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Data on wet-only precipitation from the National Atmospheric Deposition Program/National Trends 

Network were analysed for trends in the sodium and chloride fluxes over the United States between 1 

January 1984 and 31 December 2006. The data were first checked for consistency and for ionic balance. It 

was necessary to correct for changes in bicarbonate due to changes in atmospheric CO2 levels over the 

study period, in order to obtain a balance. The fluxes were calculated and the trends determined by linear 

regression in the log domain. The significance of the trends was checked using both F- and t-tests. At 154 

sites having reasonably continuous records over the assessment period, the sodium flux fell significantly 

at 139 and increased significantly at only one. The chloride flux similarly fell significantly at 140 and 

increased significantly at the same one as the sodium flux increased. At coastal sites the chloride to 

sodium ratio was the same as that in sea water, within experimental limits. Further from the coast the 

ratio changed apparently due to changes in the entire aerosol chemistry. The findings are discussed in 

terms of the simplicity and robustness of the methodology employed to determine the trends; the 

oceanic origin of most observable sodium even in the interior of the continent, probably because it occurs 

as a fine (<1 micron) aerosol which is poorly scavenged by precipitation; and the possibility that the 

drop in sodium and chloride fluxes might be driven by climate change. 

 
 

  

 
 

1. Introduction 

 

The sodium content of precipitation is often used as a marker for 

the presence of marine salts. Differentiation of sea-salt and non- 

sea-salt components is essential for many studies of aerosol and 

precipitation chemistry. However, it has long been known (Keene 

et al., 1986) that differentiation is not straightforward. For 

instance, the chloride concentration may be enhanced, relative to 

that in sea water, by the pickup of gaseous hydrochloric acid. The 

sodium concentration may similarly be changed by the presence of 

terrestrial sources of sodium in the aerosol. Thus Keene et al. (1986) 

concluded that it was always necessary to determine experimen- 

tally the appropriate reference species before attempting to 

differentiate between sea-salt and non-sea-salt components in 

precipitation. 

There have been very few reports of the sodium content of dry 

precipitation in areas remote from coastal regions (De Bell et al., 

2006), and those have almost entirely been devoted to quanti- 

fying  anthropogenic  sources  that  include  sodium.  While  the 

 
absence of evidence is not the same as the evidence of absence, it 

does seem likely that the sodium content of dry precipitation is 

very low. 

Wet precipitation is different. There are many reports of low 

levels of sodium in wet precipitation. It was therefore the purpose 

of this study to understand the nature of the distribution of sodium 

and, in view of its general marine origin, chlorine, in wet precipi- 

tation across a wide area, covering both coastal and inland regions. 

 
 
 

2. Data 

 

The National Atmospheric Deposition Program/National Trends 

Network (NADP-NTN) undertaken by the US Environmental 

Protection Agency provides data on wet-only deposition at some 

200 sites across the US (NADPa, 2007). Many of these stations have 

been monitored continuously for over 20 years. Samples are 

collected once a week, and comprise the wet precipitation collected 

over the week. The samples are sealed and sent to central labora- 

tories for analysis. Raw data comprise analytical results for Ca2þ, Mg2þ, Kþ, Naþ, NH4 , NO3 , Cl , SO4  , pH and sample conductivity. 
þ 2  
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ride  concentrations  of  <0.003  and  <0.03  ppm  respectively, 

 

 
tively (The NTN routinely employs such data using values of 0.0015 

and 0.015 in their place. There were so few records of this kind that 

it made no difference to the outcome.) 

The data were then checked for ionic balance. Analyses had been þ 2  

 

*A code which indicates whether a sample is considered valid according to NADP/ 

NTN data validation rules. In the case of a valid sample, the code indicates how the 

sample is used in calculations of weighted-mean concentrations, depositions and 

data completeness estimates. 
0 e invalid sample. 

performed for Caþþ, Mgþþ, Kþ, Naþ, NH4 , NO3 , Cl , SO4 
  

and pH. d e valid dry collection period. 

HCO3 was initially estimated by a formula kindly provided by the 
NADP staff (Rothert, 2007): 

t e valid trace sample. 

w e valid sample with a volume of approximately 35 mL or more. 

wa/wd e valid sample with a volume less than 35 mL; dilution was required. 

N HCO     ¼ K K P =10 pH [1] 
3 1   H CO2  

83% of the total precipitation. The samples that are invalid are 
where N(HCO3 ) is the normality in moles per litre. This formula 
was derived in 1983, when the assumption of PCO2 

of 335 ppmv was 

reasonable. For this value, the denominator in Equation (1) equal- 

led 5.11   10 12. The NADP has accordingly used the HCO  content 
 12 

largely those with no validation code. There was an average of 10.5 

( 5.5) weeks per year when there were uncoded samples (largely 

in winter and caused by snow), and the uncoded samples were 
randomly distributed by year. The remaining invalid coded samples 

determined by 5.11   10 /pH. 

Since 1983, however, there has been significant growth in the 

atmospheric concentration of CO2. When an ionic balance was 

attempted using the NADP estimate of bicarbonate, the balance 

became more positive with time. Clearly some anionic species was 

being increasingly underestimated. It seemed likely to be the HCO 

content of the rain, so allowance was made for the increasing CO2. 

The  atmospheric  CO2  concentration  was  modelled  by  fitting 

a second order curve to the Mauna Loa data (CDIAC, 2007), 
 

2 

were those where very small quantities of precipitation were 

recorded and can have no impact on the determination of any 

trend. The impact of the uncoded samples is discussed later. 

The 1152 records with a “w” code had an average ionic differ- 

ence of 0.0062 meq with a standard deviation of 0.0119. 

Accordingly  any  of  the  records  with  differences  <(  0.0062 

    2x0.0119)  ¼    0.0300  meq  or  >(  0.0062  þ  2x0.0119)  ¼ 

0.0176 meq were omitted, because it appeared those samples had 

excess unanalysed cations or anions. There were 33 such samples, 
with charge differences as large as 0.18 meq. Ignoring these 

PCO2   
¼ 9:3653E   08x   1:9171E   03x þ 3:1421E þ 02 [2] 

samples reduced the average of the 1119 records remaining to 

for “x” ¼ days after 1 January 1900. 

The calculated value of PCO2 
was then used to determine the 

concentration of the bicarbonate ion. This correction removed the 
bias in the ionic balance which appeared when the uncorrected 

PCO2  
value was used. 

The concentrations of the anions and cations were converted to 

equivalents, summed separately, and the difference calculated. The 

average and standard deviation of the differences was then calcu- 

lated, and any remaining records that were more than 2 standard 

deviations from the mean were discarded. The average of the 

differences was typically <0.01 meq and the standard deviation 

<0.015 meq. Discarding records that were more than 2 standard 

deviations from the mean reduced the standard deviation of the 

differences even further. 

This process may be illustrated by an example. Wet-precipita- 

tion data from the NADP site PA29, Kane Experimental Station, from 

18 July 1978 to 31 December 2007 were checked. The data were 

essentially continuous, but on three occasions, the sample period 

extended over 2 weeks rather than one, and on several occasions 

the sample period was shortened by one day one week and 

lengthened by a day a week later. These slight changes were readily 

accommodated by apportioning the rain equally to two weeks, in 

the case when the sample period was two weeks long, or by 

adjusting the rain by 7/6 or 7/8 where the week length changed. 

The characteristics of the data are summarised in Table 1. As is 

apparent, the “w” samples comprise only 75% of the total, although 

 0.0055  meq  and  the  standard  deviation  to  0.0070  meq.  The 

distribution of the charge differences in these 1119 records is shown 

in Fig. 1. The differences are normally distributed. Because indi- 

vidual  ions  had  maximum  concentrations  of  over  0.2  meq, 

achieving an average charge balance of 5.5 meq shows that the NTN 

had employed analytical methods that were robust and unbiased. 

The site PA29 used as an example was reasonably representative 

of the whole data set. After such checks of the data from all sites, 
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1  
See Table 1 for definitions of codes. 

Fig. 1.  Distribution of charge differences in sample, n ¼ 1119. After balancing the ionic 

species and discarding samples >three standard deviations from the mean. 
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NADP-NTN sites that had virtually continuous records since Table 1 

1984 or earlier were selected for study. There were 154 such Characteristics of records from NADP site PA29, 41.5978N 78.7675W 618 m amsl. 

stations. The raw data were downloaded from the NTN website as 

delimited text files and imported into Excel. The records were then 
Validation 

code* 

Number of 

samples 

% Rain 

weeks 

Total 

rain, mm 

% Rain 

sorted on validation codes and all records that bore codes1 other 0 314 20.48% 304 6080 16.60% 

than “w” discarded. A few data points reported sodium and chlo- “d” 31 2.02% 0 0 0.00% 

 
“t” 17 1.11% 17 2 0.01% 

 
“w” 1152 75.15% 1152 30 522 83.35% 

meaning detectable but below the limit of measurement. There “wa” 18 1.17% 18 15 0.04% 

were typically less than 10 such points per thousand records, so “wd” 1 0.07% 1 1 0.00% 

they were included in the analysis at 0.003 and 0.03 ppm respec- Total 1533 
 

1492 36 620 
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Fig. 3.  Distribution of log10 Na flux, PA29, n ¼ 1119. Data identical to that in Fig. 2, but 

transformed into logarithmic domain, and indicating a close-to-normal distribution. 

 
Fig. 2. Distribution of sodium flux at site PA29, n ¼ 1119, indicating a strongly non- 

normal distribution. 

 
 

there were approximately 125 000 samples from the 154 sites that 

were found acceptable for further analysis. 

 
3. Distribution of the data 

 
where xm and ym are the sample means of X and Y, sx and sy are the 

sample standard deviations of X and Y. In the present case n and sy 

are clearly quite large so rxy is small. This is illustrated in Fig. 4, 
using again the sodium data from PA29. Note that the Pearson 

correlation coefficient, r2, is very low, but this does not mean that 

the regression is not significant, as discussed below. The regression 

was: 

The data were first converted from concentration to flux by 

multiplying  by  the  precipitation  collected,  and  converting  to 

g ha 1 week 1.2 The data from a single site were then sorted in 

logðNa flux 5:3163   10 5
 

 

D þ 2:71496 (5) 

ascending order and grouped into 15 equal classes to determine the 

distribution. Fig. 2 shows a typical result, using again the data from 
site PA29. The data are far from being normally distributed. 

for D in days after 1 Jan 1900 and the flux in g ha 1 week 1. 
There are several possible measures for the determination of the 

significance of a linear trend. The use of Pearson’s correlation 
2 

The exercise was then repeated using the log10 of the data, coefficient r (Pearson, 1900) has become almost conventional, but 

sorting into ascending order and breaking into classes. Fig. 3 shows 

the distribution, again using the data from PA29. These data are 

very close to log-normal. The exercise was repeated using the data 

from about 50 sites. In every case, the data were close to log-nor- 

mally distributed. Accordingly, all further analysis employed log- 

transformed data. 

 
4. Determination of trends 

 

A trend is the way in which the expected value of the variable 

under study varies with time. To determine the trends, linear 

regression was applied to the log-transformed data. The data were 

not filtered in any way, nor were any attempts made to correct for 

seasonality or minor gaps in the record. The regression line traces 

the change in the sample mean with time. The variance of an 

individual sample s2 may be very large, so the correlation coeffi- 
cient is very small, but this is immaterial because the interest is in 
the sample mean, not in the individual sample. For a large sample, 

the variance of the sample mean, s2 , is very small because. 

this overlooks the fact that it takes poor account of the number of 

samples in the population. As the number of samples grows, so 

Equation (3) shows that the variance of the estimate of the sample 

mean should decrease, i.e. improve in significance, whereas Equa- 

tion (4) shows that the correlation coefficient will decrease, i.e. 

drop in significance. In the present case, the correlation has a very 

low that r2 of 0.058. This does not mean that the regression has no 

significance, merely that r2  is a poor measure of significance. 

Another measure is the F-test. The calculation of F for the data of 

Fig. 4 is shown in Table 2. It has a value of nearly 70, with a signif- 

icance of 2 10 16, or a probability of >99.999% that the trend is 

real. The F-test requires that the residuals be normally distributed. 

A check showed that they were indeed normally distributed. 
 
 

3 
 

 
2.5 

 
ni 

              2 P 
xi     xm

 
 

¼ (3) 
ðni      1Þ 

 
 

1.5 

which will always be smaller than the sample estimate of the 

population variance s2. The larger the number of degrees of 
2 2 1 

freedom, ni, the smaller sm will be relative to s . 
However, the Pearson correlation coefficient between X and Y is 

given by: 

 

 
0.5 

Pn x     xmÞðy     ymÞ 

rxy  ¼ n   1ð i i (4) 0 

ðn   1Þsxsy 

 
 

 

2  
1 ha ¼ 1 hectare ¼ 10

4 
m

2
. 

Fig. 4.  Log-transformed weekly chloride flux, PA29, n ¼ 1119, showing linear regres- 

sion. See text for discussion of significance of correlation and regression. 
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Table 2 

Determination of F-statistic, chloride trend, site PA29. The significance is the chance 

of the trend arising from random noise. 

Table 3 

Determination of t-statistic, equal variances, chloride trend, site PA29. 

 

 

 
A third test is the t-test, which was applied to the first and last 

thirds of the data. There were 374 samples in each set and their 
variances were 0.142 and 0.132 respectively, which was sufficiently 

close for the standard t-test to be applied, as shown in Table 3. This 

had a significance of about 4  10 14, again showing above 99.999% 

confidence that the trend was significant. 

It is somewhat surprising that the use of regression with stan- 

dard F- and t-tests of significance is not more frequently applied to 

determining trends in environmental data of this kind. It is well 

known that the Pearson correlation coefficient can give misleading 

answers (Anscombe, 1973), but its very simplicity has led to its 

widespread and often uncritical adoption. As the present example 

illustrates, a very low correlation coefficient can still be associated 

with a highly significant trend. 

 
5. Results 

 

Trends in sodium and chloride fluxes were determined by linear 

regression of the log-transformed data at every site. When the 

trend was not statistically significant, then the geometric mean of 

the fluxes at the start and end of the period is reported. The 

expected3 flux at 1 January 1984 and at 31 December 20064 was 

computed from the trends. The results are given in Table 1 in the 
Supplementary material, which lists the site NADP number, name 

and location, and the sodium and chloride fluxes in g ha 1 week 1. 

Fig. 5 maps the flux of sodium across the continental United States 

in January 1984 and Fig. 6 shows the sodium flux in December 

2006. Figs. 7 and 8 map the chloride flux in 1984 and 2006 

respectively. Figs. 9 and 10 map the ratio of sodium to chloride 

fluxes, also in 1984 and 2006 respectively. Maps of the results were 

prepared by interpolation between the sites using Kriging (Krige, 

1981) implemented with the software Surfer v8.5 The software 
yielded some small areas in the western regions where the kriged 

data were negative, so the values around that anomaly were 

increased for illustrative purposes, as no negative fluxes had actu- 

ally been observed. 

Trends in rainfall were estimated in the same way. The expected 

rainfall at 1 January 1984 and 31 December 2006 is given in Table 2 

in the Supplementary material, and Fig. 11 maps the change in 

rainfall as a percentage change from 1984 to 2006. 

 
6. Discussion 

 

6.1. Data 

 

The NTN data were generally found to be reliable. The intro- 

duction of a further quality check, that of ionic balance in the 

 
 

 

3 
In this paper the word ‘expected’ is used to denote the mean value of log- 

transformed data, transformed back into the arithmetic domain. It is very close to 

the median value. ‘Expected’ is used in preference to ‘average’ to draw attention to 

this distinction. 
4  

Many sites had data prior to 1 January 1984, but all included that date, so it was 

taken as the starting point. Similarly, all included 31 December 2006, but some 

included later data. 
5  

Golden Software e http://www.goldensoftware.com/. 

 
 

 
samples, identified about 3% of the samples that were probably 

contaminated by ions other than those analysed. It was however 

essential to correct for the effect of the increase in atmospheric 

carbon dioxide over the analysis period. Lehmann et al. (2007) 

report a significant drop in the frequency of acid rain when 

comparing data between 1994e1996 and 2002e2004, which they 

ascribe to “the combined effects of increased ammonium, 

decreased sulphate, and trends in other precipitation species e 

including decreased nitrate and increased buffering capacity from 

earth crustal cations.” We have observed an additional significant 

effect due to the increase in the CO2 content of the atmosphere. The 

effect of increasing bicarbonate anion on buffering needs to be 

taken into account in assessing changes in acidity. 

It should also be noted that the co-ordinates given for the 

location of the sampling sites were not always accurate. The NTN 

website gives sketch plans of the sites, which permitted positive 

identification of the actual site on Google Earth. In many cases, 

errors in excess of 500 m were observed. These errors were not, 

however, large enough to affect the results. 

 

6.2. Trend analysis 

 

The method adopted in this work to determine the trends does 

not appear to have been previously employed in this context. Many 

methods have been employed, and several were investigated and 

abandoned before simple linear regression in the log domain was 

chosen. 

The NADP has evolved a method (Lehmann et al., 2005, 2007) 

using the Seasonal Kendal Trend (SKT) test. The SKT test is a non- 

parametric test for trend which is insensitive to the existence of 

seasonality (Hirsch et al., 1982). However, it requires that the 

seasons be homogeneous (that Kendall’s tau values are equivalent) 

over all statistical seasons, and it was found that for many sites, 

particularly those in the drier areas, that this requirement was not 

met. Moreover, McLeod et al. (1991) developed a Spearman partial 

rank correlation test (SPRC) and compared it to the SKT test, finding 

it more powerful than the SKT test. Therefore the NADP approach 

was not pursued. 

Park et al. (2000) used both linear correlation methods on the 

raw data and Brillinger’s (1989) non-parametric method to study 

rainfall trends in Korea over 220 years. Because the early data had 

been obtained with an instrument that did not collect snow and 

had a minimum reading of 2 mm, they found it necessary to use 2- 

month periods during late-spring to early-autumn. Nevertheless, 

over such a long baseline, trends were evident for several such 2- 

month periods, significant at the 5% level. However, the problem 

with linear correlation of untransformed data is that any trend can 

extend to negative values, which is physically impossible. Bril- 

linger’s method confirmed the existence of a trend but did not 

quantify it. 

Widmann and Schar (1997) performed a principal component 

analysis to study up to 90 years of continuous records of daily 

precipitation from Switzerland. Empirical orthogonal functions 

2 

First third Last third 

Degrees of freedom   s2 sm F Significance of F Mean 1.487 1.280 

Regression 1 8.874   8.874 69.71   2.01E-16 Variance 0.142 0.132 

Residual 1117 142.20 0.1273 Observations 374 374 

Total 1118 151.07 Hypothesized mean difference 0 
 

 
df 745 

 
 

t Stat 

Significance, one-tail 

7.62 

3.817E-14 
 

 

http://www.goldensoftware.com/


P.J. Lloyd / Atmospheric Environment 44 (2010) 3196e3206 3200 

 

 

 
 

Fig. 5.  Expected Na flux over continental US, January 1984, g ha  
1 

week  
1
. Interpolation between stations using standard Kriging. 

 
were used to transform the data into a few key variables. Again, 

they employed seasonal averages, which worked well in the very 

seasonal conditions experienced in Switzerland. However, the 

answers that principle component analysis provides are robust if 

the data are reasonably normally distributed, whereas if the data 

are not normally distributed, even after normalization to the mean 

regression is best applied to data that are normally distributed, 

and the raw data are not normal, it was felt that this approach 

was erroneous. 

A study by Civerolo and Rao (2001) looked at monthly data in 

which the measured weekly sulphate concentrations were multi- 

plied by the weekly precipitation and summed over the month. The 
2  

(as is often employed), the answers can be misleading. A few tests SO4 concentration data were first log-transformed to stabilize the 
were carried out using this approach with log-transformed data, 

but again the lack of marked seasonality, particularly in the drier 

areas, gave problems. 

Cheng et al. (2004) employed a non-parametric test derived by 

Pettitt (1979) to determine if a change had occurred and if so what 

the significance of the estimate was. They also employed a rank 

correlation method to check the non-parametric test. There were 

slight and unexplained differences between the two approaches, 

and in this light it was decided not to pursue this approach. 

Reinsel and Tiao used linear regression models to estimate 

trends in the untransformed data (Reinsel et al., 1981; Tiao, 

1983; Reinsel and Tiao, 1987; Reinsel, 1989). They allowed for 

variables other than time. For instance, they estimated seasonal 

effects, using sinusoidal curves and their harmonics. As linear 

variance of the time series and to reduce the non-linear effects 

before being subjected to filtering using a KolmogoroveZurbenko 

filter (Rao and Zurbenko, 1994). Hess et al. (2001) found the Kol- 

mogoroveZurbenko filter had a very high probability of detecting 

a trend when there was no trend present. Hess et al. (2001) also 

found that ordinary linear regression had a similar power to other 

tests they evaluated, but that when there was definite seasonality, 

the SKT test and a t-test adjusted for seasonality were both stronger 

than ordinary linear regression. 

It is thus clear that there is a very wide range of tools that have 

been tested for the apparently simple task of determining trends in 

environmental data of this nature. However, none were identified 

that had found widespread use, or were reasonably robust, while 

some ran counter to standard statistical practice. 

 
 

 
 

Fig. 6.  Expected Na flux over continental US, December 2006, g ha  
1 

week  
1
. Interpolation between stations using standard Kriging. 
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Fig. 7.  Expected Cl flux over continental US, January 1986, g ha  
1 

week  
1
. Interpolation between stations using standard Kriging. 

 
6.3. Robustness of the trends 

 

The robustness of trends determined by linear regression of the 

log-transformed data was tested in a number of ways. First, the 

impact of the omission of the “uncoded” samples was checked by 

infilling using sample values drawn at random from a log-normal 

distribution with the same mean and variance as the population. 

There was no effect on the trends or their significance. 

Then the possible impact of seasonality was tested. The first six 

months of data and then the last six months of data were omitted, 

so the series ran either from winter to winter or summer to 

summer. The results are given in Table 4. The changes caused by 

these truncations of the data set were insignificant, indicating 

a high degree of freedom from seasonality. 

Two years of data were removed from both the start and the 

finish of the analysis period, i.e. the regression analysis extended 

from January 1986 to December 2004. The regression equation 

was then extrapolated to estimate the chloride flux in January 

1984 and December 2006 for comparison with the regression on 

the full data set. The results are also given in Table 4. Again, the 

changes in the trend brought about by omitting four of the 23 

years of data were very small. Finally, two years of data (1992 and 

1993) were omitted from the analysis and the chloride flux in 

January 1984 and December 2006 recalculated. The changes 

brought about by omitting the data were minimal. It could only 

be concluded that the determination of a trend by this method 

was very robust. 

The two statistical measures were compared. It was found that 

the F- and t-statistics depended strongly on the ratio of the 

expected fluxes. This ratio, for all sites at 1 January 1984 and 31 

December 2006, was calculated by dividing the larger by the 

smaller. The relationship is shown in Table 5. There were 308 

results for sodium and chloride. In the majority of cases (235) the F- 

statistic indicated >99% probability that the detected ratio was real 

and >1.6. Of the 73 remaining, either the F-test or the t-test (or 

both) indicated a >90% probability of the detected ratio being real 

in 31 of the cases, and in 20 cases there was a >80% probability. The 

remaining 22 cases all had a trend with <80% probability by both 

tests, and were therefore reported as having no detectable trend. 

Linear correlation of the log-transformed data seems to over- 

come all the difficulties experienced with other methods that have 

been employed to determine trends in this type of data. It is simple 

to apply, and the results are robust. It is applicable over reasonably 

long time scales, when seasonal changes in precipitation can be 

treated as just another source of noise. It is not affected by missing 

data. It permits the use of simple statistical measures of signifi- 
cance. When employed on data extending over a 24-year span, it 

detected trends in the log-transformed data of 0.5% per annum and 

greater. Obviously the longer the baseline, the greater the sensi- 

tivity. By employing all the valid records, with no intermediate 

 

 

 
 

Fig. 8.  Expected Cl flux over continental US, December 2006, g ha  
1 

week  
1
. Interpolation between stations using standard Kriging. 
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Fig. 9.  Ratio of expected sodium to chloride fluxes in g ha  
1 

week  
1 

across continental US, January 1984. 

 
averaging or adjustment for seasonality, the variance of the mean is 

reduced and the statistical significance increased. Accordingly, the 

method may deserve to be more widely employed in this type of 

study. 

 

6.4. Results 

 

In the case of sodium, of the 154 sites analysed, there were 

statistically significant drops at 139 sites and only one statistically 

significant increase, namely at NY99, West Point, where there was 

about a 12% increase in the flux. In the case of chloride, at 140 of the 

154 sites studied, there was a statistically significant drop in the 

chloride flux, and a significant increase at the same site as the 

sodium increase, NY99, West Point. 

There is no ready explanation for these changes in the expected 

sodium and chloride fluxes. No natural phenomenon comes to 

mind. The rainfall showed a slight decrease on average. At 71 

stations, there was no significant change; at 28 stations there was 

a significant increase and at 65 a significant decrease. There was no 

significant relationship between concentration and the volume of 

rainfall. This was unexpected, because there would initially be only 

so much of a given species in the atmosphere as an aerosol. If it 

were scavenged efficiently by rain then the first rain would be 

expected to contain the highest concentration of the species, and 

the concentration would then fall as precipitation continued 

(Schertz and Hirsch, 1985). However, as shown in Fig. 12 for the site 

PA29, there is no significant relationship. Neither was there any 

significant relationship at any other site tested. This may be because 

the samples were taken over a week, whereas most rainfall is of 

a shorter duration. Alternatively, it may reflect the fact that the 

sodium- and chloride-containing fractions of the aerosol are not 

efficiently scavenged by rain. This possibility will be explored 

further below. 

Fig. 5 shows that, in 1984, there was a generally high flux of 

sodium near the coast, which then fell moving further inland. 

Across the Rockies and the northern part of the Midwest the flux 

was generally low (5e10 g Na ha 1 week 1). There was a broad 

band stretching from the SW to NE with a somewhat higher flux 

(10e20 g Na ha 1 week 1), and parallel to that another band, closer 
to the coast, of still higher flux. 

Fig. 6 shows a very similar pattern in 2006, except the sodium 

fluxes are everywhere markedly lower, and over much of the sub- 

 
 

 
 

Fig. 10.  Ratio of expected sodium to chloride fluxes in g ha  
1 

week  
1 

across continental US, December 2006. 
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Fig. 11. Percentage change in expected rainfall, mm, across continental US between January 1984 and December 2006. 

 

continent,  <5  g  Na  ha 1  week 1.  Even  the  coastal  highs  of 

>40 g Na ha 1 week 1 are significantly reduced in extent. 

The chloride flux in 1984, shown in Fig. 7, has a very similar 

pattern to that of the sodium flux of the same year shown in Fig. 5. A 

high flux near the coast falls moving inland, giving fluxes of 

<20 g ha 1 week 1 of the interior of the sub-continent. 

The chloride flux in 2006, shown in Fig. 8, also indicates 

a marked decrease in the flux almost everywhere. Particularly 

striking is the change along the Gulf of Mexico and the East Coast, 

where the flux of well over 80 g Cl ha 1  week 1  in 1986 had 

dropped closer to 40 g Cl ha 1 week 1 in 2006. 

All these maps have the same underlying pattern of high values 

along the coasts. Along the West Coast, the values drop rapidly 

crossing the Rockies. Along the Gulf Coast, values drop far more 

slowly moving further inland. Up the East Coast, values again drop 

rapidly, increasingly so further north. 

The probable explanation for this lies in the nature of the salt- 

bearing aerosol generated over the ocean. Most of the sodium and 

chloride content of precipitation arises from sea water, picked up as 

an aerosol (Lewis and Schwartz, 2004). Sodium and chloride ions 

enter the atmosphere as an aerosol. Salt-laden aerosols are formed 

when air bubbles trapped in waves collapse at the water’s surface 

(Reinke et al., 2001). The bubble cap breakage, and the ejection of 

a fine jet of water into the air, results in the formation of fine 

droplets. The droplets are swept up by air currents. The water 

evaporates, and an aerosol of essentially pure sea salt is formed. 

There are strong seasonal variations in this phenomenon, with 

higher concentrations in winter (Gong et al., 1997). Over the ocean, 

60e70% of the aerosol so formed is removed by dry deposition, and 

28e39% is scavenged by precipitation. Only 1e2% is exported from 

the sea landwards, of which w4% is in the form of sub-micron 

particles (Gong et al., 1997). 

 
 
 

Table 4 

Comparison of expected chloride fluxes, g ha 
1  

week 
1
, site PA29, for various 

deletions of data from the full data set. 

The early removal of the larger aerosol particles observed could 

account for the decline in flux passing from the coast to inland. This 

is observed both in 1984 and 2006 for both sodium and chloride 

species. On the west coast, this process takes place more rapidly 

than along the Gulf coast, presumably because of the Rockies. Papée 

and Montefinale (1960) observed the rapid removal of chloride 

with an increase in altitude. This probably explains the rapid 

decrease in flux in crossing the mountainous regions of the West. 

On the east coast, the flux decreases even more rapidly with 

distance from the ocean, probably because of the greater prepon- 

derance of offshore winds allied to the presence of the 

Appalachians. 

At sites close to the sea, the relationship between sodium and 
chloride is very strong over 4 orders of magnitude, as shown in 

Fig. 13. There were seven such sites,6 and the mass ratio Na:Cl 

averaged 0.561 0.011. Standard sea water contains 10 561 ppm 

sodium and 18 980 ppm chloride (Handbook, 1971), or a mass ratio 

of 0.556, so the precipitation contains essentially pure sea water. In 

pure NaCl the ratio is 0.649, so there are other chlorides present in 

marine-derived aerosols. Incidentally, both the high degree of 

correlation and the closeness to the known value for sea water 

demonstrate the high standards of analysis. 

What is surprising is the persistence of the sodium and chloride 

fluxes across the rest of the continental land mass. The coarser 

fraction of the aerosol may be scavenged in the coastal zones, and 

there is little indication in Figs. 5e8 of any sources, so the origin of 

the sodium and chloride at places distant from the ocean must still 

be marine. This may indicate the presence of an aerosol containing 

sodium and chloride that is in the 0.05e2 mm size range. Such 

material lies in the so-called ‘accumulation’ size range (Whitby and 

Cantrell, 1976). It has a settling velocity of <100 mm h 1  and 

a lifetime in the atmosphere measured in weeks. Such material is 

often implicated in the nucleation of clouds (see for instance 

O’Dowd and Wagner, 2007), but the mechanics of this are still the 

subject of considerable dispute and the extent to which a salt- 

containing aerosol might be involved is certainly not quantified. 

The persistence of both sodium and chloride fluxes across the 

 

   

6  
The NADP/NTN has many other sites which were not included in this study 

because the length of records was too short to assess trends. A number of those 

sites, e.g. TX 39 Texas A&M Corpus Christi, are close to the sea and show the same 

strong relationship as that in Fig. 12. 

Full data   Less first Less last Less 2 years 

set six months   six months   at both ends 

July 1978    37.06 

Dec 2006    17.59 

36.96 

17.06 

37.18 

17.52 

36.62 

17.01 

Less 2 years 

in middle 

(1992e1993) 

37.00 

17.58 
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Table 5 

Performance of statistical tests in trend determination, sodium and chloride, all 

sites. 
 

 

 

Ratio of 

end fluxes 

F-statistic 

average 

Standard 

deviation 

t-statistic 

average 

Standard 

deviation 

N 

1e1.099 0.8351 0.1116 0.7584 0.1582 15 

1.1e1.199 0.4041 0.1887 0.3761 0.1479 8 

1.2e1.399 0.1284 0.1063 0.2395 0.1226 18 

1.4e1.599 0.0153 0.0173 0.1644 0.0591 29 

1.6e1.99 0.0013 0.0034 0.0513 0.0386 54 

2þ 0.0000 0.0001 0.0072 0.0045 184 

 
 
 

central part of the continent implies that such an aerosol is not 

scavenged very efficiently by rain, but that it persists widely and 
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log10 Na flux, g/ha/week 

only a small portion is removed in each precipitation event. It will 

be recalled that this possibility was raised earlier when the lack of 

correlation between the volume of precipitation and the concen- 

tration of sodium or chloride in the sample was discussed. While 

the present observation cannot be called confirmatory, it strongly 

suggests that experimental evidence for the existence of such 

a species should be sought. 

In moving from coastal regions to mid-continent, not only do 

the fluxes of sodium and chloride fall, but the ratio of the two 

species also varies, as shown in Figs. 9 and 10. Fig. 9 shows that, in 

1984, the aerosol was enriched in chloride (i.e. the sodium to 

chloride ratio was >0.6) across a broad swathe stretching from 

quite close to the west coast to the eastern edge of the plains. The 

gulf coast and most of the east coast were close to the marine value 

except for some enrichment of chloride in the north east. There 

were some fairly small areas where the precipitation was depleted 

in chloride. In contrast, in 2006, Fig. 10 shows how, apart from a few 

small areas of chloride enrichment, nearly half of the continental 

US had precipitation that was depleted in chloride relative to 

sodium, using sea-salt as the baseline. 

The variation of the sodium to chloride ratios can be interpreted 

as indicating that the chloride content is falling faster than the 

sodium content. Chloride is known to be reactive and the content of 

aerosols to be affected by such things as nitrate, sulphate and 

acidity. The chloride content of aerosols is rarely studied, perhaps 

because it appears to vary over wide ranges. This is supposed to be, 

in the case of an increase, pickup of chloride from man-made or 

natural sources other than the sea, or, in the case of a decrease, 

displacement of chloride by atmospheric reactions producing 

sulphate or nitrate (De Bell et al., 2006; Zhuang et al., 1999; 

Kerminena et al., 1998). The effect can be very large. Fig. 14 shows 

the variation in the Na:Cl flux ratio at site OR09 (44.3856N 

Fig. 13. Sodium and chloride correlation, marine site MA01, n ¼ 876. Linear regression 

shown. 

 
 

123.615W 104 m amsl), a pristine site some distance from the 

ocean, the ratio between sodium and chloride fluxes varied 

between about 0.02:1 and 6.5:1during the 23 years of sampling. 

There was no indication that the ratio changed with the season, 

with the quantity of rain, or with the pH, sulphate or nitrate 

concentration. Similar wide variations in the ratio between the 

sodium and chloride fluxes were found at all inland sites. It will be 

necessary to evaluate the long-term trends in the whole chemical 

composition of precipitation in order to understand and assess the 

impact on the chloride content. 

The chloride flux has been widely employed in studies of the 

recharge of aquifers (Brunner et al., 2004; Dettinger, 1989; Gaye 

and Edmunds, 1995; Weaver and Talma, 2005). An assumption 

implicit in these studies is that the chloride flux is reasonably 

invariant with time. This seems intuitively reasonable, for there is 

no apparent reason why the flux of an aerosol species that is 

primarily marine in origin should vary significantly. The findings 

here call this assumption into question. 

Changes in aerosol chemistry should not affect sodium. The drop 

in the sodium flux which has been observed must have some other 

origin. However, if the sodium flux changes naturally, then it raises 

questions about the natural variation in other species, particularly 

those which are linked to emissions. For instance, how should the 

baseline be determined,  against which any improvements in 

emission control are measured, if the background is changing 

naturally? 

It is interesting that there has been a drop in both chloride and 

sodium concentrations over a 16-year assessment period in Great 
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Fig. 12. Variation of Na concentration with volume of precipitation, site PA 29, 

n ¼ 1119. No significant trend detectable. 

 
Fig. 14.  Comparison of Na and Cl fluxes, site OR09, n ¼ 816. Linear regression shown. 

Note that, unlike Fig. 13, this is plotted in the log domain. 
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Britain (Fowler et al., 2004). The drop in sodium was not significant 

except at several inland sites. 

It is interesting to speculate that the changes observed may be 

the result of climate change. One possibility is that the average 

annual wind speed has dropped. The concentration of salt aerosol is 

known to be highly dependent on wind speed (Huang et al., 2009). 

If the average annual wind speed over the ocean had dropped over 

the period 1984e2006, then the aerosol concentration would have 

dropped in concert. However, there is no evidence for such a shift. It 

has long been known that ENSO events affect average wind speeds 

(Goldenberg and O’Brien, 1981) but satellite data over the period 

1987e1997 revealed no detectable trend globally (Meissner et al., 

2001). An alternative hypothesis is that increases in sea surface 

temperature over the period may have reduced the generation of 

marine aerosol. The Vostok data (Petit et al., 1999) clearly showed 

a strong relationship between inferred temperature and the 

sodium content of ice. Does the drop in sodium flux identified in 

this study imply a new marker for climate change? It is to be too 

early to do more than speculate. However, the observation (Gong 

et al., 1997) that, over the ocean, the sea-salt aerosol is more 

strongly developed in winter than in summer may provide some 

grounds for pursuing sodium flux changes as a possible indicator of 

climate change. 

 
7. Conclusions 

 

This comprehensive analysis of the wet precipitation chemistry 

of sodium and chloride over the Continental US during the period 

1984e2007 has shown: 

 
● The NADP-NTN database is a store of high quality data, giving 

a virtually continuous weekly record of wet precipitation and 

its chemistry. 

● A further quality check on the data involving the ionic balance 

showed that it was necessary to account for an increase in the 

bicarbonate content of the precipitation due to the increasing 

CO2 content of the atmosphere, but that if this correction was 

made, an ionic balance to better than 10 meq could readily be 

achieved, and a few outliers found which were not identified 

by other NTN quality checks. 

● Trends can readily be determined by transforming the data into 

the log domain and performing a linear regression on the 

transformed data. The Pearson correlation coefficient is inap- 

propriate for such data, but both F- and t-tests of significance 

indicated highly significant trends provided the trend was >1% 

per year. 

● The use of linear regression of the log-transformed data proved 

● The pervasive nature of the change in sodium and chloride 

fluxes, particularly remote from oceanic influences, suggests 

that sodium and chloride occur in a fine aerosol fraction that is 

not efficiently scavenged by rain. 

● Close to the sea, the ratio of sodium to chloride is virtually 

identical to that in sea water. Further inland the average ratio 

changes for reasons that appear to be related to the displace- 

ment or growth of chloride in the aerosol. This suggests that 

a wider exploration of precipitation chemistry is necessary to 

understand why the sodium to chloride ratio changes with 

time and place. 

● There is a possibility that the drop in sodium and chloride 

fluxes over the continental US may be related to climate 

change, but further work is needed to confirm this. 
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significance of the trend could readily be determined using classical statistical measures. Of the 308 trends in chloride and sodium 

examined, 281 were significant at the 90% or better level (the majority, 267, at the 99% or better level). 

● Both sodium and chloride expected fluxes had dropped significantly over this period for reasons that cannot be identified. 

● These decreases have occurred even close to the sea, where the majority of the aerosol that is captured during precipitation is clearly of 

marine origin. 

● Of the 154 stations studied, only one showed an increase in both chloride and sodium fluxes, so the decreases were wide- spread 

and general. 

● Rainfall trends were not correlated with trends in sodium or chloride fluxes. At 71 stations, there was no significant change; at 28 

stations there was a significant increase and at 65 a significant decrease. 
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