be large deviating as much as 80% from the mean (Figure 5). However, decadal shifts, based on 

the 10-year running means, are generally less than 15%.  

There is a high degree of inter-core covariability of the non-linear trends over the entire 

206-year period for the concentration records (Table 4). As can be seen, not only are the cores 

strongly correlated with the anthropogenic record of northern hemisphere emissions, they are 

highly correlated with one another. The weakest r-value between sites is 0.85. 

Once the concentration time series have trends removed, there are significant differences 

in correlation for the pre-anthropogenic versus anthropogenic period (Table 5). Note that during 

the pre-anthropogenic period there are few significant correlations between the sites on the annual 

time series, but during the anthropogenic period, there are many more significant correlations 

between the sites. The average correlation for all sites in the anthropogenic period is r=0.22, 

which is significantly greater (student’s t-test, p=0.004) than the average during the pre-

anthropogenic period (r=0.09).  

Accumulation 

Mean annual accumulation over 206 years at the six sites ranged from 0.13 mweq a-1 at 

the Humboldt site to 0.45 mweq a-1 at D2 (Figure 6). There are no significant differences between 

the two periods in mean accumulation or coefficient of variation. Accumulation at all six sites is 

normally distributed. Ten-year running variance and running means were calculated for the 

accumulation records in the same manner as for concentration. Where necessary, the 

accumulation records were strain corrected for glacial flow (Humboldt, GITS, NASAU). There 

are no common periods of enhanced or decreased variability among the six cores.  
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No significant trends were identified in the SSA of accumulation, and therefore defining 

a statistical dimension of trend greater than zero in the SSA would remove potentially significant 

components that are contributing to a distinguishable periodicity. In general the accumulation 

time series are trend-free, with the exception of slight linear trends throughout the entire period of 

record. Therefore, to assure stationarity of the dataset, trend was removed from the accumulation 

records by simple linear least squares regression. While the greatest magnitude of trend over the 

206-year period is ~10% in the Humboldt core, there is no consistency between the cores with 

respect to the trends; some show decreases and others increase, and half have trends of less than 

2% over the 206-years (Figure 7). 

Nitrate Flux 

For the 1784-1994 period, mean annual nitrate flux ranged between 1.3 ± 0.5 µg cm-2 a-1 

at the Humboldt site to 5.9±2.3 µg cm-2 a-1 at the GITS site (Figure 8). The 30% higher average 

annual flux in the anthropogenic versus pre-anthropogenic period (2.5 vs. 3.2 µg cm-2 a-1 

averaged over all 6 cores) is similar to the 35% difference in concentration over the same periods. 

The coefficient of variation is higher in the second period, reflecting the greater variability in the 

concentration record. As illustrated for D3, the slight accumulation increase during the pre-

anthropogenic period is offset by a similarly small decline in concentration, resulting in no trend 

in flux (Figure 9); but the strong increases in concentration in the latter half of the 20th century 

are clearly driving increases in flux despite a small downward trend in accumulation at this site. 

Patterns are similar for the other cores. 

The flux data, similar to the concentration, are positively skewed, with a kurtosis greater 

than 3. However, once standardized, the data adequately fit a normal distribution and pass KS 

normality tests at the 95% confidence level. 



93 

  

Concentration and flux are positively correlated, with a mean r of 0.64 for all six sites 

over the 206-year period (Table 6). The correlation was slightly higher during the more-recent 

100-year period.  Correlations between flux and accumulation were weaker, yet statistically 

significant for all cores (mean r=0.19 for all six sites). The correlation was slightly lower during 

the more-recent 100-year period. Three sites had correlations significant at the 95% level for 

accumulation against concentration, however, the highest r-value was only 0.07, giving no 

indication of a strong relationship between the two variables. 

DISCUSSION  

Sources of trends in the records 

The multi-decadal linear (Figure 3) and non-linear (Table 4) trends and recent increases 

in nitrate concentration (Figure 4) are strongly correlated in all of the cores, while decadal and 

annual variability (Table 5, Figure 5) are less correlated. Lower frequency trends in nitrate fluxes 

from the different cores also track each other (Table 3, Table 4). As these common trends in 

concentration cover the entire northwest region of the ice sheet, it is likely that they represent 

broad regional, Arctic concentration changes. The common concentration trends cannot be 

attributed to post-depositional processes alone, which also depend on trends in accumulation and 

temperature, but would vary across the six cores. 

Correlations between sites (Table 5) followed a more consistent pattern for concentration 

than accumulation, though accumulation at two nearby sites, D2 and D3, had the highest 

correlation (r=0.63 in the pre-anthropogenic). Patterns of inter-site correlations between periods 

differ for accumulation and concentration. For accumulation, the overall correlation between each 

core’s record is similar in the two periods. Concentration, however, varies. During the pre-

anthropogenic there are fewer significant correlations between sites, and with the highest r=0.26. 

In the anthropogenic period, r-values are as high as 0.49 and many are significant. While 
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variability in regional concentration sources apparently plays a significant role in the natural 

variability of the record, these regional concentration shifts are masked in the latter period by the 

larger anthropogenic increases. 

While it has generally been assumed that changes in ice-core nitrate concentrations 

reflect atmospheric changes, the multiple factors influencing atmospheric nitrate have limited our 

ability to make quantitative interpretations of the natural variability recorded in ice cores [Wolff, 

et al., 1996].  In addition, post-depositional losses of nitrate from surface snow have been 

observed. Current understanding of the preservation of nitrate in the glaciological record is 

incomplete, yet shows strong dependence on accumulation, photolysis in the surface snow, and 

the chemistry of the snow, specifically pH [Beine, et al., 2002; Röthlisberger, et al., 2003]. While 

rapid post-depositional losses of nitrate have been observed in some regions [Mulvaney, et al., 

1998; Wolff, et al., 2002], at Summit, Greenland nearly all of the nitrate measured in the surface 

snow could be accounted for in firn snow pits one year later [Burkhart, et al., 2004]. For the sites 

studied in this analysis, accumulation is sufficient to preserve nitrate once deposited and post 

depositional losses in nitrate do no likely result from accumulation variability at the site. 

Mayewski et al. [1990] and Legrand & Mayewski [1997] argue that the enhanced 

emissions of reactive nitrogen are not clearly recorded in the glaciological record from Greenland 

until after 1940. Fischer et al. [1998] demonstrate that three cores from north Greenland show 

both increased covariability and enhanced concentrations as early as 1890. The evidence from the 

six cores shown here is similar to the findings of Fischer et al. [1998], having the same 

characteristics that they identified in their northern Greenland cores: 1) an increase from 1890 to 

1920, 2) a period of decrease from 1920 to 1940, 3) strong increases during the period of 1940 to 

1990, and 4) a slight decrease after 1990. The non-linear trends also have some other 

characteristics that are similar to the piecewise linear trend analysis, including a decrease during 

the earlier part of the 19th century, through around 1850. 
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Results of the SSA trend analysis on only the anthropogenic period are slightly different 

from that of the traditional linear trend analysis, and do not preserve as well the decrease during 

the 1920’s and 1930’s, though it was previously identified in the linear trends, and there is a 

distinct inflection point in the trend around that time. This inflection point is also noted in the van 

Aardenne [2001] NOx emissions data (Figure 10). For the period of the van Aardenne record the 

trend in the cores is strongly correlated with the emissions data at the 99% level. The weakest 

correlation with the van Aardenne dataset is from the Humboldt record (r=0.85) whereas all other 

cores have r-values exceeding 0.93 (Table 4). These trends demonstrate recent anthropogenic 

increases uniformly exceed 60% of the mean in all six records through 1990. 

While the trends in nitrate concentration after 1940 are commonly accepted as resulting 

from increased human activity [Goto-Azuma and Koerner, 2001; Kekonen, et al., 2002; Yalcin 

and Wake, 2001], there is less understanding of anthropogenic influence for the period 1890-

1940, or what controls the variability in the record prior to that point. Galloway [2004] 

demonstrates that by 1860, while anthropogenic contributions to reactive nitrogen (N) in the 

global N cycle were only 16% of the total, there was already an observable effect on the reactive 

N cycle in the atmosphere. Further, by that time, there were identifiable alterations in the spatial 

variability of reactive N resulting from energy and food production. Prior to 1890 most of the 

alteration of the N cycle resulted from biofuel combustion (e.g. fossil fuel combustion, biofuel, 

slash and burn agriculture, and annual savanna burns). Around 1890 the importance of biological 

nitrogen fixation for food production was discovered, and shortly thereafter in 1913 the Haber-

Bosch process was created to transform atmospheric N2 to NH3. After this point, as food was 

readily produced without limited N for fertilization, global populations grew rapidly [Galloway 

and Cowling, 2002]. 

There are few records of variability in the natural cycle of N on the centennial and 

decadal scale, particularly, records showing predictable or periodic cycling that would result in 

the decreases observed in the ice core record. The preservation of the nitrate in the ice core record 
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has been shown to be a function of environmental variables (e.g. temperature and accumulation) 

[Burkhart et al., submitted; Fischer, et al., 1998; Röthlisberger, et al., 2002]. Therefore, we 

investigated the natural variability through comparison with available climate forcing proxies 

[Overpeck, et al., 1997; Robertson, et al., 2001]. In particular, we note the period 1789-1850 in 

which multiple records showed strong decreasing trends (Table 3). This period is coincident with 

an early nineteenth century minimum in the solar irradiance known as the Dalton minimum 

(1790-1820) [Lean, et al., 1995] (Figure 11a). Several proxy records show variability induced 

during this period, include 14C from tree rings [Robertson, et al., 2001] and 10Be from ice cores 

[Beer, et al., 1990]. Arctic temperatures were notably influenced during this period  [Overpeck, et 

al., 1997], and we show that nitrate decreases are coincident with this trend in the temperature 

record (Figure 11 b,c). Where the ice core nitrate trends are strongest (NASAU and Summit) they 

result in decreases of up to 50% of their mean values (Figure 2), though the trends in general are 

only 50% that of the increases during the anthropogenic period (Table 3). In regards to the solar 

irradiance, there is plenty of evidence for photochemical processes altering the nitrate 

concentrations (e.g. [Beine, et al., 2002; Cotter, et al., 2003; Dibb, et al., 2002; Honrath, et al., 

2002; Jones, et al., 2001; Röthlisberger, et al., 2002; Wolff, et al., 2002] ) it is possible that a 

change in solar irradiance could drive changes in the record provided the decreases in irradiance 

changed waveband intensities driving the photochemistry in the surface snow.  

Finally, one point to note is variability that may result from volcanic activity. The early 

part of the 19th century was characterized by the largest eruptions of the past 500 years. 

Röthlisberger [2001] has shown that volcanic H2SO4 may cause displacement of nitrate or post-

depositional alteration by a mechanism whereby high H2SO4 concentration in a layer creates 

elevated nitric acid levels in the firn air, thereby creating a gradient such that gas-phase diffusion 

away from the locally elevated layer ultimately results in a local decrease in nitrate for the 

volcanic layer. However, this mechanism generally results only in minor migrations of nitrate 

from individual layers, and may not account for the large general trend seen in our records.  
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During the period of 1890 to 1920 there are slight increases in the annual concentration in 

some cores (Figure 2: GITS, Summit, D2, D3), though the trends are not consistent among all 

cores. However, trends from the SSA analysis, do show common increases (Figure 4), leaving 

open the question as to whether this period is recording anthropogenic or natural variability. The 

strong 1920-1940 decreasing trend common to all cores is arguably a result of the economic 

downturn and significant drop in productivity during this time. McConnell et al. [2002] have 

shown that this period is well reflected in a 250-year record of lead flux to the Summit, Greenland 

region (Figure 12). Nitrate concentration shows a similar decrease, yet lagged by a period of a 

few years. Taking this into account, one could argue the nitrate increases prior to 1920 are 

evidence of the slowly increasing reactive N inputs to the atmosphere resulting from human 

activity. 

A final point to note is the decrease in nitrate concentration evident at the end of the 

record in the six cores presented here as well as the three records examined in Fischer et al. 

[1998].  It is believed that these decreases are related to reductions in emissions of reactive NOx, 

primarily from automobiles. In the United States, NOx emissions have been reduced by 15% 

during the period 1983-2002 [E.P.A., 2003]. European emissions have also been significantly 

reduced, NOx by as much as 29% from 1990 to 2000 [Gugele, 2002]. Despite direct emission 

reductions resulting from stricter controls and more efficient vehicles, northern hemispheric NOx 

emissions do not seem to be lessening as indicated by the van Aardenne dataset; this apparent 

discrepancy between global emissions and the ice core records offers evidence that Greenland is 

recording European and North American sources where reductions are in effect. 

Sources of periodicity in the records 

Prior investigations have found that the NAO signal can explain up to one third of the 

interannual variability in accumulation recorded in ice cores [Appenzeller, et al., 1998a; Bales, et 

al., 2001b]. This variability is most strongly indicated in records smoothed with a 5-year 
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triangular filter, in essence removing higher frequency annual variability specific to the ice core 

site resulting from glaciological processes (e.g. wind redistribution of surface snow). Analyzing 

the 6 concentration records shows a range of peak frequencies in the Fourier spectrum, however, 

a distinctly concurrent peak was identified at a periodicity of three years. The Fourier spectrum of 

the accumulation time series showed a lot of high frequency noise, with peak periodicities in the 

range of 2.9-6.8 years. Concurrent spikes were identified at 2.4, 4.5, 5.5, and 7.7 years.  

Doing the same analysis on 4 NAO indices: Jones et al. [1997]; Luterbacher et al. 

[1999]; Rogers et al, [1990]; and Hurrel [1995], showed concurrent peaks in the frequency 

response at 2.4, 4.8, 5.5, 7.8 years, in agreement with previous findings. FFT analysis of the 

Rogers index for 1900-1983 showed distinct peaks in the spectrum at periods of 5, 7, and 20 

years [Rogers, 1990]. A similar analysis on the Hurrell index identified periodicities of 2-3 and 6-

10 years for the winter index. Using SSA Gámiz-Fortiz et. al. [2002] identified peaks around 4.8, 

7.7, and broadband peaks around 2.4 years to be significant above red-noise in the winter NAO 

index. They note that during the recent decades unprecedented increases in the NAO exist with an 

oscillation of 7.7 years. Our analysis showed the Jones and Rogers index having a maximum 

power at 7.8 years, the Luterbacher peak frequency at 4 years, the Hurrell index peaking at 8.7 

years, and the Trenberth and Paolino [1981] AO index peaking at just over 10.5 years.  

Our results of the relation between the NAO and accumulation are consistent with 

previous findings, providing further evidence that for northwestern Greenland ice cores (GITS, 

NASAU, D2, and D3), NAO may account for as much as one third of the variability in the record 

[Bales et al., 2001b].  For example, for this set of cores the Roger’s NAO index may account for 

16-43% of the decadal variability (Table 7). Appenzeller et al. [1998b] found the relationship to 

be strongest with cores closer to the coast (westward) and southward over the divide separating 

the northeastern portion of the ice sheet from the southwestern. In a modeling study of 

precipitation over Greenland, Bromwich et al. [1999] found an increased correlation to NAO (-

0.80) when comparing only southern Greenland precipitation, which has greater variability than 
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in the north. However, it is important to note that ice core records span a much longer time period 

than the reanalysis data used by Bromwich et al. (1979-1993). The Bromwich et al. [1999] 

finding, and the lower correlation with the centrally located Summit core (Table 7), may be 

explained in part by the timing of accumulation. At Summit, there is some seasonality in 

accumulation with rates slightly elevated during the late summer and early autumn [Burkhart, et 

al., 2004], with winter months least well represented in the ice-core record owing to high winds 

[McConnell, et al., 1997]. Another explanation for higher correlation found in the Bromwich 

study could be the result of the NAO being in an unprecedented active or ‘coherent’ state possibly 

related to anthropogenic climate forcing during this period [Appenzeller, et al., 1998b; Gamiz-

Fortis, et al., 2002]. 

Comparing all the available NAO indices with concentration, D2 consistently exhibited 

the strongest correlation with the spring (Mar-May) index. For the Roger’s (Table 7) and 

Luterbacher (Table 8) indices this appears to be driven by strong correlations with the month of 

March. Examining the other monthly indices (when available) we found March to consistently 

give the strongest correlation.  

In Humboldt, the northernmost core, the correlations were often opposite what was found 

at the other ice core locations. This likely results from Humboldt being separated from the other 

core sites by a divide, thus sampling air that is more greatly influenced by the Arctic Ocean rather 

than the North Atlantic. This is further seen by the positive correlation of the Humboldt site 

accumulation record to the AO record, which provides a measure of the Arctic vortex strength 

(Table 7). 

Recent studies of the NAO climate anomaly demonstrate a strong influence on the 

transport of pollution to the Arctic [Li, et al., 2002]. Eckhardt et al. [2003] found that during 

strongly positive NAO periods, enhanced poleward transport of pollutants led to a uniform ~10% 

increase in observed carbon monoxide at Arctic stations. Using the Luterbacher index extends to 

1658, we evaluated the influence of NAO on concentration during the anthropogenic (1895-1994) 
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versus pre-anthropogenic (1789-1894) period (Table 8). We found the correlations during the 

anthropogenic to be stronger, while during the pre-anthropogenic period the correlations are 

negative, except for Humboldt. During the anthropogenic period, the correlations are consistently 

positive with the exception of Humboldt, and again, the March monthly index is strongest. There 

are several explanations for this pattern. During the pre-anthropogenic period, NAO was in a 

predominantly ‘incoherent’ state [Appenzeller, 1998], therefore having less influence over climate 

and atmospheric transport processes. NAO has been in a strongly positive phase during the recent 

decades and it has been suggested that the climate anomaly may be anthropogenically influenced 

[Eckhardt, et al., 2003].  

Anthropogenic influences on the nitrogen cycle, and particularly reactive N in the 

atmosphere, are well established [Galloway and Cowling, 2002; Galloway, et al., 2002; 

Galloway, et al., 2004; Howarth, et al., 2002; van Aardenne, et al., 1999; van Aardenne, et al., 

2001]. The seasonal cycle of nitrate deposition has been greatly influenced, losing what 

previously was a predominant early summer peak, and now having a higher wintertime and 

spring values; in many records creating a bi-modal distribution throughout the year (Figure 13). 

We note that the sites most greatly affected are D3, D2, and Summit, which are further south and 

in a region that is more significantly influenced by enhanced transport since 1940 than the other 

three cores [Burkhart, submitted]. For most sites in this study, accumulation is high enough 

throughout the year to preserve the annual signal in the records. Humboldt may be a possible 

exception.  

Using the non-parametric Spearman’s ranksum statistic, for all cores except Humboldt, 

we rejected the null hypothesis that the anthropogenic wintertime deviations from the annual 

mean were not significantly different from the pre-anthropogenic wintertime deviations (P≤0.01). 

For summertime deviations there was no significant difference. Likewise, NAO has been 

demonstrated to be most actively influencing climate during the winter and early spring 

[Bromwich, et al., 2001; Bromwich, et al., 1999; Dickson, et al., 2000; Wanner, et al., 2001], 
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which in turn would most strongly influence the anthropogenically affected component of the 

global nitrogen cycle recorded in Greenland ice cores.  

It is unlikely that the NAO influence over accumulation drives the pattern of correlation 

to concentration. While the results here show an opposite response to the NAO between the 

variables (concentration being positively correlated and accumulation being negatively 

correlated), which could provide evidence of a ‘dilution’ effect [Herron, 1982], our results 

indicate, as do those of Burkhart et al. [2004], that there is no pattern of correlation between 

accumulation and concentration when examined temporally within an individual ice core time 

series. Beside the fact that the NAO is 1) currently in an active state and 2) likely affecting the 

anthropogenic nitrogen cycle, another point to consider is dry versus wet deposition. Nitrogen 

deposition over the Greenland Ice Sheet is dominated by wet deposition [Burkhart, et al., 2004; 

Fischer, et al., 1998], however, recent increases in anthropogenic emissions should also enhance 

dry deposition, especially during the winter and spring months when the NAO influence over 

atmospheric transport processes is greatest [Eckhardt, et al., 2003; Li, et al., 2002]. 

CONCLUSIONS 

Over the past 75 years nitrate concentration has increased ~60% over the northwestern 

portion of the ice sheet. Anthropogenic activities have influenced the interannual variability in the 

recorded nitrate signal as early as 1890, with the influence increasing significantly after 1940.  

Nitrate flux is affected by climate-driven oscillations in both concentration and accumulation, and 

by recent anthropogenic increases in concentration. These consistent increases in ice-core nitrate 

concentrations, which reflect northern hemisphere free tropospheric concentration changes 

resulting from human activity, are accompanied by greater interannual variability of the nitrate 

record during the anthropogenic period. Accumulation showed no trends or difference in 

variables between the two periods. 
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Periodicity in the nitrate concentration record is positively correlated with the NAO, with 

as much as one third of the variability attributable to the climate anomaly during the last 100 

years. Correlations during the prior, pre-anthropogenic 100-year period are of opposite sign but 

weaker, indicating the climate anomaly is in an active state and acting predominantly on the 

winter and early spring atmospheric concentrations, which are presumably influenced most by 

anthropogenic sources. This is observable in sub annual records of nitrate concentration that show 

the wintertime concentrations are most significantly affected by the anthropogenic increases. The 

NAO is anti-correlated to accumulation variability, though equivalent in magnitude as the relation 

to concentration during the anthropogenic period. Nonetheless, there does not appear to be a 

temporal relationship between accumulation and nitrate within an individual ice core time series 

when sufficient accumulation is present to preserve nitrate as indicated by annual intra-core 

studies of the two variables.  

During the pre-anthropogenic period the correlation between nitrate and NAO is on the 

order of about half that for accumulation vs. NAO, and of lower significance. This, together with 

the correlations of nitatewth Arctic temperature and solar irradiance, suggest that while nitrate 

does respond to identifiable climate drivers, the response involves multiple influences that are 

likely a combination of emission source, transport, and preservation. 

The results provide further evidence of an NAO influence on atmospheric pollutant 

transport, yet further investigations using model simulations and high-resolution records will 

likely be required to resolve the relationship. While our data demonstrate an increased 

relationship between the NAO and concentration during the anthropogenic, they do not explain 

the dynamics, i.e. whether or not anthropogenic factors are driving the NAO into it’s present 

more coherent state [Wanner, et al., 2001]. 
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TABLES 

Table 1 – Record information for the six Greenland ice cores. 

 
 
 

Core 
Lat/Lon, 

d.dd ° 
Elevation, 

m 
Mean temp., 

oC 
Depth, 

m 
Year 

collected Period 
Years in 
record 

Humboldt 78.5 /-56.8 1973 -29 146.2 1995 1144-1994 851 

NasaU 73.8/-49.5 2368 -21 151.1 1995 1645-1994 350 

Gits 77.2/-61.1 1910 -24 120.1 1996 1789-1995 207 

Summit 99 72.8/-38 3208 -26 136.5 1999 1529-1998 469 

D2 71.8/-46.2 2640 -20 132.5 2000 1781-1999 218 

D3 69.8/-44 2560 -19 150.3 2000 1740-1999 259 
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Table 2 – Mean and coefficient of variation for ice core records 

Period Humboldt GITS NASAU Sum99 D2 D3 

 Concentration, ng g-1 /coefficient of variation 

1789-1994 98/0.33 162/0.36 77/0.40 65/0.28 63/0.32 59/0.33 

1789-1894 79/0.30 138/0.37 67/0.31 58/0.31 55/0.22 51/0.24 

1895-1994 110/0.37 188/0.30 91/0.46 76/0.28 71/0.31 69/0.33 

 Accumulation, kg m-2 a-1/coefficient of variation 

1789-1994 130/0.30 370/0.26 370/0.25 220/0.20 450/0.17 440/0.16 

1789-1894 140/0.27 380/0.24 380/0.26 220/0.19 450/0.18 450/0.15 

1895-1994 150/0.31 360/0.27 370/0.22 220/0.19 450/0.17 430/0.17 

 Flux, µg cm2 a-1/coefficient of variation 

1789-1994 1.29/0.42 5.87/0.40 2.84/0.45 1.42/0.33 2.83/0.36 2.56/0.33 

1789-1894 1.11/0.37 5.21/0.38 2.54/0.37 1.30/0.35 2.45/0.28 2.27/0.25 

1895-1994 1.57/0.43 6.61/0.37 3.33/0.49 1.68/0.31 3.19/0.33 2.94/0.32 
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Table 3 – Magnitude and r value of the co-varying trends identified for the six ice core 
concentration time series. 

Trend, ng g-1 a -1 / r value 
Core 1789-1850 1851-1920 1921-1938 1939-1994 

Humboldt 0.16/0.15 -0.80/0.71 1.87/0.93 1.14/0.63 

GITS -4.96/0.91 1.07/0.78 -5.65/0.92 4.23/0.91 

NASAU -1.80/0.76 -0.31/0.44 -4.14/0.90 4.93/0.93 

Sum99 -2.88/0.85 -0.10/0.17 -4.42/0.98 3.27/0.98 

D2 -0.80/0.64 -0.37/0.56 -2.10/0.97 2.28/0.99 

D3 -1.22/0.95 0.08/0.28 -0.79/0.90 1.97/0.96 
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Table 4 – Inter-site correlation coefficients (Pearson’s r valuesa) for non-linear trends in ice core 
nitrate concentration (1795-1994) and NOx emissionsb (1890-1990). 

 
 GITS NASAU Sum99 D2 D3 NOX 

Humboldt 0.90 0.85 0.82 0.95 0.93 0.85 

GITS  0.89 0.97 0.92 0.98 0.95 

NASAU   0.89 0.96 0.94 0.93 

Sum99    0.89 0.96 0.95 

D2     0.97 0.96 

D3      0.95 
aAll values significant at the 5th percentile. 
bEmissions data from van Aardenne [2001] 
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Table 5 – Inter-site correlation coefficientsa (Pearson’s r) for residuals of concentration and 
accumulation during 1789-1894 (upper quadrants) and 1895-1994 (lower quadrants). 

  
Humboldt GITS NASAU Sum99 D2 D3 

Concentration       

Humboldt  -0.01 0.00 -0.14 0.08 -0.06 

GITS 0.11  0.02 0.20 0.08 0.17 

NASAU 0.16 0.32  0.09 0.04 0.07 

Sum99 0.04 0.45 0.41  0.05 0.20 

D2 -0.14 0.26 0.20 0.44  0.26 

D3 -0.05 0.19 0.05 0.38 0.49  

Accumulation  

Humboldt  0.11 0.10 0.06 -0.01 0.04 

GITS -0.04  0.06 -0.05 0.34 0.22 

NASAU 0.01 0.19  0.13 0.11 0.16 

Sum99 -0.06 0.13 -0.07  0.10 0.23 

D2 0.09 0.00 0.42 0.10  0.63 

D3 -0.05 0.00 0.20 0.12 0.56  

aValues in bold are statistically significant with a confidence greater than 10%. 
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Table 6 – Intra-core comparison of concentration, accumulation and flux (Pearson’s r values)a 

Accum vs. conc Conc vs. flux Accum vs flux 

Core 
1789-
1894 

1895-
1994 

1789-
1994 

1789-
1894 

1895-
1994 

1789-
1994 

1789-
1894 

1895-
1994 

1789-
1994 

Humboldt 0.01 0.05 0.02 0.40 0.35 0.45 0.46 0.33 0.33 

GITS 0.05 0.03 0.06 0.62 0.42 0.55 0.16 0.36 0.19 

NASAU 0.02 0.02 0.02 0.46 0.74 0.69 0.38 0.11 0.15 

Sum99 0.00 0.03 0.01 0.70 0.63 0.70 0.25 0.20 0.18 

D2 0.00 0.02 0.01 0.54 0.69 0.69 0.39 0.17 0.21 

D3 0.04 0.07 0.07 0.66 0.75 0.77 0.15 0.05 0.05 

Mean 0.02 0.04 0.03 0.56 0.60 0.64 0.30 0.21 0.19 

aValues in bold are statistically significant with a confidence greater than 10%. 
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Table 7. – Correlation coefficients for NAO analysis a 

 
 

 
 
 
 
 
 
  

Concentration 

 Rogers AO 

 annual

Humboldt - 

Gits 0.23 

NasaU - 

Summit 0.22 

D2 0.29 

D3 

spring 

- 

0.48 

0.28 

0.52 

0.58 

0.52 

march 

- 

0.43 

0.41 

0.55 

0.61 

0.55 

annual 

- 

0.31 

- 

0.32 

0.36 

0.22 
0.31 

Accumulation 
 annual

Humboldt 0.26 

Gits - 

NasaU - 

Summit - 

D2 - 

D3 

spring 

- 

-0.54 

-0.54 

-0.28 

-0.32 

-0.42 

march 

- 

-0.35 

-0.50 

-0.27 

-0.27 

-0.38 

annual 

- 

-0.40 

-0.66 

- 

-0.50 

-0.48 
- 

aCorrelation coefficients for 5-year triangular filtered 
time series of accumulation and concentration with 
climate indices. When available, monthly, seasonal, and 
annual index time series were considered. The period of 
comparison for the indices was 1874-1994 and 1899-
1994 for the Rogers and AO indices respectively. All 
values are significant at the 5% level, bold values are 
significant at the 1% level., insignificant coefficients 
are not shown. 
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Table 8. – Correlation coefficients for concentration with the Luterbacher NAO for 
preanthropogenic versus anthropogenic periodsa. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  1789-1894  1895-1994 
   spring  march   spring March 
Humboldt   -  0.28   -0.23 - 

Gits   -0.21  -   0.34 0.41 

NasaU   -  -0.23   0.30 0.65 

Summit   -  -0.33   0.31 0.63 

D2   -0.21  -   0.36 0.64 

D3   -0.35  -   - 0.54 

aCorrelation coefficients for 5-year triangular filtered time 
series of concentration with Luterbacher index.. All values 
are significant at the 5% level, bold values are significant at 
the 1% level., insignificant coefficients are not shown. 
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Figure 1– Ice core locations 
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Figure 2 – Annual and 5-point triangular filtered nitrate concentrations for the 6 cores. 
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Figure 3 – Ten year running mean normalized nitrate concentrations, showing significant linear 
concentration trends. Periods of common trend were identified by analysis of linear trends greater 
than 10 years with r>0.9. 
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Figure 4 – Normalized concentration time series (1789-1994) as fraction of mean with SSA non-
linear trends shown. Grey lines are SSA trend from 206-year analysis, black dashed from the pre-
anthropogenic analysis, and black solid from anthropogenic analysis. Pre-anthropogenic SSA 
trends for D2 and Humboldt were not significant, and therefore not shown. 
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Figure 5 – Residuals of concentration time series (1789-1994) from SSA as fraction of mean 
(vertical bars) and 10-year running means (black lines). 
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Figure 6 – Annual and 5-point triangular filtered accumulation for the 6 cores. 
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Figure 7 – Normalized accumulation time series as fraction of mean and ten-year running means 
(black). Linear trends are plotted (gray), but removed from time series. 
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Figure 8 - Annual and 5-point triangular filtered nitrate flux for the 6 cores. 
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Figure 9 – Linear trends for the first 106-year and second 100-yr periods for D3, showing the 
degree to which small accumulation changes offset concentration changes. 
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Figure 10 – Decadal average SSA non-linear trends of nitrate concentration during the 
anthropogenic period compared to the van Aardenne Total N emissions dataset. 
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Figure 11 – (a) Solar irradiance (black) from Lean [1995] compared to nitrate concentrations 
from the NASAU core (gray). Bottom panels: 5-year average Arctic temperature (black) from 
Overpeck [1997] compared to 5-year average nitrate concentration from the Summit (b) and 
NasaU (c) cores (gray). 
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Figure 12 – Lead from the Summit 99 core [McConnell, 2001] shown with nitrate from the same 
core. Note the decreases during the 1920 – 1940 period, resulting from decreased industrial 
activity during the 1930’s. Also note the lag in nitrate concentrations. 
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Figure 13 – Seasonal cycle of nitrate from 15 years of preanthropogenic data (black dashed) and 
15 years of anthropogenic (gray solid) data. Seasonal timing was developed from linear 
interpolations between the wintertime hydrogen peroxide minimum, the calcium spring peak 
(when available), and the hydrogen peroxide summertime maximum. Error bars are one standard 
deviation of measurements from within the 15 years of data used for each period. Note the 
increase during the wintertime period (<0.2 and >0.7). 
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ABSTRACT 

Analysis of 99 contemporary records of nitrate distributed over the Greenland ice sheet 

demonstrates the influence of accumulation and temperature on preservation of nitrate. The mean 

ice sheet concentration in the dry snow zone (2000 ≥masl) is 132 ng g-1 ranging between 47 and 

265 ng g-1 with a standard deviation of ±37 ng g-1. Nitrate flux varies between 1.1 and 14.7 µg 

cm-2 a-1 with a mean of 4 ± 2 µg cm-2 a-1. Large scale spatial variability exists as a result of 

accumulation gradients, with concentration 5% greater in the northern plateau, yet flux over the 

northern plateau is 30% lower than the dry snow zone as a whole. While spatially, flux appears to 

be more dependent on accumulation, preservation of flux shows increasing dependence on 

concentration with increasing accumulation. The relationship between concentration and 

accumulation is non-linear, showing less dependence in the low accumulation regions versus high 

accumulation regions. Accumulation alone is insufficient to account for the observed variability 

in nitrate flux in the low accumulation regions, and evidence supports an additional component to 

a transfer function model for nitrate that includes photochemistry, temperature, and possibly 

sublimation. In high accumulation regions, evidence points to a dilution effect, with concentration 

decreases resulting from increased accumulation. Flux estimates over the ice sheet are compared 

with GEOS-CHEM model estimate of reactive nitrogen vertical fluxes showing the model 

captures a significant component of the variability in the southern portion of the ice sheet, but is 

under-representing flux and variability in the northern half of the ice sheet by a factor of 4.
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INTRODUCTION 

Temporal increases in nitrate deposition in Greenland ice cores are highly correlated with 

anthropogenic activities [Fischer, et al., 1998a; Mayewski, et al., 1990]. The increase in 

concentration of nitrate yields current values that show a near 2-fold increase from records prior 

to 1940. It is unclear whether this increase is observed uniformly over the ice sheet or if a 

geographic shift in nitrate concentration has resulted from the anthropogenic increases. The 

spatial variability of nitrate concentration and nitrate flux over Greenland has been investigated in 

the northeast [Fischer, et al., 1998b], a region that is subject to post-depositional snow-to-

atmosphere chemical exchange, and spatial trends have been attributed to changes resulting from 

accumulation variability. Röthlisberger [2002] evaluated trends in nitrate over Greenland and 

Antarctica showing high correlation between temperature and concentration of nitrate, as well as 

an effect of volcanic sulfate mobilizing nitrate in the preserved record. While their study 

evaluated a larger area of the Greenland ice sheet than the Fischer analysis, their records were not 

all contemporaneous, nor did they cover as wide a range of accumulation regimes as presented in 

the current analysis. This paper expands on the previous two investigations, and for the first time 

presents nitrate concentration and flux records from widely varied regions of the ice sheet 

covering several accumulation, temperature, and elevation regimes.  

We have analyzed records from 99 contemporary ice core and snow pit locations 

geographically distributed over the ice sheet to evaluate the dependence of nitrate concentration 

and flux on environmental variables, i.e. accumulation and temperature, and to ascertain the 

magnitude of spatial variability of nitrate deposition over Greenland. Using the information 

contained in time series data from each location, and the spatial relation of the mean values at 

each site, we address the following questions: First, are nitrate concentrations and flux uniformly 

distributed over the ice cap such that the ice sheet may be considered a homogeneous 
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paleoatmospheric archive for nitrate? Second, has the geographic distribution of nitrate over the 

ice sheet shifted during the period of recent anthropogenic influence? Third, what is the spatial 

variability of nitrate deposition, and how is it related to accumulation variability? Fourth, do 

current flux estimates from a global tropospheric transport model capture the spatial and temporal 

variability of flux over the ice sheet as recorded in ice cores? 

DATA AND METHODS 

Ice core and snowpit records 

The dataset for the analysis was developed from three recent sources: 1) the Program for 

Arctic Climate Assessment (PARCA) cores collected from 1993 to 2003, 2) the North Greenland 

Traverse (NGT) cores and snow pits collected between 1993 and 1995, and 3) the most recent 

Summit core, collected in 1999. The PARCA cores were developed primarily to investigate the 

variability of accumulation in the dry snow zone (>~2000 masl) over the Greenland Ice Sheet and 

as such are well distributed to capture various accumulation regimes and spatial gradients (Table 

1 and Figure 1).  All PARCA cores were dated using a combination of seasonally varying 

markers (H2O2, δ18O, dust, NO3
-, NH4

+, and Ca+2) and specific time-stratigraphic markers (SO4
2-, 

beta radioactivity). The major ion and H2O2 records were developed using continuous flow 

analysis (CFA) [Anklin, et al., 1998; Bales, et al., 2001b; Röthlisberger, et al., 2000], while 

discrete samples were analyzed for δ18O and dust. Subsections were measured for beta 

radioactivity and SO4
2- to capture specific volcanic peaks and beta horizons, spikes in tritium 

resulting from nuclear bomb testing during the 1960’s, as absolute age indicators [Mosley-

Thompson, et al., 2001]. This method enables multi-parameter dating with accuracy of essentially 

zero over the time periods considered in this paper. For the development of the annual 

concentration values, layer thickness for each year was determined from either the winter 

minimum of H2O2 or the spring peak in calcium.  
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The NGT data are available from the PANGAEA database (www.pangaea.de), including 

28 snow pit and three deeper ice cores (B16, B18, and B21) collected along a south to north 

traverse (71ºN to 80ºN) through northeastern portion of the Greenland ice sheet (Figure 1) 

[Fischer, 2003]. The snow pit samples and ice cores were analyzed at high resolution (8 samples / 

year) for major ion concentrations and δ18O [Fischer, 1997, 2000; Fischer, et al., 1998a]. Annual 

concentrations were determined using the calcium maximum to define individual years. Dating of 

the cores is accurate to ± 1 year.  

The Summit 99 core was collected 7 km northeast of the Greenland Environmental 

Observatory at Summit (GEOSummit). The core was analyzed in the field for NO3
-, H202, Ca+2, 

NH4
+, and HCHO using CFA analysis. Further analysis was conducted in the laboratory after the 

field season using CFA with Trace Element analysis (CFA-TE) [McConnell, et al., 2002]. To 

convert the concentration records from depth to time and to determine layer thickness of 

individual years we used the winter Na maximum and H2O2 minimum. Specific time-stratigraphic 

markers (i.e. know volcanic events) were used as absolute depth-age markers. 

Kriging 

Of the 99 points used in the analysis, record lengths for the period 1850-1995 vary from 2 

to 146 years, with an average record length of 18 years (Figure 2a). For the period 1988-1994 

there are 99 records with at least 2 years of data (Figure 2b). Ice core locations were not 

significantly clustered and are well distributed with respect to elevation and latitude, centered at 

2500 masl and 72.5 ºN. The meridional location of core and snow pits are well distributed in the 

southern region with semi-regularly spaced (~100-150 km separation distance) locations 

distributed throughout (Figure 2c-e.). North of 70º N the records are poorly distributed, with a 

large portion of the data from the NGT traverse. With these records removed, core and pit 

locations are principally along the western portions of the ice sheet owing to accessibility 

challenges. We used the UTM 24N coordinate system for our easting and northing directions. 
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An initial exploratory data analysis was conducted on the concentration and flux data 

sets. The results are provided in Appendix D.  

The variogram modeling module for irregularly spaced data, gamv, from the GLIB 

software package was used to model the variograms. For concentration we used a spherical model 

with sill of 25 (ng g-1)2 and a nugget of 15 (ng g-1)2. For flux our spherical model had a sill of 1.1 

(µg cm-2 a-1)2 with a nugget of 0.9 (µg cm-2 a-1)2. We chose to preserve the spatial variability by 

using a relatively short lag increment (15 km) for 15 lags. The major range of the variogram 

model for concentration was 60 km and for flux 150 km. We evaluated anisotropy by examining 

our sample variograms in several search directions but found no improvement with directional 

variogram modeling. The results of the variogram modeling are provided along with the 

exploratory data analysis in Appendix D. In most cases a search radius of 150 km allowed for at 

least 4 points being included in the estimate. In cases in which no data were available within that 

area, a prediction was not made. This was generally only necessary in the north central and 

eastern portion of the ice sheet.  

Surface maps of nitrate concentration and annual flux were developed for the Greenland 

Ice Sheet in the dry snow zone, a region defined as above 2000 masl, using ordinary kriging with 

the geostatistical functions of ArcGIS 8.0. For both concentration and flux we used the 

functionality of ArcGIS to remove a 2nd order trend surface to remove latitudinal and longitudinal 

trends. Elevation trends were not considered, as we found in the present period they are not 

significant. Both nitrate concentration and flux were kriged using the same method with the 

exception that for flux we used a log transform of the data. ArcGIS accounts for both second-

order drift surfaces and log transforms of the data in the geostatistical module. When applying a 

trend surface removal in the geostatistical module the estimates of flux and concentration are then 

based on the sum of the modeled residual surface and the quadratic drift surface following 

manual variogram parameterization in the geostatistical tool using variogram parameters as 
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defined above. As well, for the log transformation we used the option within the geostatistical 

module. From the ArcGIS software this process is defined: 

The log transformation is actually also a special case of the Box–Cox 

transformations when λ = 0; the transformation is, Y(s) = ln(Z(s)), for Z(s) > 0, 

and ln is the natural logarithm. A consequence of the log transformation is the 

prediction method known as Lognormal Kriging. 

In the ArcGIS software both the prediction surfaces and the transformation of the 

lognormal data are accounted for inherently in the software when generating the prediction 

surface. 

After evaluating the sample variogram for concentration and flux, three points were 

removed from the dataset as a result of their individual contributions to the sample variogram at 

short lag increments One point was from the Gits location, another from the Tunu cluster, and a 

third shallow core located on the western portion of the ice sheet (P-7249). Both the Gits and 

Tunu cores were collected in addition to a main core, at the site. Reviewing the individual points, 

we found the value of the Tunu core was nearly twice in concentration of any surrounding core 

and also had a much greater standard deviation. At the Gits site, the core was also significantly 

higher in concentration than the main core. Closer analysis of the data showed significant 

variability which could be the result of melt layers causing nitrate to accumulate due to 

percolation. For the P-7249 core, the concentration was within the range of the surrounding cores, 

however the accumulation was twice that of the surrounding cores indicating it may have been 

located on an accumulation dome, or some other anomalous feature. Note that this particular 

point was also removed from the kriging analysis when the authors developed a new 

accumulation map for the Greenland Ice Sheet based on the PARCA dataset [Bales, et al., 

2001a]. 
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GEOS-CHEM atmospheric transport modeling 

A tropospheric chemical transport model driven by assimilated meteorological data from 

the NASA Goddard Earth Observing System (GEOS) was used to generate total reactive N 

surface fluxes over the Greenland ice sheet. The GEOS-CHEM model (version 7-01-02, 

http://www-as.harvard.edu/chemistry/trop/geos/) uses meteorological data including 3-D fields 

updated every 3 hours for surface fluxes and mixing depths, and every 6 hours for other variables. 

We use for this study the GEOS data for 1987-1995, at a resolution of 2o latitude by 2.5o 

longitude with 20 vertical sigma layers.  The five lowest levels are centered at 50 m, 250 m, 600 

m, 1100 m, and 1750 m for a column based at sea level [Bey, et al., 2001; Park, et al., 2003; 

Park, et al., 2004]. 

The GEOS-CHEM model includes a detailed simulation of tropospheric ozone-NOx-

hydrocarbon chemical mechanism (~80 species, ~300 reactions).  The aerosol and oxidant 

simulations are coupled through formation of sulfate and nitrate, HNO3(g)/NO3
- partitioning of 

total inorganic nitrate, heterogeneous chemistry [Jacob, 2000], and aerosol effects on photolysis 

rates [Martin, et al., 2003].  Partitioning of total ammonia and nitric acid between the gas and 

aerosol phases is calculated using the MARS-A thermodynamic equilibrium model [Binkowski 

and Roselle, 2003]. Anthropogenic NOx emissions are from the Global Emission Inventory 

Activity (GEIA) [Benkovitz, et al., 1996] and are scaled to the given year as described in Bey et 

al. [2001].  Soil NOx emissions are computed locally using a modified version of the [Yienger 

and Levy, 1995] algorithm, as described in Wang et al. [1998].  Biomass burning emissions are 

distributed monthly on the basis of satellite observations [Duncan, et al., 2003].  Ammonia 

emissions are based on annual data for 1990 from the GEIA inventory of Bouwman et al., [1997] 

as described in Park et al., [2004]. Wet deposition follows the scheme of Liu et al. [2001] 

including contributions from scavenging in convective updrafts, rainout from convective anvils, 

rainout and washout from large-scale precipitation, and species-dependent release of gases upon 
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cloud freezing [Mari, et al., 2000]. Dry deposition is simulated with a standard resistance-in-

series model dependent on local surface type and meteorological conditions, as described by 

[Wang, et al., 1998]. 

For inter-comparison with the ice core and snow pit location data we kriged the GEOS-

CHEM output using ArcGIS. For each of the grid node locations we calculated the deviation from 

the 1988-1994 average (Dyr) for that location: 

Dyr=Ap-Ayr/Ap 

where Ayr is the yearly average value at the point and Ap is the average value at the grid 

node for the 1988-1994 period. The variogram and method parameters for the kriging are 

provided in Appendix D. Note that we parameterized the partial sill and nugget of the variogram 

model for each year but kept the major range, number of lags, and lag size constant. 

RESULTS 

Distribution of nitrate concentration and flux 

Shown in Table 1, the average ice sheet concentration from the mean of all points during 

the 1988-1994 period is 132 ng g-1 ranging between 47 and 265 ng g-1 with a standard deviation 

of ±37 ng g-1. Standard deviation of the average ice sheet concentration is equivalent to the 

average standard deviation for all the individual time series, though for the time series the 

individual variability can be large with one record having a standard deviation 84% of it’s mean 

(Tunu-E25). Nitrate flux for the data set varies between 1.1 and 14.7 µg cm-2 a-1 with a mean of 4 

± 2 µg cm-2 a-1. Note that the concentration varies between sites by a factor of six, whereas the 

flux varies by a factor of ten. Accumulation for all records ranges between 73 and 1150 kgH2O m-2 

a-1 with a mean of 306 ± 210 kgH2O m-2 a-1, a change of greater than 15-fold. Coefficients of 

variation for the interannual time series ranged between 0.04 and 0.39. Mean annual temperature 

ranged between -10 and -30 ºC for individual sites. 
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During our analysis we found three accumulation regimes that warranted individual 

analysis over the Greenland Ice Sheet (see below). In Table 2 we have grouped these regions into 

three categories: high accumulation (> 500 kgH2O m-2 a-1), moderate accumulation (200–500  

kgH2O m-2 a-1), and low accumulation (<200 kgH2O m-2 a-1). For the dry snow zone (elevation 

≥2000 masl) the low accumulation region accounts for ~55% of the area. The moderate and high 

accumulation regions account for 34% and 11%, respectively. Concentrations in the low 

accumulation area are ~5% greater, while flux is ~30% lower that the ice sheet mean. In the 

moderate region, concentration is representative of the mean of all areas, while flux is 30% 

greater. The concentrations in the high accumulation are 20% lower, yet flux is 50% greater. 

Shown in Figure 3a is a kriged surface of concentration values for the dry snow zone. 

During our cross validation error analysis we found twenty points having errors greater than 20% 

(26 ng g-1) of the mean ice sheet concentration. Despite the limited data points available for such 

a large region, the standard error for the concentration surface is only 28 ng g-1, while root mean 

square prediction errors are 27 ng g-1 indicating a slight overestimation of variability.  

The kriged flux surface ranges between 1.2 and 14.8 µg cm-2 a-1 with a mean of 4 ± 2 µg 

cm-2 a-1 (Figure 3b) which is well within the values of the point measurements. For flux the 

standard error was 1.3 µg cm-2 a-1 with root mean square error of 1.1 µg cm-2 a-1 also creating an 

overestimation of variability.  

We consider the dry snow zone for Greenland to be portions of the ice sheet above 2000 

masl. Interpretation of regions outside of the dry snow zone would be subject to significant error 

due the frequency of melt events. For this reason, we have superimposed an elevation mask 

below 2000 masl. In addition, the eastern portion of the ice sheet, east of ~33ºW, is subject to 

edge effects from the interpolation algorithm. To minimize errors resulting from edge effects, 

previous studies of accumulation extrapolated coastal precipitation data to help constrain the 

surface interpolation [Bales, et al., 2001a; McConnell, et al., 2001]. Unfortunately, no such 
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records of concentration were available for our use. To show the distribution of accumulation 

over the ice sheet we have also superimposed contours of the results from Bales [2001a]. 

Two features are prominent in the kriged surface of concentration: 1) a gradient of 

increasing concentration from the southeast to the northwest is notable, particularly over the 

northern plateau north of 70ºN, and 2) a strong west to east decrease between the 65º - 75º N 

parallels (Figure 3a). In the southern region the greater variability in the surface and decrease in 

concentration are co-located with very large (>800 kgH2O m-2 a-1) accumulation rates, primarily 

around the vicinity of the eastern UAK cores (65.5ºN, -42.5ºW). Examining the ice sheet as a 

whole reveals few significant trends between longitude, elevation and concentration for the 1988-

1994 period. The trend with latitude, however, persists over the entire ice sheet with a slope of 18 

ng g-1 per degree latitude northwards, though not statistically significant (see Appendix D). 

The flux map shows a strong relationship to accumulation, with regions of high and low 

flux coincident with high and low accumulation, respectively. In the northern regions of the ice 

sheet flux is below 3 µg cm-2 a-1. There is a ~50% increase in flux along the transition from the 

low to moderate accumulation region. By visual examination, in the intermediate regions of 

accumulation patterns of accumulation and flux are in less agreement, particularly in the central 

region of the ice sheet (~68ºN, -42ºW). The largest fluxes are coincident with the highest 

accumulation in the southeastern portion of the ice sheet. Large-scale trends in flux appear in two 

directions; in the southern region decreasing from the southeast to the northwest, and on the 

northern plateau decreasing in a northeasterly direction. 

Concentration also shows a relationship to accumulation, though to a lesser degree than 

for flux. Overall there is a general decrease in concentration from the low to high accumulation 

regions. However, in the moderate accumulation region there are numerous areas where the 

contours of accumulation are perpendicular to the concentration gradients, indicating no 

correlation. 
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Relationship of concentration, accumulation, and flux 

We are concerned with testing whether the distributions of nitrate flux and concentration 

are attributable to varying environmental conditions such as temperature and accumulation, or 

whether spatial gradients (e.g. latitude, longitude, and elevation) result from transport 

phenomenon and anthropogenic components of variability. We investigated the temporal history 

of geographic correlations using ten >150 year records distributed across the ice sheet and an 11th 

southerly point with 111 years of data (Figure 1). We evaluated the period from 1850 to the 

present and found that trends in concentration did exist with geographic variables (e.g. latitude, 

longitude, and elevation) across the ice sheet prior to the strong anthropogenic influences (Figure 

3). In all cases where a regression for latitude or longitude was conducted, for latitude we 

calculated a distance from the 55th parallel in meters, and for longitude we used the 40th meridian 

as the regressor variable. We calculated Pearson’s r correlation coefficients for the geographic 

variables versus concentration for the individual sites for each year. From the Pearson’s 

regression, we have also calculated probabilities of significance (p). The correlation coefficients 

(r) for latitude vary between 0.48 and 0.74 and are significant at the 10th percentile until around 

1940. There is a negative correlation with elevation ranging between –0.49 and –0.74, also 

significant at 10% until around 1960. The relationships with latitude and elevation were 

consistent over the period of 1850-1940. Trends in longitude were less significant, though 

steadily becoming negatively correlated in time up until around 1975 where there is a peak, and 

significant (p<0.10) correlation of ~-0.6. As parametric methods with a small population of data 

may yield a false positive, we investigated the same relationship for the period of 1955-1994 

using 30 ice cores and found an agreement in the temporal relationship of correlation between 

latitude, longitude, elevation and concentration during the past 35 years from 30 cores as we do 

for the same period using only the ten longer records, though we slightly lower r values for 

longitude and elevation (Figure 4).  
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Spatial variability of nitrate 

Two estimates of spatial variability are presented in Table 3 for seven different core 

groupings and three co-located cores from a range of accumulation regimes. In one case we 

evaluated coefficients of temporal and spatial variation based on concurrent periods of record 

available at each site. In the cases where an array was not designed with a centrally located main 

core during the collection of the core, a central core was selected from a cluster and used as the 

primary core. Temporal variability is calculated as the difference between annual concentration 

value and the mean value for that core for the period of analysis. All time series were detrended 

using linear regression and normalized by dividing by the mean. Spatial variability was calculated 

as the difference between an individual core’s annual value and the mean of all other cores during 

that year compared in the region over all years available. In all cases but one, the interannual 

variability exceeded the spatial variability. The individual case of the spatial variability exceeding 

the temporal variability is in Cluster 6838, which also has the largest mean distance (131 km) 

between core locations. We note that for the northern, low accumulation Tunu and Humboldt 

groupings the spatial variability is 80% of the temporal, whereas in the higher accumulation 

regions in the south, spatial variability is in the range of 30-75% of the temporal variability 

despite the mean separation distance being twice as large (~50 km for Tunu and Humboldt versus 

~100 km for the southern clusters). Note, however, that even in the case of co-located cores 

(separation distance < 1 km) the spatial variability is still in the range of 30-50% of the temporal 

variability. 

Following the method of McConnell [2000b] and Fisher [1985] we evaluated the effect 

of spatial variability on our estimate of interannual variability for each of the clusters identified 

above. An estimate of spatial variability is developed following the assumption that the recorded 

variability in an individual record, Var(x), is the sum of the synoptic scale atmospheric 

variability, Var(C), and the pseudo-random spatial variability, Var(e), given the recorded signal 
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x(t) = C(t) + ex(t). Note, Var(x) is denoting the variability of the record, and not the variance. For 

two co-located cores, the time series x(t) and y(t) will have Var(x) and Var(y). Signal and noise 

components of the time series are separated using the cross-correlation coefficient between the 

two sites, rxy, such that Var(C)= rxy Var(x) and Var(ex) = (1- rxy)Var(x). In cases of more than two 

cores per location, we used the average correlation coefficient from the central core to all other 

cores to estimate rxy. Two weaknesses in this method are: 1) similar to the McConnell [2000b] 

analysis, neither signal (x or y) is noise-free, and 2) the time series for co-located and clustered 

cores is short (~10 years). 

In Table 3 it is clear that in most cases the spatial variability estimate exceeds the 

estimate of Var(C), except in the cases of co-located cores (< 1 km separation). The average 

separation distance is large (~100 km) compared with most spatial variability studies, and for the 

two core groups that had field collection arrays designed, hence lower separation distances, the 

accumulation rate is low. In the regions of low accumulation we can expect increased variability 

as a result of enhanced post-depositional alteration of the surface snow layer due to 

photochemistry and physical exchange with the atmosphere. 

DISCUSSION 

Historic geographic trends 

The negative correlation of concentration with elevation is not surprising in the pre-

industrial era (Figure 4). Atmospheric lifetimes of reactive N compounds are short (~1-8 days) 

resulting from aqueous removal of oxidized NOx compounds and HNO3 deposition. Sources of 

preindustrial reactive nitrogen were essentially balanced with sinks, and transport of reactive N 

from continental sources was limited by nearly equal rates denitrification of reactive N to N2 

[Galloway, et al., 2004]. The loss of significant negative correlation with elevation after 1940 

cannot be explained by temperature and accumulation gradients alone and therefore must be a 
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result of the enhanced concentrations from anthropogenic activities, demonstrating a significant 

geographical shift in the distribution of nitrate. This shift in nitrate may result from stratospheric 

loading and enhanced deposition of N compounds as well as increased pollution in the free 

troposphere. To test this hypothesis, we investigated 5-year averaged rates of change using 12 

cores available since 1920, adding seven more cores after 1940. For each time series, we 

calculated a 1st-order trend over successive 5-year intervals, and calculated the rate of change for 

each location and period. A surface plot of the 5-year averaged rate of change is shown plotted 

with for elevation over time (Figure 5). It is evident that higher elevations exhibited significantly 

less variability prior to ~1960. We chose the 2500 m elevation break as a high vs. low mark both 

by visual examination and so as to have an even sample size between high and low regions. Time 

series from the high or low region were selected and the 5-year averaged rates of change 

calculated. We binned all of the rates of change into either a high or low elevation grouping, and 

used the two-tailed non-parametric Kruskal-Wallis (KW) test to compare each groups for 

different mean and variance. The KW test statistic is an extension of the Mann-Whitney test, 

following approximately a chi-square distribution with k-1 degrees of freedom; P values are 

derived from this. For small samples the KW test statistic tables are preferred over the chi-square 

approximation [Conover, 1999]. The null hypothesis is that the distributions have equal mean and 

variance. We can reject the null hypothesis at the 5th percentile indicating that rates of change at 

the lower elevations are significantly greater than rates of change for the upper elevations (P>χ2 = 

0.04).  

Regression Analysis 

We used stepwise multiple linear regression to evaluate the source of geographic 

variability, and the relation to transport processes. In order to properly assess the spatial 

variability we must evaluate the snow concentrations dependence on accumulation and 

temperature [Fischer, et al., 1998b; Röthlisberger, et al., 2002]. We evaluated each individual 
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variable to determine whether the observed regional concentration and flux patterns may be 

explained simply by shifts in accumulation and/or temperature over the ice sheet. We selected the 

records without bias to spatial location using the simple criteria of the mean annual accumulation 

value to extract the records for each region. Not surprisingly, however, points for each regime 

were selected from common regions. The low accumulation area is in the northeastern quadrant 

of the ice sheet. The high accumulation is in the southeastern-most portion, and the moderate 

accumulation areas fill in the remaining area. As can be seen in Figure 6, several of the predictor 

variables have correlations with one another. Having samples from a common region was 

beneficial in that the regression of accumulation with latitude, temperature, or elevation within 

each region was less significant, thereby reducing the colinearity of our predictor variables.  

Within each region we examined the following relations: 1) with accumulation as the 

dependent variable, latitude, longitude, elevation, and temperature were defined as the regressor 

variables; 2) for concentration, latitude, longitude, elevation, temperature, and accumulation were 

used as the regressor variables; 3) flux was examined using accumulation, concentration, and 

temperature as the regressor variables. For each dependent variable, we examined all possible 

combinations of regressor variables. 

Table 4 shows the r-squared (r2) correlation coefficients for each individual predictor 

variable along with the r-square and root mean squared error (RMSE) for the best-selected subset 

of predictor variables. For consistency we used the same subset of regressor variables for each 

region, though in one case the best subset called on a new variable once in the higher 

accumulation region. As accumulation is the one variable that reflects variability in elevation and 

temperature, as well as latitude and longitude, we selected this variable first as we felt there was 

sufficient reason to believe that concentration would also be a function of the geographic 

variables, however, in all cases accumulation and temperature were the best subset. We chose 

flux to be a function of accumulation, concentration, and temperature in all cases, though the 

relation with temperature did not contribute greatly to the explained variance. 
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Considering all points across the ice sheet for the 1988-1994 period, there is a decreasing 

trend in concentration with greater accumulation (Figure 7). The wide range of concentration 

values, especially at low accumulation sites, illustrates that many other variables also contribute 

to the variability. Unfortunately, as a result of colinearity we cannot separate an individual 

parameter controlling the observed concentration pattern. For instance, in the case of 

accumulation, it is strongly correlated with both elevation and temperature (Figure 6), and for our 

dataset, elevation is correlated with latitude. So where concentration may depend on 

accumulation, there could be variability resulting directly from elevation and temperature. In two 

related papers we have examined the relationship between accumulation and concentration and 

found that there is no statistically significant relationship for interannual records from an 

individual site [Burkhart, submitted; Burkhart, et al., 2004]. Our previous studies were developed 

for regions of moderate accumulation in the range of 200-500 kgH2O m-2 a-1 and conducted on 

individual time series.  

Many of the data for the northeastern region of the ice sheet in this analysis were also 

used in the Fischer [1998b] analysis in which a second-order macroscopic model of reversible 

nitrate deposition was developed. In their model the concentration of firn (C*
firn ) is a function of 

the fresh snow concentration (Csnow), dry deposition (Jtotdry), and accumulation (A), as described 

by the following relationship: C*
firn=(Csnow + Jtotdry/A)·(1- λ·∆z/A); where λ is a pseudo-first order 

rate coefficient representing vertical fluxes out of the snowpack and ∆z is the layer thickness for 

which reversible deposition is occurring. Essentially, this model incorporates a loss term (1- 

λ·∆z/A) to a traditional linear deposition model in which dry deposition is uniformly diluted by 

fresh snowfall. In low accumulation regions, Fischer [1998b] demonstrated as much as 60% of 

the variance in firn concentration may be explained by variability in accumulation. They propose 

losses of nitrate in these regions to be as high as 50%, inversely related to accumulation. We 

evaluated this model using all available data for sites with accumulation of less than 200 kgH2O m-

2 a-1. While we did not find as convincing a fit to the data as they have shown (Figure 8), we do 
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believe the resulting model may represent some of the variability. Figure 7 does show that below 

an accumulation rate of approximately 250 kgH2O m-2 a-1 (>0.004 cm-1 w.e.) the relationship enters 

a different mode of behavior. Note the larger scatter in the interannual data clouds and the loss of 

a relationship for mean site values. We recognize using the Fischer macroscopic reversible 

deposition model throughout accumulation regimes is not appropriate as their model is defined 

for regions with less than 350 kgH2O m-2 a-1. A linear irreversible deposition model in the low 

accumulation regimes is also insufficient, as it requires very large Jtot dry fluxes (>4 µg cm-2 a-1) 

to account for the observed firn concentrations. Present models of the nitrate deposition processes 

are unable to explain both the reversible deposition observed in low accumulation areas and the 

apparent dilution in high accumulation areas.  

The change in relationship between r-squared values for accumulation, concentration, and 

temperature for flux provides evidence of varying interaction between concentration, 

accumulation, and temperature in different accumulation regimes. The strength of regression 

between accumulation and concentration alone increases to statistically significant values with 

higher accumulation rates (Table 4). As much as 36% of the variability in nitrate concentrations 

may be explained by accumulation alone in the high accumulation regime, with 55% explained 

by temperature and accumulation combined. In the low and moderate accumulation regions these 

variables combined only account for 26% of the variability. While in no case is the singular 

regression with temperature alone significant, it contributes nearly half of the explained variance 

in the combined model. In Table 5 we show the increased contribution of temperature in high 

accumulation regimes, and also a shift from a positive to a negative relationship. 

This pattern demonstrates reversible deposition predominating in high accumulation 

regions, where a dependence on temperature is increased and negatively correlated. That is, with 

increased temperatures surface snow concentrations would decrease as a result of simple 

diffusion processes, at the least [Burkhart, et al., 2002; Hutterli, et al., 1999; McConnell, et al., 

1997]. The low overall correlation, particularly in the low accumulation region, may be a result of 
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the fact that the near-surface snow pack concentrations are mostly affected by photo-induced 

processes rather than simple physical degassing of HNO3 [Dibb, et al., 1998; Honrath, et al., 

2002] similar to that defined for other compounds such as formaldehyde and hydrogen peroxide. 

There is currently some question as to what extent nitrate is preserved. Findings from an earlier 

study by the authors [Burkhart, et al., 2004] demonstrated at Summit accumulation was sufficient 

such that 90% of the deposited nitrate was preserved. Contrarily, Honrath et al. [2002], 

specifically state that the exports have implications as they are sufficient to create an alteration of 

the preserved record.   

For accumulation, greater than 50% of the accumulation variability may be contributed to 

latitude, longitude, elevation, and temperature in the high and low accumulation regions.  For the 

moderate accumulation this drops to 30% and appears to be predominantly driven by longitudinal 

variability. Note that for both accumulation and concentration the root mean squared errors of the 

regressions are greater than 0.80 indicating the predictors are not satisfactorily modeling the 

system (Table 4).  

Figure 3b shows the distribution of flux is closely tied to accumulation, a result that is not 

surprising. It however also seems to show a negative correlation with concentration (Figure 1a). 

This result is misleading, and as a result the spatial distribution appears inversely related to 

concentration. During the regression analysis, it is found that while accumulation alone may 

account for as much as 40% of the variability of flux in the low and moderate accumulation 

regimes, the addition of concentration as a predictor variable increases the explained variance to 

80% and 90% for each region, respectively; this, despite the apparently low correlation between 

concentration and flux alone (r2 < 0.30). The ratio switches in the high accumulation region, 

where greater variability is explained by concentration, however, the combined prediction is 

again significantly greater than either predictor alone (Table 4).  

Examination of the coefficients of regression, β ,r ,and P, reveals a change in relationship 

between the regressor variables on the dependent variable, flux (Table 5). In low accumulation, 
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temperature is insignificantly correlated with flux and has a positive coefficient, β. In the 

moderate accumulation regime the coefficient becomes negative, yet the relationship is still not 

significant. Finally, once in the high accumulation, the relationship is again negative, and in this 

case significant. 

Spatial Variability 

Nitrate deposition is subject to significant spatial variability, particularly in low 

accumulation regions (Table 3). For Humboldt and Tunu, this variability was nearly 3 and 4 times 

that, respectively, of the overlying atmosphere. The only cases in which spatial variability was 

less than the atmospheric signal was for the co-located cores, which measure spatial variability at 

a scale of tens of meters. For cores in the moderate to high accumulation regimes separated by 

~100 km, spatial variability was greater than variability of the overlying atmospheric 

concentrations by 1 to 100%. While this may seem large, the separation distance is significantly 

greater than arrays used in previous spatial variability studies [McConnell, et al., 2000a; Mosley-

Thompson, et al., 2001; van der Veen, et al., 1999]. 

The spatial variability of nitrate is larger than that which has been previously reported for 

accumulation [Bales, et al., 2001b; McConnell, et al., 2000a; Mosley-Thompson, et al., 2001]. We 

noted previously that though concentration alone does not explain a significant portion of the 

variability of flux, it substantially adds as to the percent variance explained when combined with 

accumulation. Where accumulation is controlling larger scale, ice sheet-wide regional variations 

in flux, the high degree of spatial variability in concentration creates finer structure to the spatial 

distribution. What specific process drives the spatial variability of concentration requires further 

investigation, specifically there is the potential that photochemistry and fog deposition events 

could significantly effect surface snow concentrations.  

Our records of accumulation are net, or precipitation minus sublimation. Box et. al. 

[2004] provide estimates of sublimation over the Greenland Ice Sheet. In their study, the region 
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of lowest accumulation is coincident with areas of negative sublimation (net downward flux of 

water vapor resulting in deposition).  

It is conceivable that the sublimation processes which yield net deposition is highly 

variable in space and time (personal observations), and furthermore has been shown to reach a 

maximum of 15 mm a-1 in the northeastern portion of the ice sheet [Box, et al., 2004; Box and 

Steffen, 2001]. Rime or ice fog forming in the boundary layer has been shown to have very high 

concentrations of nitric acid, with net depositional fluxes averaged over a 24-hour period of 1.5 × 

1012 molecules m-2 s-1 [Bergin, et al., 1995; Honrath, et al., 2002] and rime concentrations 

exceeding 500 ng g-1 (unpublished data, Burkhart). Averaged over a year this flux would be ~5 

µg cm-2 a-1. If we assume half the maximum modeled water vapor deposition from Box et. al. is 

distributed evenly over the low accumulation region of the ice sheet, and the concentration of that 

water vapor is on the order of 300-500 ng g-1, concentration increases resulting from the water 

vapor deposition could be on the order of 20% greater than without. While this is greater than the 

overall difference between the regions (5%), the point to note is the fluxes from rime or fog 

observed at the summit of the ice sheet are considerable and could certainly account for a large 

portion of the increased nitrate concentration and spatial variability in these regions while still 

accounting for post-depositional losses. Note however these fluxes were calculated during 

summer months and are almost certainly less during the winter. 

Implications for tropospheric transport modeling 

The ice core records of nitrate flux were compared to modeled HNO3, NH3, NH4, and 

NO3 vertical fluxes. In order to account for the large degree of spatial variability, we split the ice 

sheet into three regions defined as northeast (east of 40ºW and north of 70ºN), northwest (west of 

40ºN and north of 70ºN), and south (below 70ºN). Average annual fluxes were calculated from all 

measurements within each region for the period 1988-1994 corresponding with available 
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simulation years used to calculate reactive nitrogen fluxes from the GEOS-CHEM global 3-D 

model of oxidant chemistry  

In order to account for the areal differences and density in model extent and distances 

between grid nodes (~20 nodes/region in the north and ~5 nodes/southern region) we kriged the 

annual GEOS-CHEM output results to 50 km grid cells. Grid cells located entirely over the ice 

sheet within the limiting parallel and/or meridional boundaries for each region were selected and 

a mean vertical flux for the region was calculated from those cells. Absolute errors for the kriged 

surfaces were 1 µg cm-2 a-1. 

Figure 9 shows both the variability and the magnitude of flux in the southern region is 

well characterized by the model result, but largely under predicted in the north. To evaluate the 

correlation between the recorded nitrate flux from the ice cores with the modeled flux over the 

short six year period, we used non-parametric methods. This method is preferred as our data set 

of flux is non-normal, and short (~6 years). Non-parametric methods are considered more robust 

as a result of their conservative nature; that is the rejection of the null hypothesis is less likely. In 

order to use non-parametric methods, we developed scaled model measurements (Cm) of the 

form: Cm = aM, where a is simply a scaling parameter and M is the original modeled output 

[McConnell, et al., 2000b]. Least square fit was used to derive a new time series (Cm) and C was 

tested against Cm using the KW test. In the southern region we can accept the null hypothesis that 

both the scaled modeled time series and the measured time series have identical distribution 

functions at the 95th percentile. The P-value is 0.85 and 0.75 respectively for the northwest and 

northeast region, thus we reject the null hypothesis since the distributions are significantly 

different (Table 6).  

In all cases the scaling factor a was greater than 1 indicating the model is under 

predicting actual fluxes measured over the Greenland ice sheet, in the northern regions by a factor 

of four (Table 6). Individual ice core records are shown along with the kriged atmospheric 

modeled flux output from GEOS-CHEM (Figure 10) as described in section 2.3. The spatial 
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variability is evident as shown by the fact that not all cores within a region track together. In 

particular, it appears that coastal cores in the southern region behave asynchronously with cores 

along the well defined southern divide and ‘saddle’ [Bales, et al., 2001a; Box and Steffen, 2001; 

McConnell, et al., 2001]. Despite this, we note with caution that the model captures the average 

interannual variability of this region very well, as indicated by the Pearson’s r (0.84). Recall 

however, parametric results should be regarded cautiously.  

 Further evidence of the model succeeding in capturing the interannual variability is 

evident in the year’s 1991 where there are coincident positive deviations in both the ice cores and 

the modeled results in the central western and southeastern portion of the ice sheet. As well, in 

1992 we note the positive deviation at the southwest location which is strongly recorded in the ice 

cores, UAK4 and UAK5, and is also evident in the model result.  

The under prediction of flux in the northern regions cannot be attributed solely to surface 

snow processes that alter the distribution of concentration. While it is almost certain that 

photochemical and physical exchange processes are occurring in the low accumulation regions, 

the overall concentrations from the low accumulation are only 5% higher than the mean 

concentration for the ice sheet over 2000 masl. Flux, on the other hand, is 20% lower in these 

regions. The failure of the transport model to match the magnitude of reactive N being deposited 

on the ice sheet could not be accounted for with a 5% increase in wet deposition concentrations. 

There must be some other transport mechanism the model is failing to capture, or possibly gross 

underestimation of net precipitation or the net deposition from sublimation. Box et al. [2004] note 

that the sublimation algorithms in global climate and transport models are deficient in polar 

regions in their representation of sublimation. 

CONCLUSIONS 

The processes driving variability in the nitrate surface snow concentrations are dependent 

on accumulation regimes, and cannot be linearly attributed to accumulation for all regions of the 
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ice sheet. For sites with low accumulation, spatial variability exceeds the variability of the 

atmospheric concentration signal as a result of reactive NOx recycling in the surface boundary 

layer driven by temperature, accumulation, and sublimation variability. Interpretation of ice 

cores, and site selection for future drilling must therefore take into account the spatial variability 

of nitrate over the ice sheet as the preserved nitrate record is non-uniformly distributed over the 

ice sheet and will inherently be a function location.  

Furthermore, there is evidence that west to east gradients, result from recent 

anthropogenic increases of nitrogen compounds and transport processes. Additionally, previous 

gradients that existed as a function of elevation are becoming less significant. Subsequently, it is 

apparent that over time, the anthropogenic inputs have altered the distribution of nitrate 

enhancing concentrations to a greater degree in western regions and significantly at higher 

elevations. 

Nitrate deposition over the ice sheet is significantly variable in space. The degree of 

spatial variability is dependent upon the regional accumulation with the highest degree of 

variability occurring in regions of low accumulation. There is evidence to support the spatial 

variability results from post-depositional photochemical alterations, or from spatial variability of 

the wet deposition resulting from rime or ice fog events. As a result of the non-linear nature of 

nitrate preservation, quantitative interpretation of ice core records in relation to atmospheric 

composition will require a physically-based transfer function. Components of this model will 

include temperature dependent physical degassing of firn, photochemistry of the surface 

boundary layer and surface snow layer, sublimation variability, and accumulation dependence. 

While alterations of the surface snow chemistry are undoubtedly occurring, it is likely yearly 

variability is quantifiable with such an analysis. Furthermore, in moderate to high accumulation 

regimes, there is evidence to support preserved fluxes are representative of year-round fluxes 

despite possible redistribution within a year’s layer. 
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While contemporary quantitative estimates of tropospheric concentrations and net 

deposition through the use of a chemical transport model currently under predict total reactive 

nitrogen fluxes, in the southernmost regions of high accumulation over Greenland the model 

captures both temporal and spatial variability reasonably well. This may be a result of the 

meteorological input data being better represented in this region and under a high accumulation 

regime. Improvement in the modeling will require better estimates of the natural variability of 

reactive nitrate concentrations, and improved estimates of precipitation and sublimation 

variability. 
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TABLES 

Table 3. Ice core and snow pit records used for the kriging and geographic variability study. 
Latitude, Elevation Concentration Accumulation Flux, Temperaturec,

Longitude, 
d.ddº m ng g-1 kg m-2 a-1 µg cm-2 a-1 °C

(σ) (σ) (σ) (σ)

B16 1850-1991 73.90,-37.60 3040 125 (2)b - - -27 (0.19)
B18 1850-1991 76.60,-36.40 2508 108 (4)b - - -27 (0.43)
B21 1850-1991 80.00,-41.10 2185 151 (7)b - - -28 (0.64)
P-6345 1978-1998 63.80,-45.00 2733 134 (31) 314 (70) 49.9 (13) -18 (0.47)
P-6642 1982-1998 66.50,-42.50 2381 101 (32) 557 (155) 61.8 (25) -16 (1.02)
P-6745 1985-1998 67.50,-45.00 2250 147 (40) 336 (50) 49.1 (15) -17 (0.56)
P-6839 1986-1998 68.50,-39.50 2787 129 (24) 370 (68) 47.7 (11) -20 (0.25)
P-6841 1988-1998 68.00,-41.00 2639 115 (17) 443 (73) 50.7 (10) -20 (0.65)
P-6938 1984-1998 69.00,-38.00 2920 129 (25) 338 (56) 45.2 (13) -21 (0.26)
P-6939 1983-1998 69.60,-39.00 2954 149 (48) 325 (39) 44.1 (13) -21 (0.25)
P-6941 1986-1997 69.40,-41.00 2764 178 (90) 366 (66) 59.5 (25) -20 (0.28)
P-6943 1978-1998 69.20,-43.00 2499 145 (47) 368 (77) 53.9 (15) -19 (0.46)
P-6945 1978-1998 69.00,-45.00 2148 132 (90) 411 (84) 42.2 (15) -18 (0.43)
P-7145 1987-1998 71.50,-45.00 2615 115 (17) 398 (69) 46.2 (9) -21 (0.43)
P-7245 1985-1998 72.30,-45.00 2770 126 (19) 346 (57) 43.7 (9) -22 (0.29)
P-7247 1975-1997 71.90,-47.50 2277 138 (21) 391 (76) 53.7 (10) -20 (0.86)
P-7249* 1992-1998 72.20,-49.40 2172 181 (43) 801 (101) 147.7 (50) -
P-7345 1976-1998 73.00,-45.00 2815 137 (10) 276 (60) 36.8 (8) -23 (0.55)
P-7551 1966-1997 75.00,-51.00 2200 164 (33) 296 (63) 44.6 (11) -22 (1.04)
P-7653a 1978-1996 76.00,-53.00 2200 141 (24) 347 (46) 44.2 (13) -24 (0.89)
P-6345a 1979-1997 63.10,-44.80 2850 101 (34) 661 (95) 63.8 (21) -16 (1.42)
P-6345b 1987-1997 63.10,-44.80 2850 110 (49) 643 (94) 79.1 (26) -16 (1.42)
P-6644a 1977-1997 66.00,-44.50 2460 105 (27) 418 (79) 47.6 (11) -18 (0.74)
P-6644b 1978-1997 66.00,-44.50 2460 142 (48) 428 (55) 56.0 (16) -18 (0.74)
P-7035a 1977-1997 69.50,-34.50 2650 107 (13) 468 (93) 50.5 (11) -19 (1.66)
P-7035b 1989-1997 69.50,-34.50 2650 129 (21) 490 (98) 62.8 (15) -19 (1.66)
P-7035c 1989-1997 69.50,-34.50 2650 135 (22) 482 (114) 64.9 (20) -19 (1.66)
P-CP 1983-1994 69.90,-47.00 2046 118 (27) 416 (158) 49.3 (12) -17 (1.09)
P-D1 1888-1998 64.50,-43.50 2580 76 (29) 733 (107) 39.6 (19) -16 (1.34)
P-D2 1850-1998 71.80,-46.20 2640 112 (16) 434 (97) 30.1 (10) -20 (0.39)
P-D3 1850-1998 69.80,-44.00 2560 115 (26) 394 (64) 27.4 (9) -19 (0.40)
P-GITS-2* 1850-1996 77.20,-61.10 1910 248 (59) 290 (55) 61.5 (23) -
P-GITS* 1966-1996 77.20,-61.10 1910 265 (79) 317 (61) 93.0 (26) -
P-HUMBOLDT 1850-1995 78.50,-56.80 1973 111 (67) 149 (57) 14.2 (6) -29 (0.98)
P-HUMB-E 1930-1993 78.60,-55.70 2045 213 (45) 156 (48) 18.4 (8) -29 (0.83)
P-HUMB-N 1928-1990 78.70,-57.20 1905 195 (48) 145 (24) 17.5 (8) -28 (1.23)
P-HUMB-S 1925-1995 78.30,-56.80 2058 123 (29) 114 (52) 15.5 (8) -30 (0.84)
P-HUMB-W 1925-1995 78.50,-58.00 1924 125 (28) 115 (51) 16.8 (7) -28 (1.55)

Point ID Period
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Table 1. cont. Ice core and snow pit records used for the kriging and geographic variability study. 
Latitude, Elevation Concentration Accumulation Flux, Temperaturec,

Longitude, 
d.ddº m ng g-1 kg m-2 a-1 µg cm-2 a-1 °C

(σ) (σ) (σ) (σ)

P-NASA-U1 1850-1995 73.80,-49.50 2368 106 (59) 313 (131) 31.3 (15) -21 (0.27)
P-NASA-U2 1966-1994 73.80,-49.50 2368 117 (17) 382 (154) 41.4 (16) -21 (0.27)
P-NASA-U3 1965-1993 73.80,-49.50 2368 131 (33) 408 (259) 38.7 (25) -21 (0.27)
P-SUM99 1850-1998 72.80,-38.00 3200 110 (15) 223 (25) 15.7 (5) -26 (0.22)
P-TUNU 1850-1995 78.00,-34.00 2113 127 (37) 104 (29) 33.1 (16) -26 (0.67)
P-TUNU-E25 1986-1995 78.00,-32.90 1988 207 (176) 151 (21) 75.8 (72) -25 (0.65)
P-TUNU-E50 1921-1995 78.00,-31.90 2092 142 (24) 97 (23) 26.6 (11) -25 (0.66)
P-TUNU-N25 1927-1995 78.30,-33.90 2053 159 (52) 73 (13) 35.6 (18) -26 (0.83)
P-TUNU-N50 1933-1995 78.50,-33.80 2053 175 (29) 138 (30) 43.6 (19) -26 (0.61)
P-TUNU-S25 1945-1995 78.30,-33.80 2477 199 (69) 138 (31) 49.5 (22) -26 (0.83)
P-TUNU-W50 1938-1995 78.00,-36.10 2061 157 (15) 150 (26) 42.8 (18) -27 (0.52)
P-CNP1 1950-1998 73.20,-32.10 2923 111 (34) 149 (36) 15.2 (6) -24 (0.61)
P-CNP2 1959-1998 71.90,-32.40 2862 74 (10) 219 (37) 19.9 (11) -21 (0.99)
P-CNP3 1965-1998 70.50,-33.50 3077 125 (75) 281 (32) 28.7 (13) -21 (0.54)
P-JAV2 1969-1998 72.60,-47.10 2677 126 (32) 389 (91) 41.5 (13) -22 (0.63)
P-JAV3 1982-1998 70.50,-46.10 2169 117 (44) 373 (71) 40.1 (17) -19 (0.70)
P-KUL1 1976-1998 67.50,-39.00 2492 74 (24) 525 (156) 42.1 (23) -18 (1.58)
P-KUL2 1990-1998 66.80,-40.10 2123 100 (81) 812 (168) 80.1 (53) -14 (0.70)
P-KUL3 1991-1998 66.10,-41.00 2061 47 (7) 1150 (162) 55.0 (13) -11 (1.69)
P-NSE 1993-1998 66.50,-42.50 2370 66 (7) 442 (137) 25.8 (9) -16 (1.02)
P-S-DOME 1981-1998 63.10,-46.40 2769 99 (35) 537 83) 46.2 (19) -16 (0.75)
P-UAK1 1935-1998 65.50,-44.50 2515 114 (45) 465 (61) 36.6 (15) -18 (0.74)
P-UAK2 1985-1998 65.50,-43.50 2346 48 (18) 656 (142) 29.9 (11) -16 (1.16)
P-UAK3 1990-1998 65.50,-42.60 2092 51 (20) 987 (387) 44.4 (24) -14 (2.43)
P-UAK4 1978-1998 65.50,-46.10 2477 103 (35) 354 (129) 39.2 (16) -17 (1.02)
P-UAK5 1979-1998 65.40,-46.50 2338 99 (39) 366 (109) 44.4 (22) -16 (1.06)
P-D5 1970-1995 68.50,-42.90 2519 156 (34) 342 (69) 54.3 (13) -19 (0.49)
P-BASIN4 1969-1995 62.30,-46.30 2362 152 (73) 352 (154) 59.1 (27) -14 (1.68)
P-BASIN5 1964-1995 63.90,-46.40 2520 145 (79) 330 (81) 49.8 (23) -16 (0.79)
P-BASIN6 1984-1995 67.00,-41.80 2480 116 (40) 622 (116) 71.8 (25) -17 (1.16)
P-BASIN7 1983-1995 67.50,-40.40 2488 110 (26) 618 (83) 64.3 (16) -18 (1.36)
P-BASIN8 1957-1995 69.80,-36.40 3020 124 (19) 349 (48) 38.8 (11) -21 (0.28)
P-BASIN9 1956-1995 65.00,-44.90 2657 137 (42) 323 (57) 39.1 (10) -17 (0.14)

Point ID Period
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Table 1. cont. Ice core and snow pit records used for the kriging and geographic variability study. 
Latitude, Elevation Concentration Accumulation Flux, Temperaturec,

Longitude, 
d.ddº m ng g-1 kg m-2 a-1 µg cm-2 a-1 °C

(σ) (σ) (σ) (σ)

NGT01-C 1980-1992 73.03,-37.65 3279 115 (40) 147 (55) 1.3 (6) -26 (0.16)
NGT01 1991-1993 73.03,-37.65 3279 195 (99) 172 (33) 31.4 (10) -26 (0.16)
NGT02 1991-1993 73.50,-37.65 3137 113 (22) 155 (26) 17.2 (1) -26 (0.13)
NGT03 1990-1993 73.94,-37.63 3040 192 (150) 138 (34) 23.5 (12) -27 (0.20)
NGT04 1991-1993 74.40,-37.63 2963 108 (36) 133 (8) 14.3 (4) -27 (0.14)
NGT05-C 1981-1992 74.85,-37.63 2873 150 (26) 111 (19) 15.2 (5) -27 (0.20)
NGT05 1990-1993 74.85,-37.63 2873 155 (34) 126 (32) 19.1 (3) -27 (0.20)
NGT06 1989-1993 75.25,-37.62 2820 163 (37) 110 (18) 17.7 (3) -27 (0.33)
NGT07 1991-1993 75.25,-37.22 2764 179 (56) 141 (7) 25.4 (9) -27 (0.27)
NGT08 1990-1993 75.25,-36.90 2751 152 (10) 116 (44) 17.4 (6) -26 (0.21)
NGT10 1990-1993 75.57,-36.53 2696 154 (30) 117 (26) 17.7 (4) -27 (0.25)
NGT11 1990-1993 75.65,-36.32 2667 142 (32) 129 (12) 18.4 (5) -27 (0.26)
NGT12-C 1979-1992 75.72,-36.40 2671 141 (40) 116 (22) 16.0 (5) -27 (0.24)
NGT12 1991-1993 75.72,-36.40 2671 139 (11) 136 (42) 18.8 (5) -27 (0.24)
NGT13 1991-1993 76.17,-36.40 2591 133 (20) 131 (27) 17.5 (5) -27 (0.28)
NGT14 1990-1993 76.62,-36.40 2508 116 (52) 105 (11) 12.5 (7) -27 (0.46)
NGT15 1991-1993 76.62,-37.37 2550 139 (42) 115 (18) 16.4 (7) -27 (0.34)
NGT16 1992-1993 76.62,-34.47 2393 130 (37) 148 (6) 19.4 (6) -26 (0.52)
NGT17 1990-1993 77.07,-36.40 2415 125 (16) 124 (13) 15.7 (4) -27 (0.42)
NGT18-C 1979-1992 77.52,-36.39 2319 149 (33) 106 (29) 22.8 (11) -27 (0.48)
NGT18 1991-1993 77.52,-36.39 2319 102 (45) 110 (30) 11.6 (8) -27 (0.48)
NGT19 1991-1993 78.00,-36.40 2234 146 (35) 133 (40) 19.2 (8) -27 (0.52)
NGT22 1988-1993 78.42,-36.43 2176 180 (43) 115 (37) 21.2 (9) -27 (0.58)
NGT23 1986-1993 78.83,-36.50 2147 184 (45) 107 (30) 18.0 (4) -28 (0.62)
NGT25 1988-1994 79.23,-37.95 2164 169 (45) 97 (25) 16.6 (6) -28 (0.52)
NGT26 1989-1994 79.62,-39.51 2174 159 (28) 113 (41) 18.3 (9) -28 (0.49)
NGT27 1989-1994 80.00,-41.14 2185 158 (28) 120 (34) 19.3 (7) -28 (0.63)
NGT28 1990-1994 80.36,-41.13 2072 146 (18) 131 (28) 19.1 (5) -27 (0.92)

Point ID Period

*excluded from evaluation
b 3-year average records
c Developed from Peterson and Vose (1997)
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Table 4. Regional statistics for accumulation regimes 

Accumulation Regime Area km2 Concentration
ng g-1(σ) 

Flux, 
�g cm-2 a-1 (σ) 

Low (<200 kg m-2 a-1) 602500 132 (18) 2.5 (0.75) 

Moderate (200 - 500 kg m-2 a-1) 377500 125 (16) 4.6 (0.60) 

High (> 500 kg m-2 a-1) 127500 100 (14) 5.4 (0.75) 

All area > 2000 masl 1107500 126 (20) 3.6 (1.4) 
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Table 5. Spatial variability statistics for ten ice core groupings. 
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Table 6. r2 values from stepwise multiple linear regression. 
  Accumulation  
 Low Moderate High 

Variable cnc acc flx cnc acc flx cnc acc flx 

latitude 0.04 0.06 - 0.01 0.01 - 0.22 0.06 - 

longitude 0.08 0.16 - 0.01 0.17 - 0.23 0.16 - 

elevation 0.01 0.25 - 0.01 0.01 - 0.17 0.25 - 

temperature 0.08 0.36 0.07 0.05 0.06 0.00 0.02 0.36 0.01 

accum. 0.06 - 0.47 0.15 - 0.41 0.36 - 0.14 

concen. - - 0.27 - - 0.17 - - 0.34 

best subset 0.26a 0.68b 0.81c 0.26a 0.35b 0.92c 0.55a 0.56b 0.92c 

RMSE 0.90 0.59 0.44 0.94 0.85 0.3 0.88 0.77 0.33 
a elevation, T, lat, lon used as regressor variables 
b accumulation and T used as regressor variables 
c  accumulation, concentration, and T used as regressor variables 
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Table 7. Regression statistics and beta coefficients for multiple linear regression of flux. 
  Accumulation  
 Low Moderate High 

Variable β r p β r p β r p 

accum. 0.67 0.77 0.00 0.95 0.93 0.00 1.22 0.93 0.00 

concen. 0.63 0.79 0.00 0.77 0.95 0.00 1.25 0.96 0.00 

temperature 0.11 0.18 0.24 -0.07 -0.23 0.21 -0.47 -0.77 0.01 
β = coefficient of regression; r = Pearson’s r; p = probability of significance 
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Table 8. Test statistics for GEOS-CHEM modeled results and ice core measurements 

Region 

Mean 
annual 
fluxa 
measured 
(modeled) 

Corr. 
Coef., 
R 

Probability
>χ2 

Chi-square,
 χ2 

Model scalar, 
a 

Northwest 4.4 (1.1) 0.14 0.84 3.6 × 10-2 4.10 
Northeast 1.9 (0.9) 0.14 0.65 2.0 × 10-2 2.13 
Southern 5.4 (4.3) 0.84 0.95 4.0 × 10-4 1.19 

a units of flux are: µg cm-2 a-1 
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List of Figures  
 

Figure 1. Core and snow pit locations from PARCA and the NGT traverse. Groupings of cores 
used in the spatial variability analysis are indicated by circles, 3 other individual sites 
with co-located cores were also used but are not indicated here.  

Figure 2. Cumulative distribution of core locations (lower panel) and available time and period 
data (upper panel) for sites used in kriging analysis.  

Figure 3. Kriged surfaces of nitrate concentration (a.) and flux (b.) over the Greenland Ice Sheet 
using 96 ice core and snow pits with at least two years of data from 1988 – 1994.  

Figure 4. Changes in spatial correlation over time for nitrate concentration. Correlation 
coefficients from long record ice cores distributed over Greenland Ice Sheet between 
concentration and geographical variables: elevation, latitude, and longitude.  

Figure 5. Surface plot of averaged 5-year rates of change in nitrate concentration for elevation 
over time. Note enhanced variability at lower elevation earlier in time.  

Figure 6. Relationship between accumulation and latitude, longitude, elevation, and temperature. 
Latitude is given as meters north of the 60th º parallel. Longitude is given as meters 
from the 40th º meridian (westward is negative, eastward is positive).  

Figure 7. Concentration and accumulation for each ice core or snow pit location from all regions 
of the dry snow zone (> 2000 masl) on the ice sheet. Error bars are one standard 
deviation of the time series measured at each location.  

Figure 8. Concentration vs. accumulation for time series from all ice cores. Mean values for each 
location are shown as the dark asteryx, open circles are the annual values from 
individual cores. Note the change in mode above 0.004 cm-1 w.e. (~250 kg m-2 a-1). We 
have plotted the macroscopic model developed by Fischer [1998] with parameters as 
defined for accumulation less than ~340 kg m-2 a-1.  

Figure 9. Time series of un-scaled GEOS-CHEM total reactive N flux (bold lines), shown with 
average ice core fluxes for each region (light lines). The southern regions is shown with 
a solid line, the northeast is light gray dash, and the northwest is dark gray dashed. 
Note the covariability between the northwest region ice core measurements and the 
southern region.  

Figure 10. Interannual variability of GEOS-CHEM modeled and ice core measured fluxes over 
the Greenland Ice Sheet for 1988-1994. Ice core point measurements of nitrate flux 
shown with kriged modeled surface fluxes of reactive N from the GEOS-CHEM 
model. Note the interannual spatial variability in both ice core measurements and 
modeled surface fluxes. Coloring is quantile scale deviations from the 1988-1994 
mean.  
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FIGURES 

 
Figure 4. Core and snow pit locations from PARCA and the NGT traverse. Groupings of cores 
used in the spatial variability analysis are indicated by circles, 3 other individual sites with co-
located cores were also used but are not indicated here. 
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Figure 5. Cumulative distribution of core locations (lower panel) and available time and period 
data (upper panel) for sites used in kriging analysis.  
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Figure 6. Kriged surfaces of nitrate concentration (a.) and flux (b.) over the Greenland Ice Sheet 
using 96 ice core and snow pits with at least two years of data from 1988 – 1994. 
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Figure 7. Changes in spatial correlation over time for nitrate concentration. Correlation 
coefficients from long record ice cores distributed over Greenland Ice Sheet between 
concentration and geographical variables: elevation, latitude, and longitude.  
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Figure 8. Surface plot of averaged 5-year rates of change in nitrate concentration for elevation 
over time. Note enhanced variability at lower elevation earlier in time. 
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Figure 9. Relationship between accumulation and latitude, longitude, elevation, and temperature. 
Latitude is given as meters north of the 60th º parallel. Longitude is given as meters from the 40th º 
meridian (westward is negative, eastward is positive). 
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Figure 10. Concentration and accumulation for each ice core or snow pit location from all regions 
of the dry snow zone (> 2000 masl) on the ice sheet. Error bars are one standard deviation of the 
time series measured at each location. 
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Figure 11. Concentration vs. accumulation for time series from all ice cores. Mean values for 
each location are shown as the dark asteryx, open circles are the annual values from individual 
cores. Note the change in mode above 0.004 cm-1 w.e. (~250 kg m-2 a-1). We have plotted the 
macroscopic model developed by Fischer [1998] with parameters as defined for accumulation 
less than ~340 kg m-2 a-1. 
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Figure 12. Time series of un-scaled GEOS-CHEM total reactive N flux (bold lines), shown with 
average ice core fluxes for each region (light lines). The southern regions is shown with a solid 
line, the northeast is light gray dash, and the northwest is dark gray dashed. Note the covariability 
between the northwest region ice core measurements and the southern region.  
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Figure 13. Interannual variability of GEOS-CHEM modeled and ice core measured fluxes over 
the Greenland Ice Sheet for 1988-1994. Ice core point measurements of nitrate flux shown with 
kriged modeled surface fluxes of reactive N from the GEOS-CHEM model. Note the interannual 
spatial variability in both ice core measurements and modeled surface fluxes. Coloring is quantile 
scale deviations from the 1988-1994 mean. 
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VII. APPENDIX D – SUPPORTING MATERIAL FOR STATISTICAL ANALYSIS CONDUCTED IN APPENDIX 

C: 

 
Geographic variability of nitrate deposition and preservation over the Greenland Ice Sheet. 
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DESCRIPTIVE STATISTICS OF ICE CORE AND SNOW PIT 1988-1994 AVERAGE VALUES
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Table of descriptive statistics 
 

concentration
ng g -1

accumulation, 
kg m -2  a -1

flux,
g cm -2  a -1

Mean 131.54 306.17 3.70
Standard Error 3.64 21.08 0.20
Median 128.85 295.65 3.60
Standard Deviation 36.17 209.72 2.10
Kurtosis 2.24 2.55 5.51
Skewness 0.64 1.41 1.58
Range 217.44 1076.59 13.60
Minimum 47.12 73.21 0.10
Maximum 264.55 1149.80 14.70
Count 99.00 99.00 99.00
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REGRESSION STATISTICS FOR TRENDS OF CONCENTRATION AND FLUX WITH LATITUDE AND 

LONGITUDE
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CONCENTRATION VERSUS EASTING  (X UTM 24N) 

 
Nonlinear Regression 
 
Data Source: Data 2 in Notebook1 
Equation: Linear 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.0065 4.2315E-005 0.0000  31.9199  
 
  Coefficient Std. Error t P VIF  
 
y0 129.9946 8.4645 15.3577 <0.0001 6.0475<  
a -1.1250E-0061.8869E-005 -0.0596 0.9526 6.0475<  
 
Analysis of Variance:  
 
Uncorrected for the mean of the observations: 
  DF SS MS  
Regression2 1442993.4266 721496.7133  
Residual 84 85585.6662 1018.8770  
Total 86 1528579.0928 17774.1755  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression1 3.6217 3.6217 0.0036 0.9526  
Total 85 85589.2880 1006.9328  
 
Statistical Tests: 
 
PRESS  89671.4557 
 
Durbin-Watson Statistic  1.9088 Passed  
 
Normality Test   Passed (P = 0.7300) 
 
K-S Statistic = 0.0732 Significance Level = 0.7300 
 
Constant Variance Test  Passed (P = 0.6012) 
 
Power of performed test with alpha = 0.0500: 0.0287 
 
The power of the performed test (0.0287) is below the desired power of 0.8000. 
You should interpret the negative findings cautiously. 
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Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
1 129.8999 -5.0848 -0.1593 -0.1633 -0.1624  
2 129.8788 -6.5209 -0.2043 -0.2090 -0.2078  
3 129.8731 65.3236 2.0465 2.0925< 2.1364<  
4 129.8712 -18.9233 -0.5928 -0.6060 -0.6037  
5 129.8574 21.6784 0.6792 0.6934 0.6912  
6 129.8537 11.1669 0.3498 0.3570 0.3552  
7 129.8517 -31.1553 -0.9760 -0.9959 -0.9959  
8 129.8413 83.6060 2.6192< 2.6702< 2.7746<  
9 129.8401 15.0959 0.4729 0.4821 0.4799  
10 129.8296 51.3454 1.6086 1.6382 1.6550  
11 129.8233 -30.8300 -0.9659 -0.9831 -0.9829  
12 129.8197 33.8065 1.0591 1.0777 1.0788  
13 129.8011 -26.4555 -0.8288 -0.8421 -0.8407  
14 129.7983 -11.5966 -0.3633 -0.3691 -0.3672  
15 129.7765 -11.3484 -0.3555 -0.3606 -0.3587  
16 129.7643 4.1517 0.1301 0.1318 0.1310  
17 129.7627 8.5406 0.2676 0.2711 0.2696  
18 129.7612 -24.2438 -0.7595 -0.7696 -0.7677  
19 129.7448 7.0525 0.2209 0.2236 0.2224  
20 129.7355 -3.7019 -0.1160 -0.1173 -0.1166  
21 129.7291 -13.2289 -0.4144 -0.4191 -0.4171  
22 129.7200 17.5230 0.5490 0.5549 0.5526  
23 129.7182 -15.3517 -0.4809 -0.4861 -0.4839  
24 129.7139 -17.4100 -0.5454 -0.5511 -0.5488  
25 129.7127 -6.2684 -0.1964 -0.1984 -0.1973  
26 129.7017 2.4973 0.0782 0.0790 0.0785  
27 129.6752 -53.6133 -1.6796 -1.6942 -1.7136  
28 129.6708 -14.2173 -0.4454 -0.4492 -0.4471  
29 129.6662 -81.2699 -2.5461< -2.5673< -2.6584<  
30 129.6609 -4.3224 -0.1354 -0.1365 -0.1357  
31 129.6521 7.0916 0.2222 0.2239 0.2226  
32 129.6487 -14.8868 -0.4664 -0.4700 -0.4678  
33 129.6195 -78.8177 -2.4692 -2.4863< -2.5677<  
34 129.6115 26.5789 0.8327 0.8383 0.8368  
35 129.6104 15.1673 0.4752 0.4783 0.4761  
36 129.6073 -45.6838 -1.4312 -1.4407 -1.4501  
37 129.5695 -13.1431 -0.4118 -0.4142 -0.4122  
38 129.5339 -82.4192 -2.5821< -2.5972< -2.6921<  
39 129.5262 -14.7028 -0.4606 -0.4633 -0.4611  
40 129.5205 48.5275 1.5203 1.5292 1.5417  
41 129.4994 -19.0916 -0.5981 -0.6017 -0.5994  
42 129.4866 -29.0432 -0.9099 -0.9155 -0.9146  
43 129.4788 28.0509 0.8788 0.8843 0.8832  
44 129.4779 21.3473 0.6688 0.6730 0.6708  
45 129.4769 16.7907 0.5260 0.5293 0.5271  
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46 129.4552 -0.6510 -0.0204 -0.0205 -0.0204  
47 129.4436 29.7927 0.9334 0.9399 0.9392  
48 129.4322 -55.5437 -1.7401 -1.7528 -1.7751  
49 129.4322 19.3625 0.6066 0.6110 0.6087  
50 129.4076 39.2404 1.2293 1.2393 1.2433  
51 129.3950 -19.4557 -0.6095 -0.6147 -0.6125  
52 129.3882 33.9114 1.0624 1.0718 1.0728  
53 129.3872 23.5527 0.7379 0.7444 0.7424  
54 129.3872 -0.5357 -0.0168 -0.0169 -0.0168  
55 129.3859 -21.0142 -0.6583 -0.6642 -0.6620  
56 129.3848 9.9292 0.3111 0.3139 0.3122  
57 129.3846 62.9279 1.9714 1.9892 2.0256<  
58 129.3840 -16.1727 -0.5067 -0.5112 -0.5090  
59 129.3834 -3.5453 -0.1111 -0.1121 -0.1114  
60 129.3825 25.6341 0.8031 0.8104 0.8087  
61 129.3751 49.7789 1.5595 1.5742 1.5884  
62 129.3714 54.5621 1.7093 1.7257 1.7467  
63 129.3675 50.4327 1.5800 1.5954 1.6105  
64 129.3650 22.8868 0.7170 0.7241 0.7220  
65 129.3642 16.4368 0.5149 0.5200 0.5178  
66 129.3614 -3.8624 -0.1210 -0.1222 -0.1215  
67 129.3591 -4.0441 -0.1267 -0.1280 -0.1272  
68 129.3567 -12.8864 -0.4037 -0.4079 -0.4058  
69 129.3565 -21.6389 -0.6779 -0.6849 -0.6827  
70 129.3565 20.6134 0.6458 0.6524 0.6502  
71 129.3550 25.0462 0.7847 0.7928 0.7910  
72 129.3541 3.2846 0.1029 0.1040 0.1034  
73 129.3518 11.0258 0.3454 0.3491 0.3472  
74 129.3487 12.3026 0.3854 0.3895 0.3876  
75 129.3195 -5.8130 -0.1821 -0.1844 -0.1833  
76 129.3024 -56.0917 -1.7573 -1.7809 -1.8047  
77 129.3021 9.1144 0.2855 0.2894 0.2878  
78 129.3018 -25.6235 -0.8027 -0.8136 -0.8119  
79 129.3006 0.9964 0.0312 0.0316 0.0315  
80 129.2999 8.8066 0.2759 0.2797 0.2781  
81 129.2732 21.2382 0.6654 0.6757 0.6735  
82 129.2472 -32.1238 -1.0064 -1.0241 -1.0244  
83 129.2344 -5.8823 -0.1843 -0.1877 -0.1866  
84 129.2019 -4.6254 -0.1449 -0.1480 -0.1472  
85 129.1822 -17.9100 -0.5611 -0.5744 -0.5721  
86 129.1752 -55.4683 -1.7377 -1.7802 -1.8039  
 
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
1 129.8999 115.8964 143.9033 64.8974 194.9023  
2 129.8788 116.4842 143.2734 65.0048 194.7528  
3 129.8731 116.6416 143.1045 65.0326 194.7136  
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4 129.8712 116.6924 143.0501 65.0415 194.7010  
5 129.8574 117.0706 142.6442 65.1062 194.6086  
6 129.8537 117.1700 142.5374 65.1228 194.5847  
7 129.8517 117.2254 142.4780 65.1320 194.5714  
8 129.8413 117.5050 142.1776 65.1775 194.5051  
9 129.8401 117.5370 142.1432 65.1827 194.4975  
10 129.8296 117.8168 141.8423 65.2267 194.4324  
11 129.8233 117.9806 141.6660 65.2519 194.3948  
12 129.8197 118.0759 141.5635 65.2663 194.3730  
13 129.8011 118.5547 141.0476 65.3364 194.2659  
14 129.7983 118.6277 140.9688 65.3467 194.2498  
15 129.7765 119.1708 140.3822 65.4204 194.1325  
16 129.7643 119.4657 140.0629 65.4581 194.0704  
17 129.7627 119.5025 140.0230 65.4627 194.0628  
18 129.7612 119.5396 139.9828 65.4673 194.0550  
19 129.7448 119.9226 139.5670 65.5132 193.9764  
20 129.7355 120.1339 139.3371 65.5373 193.9337  
21 129.7291 120.2745 139.1837 65.5527 193.9055  
22 129.7200 120.4721 138.9679 65.5738 193.8663  
23 129.7182 120.5119 138.9245 65.5779 193.8584  
24 129.7139 120.6019 138.8259 65.5871 193.8407  
25 129.7127 120.6278 138.7976 65.5897 193.8357  
26 129.7017 120.8526 138.5509 65.6118 193.7917  
27 129.6752 121.3594 137.9910 65.6567 193.6937  
28 129.6708 121.4361 137.9056 65.6628 193.6789  
29 129.6662 121.5158 137.8167 65.6690 193.6635  
30 129.6609 121.6065 137.7152 65.6758 193.6460  
31 129.6521 121.7481 137.5561 65.6858 193.6184  
32 129.6487 121.8005 137.4969 65.6892 193.6082  
33 129.6195 122.1994 137.0395 65.7111 193.5278  
34 129.6115 122.2900 136.9330 65.7145 193.5085  
35 129.6104 122.3021 136.9187 65.7149 193.5058  
36 129.6073 122.3346 136.8800 65.7159 193.4987  
37 129.5695 122.6209 136.5180 65.7141 193.4248  
38 129.5339 122.6890 136.3787 65.6897 193.3780  
39 129.5262 122.6770 136.3754 65.6816 193.3708  
40 129.5205 122.6617 136.3792 65.6749 193.3661  
41 129.4994 122.5603 136.4385 65.6451 193.3537  
42 129.4866 122.4642 136.5089 65.6232 193.3499  
43 129.4788 122.3938 136.5637 65.6085 193.3491  
44 129.4779 122.3859 136.5700 65.6069 193.3490  
45 129.4769 122.3762 136.5777 65.6049 193.3490  
46 129.4552 122.1275 136.7828 65.5575 193.3528  
47 129.4436 121.9699 136.9174 65.5290 193.3582  
48 129.4322 121.7968 137.0675 65.4985 193.3658  
49 129.4322 121.7968 137.0675 65.4985 193.3658  
50 129.4076 121.3752 137.4400 65.4252 193.3899  
51 129.3950 121.1359 137.6541 65.3838 193.4062  
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52 129.3882 120.9994 137.7769 65.3601 193.4162  
53 129.3872 120.9797 137.7948 65.3567 193.4177  
54 129.3872 120.9785 137.7958 65.3565 193.4178  
55 129.3859 120.9527 137.8191 65.3520 193.4198  
56 129.3848 120.9298 137.8398 65.3480 193.4215  
57 129.3846 120.9253 137.8439 65.3472 193.4219  
58 129.3840 120.9141 137.8539 65.3453 193.4227  
59 129.3834 120.9014 137.8654 65.3431 193.4237  
60 129.3825 120.8831 137.8820 65.3399 193.4252  
61 129.3751 120.7276 138.0227 65.3127 193.4376  
62 129.3714 120.6462 138.0966 65.2984 193.4444  
63 129.3675 120.5620 138.1731 65.2835 193.4515  
64 129.3650 120.5071 138.2229 65.2738 193.4562  
65 129.3642 120.4895 138.2389 65.2707 193.4578  
66 129.3614 120.4266 138.2962 65.2596 193.4633  
67 129.3591 120.3751 138.3432 65.2504 193.4679  
68 129.3567 120.3200 138.3934 65.2405 193.4729  
69 129.3565 120.3156 138.3974 65.2398 193.4732  
70 129.3565 120.3146 138.3984 65.2396 193.4733  
71 129.3550 120.2804 138.4296 65.2335 193.4765  
72 129.3541 120.2608 138.4474 65.2300 193.4783  
73 129.3518 120.2070 138.4966 65.2203 193.4833  
74 129.3487 120.1347 138.5626 65.2073 193.4900  
75 129.3195 119.4270 139.2119 65.0771 193.5618  
76 129.3024 118.9923 139.6126 64.9944 193.6104  
77 129.3021 118.9843 139.6200 64.9929 193.6113  
78 129.3018 118.9747 139.6288 64.9910 193.6125  
79 129.3006 118.9448 139.6564 64.9853 193.6159  
80 129.2999 118.9263 139.6735 64.9817 193.6181  
81 129.2732 118.2138 140.3325 64.8408 193.7055  
82 129.2472 117.4957 140.9987 64.6924 193.8020  
83 129.2344 117.1346 141.3343 64.6154 193.8535  
84 129.2019 116.1928 142.2110 64.4064 193.9974  
85 129.1822 115.6105 142.7539 64.2715 194.0930  
86 129.1752 115.3989 142.9514 64.2213 194.1290  
 
Fit Equation Description: 
[Variables] 
x = col(1) 
y = col(3) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 129.995}} 
a = F(0)[2] ''Auto {{previous: -1.12497e-006}} 
[Equation] 
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f=y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_y 
[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 1 
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Concentration versus Northing (Y UTM 24N) 
 
Nonlinear Regression  
 
Data Source: Data 2 in Notebook1 
Equation: Linear 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.4399 0.1935 0.1839  28.6666  
 
  Coefficient Std. Error t P VIF  
 
y0 -68.2592 44.1694 -1.5454 0.1260 204.1683<  
a 2.4554E-0055.4698E-006 4.4891 <0.0001 204.1683<  
 
Analysis of Variance:  
 
Uncorrected for the mean of the observations: 
  DF SS MS  
Regression2 1459549.9312 729774.9656  
Residual 84 69029.1616 821.7757  
Total 86 1528579.0928 17774.1755  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression1 16560.1263 16560.1263 20.1516 <0.0001  
Total 85 85589.2880 1006.9328  
 
Statistical Tests: 
 
PRESS  72750.2253 
 
Durbin-Watson Statistic  1.8699 Passed  
 
Normality Test   Passed (P = 0.6247) 
 
K-S Statistic = 0.0799 Significance Level = 0.6247 
 
Constant Variance Test  Passed (P = 0.7459) 
 
Power of performed test with alpha = 0.0500: 0.9904 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
1 147.3864 -22.5713 -0.7874 -0.7998 -0.7981  
2 146.6590 -23.3011 -0.8128 -0.8250 -0.8234  
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3 147.7719 47.4248 1.6544 1.6812 1.7000  
4 147.1828 -36.2349 -1.2640 -1.2837 -1.2887  
5 101.8767 49.6591 1.7323 1.7847 1.8086  
6 139.9578 1.0628 0.0371 0.0374 0.0372  
7 104.0690 -5.3726 -0.1874 -0.1924 -0.1913  
8 147.2708 66.1765 2.3085 2.3447< 2.4109<  
9 106.2468 38.6892 1.3496 1.3806 1.3882  
10 129.2032 51.9718 1.8130 1.8236 1.8497  
11 110.3431 -11.3498 -0.3959 -0.4028 -0.4008  
12 136.9803 26.6459 0.9295 0.9365 0.9359  
13 110.5625 -7.2169 -0.2518 -0.2561 -0.2546  
14 133.5392 -15.3375 -0.5350 -0.5384 -0.5361  
15 122.6463 -4.2182 -0.1471 -0.1482 -0.1474  
16 105.7968 28.1192 0.9809 1.0041 1.0041  
17 128.1395 10.1638 0.3546 0.3567 0.3548  
18 103.8652 1.6522 0.0576 0.0592 0.0588  
19 109.0582 27.7391 0.9676 0.9860 0.9859  
20 129.9942 -3.9606 -0.1382 -0.1390 -0.1382  
21 124.1747 -7.6745 -0.2677 -0.2695 -0.2680  
22 115.8861 31.3569 1.0938 1.1066 1.1081  
23 110.3806 3.9859 0.1390 0.1415 0.1406  
24 127.7234 -15.4195 -0.5379 -0.5411 -0.5388  
25 111.7448 11.6994 0.4081 0.4145 0.4125  
26 119.9763 12.2227 0.4264 0.4301 0.4280  
27 107.5593 -31.4974 -1.0987 -1.1219 -1.1236  
28 126.7931 -11.3396 -0.3956 -0.3980 -0.3960  
29 110.2904 -61.8941 -2.1591 -2.1968< -2.2492<  
30 128.9744 -3.6359 -0.1268 -0.1276 -0.1268  
31 130.8831 5.8606 0.2044 0.2057 0.2045  
32 122.0725 -7.3106 -0.2550 -0.2570 -0.2555  
33 110.2246 -59.4228 -2.0729 -2.1092< -2.1544<  
34 118.4434 37.7470 1.3168 1.3295 1.3357  
35 120.3629 24.4148 0.8517 0.8589 0.8575  
36 112.9517 -29.0282 -1.0126 -1.0272 -1.0276  
37 114.2806 2.1458 0.0749 0.0758 0.0754  
38 111.7852 -64.6705 -2.2560 -2.2913< -2.3524<  
39 116.9838 -2.1604 -0.0754 -0.0762 -0.0757  
40 120.8150 57.2330 1.9965 2.0129< 2.0509<  
41 115.5984 -5.1906 -0.1811 -0.1832 -0.1822  
42 113.6762 -13.2328 -0.4616 -0.4679 -0.4657  
43 149.8406 7.6891 0.2682 0.2733 0.2717  
44 149.8400 0.9852 0.0344 0.0350 0.0348  
45 150.8219 -4.5543 -0.1589 -0.1621 -0.1611  
46 118.3215 10.4827 0.3657 0.3692 0.3673  
47 148.7852 10.4511 0.3646 0.3709 0.3690  
48 115.5818 -41.6933 -1.4544 -1.4717 -1.4822  
49 121.3311 27.4636 0.9580 0.9656 0.9652  
50 147.7207 20.9273 0.7300 0.7418 0.7398  
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51 130.1014 -20.1621 -0.7033 -0.7075 -0.7053  
52 136.8183 26.4813 0.9238 0.9307 0.9299  
53 135.7215 17.2184 0.6006 0.6049 0.6026  
54 119.6963 9.1552 0.3194 0.3222 0.3205  
55 134.4880 -26.1163 -0.9110 -0.9171 -0.9162  
56 140.5657 -1.2517 -0.0437 -0.0441 -0.0438  
57 133.2298 59.0827 2.0610 2.0740< 2.1165<  
58 132.0242 -18.8129 -0.6563 -0.6602 -0.6580  
59 133.1202 -7.2821 -0.2540 -0.2556 -0.2542  
60 130.7440 24.2727 0.8467 0.8517 0.8503  
61 136.8248 42.3292 1.4766 1.4877 1.4987  
62 146.6530 37.2805 1.3005 1.3200 1.3259  
63 145.5265 34.2737 1.1956 1.2121 1.2156  
64 136.8321 15.4197 0.5379 0.5419 0.5396  
65 144.3756 1.4254 0.0497 0.0504 0.0501  
66 143.0556 -17.5566 -0.6124 -0.6195 -0.6172  
67 141.8180 -16.5030 -0.5757 -0.5818 -0.5794  
68 140.5878 -24.1175 -0.8413 -0.8494 -0.8480  
69 140.5413 -32.8237 -1.1450 -1.1560 -1.1584  
70 144.3819 5.5880 0.1949 0.1974 0.1963  
71 137.7086 16.6926 0.5823 0.5869 0.5846  
72 139.3557 -6.7170 -0.2343 -0.2364 -0.2351  
73 138.1411 2.2365 0.0780 0.0787 0.0782  
74 137.9433 3.7080 0.1293 0.1304 0.1296  
75 121.9312 1.5753 0.0550 0.0554 0.0550  
76 145.2866 -72.0759 -2.5143< -2.5484< -2.6372<  
77 145.8375 -7.4210 -0.2589 -0.2625 -0.2611  
78 144.4626 -40.7843 -1.4227 -1.4409 -1.4503  
79 140.6619 -10.3649 -0.3616 -0.3651 -0.3632  
80 145.2915 -7.1850 -0.2506 -0.2540 -0.2526  
81 144.5219 5.9895 0.2089 0.2116 0.2104  
82 144.5860 -47.4626 -1.6557 -1.6770 -1.6957  
83 121.2162 2.1360 0.0745 0.0751 0.0747  
84 124.0231 0.5534 0.0193 0.0194 0.0193  
85 131.5052 -20.2330 -0.7058 -0.7100 -0.7079  
86 127.9371 -54.2302 -1.8918 -1.9030 -1.9338  
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
1 147.3864 137.3697 157.4031 89.5063 205.2665  
2 146.6590 136.8947 156.4232 88.8220 204.4959  
3 147.7719 137.6198 157.9239 89.8682 205.6755  
4 147.1828 137.2371 157.1284 89.3150 205.0506  
5 101.8767 88.1692 115.5841 43.2451 160.5082  
6 139.9578 132.2694 147.6463 82.4349 197.4807  
7 104.0690 91.2223 116.9158 45.6327 162.5054  
8 147.2708 137.2945 157.2471 89.3977 205.1439  
9 106.2468 94.2383 118.2553 47.9890 164.5046  
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10 129.2032 123.0543 135.3522 71.8658 186.5406  
11 110.3431 99.8522 120.8340 52.3791 168.3071  
12 136.9803 130.0039 143.9568 79.5483 194.4124  
13 110.5625 100.1503 120.9748 52.6127 168.5124  
14 133.5392 127.1410 139.9374 76.1745 190.9039  
15 122.6463 115.7836 129.5090 65.2280 180.0646  
16 105.7968 93.6167 117.9770 47.5034 164.0903  
17 128.1395 121.9613 134.3176 70.7989 185.4800  
18 103.8652 90.9391 116.7913 45.4114 162.3191  
19 109.0582 98.1010 120.0154 51.0080 167.1084  
20 129.9942 123.8437 136.1448 72.6567 187.3318  
21 124.1747 117.5851 130.7644 66.7884 181.5611  
22 115.8861 107.2642 124.5081 58.2311 173.5412  
23 110.3806 99.9032 120.8580 52.4191 168.3422  
24 127.7234 121.5241 133.9227 70.3806 185.0662  
25 111.7448 101.7505 121.7392 53.8686 169.6210  
26 119.9763 112.5122 127.4404 62.4830 177.4696  
27 107.5593 96.0464 119.0722 49.4016 165.7170  
28 126.7931 120.5271 133.0590 69.4430 184.1431  
29 110.2904 99.7806 120.8002 52.3230 168.2578  
30 128.9744 122.8222 135.1266 71.6367 186.3122  
31 130.8831 124.7069 137.0593 73.5427 188.2234  
32 122.0725 115.0930 129.0519 64.6401 179.5049  
33 110.2246 99.6912 120.7581 52.2529 168.1964  
34 118.4434 110.5743 126.3126 60.8961 175.9907  
35 120.3629 112.9946 127.7312 62.8820 177.8439  
36 112.9517 103.3733 122.5301 55.1459 170.7575  
37 114.2806 105.1458 123.4154 56.5466 172.0146  
38 111.7852 101.8050 121.7654 53.9114 169.6590  
39 116.9838 108.6955 125.2721 59.3777 174.5899  
40 120.8150 113.5552 128.0748 63.3479 178.2822  
41 115.5984 106.8866 124.3102 57.9298 173.2670  
42 113.6762 104.3416 123.0108 55.9103 171.4421  
43 149.8406 138.9451 160.7362 91.8020 207.8793  
44 149.8400 138.9447 160.7353 91.8014 207.8786  
45 150.8219 139.5648 162.0790 92.7143 208.9294  
46 118.3215 110.4184 126.2245 60.7695 175.8734  
47 148.7852 138.2724 159.2980 90.8172 206.7532  
48 115.5818 106.8648 124.2989 57.9125 173.2512  
49 121.3311 114.1903 128.4719 63.8789 178.7834  
50 147.7207 137.5866 157.8547 89.8202 205.6211  
51 130.1014 123.9490 136.2537 72.7636 187.4392  
52 136.8183 129.8756 143.7611 79.3904 194.2463  
53 135.7215 128.9909 142.4522 78.3188 193.1243  
54 119.6963 112.1612 127.2315 62.1938 177.1989  
55 134.4880 127.9607 141.0152 77.1088 191.8672  
56 140.5657 132.7126 148.4189 83.0206 198.1109  
57 133.2298 126.8683 139.5913 75.8692 190.5904  
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58 132.0242 125.7787 138.2696 74.6763 189.3720  
59 133.1202 126.7710 139.4694 75.7610 190.4795  
60 130.7440 124.5734 136.9145 73.4043 188.0837  
61 136.8248 129.8807 143.7689 79.3967 194.2529  
62 146.6530 136.8908 156.4152 88.8164 204.4896  
63 145.5265 136.1467 154.9063 87.7532 203.2997  
64 136.8321 129.8865 143.7776 79.4038 194.2604  
65 144.3756 135.3747 153.3766 86.6627 202.0886  
66 143.0556 134.4725 151.6388 85.4064 200.7049  
67 141.8180 133.6082 150.0279 84.2232 199.4129  
68 140.5878 132.7285 148.4470 83.0418 198.1337  
69 140.5413 132.6949 148.3877 82.9971 198.0855  
70 144.3819 135.3790 153.3849 86.6687 202.0952  
71 137.7086 130.5740 144.8432 80.2571 195.1601  
72 139.3557 131.8244 146.8870 81.8537 196.8578  
73 138.1411 130.9073 145.3748 80.6772 195.6049  
74 137.9433 130.7554 145.1313 80.4852 195.4014  
75 121.9312 114.9219 128.9404 64.4951 179.3672  
76 145.2866 135.9868 154.5864 87.5263 203.0469  
77 145.8375 136.3532 155.3218 88.0472 203.6278  
78 144.4626 135.4335 153.4917 86.7452 202.1800  
79 140.6619 132.7822 148.5417 83.1132 198.2107  
80 145.2915 135.9901 154.5930 87.5309 203.0521  
81 144.5219 135.4735 153.5703 86.8016 202.2423  
82 144.5860 135.5168 153.6553 86.8624 202.3097  
83 121.2162 114.0493 128.3830 63.7607 178.6716  
84 124.0231 117.4090 130.6373 66.6340 181.4123  
85 131.5052 125.2962 137.7141 74.1613 188.8490  
86 127.9371 121.7493 134.1248 70.5955 185.2787  
 
Fit Equation Description: 
[Variables] 
x = col(2) 
y = col(3) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: -68.2592}} 
a = F(0)[2] ''Auto {{previous: 2.45543e-005}} 
[Equation] 
f=y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_y 
[Constraints] 
[Options] 
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tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 1 
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Flux versus Easting (Y UTM 24N) 

 
Nonlinear Regression 
 
Data Source: FLX in EDA_01.JNB 
Equation: Linear 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.3189 0.1017 0.0910  20583.6506  
 
  Coefficient Std. Error t P VIF  
 
y0 53802.1651 5458.3556 9.8568 <0.0001 6.0475<  
a -0.0375 0.0122 -3.0840 0.0028 6.0475<  
 
Analysis of Variance:  
 
Uncorrected for the mean of the observations: 
  DF SS MS  
Regression2130996785952.029165498392976.0145  
Residual 8435589680560.6068423686673.3406  
Total 86166586466512.63591937051936.1934  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression14029577474.38594029577474.3859 9.5107 0.0028  
Total 8539619258034.9927466108918.0587  
 
Statistical Tests: 
 
PRESS  37688118080.5574 
 
Durbin-Watson Statistic  1.4293 Failed  
 
Normality Test   Passed (P = 0.1054) 
 
K-S Statistic = 0.1290 Significance Level = 0.1054 
 
Constant Variance Test  Failed (P = 0.0277) 
 
Power of performed test with alpha = 0.0500: 0.8533 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
1 50640.6043-35783.3218 -1.7384 -1.7823 -1.8062  
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2 49937.6523-35901.2822 -1.7442 -1.7843 -1.8083  
3 49747.3831-22063.5831 -1.0719 -1.0960 -1.0973  
4 49685.8881-32900.6519 -1.5984 -1.6340 -1.6507  
5 49224.4096 5080.1767 0.2468 0.2520 0.2506  
6 49102.1744 87.2881 0.0042 0.0043 0.0043  
7 49033.9799 3100.0714 0.1506 0.1537 0.1528  
8 48687.1393-15952.9726 -0.7750 -0.7901 -0.7883  
9 48647.1543 481.4907 0.0234 0.0238 0.0237  
10 48295.8574 99424.3176 4.8303< 4.9191< 5.7952<  
11 48088.1723-11969.0007 -0.5815 -0.5919 -0.5896  
12 47966.7046 -445.1671 -0.0216 -0.0220 -0.0219  
13 47347.5285-10909.8576 -0.5300 -0.5385 -0.5363  
14 47251.6682 -1036.8121 -0.0504 -0.0512 -0.0509  
15 46525.0621 931.5236 0.0453 0.0459 0.0456  
16 46118.6099 -4188.5099 -0.2035 -0.2062 -0.2050  
17 46067.2020 7250.6105 0.3523 0.3569 0.3551  
18 46015.2273 26538.3602 1.2893 1.3063 1.3119  
19 45468.2768 -1909.2068 -0.0928 -0.0939 -0.0933  
20 45157.2374 3448.0024 0.1675 0.1695 0.1685  
21 44945.8744 -1544.7562 -0.0750 -0.0759 -0.0754  
22 44642.4494 4206.7756 0.2044 0.2066 0.2054  
23 44580.4174 6725.8293 0.3268 0.3302 0.3285  
24 44438.4484 4036.6641 0.1961 0.1982 0.1970  
25 44397.3851 7077.3899 0.3438 0.3474 0.3456  
26 44032.2653 -910.3653 -0.0442 -0.0447 -0.0444  
27 43146.0909 11920.7341 0.5791 0.5842 0.5819  
28 43001.8241 2847.9259 0.1384 0.1395 0.1387  
29 42848.3910-11296.3575 -0.5488 -0.5534 -0.5511  
30 42668.7921 567.7204 0.0276 0.0278 0.0276  
31 42376.1688 -4754.9438 -0.2310 -0.2328 -0.2315  
32 42263.3095 2868.0905 0.1393 0.1404 0.1396  
33 41288.2186 3119.0621 0.1515 0.1526 0.1517  
34 41022.2393 12169.7444 0.5912 0.5952 0.5929  
35 40984.7880 12511.4870 0.6078 0.6119 0.6096  
36 40881.3926 1099.7611 0.0534 0.0538 0.0535  
37 39619.9081 33030.8981 1.6047 1.6144 1.6303  
38 38432.3403 16601.8552 0.8066 0.8113 0.8096  
39 38176.8799 12514.7701 0.6080 0.6116 0.6093  
40 37986.3911 25245.9089 1.2265 1.2337 1.2376  
41 37283.2641 31070.6509 1.5095 1.5186 1.5307  
42 36854.4035 43258.5688 2.1016 2.1146< 2.1602<  
43 36594.4221-17306.6848 -0.8408 -0.8461 -0.8446  
44 36567.2334-16959.9834 -0.8240 -0.8291 -0.8276  
45 36534.0118-17400.6637 -0.8454 -0.8507 -0.8493  
46 35807.3215 11468.3285 0.5572 0.5609 0.5586  
47 35422.4024-17093.9990 -0.8305 -0.8363 -0.8348  
48 35039.9328 2914.3422 0.1416 0.1426 0.1418  
49 35039.9328 12996.4172 0.6314 0.6360 0.6337  
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50 34219.9465-17571.4175 -0.8537 -0.8606 -0.8592  
51 33801.4569 -9475.0694 -0.4603 -0.4643 -0.4621  
52 33573.5226-15892.8219 -0.7721 -0.7789 -0.7771  
53 33541.1078-15688.5981 -0.7622 -0.7690 -0.7671  
54 33539.2275 10317.7475 0.5013 0.5057 0.5035  
55 33497.0953-19177.0852 -0.9317 -0.9400 -0.9393  
56 33459.7694-17074.8700 -0.8295 -0.8370 -0.8355  
57 33452.5141 -9996.7090 -0.4857 -0.4900 -0.4878  
58 33434.4881-16246.3279 -0.7893 -0.7964 -0.7947  
59 33413.9261-10763.1761 -0.5229 -0.5276 -0.5254  
60 33384.4767 -9823.6551 -0.4773 -0.4816 -0.4794  
61 33138.4133 -7725.3038 -0.3753 -0.3788 -0.3769  
62 33012.3551-14092.8932 -0.6847 -0.6912 -0.6891  
63 32883.7110-11714.7086 -0.5691 -0.5747 -0.5724  
64 32800.8401-15360.3964 -0.7462 -0.7536 -0.7517  
65 32774.4068-13536.0799 -0.6576 -0.6641 -0.6619  
66 32680.4626-18968.5976 -0.9215 -0.9308 -0.9301  
67 32604.1515-16930.8023 -0.8225 -0.8309 -0.8294  
68 32523.0922-20073.4461 -0.9752 -0.9852 -0.9851  
69 32516.7539-16359.0039 -0.7948 -0.8029 -0.8012  
70 32515.2038 28348.2627 1.3772 1.3914 1.3993  
71 32465.2637-14730.9840 -0.7157 -0.7231 -0.7210  
72 32436.7918-14964.1846 -0.7270 -0.7346 -0.7325  
73 32358.8478-14637.5695 -0.7111 -0.7186 -0.7165  
74 32255.0550-13865.4402 -0.6736 -0.6808 -0.6786  
75 31281.1239 11870.9999 0.5767 0.5839 0.5815  
76 30712.8552 -529.2025 -0.0257 -0.0261 -0.0259  
77 30702.6082 31355.2120 1.5233 1.5438 1.5569  
78 30690.3022 4928.7899 0.2395 0.2427 0.2413  
79 30651.9921-11242.8564 -0.5462 -0.5536 -0.5513  
80 30628.2225 38652.7411 1.8778 1.9034 1.9342  
81 29736.3915 54370.3526 2.6414< 2.6825< 2.7886<  
82 28870.7432 5988.9376 0.2910 0.2961 0.2945  
83 28445.2833 30750.7548 1.4939 1.5218 1.5341  
84 27360.1917 6083.7753 0.2956 0.3020 0.3003  
85 26703.7459 -9944.8510 -0.4831 -0.4946 -0.4923  
86 26467.4737-10548.1692 -0.5125 -0.5250 -0.5227  
    
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
1 50640.6043 41610.4231 59670.7856 8723.5180 92557.6907  
2 49937.6523 41300.0712 58575.2334 8103.3869 91771.9177  
3 49747.3831 41215.0332 58279.7331 7934.7181 91560.0481  
4 49685.8881 41187.4487 58184.3275 7880.1298 91491.6465  
5 49224.4096 40978.8111 57470.0080 7469.3158 90979.5033  
6 49102.1744 40923.0435 57281.3053 7360.1555 90844.1933  
7 49033.9799 40891.8352 57176.1247 7299.1925 90768.7673  
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8 48687.1393 40732.0074 56642.2711 6988.4333 90385.8452  
9 48647.1543 40713.4600 56580.8486 6952.5328 90341.7758  
10 48295.8574 40549.3687 56042.3462 6636.4522 89955.2627  
11 48088.1723 40451.3567 55724.9880 6449.0211 89727.3235  
12 47966.7046 40393.6714 55539.7378 6339.2042 89594.2050  
13 47347.5285 40095.1934 54599.8636 5777.1746 88917.8824  
14 47251.6682 40048.2813 54455.0550 5689.8258 88813.5105  
15 46525.0621 39685.9170 53364.2072 5024.7987 88025.3255  
16 46118.6099 39477.5096 52759.7102 4650.5237 87586.6961  
17 46067.2020 39450.8330 52683.5709 4603.0693 87531.3346  
18 46015.2273 39423.7871 52606.6675 4555.0652 87475.3894  
19 45468.2768 39134.3676 51802.1861 4048.2773 86888.2764  
20 45157.2374 38965.5962 51348.8786 3758.7546 86555.7202  
21 44945.8744 38849.0387 51042.7101 3561.4647 86330.2841  
22 44642.4494 38678.9019 50605.9970 3277.4660 86007.4329  
23 44580.4174 38643.6937 50517.1411 3219.2926 85941.5422  
24 44438.4484 38562.5509 50314.3458 3086.0104 85790.8864  
25 44397.3851 38538.9321 50255.8380 3047.4222 85747.3479  
26 44032.2653 38325.8636 49738.6670 2703.5709 85360.9597  
27 43146.0909 37783.6111 48508.5707 1863.4778 84428.7041  
28 43001.8241 37691.6207 48312.0274 1725.9689 84277.6792  
29 42848.3910 37592.5492 48104.2328 1579.4943 84117.2877  
30 42668.7921 37474.9108 47862.6735 1407.7408 83929.8435  
31 42376.1688 37279.2160 47473.1215 1127.2066 83625.1310  
32 42263.3095 37202.3563 47324.2627 1018.7801 83507.8389  
33 41288.2186 36503.3550 46073.0822 76.6562 82499.7810  
34 41022.2393 36300.9380 45743.5406 -181.9916 82226.4702  
35 40984.7880 36272.0041 45697.5718 -218.4678 82188.0438  
36 40881.3926 36191.5584 45571.2269 -319.2446 82082.0298  
37 39619.9081 35139.0891 44100.7272 -1557.4606 80797.2769  
38 38432.3403 34018.4342 42846.2464 -2737.8009 79602.4814  
39 38176.8799 33760.1144 42593.6454 -2993.5679 79347.3278  
40 37986.3911 33563.4998 42409.2824 -3184.7144 79157.4966  
41 37283.2641 32808.5461 41757.9821 -3893.4412 78459.9694  
42 36854.4035 32326.0243 41382.7828 -4328.1677 78036.9748  
43 36594.4221 32025.6635 41163.1807 -4592.6088 77781.4530  
44 36567.2334 31993.9176 41140.5492 -4620.3032 77754.7701  
45 36534.0118 31955.0426 41112.9809 -4654.1530 77722.1765  
46 35807.3215 31082.0319 40532.6110 -5397.3666 77012.0095  
47 35422.4024 30602.9218 40241.8829 -5793.1936 76637.9983  
48 35039.9328 30116.2410 39963.6246 -6187.9789 76267.8444  
49 35039.9328 30116.2410 39963.6246 -6187.9789 76267.8444  
50 34219.9465 29040.2216 39399.6713 -7039.3253 75479.2182  
51 33801.4569 28475.5521 39127.3617 -7476.4212 75079.3350  
52 33573.5226 28163.9970 38983.0482 -7715.2280 74862.2732  
53 33541.1078 28119.4715 38962.7441 -7749.2312 74831.4469  
54 33539.2275 28116.8870 38961.5679 -7751.2041 74829.6590  
55 33497.0953 28058.9298 38935.2608 -7795.4174 74789.6080  
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56 33459.7694 28007.5094 38912.0293 -7834.6019 74754.1406  
57 33452.5141 27997.5064 38907.5218 -7842.2200 74747.2482  
58 33434.4881 27972.6422 38896.3341 -7861.1499 74730.1261  
59 33413.9261 27944.2602 38883.5920 -7882.7469 74710.5991  
60 33384.4767 27903.5744 38865.3790 -7913.6861 74682.6395  
61 33138.4133 27561.9829 38714.8436 -8172.5360 74449.3626  
62 33012.3551 27385.8807 38638.8296 -8305.3792 74330.0895  
63 32883.7110 27205.4208 38562.0012 -8441.1113 74208.5333  
64 32800.8401 27088.7819 38512.8984 -8528.6356 74130.3159  
65 32774.4068 27051.5145 38497.2991 -8556.5677 74105.3813  
66 32680.4626 26918.8228 38442.1024 -8655.8949 74016.8201  
67 32604.1515 26810.7616 38397.5415 -8736.6434 73944.9464  
68 32523.0922 26695.7108 38350.4735 -8822.4799 73868.6643  
69 32516.7539 26686.7033 38346.8045 -8829.1945 73862.7023  
70 32515.2038 26684.5002 38345.9075 -8830.8367 73861.2443  
71 32465.2637 26613.4679 38317.0595 -8883.7565 73814.2839  
72 32436.7918 26572.9258 38300.6578 -8913.9383 73787.5219  
73 32358.8478 26461.7726 38255.9230 -8996.6047 73714.3004  
74 32255.0550 26313.3854 38196.7246 -9106.7800 73616.8900  
75 31281.1239 24901.9573 37660.2906 -10145.8205 72708.0684  
76 30712.8552 24064.2979 37361.4126 -10756.4258 72182.1363  
77 30702.6082 24049.1081 37356.1083 -10767.4656 72172.6820  
78 30690.3022 24030.8623 37349.7421 -10780.7250 72161.3294  
79 30651.9921 23974.0345 37329.9497 -10822.0127 72125.9969  
80 30628.2225 23938.7554 37317.6896 -10847.6370 72104.0821  
81 29736.3915 22604.7018 36868.0812 -11813.0845 71285.8675  
82 28870.7432 21292.7376 36448.7488 -12757.6621 70499.1485  
83 28445.2833 20642.6359 36247.9308 -13224.6010 70115.1677  
84 27360.1917 18971.2219 35749.1615 -14423.4507 69143.8341  
85 26703.7459 17951.9784 35455.5135 -15154.2448 68561.7367  
86 26467.4737 17583.8154 35351.1320 -15418.2917 68353.2391  
 
Fit Equation Description: 
[Variables] 
x = col(1) 
y = col(3) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 53802.2}} 
a = F(0)[2] ''Auto {{previous: -0.0375245}} 
[Equation] 
f=y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_ysquare 
''fit f to y with weight reciprocal_y 
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[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 1 
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Flux versus Northing  (UTM 24N) 
 
Nonlinear Regression 
 
Data Source: FLX in EDA_01.JNB 
Equation: Linear 
 
 
R  Rsqr  Adj Rsqr  Standard Error of Estimate 
 
0.4672 0.2183 0.2090  19201.5705  
 
  Coefficient Std. Error t P VIF  
 
y0 181361.3766 29585.6876 6.1300 <0.0001 204.1683<  
a -0.0177 0.0037 -4.8432 <0.0001 204.1683<  
 
Analysis of Variance:  
 
Uncorrected for the mean of the observations: 
  DF SS MS  
Regression2135615640553.576567807820276.7882  
Residual 8430970825959.0594368700309.0364  
Total 86166586466512.63591937051936.1934  
 
Corrected for the mean of the observations: 
  DF SS MS F P  
Regression18648432075.93328648432075.9332 23.4565 <0.0001  
Total 8539619258034.9927466108918.0587  
 
Statistical Tests: 
 
PRESS  32164695412.5032 
 
Durbin-Watson Statistic  1.7781 Passed  
 
Normality Test   Passed (P = 0.0587) 
 
K-S Statistic = 0.1412 Significance Level = 0.0587 
 
Constant Variance Test  Passed (P = 0.2271) 
 
Power of performed test with alpha = 0.0500: 0.9960 
 
Regression Diagnostics: 
Row Predicted Residual Std. Res. Stud. Res. Stud. Del. Res.  
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1 25521.8614-10664.5789 -0.5554 -0.5642 -0.5619  
2 26047.5709-12011.2008 -0.6255 -0.6349 -0.6326  
3 25243.3103 2440.4897 0.1271 0.1292 0.1284  
4 25669.0296 -8883.7934 -0.4627 -0.4699 -0.4677  
5 58410.1503 -4105.5640 -0.2138 -0.2203 -0.2190  
6 30890.2531 18299.2094 0.9530 0.9618 0.9614  
7 56825.7990 -4691.7477 -0.2443 -0.2508 -0.2494  
8 25605.4044 7128.7623 0.3713 0.3771 0.3751  
9 55252.0250 -6123.3800 -0.3189 -0.3262 -0.3245  
10 38662.1964109057.9786 5.6796< 5.7130< 7.2624<  
11 52291.7582-16172.5866 -0.8423 -0.8569 -0.8555  
12 33041.9625 14479.5750 0.7541 0.7598 0.7579  
13 52133.1817-15695.5108 -0.8174 -0.8314 -0.8299  
14 35528.7441 10686.1119 0.5565 0.5601 0.5578  
15 43400.6762 4055.9095 0.2112 0.2128 0.2116  
16 55577.1914-13647.0914 -0.7107 -0.7275 -0.7255  
17 39430.9552 13886.8573 0.7232 0.7275 0.7254  
18 56973.0999 15580.4876 0.8114 0.8331 0.8316  
19 53220.3224 -9661.2524 -0.5031 -0.5127 -0.5104  
20 38090.5665 10514.6733 0.5476 0.5508 0.5485  
21 42296.1217 1104.9965 0.0575 0.0579 0.0576  
22 48285.9964 563.2286 0.0293 0.0297 0.0295  
23 52264.6386 -958.3919 -0.0499 -0.0508 -0.0505  
24 39731.6462 8743.4663 0.4554 0.4581 0.4559  
25 51278.7671 196.0079 0.0102 0.0104 0.0103  
26 45330.1899 -2208.2899 -0.1150 -0.1160 -0.1153  
27 54303.5119 763.3131 0.0398 0.0406 0.0403  
28 40403.9421 5445.8079 0.2836 0.2853 0.2838  
29 52329.8440-20777.8105 -1.0821 -1.1010 -1.1024  
30 38827.5665 4408.9460 0.2296 0.2310 0.2297  
31 37448.2466 172.9784 0.0090 0.0091 0.0090  
32 43815.3550 1316.0450 0.0685 0.0691 0.0686  
33 52377.3781 -7970.0974 -0.4151 -0.4223 -0.4203  
34 46437.9349 6754.0488 0.3517 0.3551 0.3533  
35 45050.7857 8445.4893 0.4398 0.4436 0.4414  
36 50406.6222 -8425.4685 -0.4388 -0.4451 -0.4430  
37 49446.2765 23204.5297 1.2085 1.2243 1.2280  
38 51249.5982 3784.5973 0.1971 0.2002 0.1990  
39 47492.7591 3198.8909 0.1666 0.1684 0.1674  
40 44724.0672 18508.2328 0.9639 0.9718 0.9715  
41 48493.9408 19859.9742 1.0343 1.0466 1.0472  
42 49883.0486 30229.9237 1.5743 1.5959 1.6110  
43 23748.2737 -4460.5364 -0.2323 -0.2367 -0.2353  
44 23748.7421 -4141.4921 -0.2157 -0.2197 -0.2185  
45 23039.1875 -3905.8394 -0.2034 -0.2075 -0.2063  
46 46526.0851 749.5649 0.0390 0.0394 0.0392  
47 24511.0211 -6182.6177 -0.3220 -0.3276 -0.3259  
48 48505.9155-10551.6405 -0.5495 -0.5561 -0.5538  
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49 44351.0910 3685.2590 0.1919 0.1934 0.1923  
50 25280.3202 -8631.7912 -0.4495 -0.4568 -0.4546  
51 38013.1447-13686.7572 -0.7128 -0.7170 -0.7149  
52 33159.0539-15478.3532 -0.8061 -0.8121 -0.8105  
53 33951.6515-16099.1418 -0.8384 -0.8443 -0.8429  
54 45532.5082 -1675.5332 -0.0873 -0.0880 -0.0875  
55 34843.1094-20523.0993 -1.0688 -1.0759 -1.0769  
56 30450.9182-14066.0188 -0.7325 -0.7396 -0.7376  
57 35752.3472-12296.5421 -0.6404 -0.6444 -0.6422  
58 36623.6169-19435.4567 -1.0122 -1.0183 -1.0185  
59 35831.5277-13180.7777 -0.6864 -0.6907 -0.6886  
60 37548.7589-13987.9373 -0.7285 -0.7328 -0.7307  
61 33154.3604 -7741.2509 -0.4032 -0.4062 -0.4042  
62 26051.8891 -7132.4272 -0.3715 -0.3770 -0.3751  
63 26865.9679 -5696.9655 -0.2967 -0.3008 -0.2992  
64 33149.1271-15708.6834 -0.8181 -0.8242 -0.8226  
65 27697.6569 -8459.3300 -0.4406 -0.4462 -0.4440  
66 28651.5532-14939.6882 -0.7780 -0.7870 -0.7852  
67 29545.9259-13872.5767 -0.7225 -0.7301 -0.7280  
68 30435.0170-17985.3709 -0.9367 -0.9457 -0.9451  
69 30468.5809-14310.8309 -0.7453 -0.7525 -0.7505  
70 27693.0853 33170.3812 1.7275 1.7494 1.7716  
71 32515.6741-14781.3944 -0.7698 -0.7759 -0.7740  
72 31325.3577-13852.7505 -0.7214 -0.7278 -0.7258  
73 32203.1583-14481.8799 -0.7542 -0.7603 -0.7584  
74 32346.0512-13956.4364 -0.7268 -0.7327 -0.7307  
75 43917.4828 -765.3590 -0.0399 -0.0402 -0.0399  
76 27039.3109 3144.3418 0.1638 0.1660 0.1650  
77 26641.2069 35416.6133 1.8445 1.8705 1.8993  
78 27634.7996 7984.2925 0.4158 0.4211 0.4191  
79 30381.4138-10972.2781 -0.5714 -0.5770 -0.5747  
80 27035.7789 42245.1847 2.2001 2.2300< 2.2853<  
81 27591.9256 56514.8185 2.9432< 2.9810< 3.1336<  
82 27545.5974 7314.0834 0.3809 0.3858 0.3839  
83 44434.1829 14761.8552 0.7688 0.7749 0.7731  
84 42405.6789 -8961.7119 -0.4667 -0.4699 -0.4677  
85 36998.6917-20239.7968 -1.0541 -1.0604 -1.0612  
86 39577.2010-23657.8965 -1.2321 -1.2394 -1.2434  
     
 
95% Confidence: 
Row Predicted Regr. 5% Regr. 95% Pop.  5% Pop.  95%  
1 25521.8614 18812.4392 32231.2837 -13247.5461 64291.2690  
2 26047.5709 19507.2345 32587.9074 -12692.9326 64788.0745  
3 25243.3103 18443.2234 32043.3971 -13541.8905 64028.5110  
4 25669.0296 19007.2139 32330.8453 -13092.1676 64430.2267  
5 58410.1503 49228.6021 67591.6985 19137.3679 97682.9328  
6 30890.2531 25740.3482 36040.1581 -7639.8927 69420.3990  
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7 56825.7990 48220.7529 65430.8451 17683.7828 95967.8152  
8 25605.4044 18923.0324 32287.7764 -13159.3310 64370.1398  
9 55252.0250 47208.4439 63295.6060 16229.5979 94274.4520  
10 38662.1964 34543.4969 42780.8958 256.2815 77068.1113  
11 52291.7582 45264.7277 59318.7887 13466.1252 91117.3911  
12 33041.9625 28368.9995 37714.9255 -5427.3395 71511.2645  
13 52133.1817 45158.8093 59107.5540 13317.0447 90949.3186  
14 35528.7441 31243.0965 39814.3918 -2895.4330 73952.9213  
15 43400.6762 38803.8814 47997.4710 4940.5522 81860.8002  
16 55577.1914 47418.6307 63735.7521 16530.9018 94623.4809  
17 39430.9552 35292.6944 43569.2159 1022.9375 77838.9728  
18 56973.0999 48314.8974 65631.3024 17819.3634 96126.8365  
19 53220.3224 45880.9338 60559.7109 14336.9424 92103.7024  
20 38090.5665 33970.7654 42210.3676 -315.4666 76496.5996  
21 42296.1217 37882.2214 46710.0221 3857.4286 80734.8149  
22 48285.9964 42510.8025 54061.1904 9667.3030 86904.6898  
23 52264.6386 45246.6284 59282.6487 13440.6372 91088.6399  
24 39731.6462 35579.2262 43884.0663 1322.1005 78141.1920  
25 51278.7671 44584.3468 57973.1874 12511.9530 90045.5812  
26 45330.1899 40330.5542 50329.8255 6819.8410 83840.5388  
27 54303.5119 46591.9149 62015.1089 15348.1612 93258.8625  
28 40403.9421 36206.8789 44601.0052 1989.5443 78818.3398  
29 52329.8440 45290.1354 59369.5526 13501.9144 91157.7735  
30 38827.5665 34706.6919 42948.4410 421.4182 77233.7147  
31 37448.2466 33311.2891 41585.2040 -959.6307 75856.1238  
32 43815.3550 39140.3749 48490.3352 5345.8079 82284.9021  
33 52377.3781 45321.8296 59432.9266 13546.5736 91208.1827  
34 46437.9349 41166.9785 51708.8912 7891.4227 84984.4470  
35 45050.7857 40115.3188 49986.2526 6548.7150 83552.8564  
36 50406.6222 43990.7735 56822.4709 11686.9408 89126.3037  
37 49446.2765 43327.5910 55564.9620 10774.7246 88117.8284  
38 51249.5982 44564.6172 57934.5792 12484.4130 90014.7835  
39 47492.7591 41941.0875 53044.4307 8906.8591 86078.6590  
40 44724.0672 39861.2758 49586.8585 6231.2451 83216.8893  
41 48493.9408 42658.5600 54329.3216 9866.2010 87121.6807  
42 49883.0486 43630.5431 56135.5541 11190.0978 88575.9994  
43 23748.2737 16450.1829 31046.3644 -15127.3323 62623.8797  
44 23748.7421 16450.8102 31046.6740 -15126.8341 62624.3183  
45 23039.1875 15498.9214 30579.4535 -15882.6088 61960.9838  
46 46526.0851 41232.4566 51819.7136 7976.4662 85075.7040  
47 24511.0211 17469.2905 31552.7517 -14317.2751 63339.3173  
48 48505.9155 42667.0497 54344.7813 9877.6490 87134.1820  
49 44351.0910 39568.0143 49134.1676 5868.2579 82833.9240  
50 25280.3202 18492.3209 32068.3196 -13502.7631 64063.4036  
51 38013.1447 33892.1664 42134.1229 -393.0147 76419.3040  
52 33159.0539 28508.6318 37809.4761 -5307.5165 71625.6244  
53 33951.6515 29443.2792 38460.0239 -4498.0043 72401.3074  
54 45532.5082 40485.2890 50579.7274 7015.9528 84049.0636  
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55 34843.1094 30471.0111 39215.2077 -3590.8060 73277.0249  
56 30450.9182 25190.6899 35711.1466 -8094.1284 68995.9649  
57 35752.3472 31491.2491 40013.4453 -2669.0996 74173.7940  
58 36623.6169 32440.2901 40806.9436 -1789.2825 75036.5162  
59 35831.5277 31578.6816 40084.3737 -2589.0048 74252.0601  
60 37548.7589 33415.5920 41681.9258 -858.7102 75956.2280  
61 33154.3604 28503.0422 37805.6787 -5312.3183 71621.0392  
62 26051.8891 19512.9301 32590.8481 -12688.3819 64792.1601  
63 26865.9679 20583.1501 33148.7857 -11831.8927 65563.8285  
64 33149.1271 28496.8090 37801.4452 -5317.6726 71615.9268  
65 27697.6569 21668.6161 33726.6976 -10959.8126 66355.1264  
66 28651.5532 22902.3866 34400.7197 -9963.2566 67266.3629  
67 29545.9259 24046.7545 35045.0973 -9032.4554 68124.3071  
68 30435.0170 25170.7231 35699.3110 -8110.5846 68980.6187  
69 30468.5809 25212.8626 35724.2991 -8075.8505 69013.0123  
70 27693.0853 21662.6732 33723.4973 -10964.5981 66350.7687  
71 32515.6741 27736.7353 37294.6129 -5966.6449 70997.9930  
72 31325.3577 26280.7327 36369.9828 -7190.8578 69841.5733  
73 32203.1583 27357.8249 37048.4916 -6287.4623 70693.7788  
74 32346.0512 27531.3864 37160.7159 -6140.7207 70832.8231  
75 43917.4828 39222.4992 48612.4664 5445.4997 82389.4659  
76 27039.3109 20810.0775 33268.5444 -11649.8861 65728.5079  
77 26641.2069 20288.3959 32994.0178 -12068.0791 65350.4929  
78 27634.7996 21586.8806 33682.7187 -11025.6186 66295.2179  
79 30381.4138 25103.3782 35659.4493 -8166.0670 68928.8946  
80 27035.7789 20805.4571 33266.1006 -11653.5934 65725.1511  
81 27591.9256 21531.1005 33652.7506 -11070.5138 66254.3649  
82 27545.5974 21470.8000 33620.3947 -11119.0348 66210.2295  
83 44434.1829 39633.6557 49234.7101 5949.1770 82919.1888  
84 42405.6789 37975.3743 46835.9835 3965.0986 80846.2592  
85 36998.6917 32839.8078 41157.5756 -1411.5534 75408.9368  
86 39577.2010 35432.5070 43721.8951 1168.4897 77985.9123  
 
Fit Equation Description: 
[Variables] 
x = col(2) 
y = col(3) 
reciprocal_y = 1/abs(y) 
reciprocal_ysquare = 1/y^2 
'Automatic Initial Parameter Estimate Functions 
F(q)=ape(x,y,1,0,1) 
[Parameters] 
y0 = F(0)[1] ''Auto {{previous: 181361}} 
a = F(0)[2] ''Auto {{previous: -0.0177445}} 
[Equation] 
f=y0+a*x 
fit f to y 
''fit f to y with weight reciprocal_ysquare 
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''fit f to y with weight reciprocal_y 
[Constraints] 
[Options] 
tolerance=1e-10 
stepsize=1 
iterations=200 
 
Number of Iterations Performed = 1 
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SAMPLE VARIOGRAMS AND VARIOGRAM MODELS FOR KRIGING
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Sample variograms used to determine variogram model for CONCENTRATION 
 

Spherical model:  
Major range: 60 km 
Number lags: 15 
Lag distance: 15 km 
Partial Sill: 25 (ng g-1)2 
Nugget: 15 (ng g-1)2  

Search distance: 150 km 
Number of points to include (at least): 5 (2) 
 
 

 
Concentration variogram 

 
Concentration north direction 
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Concentration east direction 
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Sample variograms used to determine variogram model for FLUX 
 
Spherical model:  
Major range: 150 km 
Number lags: 15 
Lag distance: 15 km 
Partial Sill: 1.1 (µg cm-2 a-1)2 
Nugget: 0.9 (µg cm-2 a-1)2 
Search distance: 150 km 
Number of points to include (at least): 5 (2) 
 
 

 
Flux variogram 

 
Flux north direction 
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Flux east direction 
 
 
Kriging for GEOS-CHEM output 
 
Model: Spherical 
Table of parameters for model variograms for each year of GEOS-CHEM output 
 
year nugget (deviation)2 partial sill (deviation)2 major range (m) # lags lag size Neighbors (at least)
1988 0.000810 0.011500 900000 12 199950 5 (2)
1989 0.000217 0.006237 900000 12 199950 5 (2)
1990 0.000103 0.007987 900000 12 199950 5 (2)
1991 0.000617 0.014191 900000 12 199950 5 (2)
1992 0.000000 0.014757 900000 12 199950 5 (2)
1993 0.001326 0.004501 900000 12 199950 5 (2)
1994 0.001444 0.008229 900000 12 199950 5 (2)  
 
 

 
Variogram used for GEOS-CHEM kriging 1994 
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Variogram model: 1993 
 

 
Variogram model: 1992 
 

 
Variogram model: 1991 
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Variogram model: 1990 

 
Variogram model: 1989 

 
Variogram model: 1988 
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OUTPUT FROM MULTIPLE LINEAR REGRESSION ANALYSIS 
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####################LOW ACCUMULATION CONCENTRATION####### 
 
Multiple linear regression   
 
Intercept b0 = -6.775  t = -0.596 P = 0.5544 
latdPp b1 = 0.002 r = 0.139 t = 0.899 P = 0.3741 
londPm b2 = 8.98E-04 r = 0.018 t = 0.112 P = 0.9113 
lon b3 = -0.014 r = -0.012 t = -0.077 P = 0.9387 
elv b4 = 0.001 r = 0.13 t = 0.837 P = 0.4073 
acc b5 = 0.383 r = 0.243 t = 1.602 P = 0.1168 
Tmp b6 = -0.539 r = -0.23 t = -1.514 P = 0.1377 
 
cnc =  -6.775 +0.002 latdPp +8.98E-04 londPm -0.014 lon +0.001 elv +0.383 acc -0.539 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 12.006 6 2.001 
Residual 34.994 41 0.854 
Total (corrected) 47 47 
 
Root MSE = 0.924 
 
F = 2.344 P = 0.0488 
 
Multiple correlation coefficient (R) = 0.505 
 R²  = 25.545% 
 Ra² = 14.649% 
 
Durbin-Watson test statistic = 2.097 
 
 
Multiple regression - best sub-set 
 
Selected variables: acc 
 Tmp 
  
F = 6.702 
R² = 0.23 
Mallows' Cp = 2.429 
 
 
Multiple linear regression   
 
Intercept b0 = -1.95E-06  t = -1.50E-05 P > 0.9999 
acc b1 = 0.288 r = 0.248 t = 1.72 P = 0.0924 
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Tmp b2 = -0.602 r = -0.473 t = -3.6 P = 0.0008 
 
cnc =  -1.95E-06 +0.288 acc -0.602 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 10.787 2 5.393 
Residual 36.213 45 0.805 
Total (corrected) 47 47 
 
Root MSE = 0.897 
 
F = 6.702 P = 0.0028 
 
Multiple correlation coefficient (R) = 0.479 
 R²  = 22.951% 
 Ra² = 19.526% 
 
Durbin-Watson test statistic = 2.067 
 
 
##############MODERATE ACCUMULATION CONCENTRATION############### 
Multiple linear regression   
 
Intercept b0 = 9.442  t = 1.64 P = 0.1119 
latdPp b1 = -0.002 r = -0.237 t = -1.316 P = 0.1983 
londPm b2 = 0.003 r = 0.329 t = 1.878 P = 0.0704 
elv b3 = -0.003 r = -0.289 t = -1.629 P = 0.1142 
acc b4 = -0.48 r = -0.408 t = -2.409 P = 0.0226 
Tmp b5 = -0.87 r = -0.262 t = -1.463 P = 0.1542 
 
cnc =  9.442 -0.002 latdPp +0.003 londPm -0.003 elv -0.48 acc -0.87 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 9.045 5 1.809 
Residual 24.955 29 0.861 
Total (corrected) 34 34 
 
Root MSE = 0.928 
 
F = 2.102 P = 0.0937 
 
Multiple correlation coefficient (R) = 0.516 
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 R²  = 26.602% 
 Ra² = 13.948% 
 
Durbin-Watson test statistic = 1.666 
 
 
Multiple regression - best sub-set 
 
Selected variables: acc 
  
F = 5.795 
R² = 0.149 
Mallows' Cp = 4.609 
 
 
Multiple linear regression   
 
Intercept b0 = -8.90E-08  t = -5.63E-07 P > 0.9999 
acc b1 = -0.386 r = -0.386 t = -2.407 P = 0.0218 
 
cnc =  -8.90E-08 -0.386 acc 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 5.079 1 5.079 
Residual 28.921 33 0.876 
Total (corrected) 34 34 
 
Root MSE = 0.936 
 
F = 5.795 P = 0.0218 
 
Multiple correlation coefficient (R) = -0.386  [95%CI = -0.638 to -0.061] 
 R²  = 14.937% 
 Ra² = 12.359% 
 
Durbin-Watson test statistic = 1.442 
 
 
###########HIGH ACCUMULATION CONCENTRATION#################### 
Multiple linear regression   
 
Intercept b0 = -0.918  t = -0.117 P = 0.9104 
latdPp b1 = -0.003 r = -0.2 t = -0.539 P = 0.6065 
londPm b2 = 0.005 r = 0.219 t = 0.593 P = 0.5717 
elv b3 = 0.001 r = 0.208 t = 0.563 P = 0.5907 
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acc b4 = -0.822 r = -0.631 t = -2.15 P = 0.0686 
tmp b5 = 0.522 r = 0.329 t = 0.922 P = 0.387 
 
cnc =  -0.918 -0.003 latdPp +0.005 londPm +0.001 elv -0.822 acc +0.522 tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 6.638 5 1.328 
Residual 5.362 7 0.766 
Total (corrected) 12 12 
 
Root MSE = 0.875 
 
F = 1.733 P = 0.2453 
 
Multiple correlation coefficient (R) = 0.744 
 R²  = 55.314% 
 Ra² = 23.396% 
 
Durbin-Watson test statistic = 1.4 
 
 
Multiple regression - best sub-set 
 
Selected variables: acc 
  
F = 6.228 
R² = 0.362 
Mallows' Cp = 3.002 
 
 
Multiple linear regression   
 
Intercept b0 = -6.30E-06  t = -2.72E-05 P > 0.9999 
acc b1 = -0.601 r = -0.601 t = -2.496 P = 0.0297 
 
cnc =  -6.30E-06 -0.601 acc 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 4.338 1 4.338 
Residual 7.662 11 0.697 
Total (corrected) 12 12 
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Root MSE = 0.835 
 
F = 6.228 P = 0.0297 
 
Multiple correlation coefficient (R) = -0.601  [95%CI = -0.866 to -0.075] 
 R²  = 36.151% 
 Ra² = 30.347% 
 
Durbin-Watson test statistic = 1.724 
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##################LOW ACCUMULATION ACCUMULATION######## 
Multiple linear regression   
 
Intercept b0 = -2.167  t = -0.507 P = 0.6148 
latdPp b1 = 3.46E-05 r = 0.004 t = 0.026 P = 0.9795 
londPm b2 = -0.004 r = -0.582 t = -4.693 P < 0.0001 
elv b3 = 9.07E-04 r = 0.179 t = 1.196 P = 0.2383 
Tmp b4 = 0.854 r = 0.572 t = 4.573 P < 0.0001 
 
acc =  -2.167 +3.46E-05 latdPp -0.004 londPm +9.07E-04 elv +0.854 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 31.952 4 7.988 
Residual 15.048 43 0.35 
Total (corrected) 47 47 
 
Root MSE = 0.592 
 
F = 22.825 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.825 
 R²  = 67.983% 
 Ra² = 65.004% 
 
Durbin-Watson test statistic = 1.94 
 
 
Multiple regression - best sub-set 
 
Selected variables: londPm 
 elv 
 Tmp 
  
F = 31.141 
R² = 0.68 
Mallows' Cp = 5.001 
 
 
Multiple linear regression   
 
Intercept b0 = -2.058  t = -3.453 P = 0.0012 
londPm b1 = -0.004 r = -0.659 t = -5.808 P < 0.0001 
elv b2 = 8.89E-04 r = 0.491 t = 3.734 P = 0.0005 
Tmp b3 = 0.85 r = 0.757 t = 7.693 P < 0.0001 
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acc =  -2.058 -0.004 londPm +8.89E-04 elv +0.85 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 31.952 3 10.651 
Residual 15.048 44 0.342 
Total (corrected) 47 47 
 
Root MSE = 0.585 
 
F = 31.141 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.825 
 R²  = 67.982% 
 Ra² = 65.799% 
 
Durbin-Watson test statistic = 1.936 
 
 
##################MODERATE ACCUMULATION ACCUMULATION####### 
 
Multiple linear regression   
 
Intercept b0 = 1.509  t = 0.287 P = 0.7764 
latdPp b1 = 0.001 r = 0.15 t = 0.829 P = 0.4137 
londPm b2 = 0.004 r = 0.455 t = 2.799 P = 0.0089 
elv b3 = -9.05E-04 r = -0.111 t = -0.612 P = 0.5448 
Tmp b4 = 0.601 r = 0.202 t = 1.127 P = 0.2687 
 
acc =  1.509 +0.001 latdPp +0.004 londPm -9.05E-04 elv +0.601 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 12.354 4 3.088 
Residual 21.646 30 0.722 
Total (corrected) 34 34 
 
Root MSE = 0.849 
 
F = 4.28 P = 0.0074 
 
Multiple correlation coefficient (R) = 0.603 
 R²  = 36.335% 
 Ra² = 27.846% 
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Durbin-Watson test statistic = 2.262 
 
 
Multiple regression - best sub-set 
 
Selected variables: londPm 
 elv 
  
F = 7.506 
R² = 0.319 
Mallows' Cp = 5.074 
 
 
Multiple linear regression   
 
Intercept b0 = 6.089  t = 2.84 P = 0.0078 
londPm b1 = 0.004 r = 0.564 t = 3.866 P = 0.0005 
elv b2 = -0.002 r = -0.428 t = -2.683 P = 0.0115 
 
acc =  6.089 +0.004 londPm -0.002 elv 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 10.857 2 5.428 
Residual 23.143 32 0.723 
Total (corrected) 34 34 
 
Root MSE = 0.85 
 
F = 7.506 P = 0.0021 
 
Multiple correlation coefficient (R) = 0.565 
 R²  = 31.933% 
 Ra² = 27.678% 
 
Durbin-Watson test statistic = 2.099 
 
 
################HIGH ACCUMULATION ACCUMULATION ############## 
 
Multiple linear regression   
 
Intercept b0 = 0.833  t = 0.114 P = 0.9117 
latdPp b1 = -0.003 r = -0.2 t = -0.578 P = 0.579 
londPm b2 = 0.009 r = 0.428 t = 1.34 P = 0.2172 
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elv b3 = 7.67E-04 r = 0.131 t = 0.373 P = 0.7186 
tmp b4 = 0.675 r = 0.456 t = 1.45 P = 0.1851 
 
acc =  0.833 -0.003 latdPp +0.009 londPm +7.67E-04 elv +0.675 tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 6.755 4 1.689 
Residual 5.244 8 0.656 
Total (corrected) 12 12 
 
Root MSE = 0.81 
 
F = 2.576 P = 0.1186 
 
Multiple correlation coefficient (R) = 0.75 
 R²  = 56.296% 
 Ra² = 34.445% 
 
Durbin-Watson test statistic = 2.544 
 
 
Multiple regression - best sub-set 
 
Selected variables: londPm 
 tmp 
  
F = 5.109 
R² = 0.505 
Mallows' Cp = 4.054 
 
 
Multiple linear regression   
 
Intercept b0 = 0.495  t = 1.394 P = 0.1936 
londPm b1 = 0.003 r = 0.483 t = 1.745 P = 0.1115 
tmp b2 = 0.59 r = 0.643 t = 2.654 P = 0.0241 
 
acc =  0.495 +0.003 londPm +0.59 tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 6.065 2 3.032 
Residual 5.935 10 0.594 
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Total (corrected) 12 12 
 
Root MSE = 0.77 
 
F = 5.109 P = 0.0296 
 
Multiple correlation coefficient (R) = 0.711 
 R²  = 50.539% 
 Ra² = 40.647% 
 
Durbin-Watson test statistic = 2.3 
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##################LOW ACCUMULATION FLUX#################### 
 
Multiple linear regression   
 
Intercept b0 = -2.01E-06  t = -3.16E-05 P > 0.9999 
cnc b1 = 0.627 r = 0.79 t = 8.548 P < 0.0001 
acc b2 = 0.672 r = 0.766 t = 7.917 P < 0.0001 
Tmp b3 = 0.111 r = 0.177 t = 1.191 P = 0.24 
 
flx =  -2.01E-06 +0.627 cnc +0.672 acc +0.111 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 38.435 3 12.812 
Residual 8.565 44 0.195 
Total (corrected) 47 47 
 
Root MSE = 0.441 
 
F = 65.818 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.904 
 R²  = 81.777% 
 Ra² = 80.535% 
 
Durbin-Watson test statistic = 0.975 
 
 
Multiple regression - best sub-set 
 
Selected variables: cnc 
 acc 
  
F = 97.114 
R² = 0.812 
Mallows' Cp = 5.419 
 
 
Multiple linear regression   
 
Intercept b0 = -2.22E-06  t = -3.47E-05 P > 0.9999 
cnc b1 = 0.585 r = 0.802 t = 9.019 P < 0.0001 
acc b2 = 0.738 r = 0.861 t = 11.373 P < 0.0001 
 
flx =  -2.22E-06 +0.585 cnc +0.738 acc 
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Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 38.159 2 19.079 
Residual 8.841 45 0.196 
Total (corrected) 47 47 
 
Root MSE = 0.443 
 
F = 97.114 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.901 
 R²  = 81.189% 
 Ra² = 80.353% 
 
Durbin-Watson test statistic = 1.007 
 
 
#####################MODERATE ACCUMULATION FLUX################# 
 
Multiple linear regression   
 
Intercept b0 = 2.57E-06  t = 5.24E-05 P > 0.9999 
cnc b1 = 0.768 r = 0.93 t = 14.118 P < 0.0001 
acc b2 = 0.95 r = 0.952 t = 17.347 P < 0.0001 
Tmp b3 = -0.067 r = -0.227 t = -1.295 P = 0.2048 
 
flx =  2.57E-06 +0.768 cnc +0.95 acc -0.067 Tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 31.397 3 10.466 
Residual 2.603 31 0.084 
Total (corrected) 34 34 
 
Root MSE = 0.29 
 
F = 124.66 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.961 
 R²  = 92.345% 
 Ra² = 91.604% 
 
Durbin-Watson test statistic = 2.11 
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Multiple regression - best sub-set 
 
Selected variables: cnc 
 acc 
  
F = 182.288 
R² = 0.919 
Mallows' Cp = 5.678 
 
 
Multiple linear regression   
 
Intercept b0 = 2.58E-06  t = 5.22E-05 P > 0.9999 
cnc b1 = 0.777 r = 0.93 t = 14.27 P < 0.0001 
acc b2 = 0.937 r = 0.95 t = 17.216 P < 0.0001 
 
flx =  2.58E-06 +0.777 cnc +0.937 acc 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 31.256 2 15.628 
Residual 2.743 32 0.086 
Total (corrected) 34 34 
 
Root MSE = 0.293 
 
F = 182.288 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.959 
 R²  = 91.931% 
 Ra² = 91.427% 
 
Durbin-Watson test statistic = 2.119 
 
 
#######################HIGH ACCUMULATION FLUX############# 
 
Multiple linear regression   
 
Intercept b0 = 9.14E-06  t = 9.77E-05 P > 0.9999 
cnc b1 = 1.248 r = 0.955 t = 9.621 P < 0.0001 
acc b2 = 1.216 r = 0.93 t = 7.602 P < 0.0001 
tmp b3 = -0.464 r = -0.767 t = -3.591 P = 0.0058 
 
flx =  9.14E-06 +1.248 cnc +1.216 acc -0.464 tmp 
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Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 10.976 3 3.659 
Residual 1.024 9 0.114 
Total (corrected) 12 12 
 
Root MSE = 0.337 
 
F = 32.15 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.956 
 R²  = 91.465% 
 Ra² = 88.62% 
 
Durbin-Watson test statistic = 1.495 
 
 
Multiple regression - best sub-set 
 
Selected variables: cnc 
 acc 
 tmp 
  
F = 32.15 
R² = 0.915 
Mallows' Cp = 6 
 
 
Multiple linear regression   
 
Intercept b0 = 9.14E-06  t = 9.77E-05 P > 0.9999 
cnc b1 = 1.248 r = 0.955 t = 9.621 P < 0.0001 
acc b2 = 1.216 r = 0.93 t = 7.602 P < 0.0001 
tmp b3 = -0.464 r = -0.767 t = -3.591 P = 0.0058 
 
flx =  9.14E-06 +1.248 cnc +1.216 acc -0.464 tmp 
 
 
Analysis of variance from regression 
 
Source of variation Sum Squares DF Mean Square 
Regression 10.976 3 3.659 
Residual 1.024 9 0.114 
Total (corrected) 12 12 
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Root MSE = 0.337 
 
F = 32.15 P < 0.0001 
 
Multiple correlation coefficient (R) = 0.956 
 R²  = 91.465% 
 Ra² = 88.62% 
 
Durbin-Watson test statistic = 1.495 
 
 
 

 
 
 
 

 

 

 

 


