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Abstract
Atmospheric corrosion is ubiquitous in China but varies a lot among different regions covering the cold, temperate and
tropical zones. Categorizing the atmospheric corrosivity and plotting precise atmospheric corrosion map remain key
interest for a variety of industries. The present work proposed an atmospheric corrosion map of China for hot-dip
galvanized steels, which was constructed by inverse distance weighting (IDW) interpolation algorithm based on both the
measured corrosion rates of coupons exposed at 2393 inland test stations and calculated corrosion rates from a
prevalent dose-response function in 2918 sites in coastal regions. When the corrosion category was used as the
criterion, the IDW interpolation algorithm of power 2 performed best. Cross-validation results con�rmed that the
prediction accuracy of IDW interpolation reached 85.6%. Based on the corrosion map, the categories of atmospheric
corrosivity of China could be determined. The atmospheric corrosion map shows C2 (50.07%) and C3 (44.14%) zones
cover the vast majority of China. C4-CX categories (highly corrosive regions) account for 4.07% (390760 km2) of China.

Introduction
Atmospheric corrosion refers to a spontaneous degradation process of metals resulting from interactions with its
surrounding environmental variables (e.g. relative humidity (RH) and temperature) and accumulative atmospheric
contaminants (e.g. deposition of chlorides and sul�des), which is the most common type of corrosion that widely
in�uences multiple industries such as infrastructure, transportation and manufacturing1–3. Atmospheric corrosion is
estimated to account for more than half of all corrosion damages4–5. Quantifying the accurate area of different
corrosion categories is an important step in raising awareness of the seriousness of corrosion issues, particularly
relevant to decision makers in the industry and government—such that better policies can be established to improve our
ability for mitigating corrosion risks in severe corrosion area. Differentiated materials selection and e�cient corrosion
protection based on corrosivity classi�cation become a key to sustain integrity of the metallic facilities and equipment
and reduce corrosion costs for different industries6.

A precise atmospheric corrosion map provides an important guide to differentiated materials selection and economical
engineering design since it enables a visual cue for the identi�cation of atmospheric corrosion category and prediction
of service life of metals and coatings in any given region. Plotted in the 1960s, the atmosphere corrosion map of the
British Isles has been known as the pioneer trying to visualize the effect of atmospheric corrosion7. Subsequently, the
atmospheric corrosion maps of different countries and cities, including Switzerland, Brazil, Spain, Korea, Slovakia,
Thailand, Vietnam, Abu Dhabi and Istanbul have been drawn for the assessment of their atmospheric corrosion risks8–

16. Plotting precise atmospheric corrosion map has been of great interest to corrosion scientists and engineers in China
for many decades. Since the 1990s, China has conducted a number of differently scaled studies on the corrosion map
in certain areas exposed to diverse corrosion environments17. Based on the corrosion data of carbon steel exposed in 20
corrosion sites, Wang et al. 18 drew the atmospheric corrosion map of Hainan province. Fan et al.19 constructed an
atmospheric corrosion map of Shandong province by using one year corrosion rate of hot-dip galvanized steel from 100
exposure corrosion test sites. Huang et al.20 collected a set of corrosion data of Q235 steel from 48 sites and drew an
atmospheric corrosion map of Guangdong province, China. However, a nationwide atmospheric corrosion map is lacked
for a long time in consideration of vast territory and diverse climates in China.

The biggest challenge in corrosion map optimization is how to improve the accuracy of the map so that to provide local
corrosion data with high precision. The accuracy of the map is �rstly supported by plenty of corrosion data derived from
su�cient on-site atmospheric exposure sites. On the basis of one year on-site exposure tests at 21 sites both in marine
and urban regions, Kim et al.21 constructed an atmospheric corrosion map of Korea. Vera et al.22 collected the corrosion
data of carbon steel and galvanized steel after one-year exposure in 31 stations in Chile and developed a national map
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of corrosion. Kumar et al.23 constructed an atmospheric corrosion map of India by collecting corrosion data in 32
stations consecutively. However, by considering the vast territory and climate changes in these countries, such a scale of
corrosion sites is not able to meet the demand of drawing a corrosion map with high resolution. Also, on-site exposure
corrosion tests are usually established in urban area to reduce the manpower and the cost of corrosion data collection.
Less exposure sites were set up in rural area and natural environments, where large infrastructure construction, like
power lines and high speed railway, suffer from serious corrosion and deterioration. The accurate corrosion categories
in these regions face challenges. To better predict the atmospheric corrosion in these regions, different statistical or
parametric models regarding corrosion prediction in correlation with environmental factors were proposed based on
long-term atmospheric environmental metal corrosion tests24,25. They include dose response functions (DRFs),
developed for several common metals based on regression analysis that have been used for the prediction of
atmospheric corrosion rate of metals26–28. DFRs are currently more popular since they are simpler and do not require
large-scale outdoor exposure tests to obtain corrosion data29. ISO 9223 recommends a DRF to predict �rst-year
corrosion rate of four typical metals, including carbon steel, zine, copper, and aluminum, based on temperature, RH,
chloride deposition rate, and sulfur dioxide deposition rate30. Based on this, some researchers introduced more
environmental parameters into the power function and proposed more sophisticated DRFs regarding corrosion
prediction. The UN/ECE ICP Materials project proposed a set of DRFs described with RH, temperature, sulfur dioxide,
nitrogen dioxide, ozone, rainfall, rainfall acidity, and particulate matter, which is suitable for mapping and calculations of
cost of corrosion damage31. However, the prediction accuracy of DRFs in different climates varies largely. Castañeda et
al.25 prososed that the DRFs of ISO 9223 may over estimate corrosion rate in tropical region and under estimate
corrosion rate in Asia region. The prediction accuracy of the corrosion map may be reduced sharply when large
corrosion data from DRFs are used in interpolation calculation.

In the mapping process, interpolation techniques such as inverse distance weighting (IDW) interpolation algorithm have
been applied in atmosphere corrosion. IDW is a deterministic method, which assumes that the value of the point
decreases in weight or in�uence as it increases in distance from that point32. The power parameter within the IDW tool
controls the weight of individual points, which can be used to increase the accuracy of the interpolation method.
However, the validity of the interpolation algorithm were not discussed33,34. This study attempted to draw a precise
atmospheric corrosion map of China to provide guidance to corrosion mitigation of industrial engineering. One year on-
site exposure tests was �rstly carried out using hot-dip galvanized steel at 2393 stations in China. Chloride distribution
equation was also proposed to better predict corrosion rate along coastal area by using the DRFs presented in ISO 9223.
Based on this, an optimized atmospheric corrosion map of the study area was drawn by IDW interpolation algorithm.
After running the interpolations, a cross validation was performed on each of the predicted surfaces. To the best of our
knowledge, this work is the �rst report providing nationwide category of atmospheric corrosivity, which will strongly
support the differentiated materials selection and e�cient corrosion protection in China.

Results And Discussion

Category of corrosivity of atmosphere in China
ISO 9223 standard recommends a classi�cation of the corrosivity of the atmospheric environments by dividing the one-
year corrosion rate data of typical metal materials obtained from on-site atmospheric exposure sites into six categories,
from low to high, are C1, C2, C3, C4, C5, and CX, respectively. In this study, the corrosion of galvanized steel sample in
the �rst year can be considered as the corrosion of zinc. The distribution of the test stations are presented in Fig. 1 and
the corresponding corrosion categories of carbon steel is shown in Fig. 2. More than 85% of the corrosion exposure
stations (i.e., 2034 stations) are located in mild corrosion zones, among which C2 accounts for 44.24% of the total, C3 is
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41.11% and C1 is only 2.64%. C4, C5 and CX represent relatively high corrosion rates. About one-tenth of the corrosion
exposure stations lies on C4 area and 1.79% in C5 area. Notably, about 1% of the corrosion exposure stations are
located in CX region, which are considered as extreme corrosion risk.

More speci�cally, the corrosion categories of galvanized steel in different provinces of China are shown in Fig. 3.
According to geographical and climatic differences, these provinces are divided into six parts, Northwest China,
Southwest China, Northeast China, North China, Central China, Eastern China and South China. The corrosion category
distribution of the exposure stations appears some regularity in spite of its variation in various province. The proportion
of exposure stations in heavily corroded area (C4 and above) gradually increased from the northwest to the southeast of
China. Except for Xinjiang province, most stations are located in C2 area in the �ve provinces Northwest, suggesting a
relatively mild corrosion risk. C3 category occupied almost 70% of the stations in Xinjiang province, which may be
attributed to the huge difference of geography conditions. Most of the stations are located in humid climate regions,
where human activities and industrial production occurs (Fig. 1b). In Southwest China, more than 90% of stations are
located in C3 category in Chongqing municipality, while more slight corrosion categories were observed in Tibet and
Sichuan province. High relative humidity and abundant rainfall account for the increased corrosion risk in Chongqing
municipality. As for Tibet, more stations are needed to enrich the essential corrosion data and determine a more precise
corrosion categories. In North China, notably, a signi�cant increase of station numbers of C4 categories was observed in
Shanxi and Hebei provinces compared the other 3 provinces, which is because the large number for coal mines that lead
to a higher concentration of pollutants in the atmosphere in this area. The most severe corrosion risk was observed in
Eastern China and South China, especially in coastal regions in Zhejiang, Fujian, Guangdong, Guangxi, Hainan and
Taiwan, where more than 50% of stations located in C4-CX categories, suggesting that a comprehensive corrosion
protection is urgently needed to the application, operation and maintenance of metal materials.

Chloride ion diffusion model in coastal region
Table 1 shows the deposition rate of chloride for environment monitor station along the distance to the coastline.
Average chloride deposition rates collected monthly over one year were plotted as a function of distance to the sea as
shown in Fig. 4a. Chloride deposition rate is the highest at the shore and sharply decreases within 1 km from the
shoreline (Fig. 4b). At the distance > 1 km, the decay is gradually decreasing. Signi�cantly, the increase of chloride
deposition rate at 8 km can be attributed to the fact that the diffusion of chloride ions was blocked by buildings, trees,
and shelters13. Based on these data, a chloride ion diffusion model in coastal region is proposed as followed:

y = 48.547·x-0.376, R2 = 0.920 (1)

wherein x and y are the distance to the sea and chloride ion deposition rate, respectively. In this study, 2918 sites in
coastal provinces were selected to calculate their chloride ion deposition rates according to the above equation.

Table 1
The deposition rate of chloride for environment monitor station along the distance to the coastline.

Station number 1 2 3 4 5 6 7 8

Distance to the
coastline(km)

0.01 0.1 1.7 4 7 8 15 30

Deposition rate of
chloride

(mg/(m2•d))

195 98.37 58.14 21.54 33.13 31.16 14.65 8.22

Dose-response function in coastal region



Page 5/16

Metals are exposed to hundreds of times more chloride in coastal region than that inland, which lead to severe corrosion
of metals and further major insecurity of infrastructures. Due to the limitation of the �eld tests, the corrosion exposure
data are insu�cient in coastal region, especially for test sites within 0–1 km from the coastline, which leads to
inaccuracy of corrosion category estimation. To solve this problem, a DRF recommended by ISO 9223, incorporating
chloride deposition rate, sulfur dioxide deposition rate, temperature and RH, was used to evaluate the corrosivity within
0–30 km from the coastline. Combined with the measured corrosion data in 2393 inland stations, the calculated
corrosion data participate in the interpolation to improve the accuracy of the corrosion map. The equation for zinc is
expressed as:

2
 

where rcorr is �rst-year corrosion rate of zinc (µm/a); Pd and Sd are the annual average SO2 deposition and annual

average Cl− deposition (mg·m− 2·d− 1), respectively; T and RH represent the annual average temperature (oC) and relative
humidity (%), respectively; fZn is a correlation coe�cient of Zn. Combining the average temperature, RH provided by local
meteorological department and observed sulfur dioxide deposition rate in coastal stations, the corrosion rates of zinc in
2918 coastal points were calculated, together with the observed corrosion rates inland, to serve as interpolation data.

Atmospheric corrosion map of China
Based on the �rst year corrosion rate (µm/a) of galvanized steel obtained from 2393 exposure test sites and calculated
corrosion rates from a prevalent DRF in 2918 sites in coastal regions, the atmospheric corrosion map of China was
construct by using the IDW spatial interpolation method.

Figure 5 shows the atmospheric corrosion maps obtained by IDW spatial interpolation method with powers of 1, 2, 3,
and 4. The search radius was �exible with nearest 10 points participating in interpolation calculation. The distribution of
corrosivity categories is consistent with different powers, that is, the corrosivity of the atmosphere in the coastal region
is signi�cantly higher than that in the inland region, which is consistent with the actual observed data.

After running the interpolations, a cross validation was performed on 700 points selected from different provinces. It
compares measured values with the predicted ones from the predicted surface. The mean relative error (MRE), mean
absolute error (MAE) and root-mean-square error (RMSE) of interpolation results are shown in Table 2. With the
increasing of power values, the MRE, MAE and RMSE decreased at �rst and then increased, suggesting that IDW
interpolation algorithm of power 2 performed best in the prediction of corrosion rate. The average MRE was the smallest
with a value with 25.74% when the power was 2, which is reasonable on the basis that the study area covers more than
9.6 million square kilometers. The average MAE and RMSE of the interpolation results in the presence of power 2 were
0.2414 and 0.3018, respectively. All the three cross validation methods suggested that the power parameter of IDW
interpolation algorithm is reasonable to ensure the accuracy of the interpolation method.

rcorr=0.0129∙P0.44
d ∙exp (0.046∙RH+fZn) +0.0175∙S0.57

d ∙exp (0.008∙RH+0.085∙T)

fZn = 0.038∙ (T − 10)  T ≤ 10 ℃ fZn =  − 0.071∙ (T − 10)  T > 10 ℃
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Table 2
The MRE, MAE and RMSE of interpolation results by cross validation.

P value Numbers of stations MRE (%) MAE (µm/a) RMSE (µm/a)

1 700 27.23 0.272 0.331

2 700 25.74 0.241 0.302

3 700 28.15 0.245 0.354

4 700 30.12 0.265 0.361

In main industrial sectors, like infrastructure, energy, transportation and manufacturing, corrosion scientists and
engineers focus principally on the atmospheric corrosion category rather than the accurate corrosion rate in the project
location. Thus, counting the accuracy of atmospheric corrosion category through cross validation should be considered
a more important reference. The predicted corrosion rates in the extracted points were compared with measured
corrosion rates in those stations and the result is shown in Table 3. Based on the prediction results, the atmospheric
corrosion categories of 575 sites are consistent with the observed results, suggesting a prediction accuracy of 82.1% in
the presence of power 1. The atmospheric corrosion categories of 93 stations are 1 grade different (higher or lower)
compared with the corrosion categories calculated from those stations. Only 26 stations showed a 2 grades difference
of the corrosion categories, which mainly impacted by long distance and local contamination in the surrounding sites.
The IDW of power 2 performed best. The predicted atmospheric corrosion categories of 599 sites are consistent with
observed results. Only 10.7% and 3.7% of sites showed a difference of 1 and 2 corrosion categories, respectively. As for
the power 3 and 4, there are 83% and 80.4% of the calculated sites presented a same atmospheric corrosion category
compared with the observed stations.

Table 3
Statistics of sites corrosion categories prediction results by cross validation.

  Power = 1 Power = 2 Power = 3 Power = 4

Numbers Proportion
(%)

Numbers Proportion
(%)

Numbers Proportion
(%)

Numbers Proportion
(%)

Consistent
category

575 82.1% 599 85.6% 581 83% 563 80.4%

One
category
difference

93 13.3% 75 10.7% 95 13.6% 101 14.4%

Two
categories
difference

32 4.6% 26 3.7% 24 3.4% 36 5.2%

The corresponding area and proportion of different corrosion categories with power 2 are listed in Table 4. The vast
majority of the studied area, with proportions of 50.07% and 44.14%, are lies on C2 and C3 areas staining with green
and yellow, respectively. C2 occurs more in Southwest China and Northeast China, whereas C3 is more likely to appear in
Northwest China and Eastern China. In addition, it was estimated that the C1 category (very low) mainly exist in Xizang,
western Sichuan and Ningxia provinces, accounting for only 1.72% of study area. C4-CX categories account for only
4.07% (390,760 km2) of the study area, which display cluster distribution in south and southeast coastal provinces
including Zhejiang, Fujian Guangdong, Guangxi, Hainan, Taiwan and patchy distribution in inland provinces like Shanxi,
Hebei and Hubei. Notably, though only 0.34% and 0.12% is dedicated to C5 and CX areas, respectively, a mass of
metallic facilities and equipment served in infrastructure, transportation, manufacturing and public services face a
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dramatically increased corrosion risk on the basis that C5 and CX areas are precisely where the most economically
developed regions in China.

Table 4
The area and proportion of different corrosion

categories.
Corrosion category Area (km2) Proportion (%)

C1 165 140 1.72

C2 4 807 220 50.07

C3 4 236 880 44.14

C4 346 600 3.61

C5 32640 0.34

CX 11520 0.12

In summary, a precise atmospheric corrosion map of China was plotted by using IDW interpolation algorithm in this
study. Both the measured corrosion rates of hot-dip galvanized steel coupons exposed in 2393 test stations inland and
calculated corrosion rates from a prevalent DRF in 2918 sites in coastal regions were employed to construct the map.
The precision of IDW interpolation algorithm was evaluated by cross validation. The important �ndings include:

1. A chloride ion diffusion model in coastal region is proposed. Chloride deposition rate decreases exponentially with
increasing distance from the sea.

2. The atmospheric corrosion map shows C2 (50.07%) and C3 (44.14%) zones cover the vast majority of the study
area. C4-CX categories account for 4.07% (390760 km2) of the study area in China.

3. Cross-validation results demonstrated that the prediction accuracy of IDW interpolation algorithm was 85.6%

4. The atmospheric corrosion map of the study area can be used to improve our capacity for corrosion protection,
operation maintenance, and life prediction for outdoor engineering materials in severe corrosion area.

Methods

Exposed materials and methods
Hot-dip galvanized steel coupons with dimensions of 150 × 70 × 3 mm3 were used in this study. Coupons were all
numbered and ultrasonically rinsed with deionized water and ethanol for 15 min (for 15 min in each solution). Before
the expose test, the initial weights of the cleaned coupons were recorded by an electronic balance (Me 204, Mettler
Toledo, precision ± 0.1 mg). The samples were mounted on shelves with the lowest position at 1 m above the ground,
facing south with a slant angle of 45°. After one-year exposure tests, all the coupons were retrieved at each test station
and the corrosion products were removed guided by ISO 922635. The corrosion rate (rcorr) of each coupon was

calculated using the following Eq. 36:

3

rrorr= 
3.65 × 103× (w0 - wt)

s × t × d
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where rcorr is the corrosion rate, expressed in grams per square meter per year (g/[m2·a]); w0 and wt represent the weights

before and after the test, expressed in gram (g); s, t and d stand for the sample area expressed in square meter (m2), test
time expressed in year (a) and material density expressed in grams per cubic centimeter (g/cm3). Triplicate samples
were used for each test station to ensure the reproducibility of the results.

Atmospheric on-site exposure test
Atmospheric on-site exposure tests were conducted at 2393 corrosion test stations in China. Part of corrosion data were
collected from literatures20. The details and geographical position distribution of the test stations are presented in
Fig. 1. Three key principles were proposed in the optimized selection of test stations, including uniform distribution
principle to ensure at least one station in every 1000 ~ 1500 km2, moderate increase of the number of test stations in
heavy corrosion environments and emphasis on differentiated environments and climate.

Environmental parameters collection
In coastal region, relevant environmental parameters including temperature, RH, chloride ion deposition rate and sulfur
dioxide deposition rate were collected at different distances to the coastline. The weather data were obtained from the
Meteorological Department data during the exposure test. Sulfur dioxide deposition was collected by PbO2 cylinder

method recommended by ISO 922537. Particularly, Chloride ion deposition rate was measured by dry gauze method
along the vertical direction of coastline in Fujian province. Table 1 shows the distance from the coastline for the
collection sites. Double-layered dry gauze was �xed by a plastic frame with a diameter of 120 mm under the shelter of a
perspex hood with the exposure orientation always facing the coastline. After monthly exposure, dry gauzes were
extracted from exposure racks and were analyzed to obtain the chloride ion deposition rate guided by ISO 9225. Based
on the results, a modi�ed chloride ion diffusion model in coastal region of China was proposed. Finally, the corrosion
rate was calculated via the DRF proposed by ISO 9223 from a 30-kilometer area around the coastline.

Atmospheric corrosion map
According to ISO 9223, the atmospheric corrosion can be divided into 6 categories from very low to extreme: C1, C2, C3,
C4, C5, and CX. Based on the measured corrosion rate of hot-dip galvanized steel coupons exposed in 2393 test stations
inland and calculated corrosion rate from DRF in 2918 sites around the coastline, in this work, the atmospheric
corrosivity categories of these stations of China were determined.

To visualize the atmospheric corrosion map, the data of the collected cities were linked to their corresponding
geographical coordinates and translated into colors on a map through ArcGIS software (version 10.4). Firstly, the
longitudes and latitudes of the stations were put into ArcGIS software to mark out their corresponding locations on the
map of China. Secondly, the corrosion rates of the stations were given to corresponding locations. Then the presented
values of the whole country are computed based on IDW interpolation algorithm. To improve the accuracy of
atmospheric corrosivity map and optimize visual experience, each category was divided into several sub-categories
dyed with similar color scheme.

IDW interpolation algorithm explicitly works on the assumption that things which are closer to each other are more alike
than those which are farther apart38. The interpolated values are essentially estimated by the local weighted averages,
as shown in formulas (3) and (4):

3

Z0 = ∑
n

i=1
Ziλi
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4

in which Z0 and Zi are the estimated value at a predicted point and the observed value at a given point, respectively; λi is
the weight value, which is a positive real number; n represents the number of sampled points used for the estimation.
Greater values of p grant greater in�uence on values which are closest to the point to be interpolated39. The parameter
prediction for the target location is a summation of the product of ‘allotted weights’ and ‘measured values’ for all sites.
After reviewing numerous literature, p is taken to be 1–4 for the current study to optimize the atmospheric corrosion
map.

Cross Validation
Cross validation was carried out in 700 stations in China to evaluate the performance of IDW interpolation algorithm.
After extracted from the interpolation, the predicted corrsion rate is estimated by the observed data obtained from the
closest 10 stations40. Then the predicted corrsion rate is compared with the extracted data. Both the corrosion rate and
corrosion category of 700 stations and the results can be statistically analyzed. Three statistical methods were
employed in this study include MAE (Eq. (5)), MRE (Eq. (6)), and RMSE (Eq. (7)), respectively.

6

7

8

where Z0 and Zi are the predicted corrosion rate and the corresponding observed corrosion rate at point i at the same
point, respectively. The smaller the values of MAE, MRE, and MRSE, the higher the interpolation precision.
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Figure 1

The distribution and amount of 2393 exposure corrosion stations in China.

Figure 2

Results of corrosion categories of galvanized steel according to ISO 9223.
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Figure 3

Results of corrosion categories of galvanized steel in China according to ISO 9223.
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Figure 4

(a) Chloride ion diffusion model in coastal region and (b) Chloride ion distribution map of China.
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Figure 5

The atmospheric corrosion map of China with powers of 1, 2, 3 and 4.


