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1. Introduction

The spatial distribution of precipitation across the South 
Island of New Zealand is characterised by large variability. 
While correct representation of daily precipitation is key 
for hydrological modelling studies (Tait et al., 2012), sparse 
station networks can hamper the generation of realistic 
spatial estimates. In addition to the common problem of 
insufficient data availability in alpine catchments (Suprit 
and Shankar, 2008; Schönbrodt-Stitt et al., 2013), wind-
driven undercatch and evaporation can cause systematic 

measurement errors (Mekis and Hogg, 1999). Such errors 
can then negatively affect the performance of hydrological 
models (Oudin et al., 2006).

In the Southern Alps the highest annual totals tend to occur 
approximately 20 km upwind of the main divide (Wratt 
et al., 2000), which is a direct result of the interaction 
of a predominantly westerly airflow and the orography. 
Besides very high amounts of orographic precipitation 
to the west of the main divide, strong transmountain 
winds can cause large amounts of precipitation to fall on 
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Abstract

NIWA’s Virtual Climate Station Network (VCSN) is currently the only product that offers interpolated daily 
precipitation data for the whole of New Zealand. The VCSN has been used to successfully model hydrological 
processes in several catchments but it still contains significant biases for high elevation catchments. In 
this study, an attempt was made to create improved daily precipitation fields for New Zealand’s largest 
catchment, the Clutha River. The grids have a higher spatial resolution than the VCSN (1 km2 vs. ~5 km2) and 
were created using a trivariate thin plate spline based on a modified version of the 30-year rainfall normal 
surface that was used as part of the VCSN approach. The original rainfall surface was adjusted because a 
water balance validation with the hydrological model WaSiM revealed substantial biases in several sub-
catchments of the upper Clutha (from -13% to +72%). After the correction, the 20-year water balance error 
(1992-2012) did not exceed ±5% at any of the streamflow gauges used. Compared to the fields generated 
here, the annual precipitation of the VCSN is generally lower with the largest differences in the headwaters 
(> -2000 mm). Consequently, when compared to the VCSN the mean annual precipitation averaged across 
the Clutha catchment was found to be higher in this study (1415 mm vs. 1258 mm). 
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the leeward side and this so-called spillover can extend 
up to 20 km eastwards from the main divide (Sinclair et 
al., 1997). With spillover being the dominant source of 
precipitation for the headwater catchments to the east of 
the main divide, the correlation between precipitation 
and elevation for the Southern Alps is rather weak by 
global standards (Wratt et al., 2000; Tait et al., 2006). 

To provide input for hydrological models and other 
environmental applications Tait et al. (2006) estimated 
daily rainfall on a 0.05° grid (VCSN) for the whole of 
New Zealand using a trivariate thin-plate spline (TS). 
The TS was found to perform best if a rainfall normal 
surface was used as an independent covariable instead 
of elevation, which highlights the alternative role of the 
Southern Alps when compared to other alpine regions in 
terms of precipitation – elevation relationships (Lauscher, 
1976; Marke, 2011). While the VCSN fields constitute a 
valuable data set for modelling studies in New Zealand, 
the use of independent regional council data highlighted 
that the daily fields still have significant errors in some 
regions of the Southern Alps with monthly mean absolute 
errors between 30 and 100 mm (Tait et al., 2012).

This study focuses on the Clutha catchment, which is New 
Zealand’s largest catchment by area and mean flow. The 
Clutha’s natural water resources are used extensively for 
hydropower generation and irrigation schemes. As part of 
a wider hydrological modelling study (Jobst et al., 2018) 
an attempt was made to improve on the VCSN and provide 
a more realistic precipitation input for a fully distributed 
hydrological model. A similar approach as described in 
Tait et al. (2006) was adopted to generate daily grids at 
the required spatial resolution of 1 km2 between 1990 and 
2012. The main differences between the VCSN approach 
and this study are the higher spatial resolution, a small 
number of additional precipitation records (i.e. regional 
council data) and a modified version of the 30-year 
(1951-1980) rainfall normal surface (as described in Tait 
et al. (2006)) that is used as part of the TS interpolation. 

Biases were assessed using a water balance approach 
in combination with the fully distributed hydrological 
model WaSiM (Schulla, 2012).

2. Methods

2.1 Data sources 

A total of 76 sites with variable record lengths were 
included for the interpolation of daily precipitation (Figure 
1). The majority of the sites are operated by NIWA (73) 
and three additional records were provided by the Otago 
Regional Council (ORC). Compared to the low number 
of sites recording temperature in the domain (Jobst et 
al., 2017), the precipitation network is more extensive 
and covers most parts of the Clutha catchment. However, 
most of these sites are located in intermontane valleys 
and the upper headwaters that originate downwind from 
the main divide (~0-12 km) can be considered ungauged, 
with the only exception being the relatively short record 
(~4 years) at Young River (P-O1). In Figure 2 the mean 
annual precipitation totals of all 76 records are plotted 
against the corresponding distances to the main divide. 
The highest totals were recorded at the two Milford Sound 
sites (P-N3 and P-N4), while the shorter P-O1 record has 
the highest annual precipitation (> 5000 mm) of any site 
inside the watershed. Further inland and towards the east 
coast, precipitation totals decrease rapidly and remain 
below 1000 mm at most sites.

2.2 Extension of the Young River precipitation record

The rainfall station at P-O1 (operated by ORC) is located 
approximately 4 km to the lee of the main divide. The 
record is especially important as it is the only station 
within close proximity of the main divide, a zone where 
the intensity of spillover is expected to be strongest. To 
maximize the usage of the site’s relatively short record 
(1/9/2008 – 1/9/2013) linear regression was used to 
extend the record through the remaining time period 
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(1/4/1992 – 31/8/2008). The first regression (Equation 
1) is based on the ORC site P-O3 at Makarora (15 km 
SE), which is the same rainfall station used by Cullen and 
Conway (2015) to reconstruct precipitation at Brewster 

Glacier. Importantly, P-O3 has the same tipping bucket 
instrument as the P-O1 site. Given that the record of 
P-O3 only dates back to 5/11/1997, the record of a 
manual daily rain gauge (P-N44), which is operated by 

Figure 1: NIWA and ORC precipitation sites used for the daily interpolation. Mean annual precipitation of the labelled sites is shown in Figure 2 (note 
that site P-N44 is occluded by P-O3). The black line shows the Clutha catchment with the gauge in Balclutha as the outlet.
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NIWA and located approximately 500m from site P-O3, 
was used for the second regression (Equation 2), covering 
the remaining time period.

P-O1extended1 = 2.0308 *MAKARORAORC+ 1.3282 (1)

P-O1extended2 = 1.5643 *MAKARORANIWA + 4.0276  (2)

Further, any scaled values were set to 0 mm if no 
precipitation was recorded for that time step. The 
calibration and validation periods were defined from 
1/9/2008 to 31/8/2011 and from 1/9/2011 to 1/9/2013, 
respectively. The performance of the two best-fit regression 
models can be seen in Table 1 and Figure 3, where the first 
regression model (Equation 1) was found to have a better 
fit during both the calibration and validation period.

2.3 Undercatch correction step

Before the interpolation was carried out, a wind-
dependent undercatch correction was performed. The 
empirical approach of Yang et al. (1998), which has been 
used by Kerr et al. (2011) in the Lake Pukaki catchment 
requires mean temperature and wind speed at the gauge 
height as input, and differentiates between solid, mixed 
and liquid precipitation. As most of the precipitation 
sites in the Clutha domain do not record wind speed or 
air temperature, daily fields of these two variables were 
instead used. A total of 22 stations were used for the 
interpolation of air temperature and 26 sites for wind 
speed (with only 13 stations located inside the catchment 
and only 7 stations covering the entire data period). The 
daily temperature grids were presented in Jobst et al. 
(2017) and are based on a TS and a monthly lapse rate 

Figure 2: Mean annual precipitation (regular year) of all sites between 1992 and 2011 (shorter records are also plotted, e.g. P-O3 1998-2011) against 
distance to main divide. The location of the labelled sites (red triangles) is also shown in Figure 1.

Table 1: Validation of the two regression models P-O1extended1 and P-O1extended2. Performance criteria (R2 and RMSE) were calculated for the calibration 
(CAL) and validation (VAL) period, respectively.
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model. The wind fields were generated using an elevation 
based TS run on a relatively sparse network of wind 
gauges. 

2.4 Validation using water balance approach

After the undercatch correction, the 30-year rainfall 
normal surface was iteratively adjusted using a water 
balance approach and the assumption that natural stores 
of water are equal to zero over longer time periods. The 
fully distributed hydrological model WaSiM was used as 
a tool to approximate the true mean annual precipitation 
of the Clutha basin on a sub-catchment scale. The WaSiM 
model (described in Jobst et al. (2018)) models potential 
evapotranspiration via the Penman-Monteith approach, 
which is limited by soil water content and capillary 
pressure resulting in actual evapotranspiration (AET). 
Changes in the snow, unsaturated soil and groundwater 
stores are unlikely to have a significant effect on the 
water balance over the 20-year period. The same holds 
for the relatively small volume of glaciers located in the 
headwaters of the Clutha covering only ~0.7% (i.e. ~147 
km2) of the catchment (Chinn, 2001). This restricts the 

uncertainty introduced by WaSiM to the term of AET, 
which was computed at 518 mm. This number agrees well 
with the 540 mm estimate that Sirguey (2009) used for 
the upper Waitaki catchment and which is based on the 
averages of three Southern Alps studies (Anderton, 1974; 
Fitzharris and Garr, 1995; McKerchar and Pearson, 1997). 
Consequently, the error between observed and modelled 
streamflow was then assigned to over or under estimations 
of annual precipitation totals in the corresponding sub-
catchments. The water balance validation was carried 
out over a 20-year period (1/4/1992-31/3/2012) for eight 
streamflow gauges, with the threshold for error (stopping 
criterion) defined as not being allowed to exceed ±5% at 
any of the sites.

A pragmatic approach was used to adjust the original 
rainfall normal surface (SURForg) using a sub-catchment 
based correction factor grid. Biases in SURForg were 
assumed to be greater close to the main divide due to 
a lack of rain gauges and the steep gradient in spillover 
precipitation leeward from the main divide. From the 
main divide to the end of the spillover zone correction 
factors were thus reduced or increased linearly to one. 

Figure 3: Scatterplots showing daily precipitation between YOUNG (= Site P-O1) and YOUNGextended during the validation period (1/9/2011 to 1/9/2013) 
for (a) the P-O1 extended1 and (b) the P-O1 extended2 regression model. The dashed line represents the line of best-fit.
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The spillover zone was defined between 0 and 24 km 
from the main divide based on the findings of Chater and 
Sturman (1998). Their study focused on the Waimakariri 
catchment, which is located at a relatively large distance 
(~200 km) to the northeast of the Clutha but has a 
comparable elevation range and is therefore assumed 
to have similar orographic uplift. Further linear factors 
were assigned to sub-catchments further inland. In order 
to create smooth transitions between neighbouring 
sub-catchments correction factors were assigned to the 
cells of the stream network, which were interpolated 
resulting in a continuous correction grid. The grid was 
then multiplied with SURForg to produce the adjusted 
rainfall surface (SURFmod) and the TS was then rerun with 
SURFmod as the covariate.

3. Results

3.1 The water balance validation

The water balance validation of TSorg (TS using the 
SURForg shown in Figure 4) revealed substantial over- 
and underestimations of streamflow (and consequently 
precipitation) in several sub-catchments (Figure 5). The 
largest positive bias (72%) was calculated for the Shotover 

River at Peat’s Hut (Shotover at Bowens Peak: 61%). As 
shown by Figure 4, SURForg reaches high totals exceeding 
4000 mm in the upper ranges of the Shotover (indicated 
by white arrow). This local maximum shows substantially 
higher totals than other parts of the upper Clutha that 
are at a similar distance to the main divide. The spatial 
pattern of SURForg clearly follows the terrain of the upper 
Shotover, which has a plateau-like shape and on average 
reaches higher elevations than the neighbouring sub-
catchments. During the expert guided process underlying 
the generation of SURForg, a strong orographic effect 
must have been expected to enhance precipitation in the 
ungauged ridges of the upper Shotover (Tait et al., 2006). 
However, the large positive bias in Figure 5 appears to 
contradict this assumption.

For the Kawarau catchment opposing biases were found 
for the gauges at Frankton (9%) and The Hillocks (-5%). 
The positive bias at Frankton (Lake Wakatipu outlet) 
points to a substantial overestimation of precipitation in 
the remaining Wakatipu tributaries south of the Hillocks. 
The streamflow error was also found to be positive for 
Lake Wanaka (5%) and Lake Hawea (20%). Further 
inland, a relatively large positive bias (18%) was found 
for the intermontane Nevis valley, while the bias in the 

Figure 4: The original rainfall normal surface (SURForg) clipped by the Clutha watershed (arrow points to the upper Shotover sub-catchment).
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upper Lindis (Lindis Peak) was negative (-13%). At the 
catchment’s outlet (i.e. Balclutha) the combined upstream 
errors resulted in a substantial positive bias of 9%.

The final correction factor grid that was used to adapt 
SURForg (Figure 6a) has values ranging from 0.45 
(Shotover) to 1.15 (The Hillocks). Correction factors 
tend steeply towards 1 when adjoining an area of the 
catchment that did not require correction. The factor grid 
was then multiplied with SURForg resulting in SURFmod, 
with the difference between the two surfaces unfolded by 
Figure 6b.

As shown in Figure 5b (red font) the use of SURFmod as a 
covariate in the TS interpolation (TSmod) led to a much 
more realistic simulation of streamflow. The most obvious 
difference between the two surfaces is the reduction of 
precipitation in the upper Shotover (Figure 6b), where the 

leeward extension of the high precipitation zone from the 
main divide has been substantially reduced, eliminating 
the previously large overestimation of observed 
streamflow. For all of the remaining sub-catchments with 
20-year records the biases also remained within ±5%. 

3.2 The annual catchment precipitation 

Based on the daily fields created in this study, most of the 
Clutha catchment has annual precipitation of less than 
1000 mm with the driest areas in the centre receiving 
less than 500 mm per year (Figure 7). At an approximate 
distance of 40 km from the main divide, annual totals 
exceed the catchment average (1415 mm; see dashed 
contour line) and increase rapidly until reaching 4000 
mm between 2 and 10 km from the main divide. The 
highest precipitation totals ranging from 4000 mm to 
10000 mm (exceeding 10000 mm in isolated cells) are 

Figure 5: (a) The network of flow gauges and their corresponding sub-catchments (sub-catchments were derived using the topography based tool 
TANALYS (Schulla, 2012)). (b) The errors (%) between modelled and observed mean annual streamflow (1/4/1992 – 31/3/2012) for the TSorg forced run 
(black) and the TSmod forced run (red).
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Figure 7: Mean annual (hydrological years) precipitation classes (mm) in the Clutha watershed based on the daily TSmod fields. The dashed white line 
represents the 1415 mm isohyet, which corresponds to the mean precipitation of the catchment during that period.

Figure 6: (a) The correction factor grid that was used to generate SURFmod. (b) Difference between SURFmod and SURForg.
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found within that remaining zone. Finally, the annual 
water balance of the catchment is comprised of 1415 mm 
precipitation, of which 518 mm correspond to AET and 
896 mm to streamflow (change in natural stores: 1 mm). 

The effects of the various changes made with respect to 
the VCSN approach are shown in Figure 8 (see Table 2 for 
the mean catchment precipitation). When using SURForg 

in combination with the NIWA sites only and without 
undercatch correction annual precipitation is higher in 
most parts of the catchment (except in the north-eastern 
part) (Figure 8a). Adding the undercatch correction 
(Figure 8b) results in a moderate increase of precipitation 
(i.e. 4.2% overall change) with a similar pattern (compared 

to Figure 8a) of positive and negative differences across 
the catchment. Including the ORC sites substantially 
increases precipitation in the upper headwaters causing 
a predominantly positive difference that also extends into 
the north-western part of the catchment (Figure 8c). The 
effect of incorporating SURFmod (final component) is most 
apparent for the Shotover and Hawea sub-catchments 
(reduced precipitation up to 500-750 mm), and for the 
north-western headwaters (Figure 8d). Overall, the mean 
annual precipitation of the final product (i.e. TSmod) is 
12.5% higher compared to the VCSN (1258 mm) with 
positive differences exceeding 2000 mm towards the main 
divide. 

Table 2: Mean annual precipitation in the Clutha catchment for hydrological years (1/4/1992 – 31/3/2012) based on VCSN and different versions of 
TSmod: SURForg without ORC data and without undercatch correction, SURForg without ORC data and with undercatch correction, SURForg with ORC data 
and with undercatch correction, SURFmod with ORC data and with undercatch correction (= the complete approach).

Figure 8: Differences between the mean annual precipitation of the VCSN and different versions of TSmod: (a) SURForg without ORC data and without 
undercatch correction, (b) SURForg without ORC data and with undercatch correction, (c) SURForg with ORC data and with undercatch correction, (d) 
SURFmod with ORC data and with undercatch correction, i.e. the complete approach.
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4. Discussion

The undercatch correction that was carried out before the 
interpolation of the station data was deemed necessary 
as undercatch is a known problem of point-based 
precipitation measurements that has been reported for 
many alpine regions (Yang et al., 1998; Mekis and Hogg, 
1999). In the Pukaki basin with a comparable, albeit 
greater, precipitation gradient (710 – 13200 mm) the error 
induced by undercatch was estimated to range between 
6 and 16% (Kerr et al., 2011). For the Clutha catchment 
as a whole the effect of undercatch correction was found 
to be smaller (i.e. 4.2%), but this value is expected to be 
higher for the upper Clutha where the terrain is more 
comparable to the alpine Pukaki catchment.

The technique that was used here to interpolate the 
undercatch corrected records follows up on existing 
studies that have used thin-plate spline interpolation 
for generating precipitation estimates in New Zealand 
(Tait et al., 2006; Sirguey, 2009). These studies showed 
that a TS with SURForg as a covariate resulted in the best 
accuracy and outperformed alternative approaches such 
as a bivariate spline or a trivariate spline with elevation as 
a covariate. In this study, SURForg was adjusted for some 
of the sub-catchments to allow for a realistic simulation 
of the water balance. The major modifications involved 
a reduction of orographic precipitation in the Shotover 
River, an increase of precipitation in the spillover zone 
of the Dart River and a decrease of precipitation in 
the remaining tributaries of Lake Wakatipu. Further 
adjustments were made by reducing precipitation in the 
Nevis and increasing precipitation in the upper Lindis. 
These modifications were considered justifiable as the 
construction of SURForg involved expert interpolation 
for locations where no observations were available (Tait 
et al., 2006). Using a water balance approach to estimate 
annual runoff across New Zealand, Woods et al. (2006) 
also found that an additional bias correction of the VCSN 
precipitation was necessary for several catchments to keep 

the model error below ±25% (including sub-catchments 
of the upper Clutha). In their study the error based 
on AET, precipitation and modelled streamflow was 
interpolated resulting in a smoothed bias surface which 
they used to correct their runoff estimates. The approach 
has also been adopted by Poyck et al. (2011) to model (i.e. 
TopNet) historical snow and streamflow processes in the 
Clutha catchment.

It should be noted that any potential errors associated with 
the term of AET would have introduced some uncertainty 
to the error assessment of modelled streamflow. Even 
though the uncertainty of modelled AET cannot be 
quantified, it is assumed to be relatively unimportant in 
the upper part of the Clutha where annual precipitation 
exceeds AET substantially. However, inaccuracies linked 
to modelled AET could be more important in the central 
parts of the catchment (i.e. Nevis and Lindis). Despite 
these uncertainties, the water balance modelling strongly 
suggested that the annual precipitation amounts of 
SURForg were inconsistent with the observed river flow of 
the affected sub-catchments between 1992 and 2012.

The differences between the two surfaces that were 
required to approximate the observed flow and hence the 
water balance suggest the following. First, precipitation 
in the north-western part of the Clutha is especially 
high, which could be explained by a particularly 
strong orographic uplift in this area and a resulting 
intensification in spillover precipitation. Second, the 
elevation of the terrain on the leeward side of the divide 
(i.e. the Shotover watershed) seems to have a substantially 
smaller effect on the precipitation intensity as suggested 
by SURForg. The same applies (but to a lesser extent) for 
the Wakatipu sub-catchment where precipitation needed 
to be increased in the headwaters (error at The Hillocks 
of -5%) and decreased further eastwards (error at 
Frankton of +8%). The lack of rain gauges in the eastern 
parts of the Wakatipu basin means that SURForg in this 
area had to be based on expert knowledge, which could 
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explain the overestimation of precipitation here. Sirguey 
(2009) identified similar discrepancies for the Waitaki 
catchment, where SURForg showed substantial departures 
from the area weighted annual precipitation (as targeted 
by a 12-year water balance) in the sub-catchments Lake 
Pukaki (26%), Lake Ohau (-11%) and Lake Tekapo 
(-9%). Considering the dominance of the precipitation 
term (an order of magnitude greater than AET) and 
the extreme precipitation gradients of these catchments 
(e.g. the Waitaki and the Clutha) the use of flow records 
supplemented with estimates of AET (Sirguey, 2009) or 
modelled AET (Tait et al., 2006; this study) can thus be 
regarded as a useful approach to reduce errors in the 
precipitation term of a catchment.

While no precipitation data was available along the main 
divide of the Clutha watershed, Figure 2 suggests that the 
precipitation maximum is located somewhere between 
the sites at Young River and Milford Sound, which 
corresponds to 7 km east and 12 km west of the main 
divide, respectively. Hence a reasonably dense network 
of rain gauges upwind and downwind of the spill over 
zone is essential for capturing the actual distribution of 
precipitation across the Southern Alps. This highlights the 
importance of gauges located in the heavy precipitation 
area (i.e. Young River), where precipitation totals decrease 
dramatically over short horizontal distances.

As described in Tait et al. (2006) the use of SURForg 

outperformed the use of elevation as a covariate in the 
TS, which was shown by conducting a water balance 
validation. The remaining errors in the VCSN were still 
large for parts of the Southern Alps and ranged from 
-10 to -50% for the upper Clutha. The errors shown here 
when using SURForg were substantially lower for West 
Wanaka (-3%) and The Hillocks (-5%). As indicated 
by Figure 8c, including the ORC sites (Young River/
P-O1 in particular) resulted in a substantial increase of 
precipitation in the headwaters of these sub-catchments 
which would have caused a substantial reduction of an 

otherwise comparable negative bias (with the VCSN). 
The undercatch correction would have also contributed 
to the bias reduction as shown in Figure 8b. 

Tait et al. (2012) demonstrated that by including regional 
council data uncertainties in the VCSN product could be 
reduced (New Zealand wide: ~50% reduction of model 
error). However, due to data sharing difficulties between 
regional councils and the national climate database, 
the original VCSN (Tait et al., 2006) is still used as the 
operational product (Tait et al., 2012). Thus, based on the 
water balance validation conducted here the generated 
fields of daily precipitation constitute an improvement 
over the operational VCSN product as they offer a 
more realistic estimate on both the catchment and sub-
catchment scale.

5. Conclusions

At a resolution of 1 km2 the generated daily grids are 
considered to be representative estimates of the actual 
precipitation distribution inside the Clutha watershed. 
The fields allowed for a realistic simulation of the 
1992-2012 water balance (model error within ±5% at 
all of the investigated sub-catchments) and can be 
considered as a valuable data source for environmental 
modelling studies focusing on the Clutha domain. The 
latter is highlighted by a recent hydrological modelling 
study in the Kawarau catchment where the TSmod fields 
were successfully used to realistically model daily and 
monthly streamflow (Jobst et al., 2018). Future work 
could involve the use of a short term (≥ 1 year) flow 
network (not as prone to measurement errors as rain 
gauges) situated in the spillover zone of the catchment, 
which could help to further explore small scale errors 
in modelled precipitation inside the heavy rainfall zone. 
As mentioned by Tait et al. (2012), precipitation normal 
surfaces could also be specifically developed for certain 
synoptic patterns, which would allow improvements to be 
made in modelling precipitation distribution across the 
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complex terrain that characterises the Clutha catchment. 
Finally, a pragmatic way to incorporate the findings of 
this study into NIWA’s operational VCSN dataset could 
be to update the original rainfall normal surface (inside 
the Clutha catchment) with the annual precipitation 
surface presented here.
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1. Introduction

2018 marks 30 years of operation of Dobson 
spectrophotometer #17 (D#17) at the New Zealand 
atmospheric laboratory at Arrival Heights (77.83° S, 
166.66° E; Figure 1) in Antarctica. But the history of 
D#17, and of ozone measurement in New Zealand, 
goes much further back in time than that.  The Dobson 
spectrophotometer (Dobson, 1931), which was developed 
in the late 1920s by Dr G.M.B Dobson of Oxford University, 
is used to measure atmospheric total column ozone. The 
Dobson spectrophotometer is still widely regarded as 
being the standard instrument with which to measure 
atmospheric total column ozone from the ground.  There 
are approximately 100 Dobson spectrophotometers 
currently operating around the world. 

 The Dobson spectrophotometer actually measures the 
relative intensity of solar radiation between selected 
wavelength pairs in the range of 300-350 nm. These 
measurements are then used to calculate the total 
amount of ozone between the instrument and the top of 
the atmosphere (i.e. total column ozone).  The method of 
total ozone calculation can be found in Komhyr (1980).  
The units of measurement are Dobson Units (DU), with 
100 DU being equivalent to a 1 mm thick slab of ozone at 
Standard Temperature and Pressure.

 The precision of the Dobson spectrophotometer is 
considered to be ±1% (Evans et al., 2017).  The accuracy 
of the instrument, which has been investigated by Basher 
(1982), is difficult to quantify as it depends on instrument-
specific characteristics and observing conditions.  Basher 
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Figure 1: Map showing the location of the three sites where Dobson #17 
has been operated (black).  The other sites mentioned in this paper are 
shown in blue.

(1982) estimates that under good operational conditions 
the accuracy is 3% or better. 

2. Early ozone measurements in New 
Zealand

From the 1920s through to the 1960s the main reasons for 
measuring ozone were to develop an ozone climatology, 
and to investigate the relationship between ozone and 
the weather (Staehelin et al., 2018).  New Zealand was 
involved in some early ozone measurements: a Féry quartz 
spectrograph was in operation at the Canterbury College 
in Christchurch, under the supervision of Dr C. Farr, 
from August 1928 to August 1929.  The spectrograph was 
on loan from Dr Dobson, and was part of a “global” ozone 
monitoring network of five instruments (Dobson, 1930); 
the other instruments were in Switzerland, California, 
Egypt, and India.  Dr Dobson invited local meteorologists 
to contribute short discussions on the relationships of 
daily ozone variations with meteorological conditions 
in their own regions. Dr E. Kidson, who was Director of 
the New Zealand Meteorological Service (NZMS), did 
this for the Christchurch measurements and his report is 
included in Appendix 2 of Dobson (1930).

3. Brief History of Dobson #17

Three prototypes of the Dobson spectrophotometer 
were made in the early 1930s.  The first production 
run of 20 Dobson spectrophotometers was planned for 
1936, at a cost of £385 each.  Due to its involvement 
in the Christchurch ozone measurements, the NZMS 
was invited to place an order in this initial run and so 
avoid the higher costs for the instruments later on.  The 
instruments were to be manufactured by R & J Beck Ltd of 
London, and the tests and calibration of the instruments 
were to be carried out by Dr Dobson at the Oxford ozone 
laboratory.

In 1937 the NZMS, which at that time was part of the 

Department of Scientific and Industrial Research (DSIR), 
gained approval to purchase a Dobson spectrophotometer, 
and so that is when the story of D#17 began. The order 
was placed by the DSIR, and the instrument was expected 
to arrive in New Zealand in 1938. However difficulties 
with calibrating the instrument, due to inclement weather 
at Oxford, significantly delayed its completion. In 1939, 
at the beginning of World War II, the New Zealand 
Government was approached to see if D#17, which still 
had not been dispatched to New Zealand, could be lent 
to the British Meteorological Office for the duration of 
the war to assist with “urgent defence investigations”.  The 
New Zealand Government agreed to that.

In 1947, after the end of the war, it was decided that D#17 
would be overhauled and recalibrated before being sent 
to New Zealand.  This work was done by Dr Dobson at 
Oxford.  It took another two years for the replacement 
parts to be supplied, and D#17 was finally ready to be 
shipped to New Zealand at the end of 1949. 
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So D#17 finally arrived in New Zealand in 1950, 13 years 
after the initial purchase.  It was set up at the Dominion 
Physical Laboratory at Gracefield, Wellington, and 
some initial tests and ozone measurements were made 
there.  By this time, the NZMS had become attached to 
the Air Department (de Lisle, 1986). So the ownership 
of D#17 was transferred from the DSIR to NZMS, and 
the instrument was set up at the NZMS office in Kelburn 
(41.28° S, 174.68° E; Figure 1), Wellington in July 1951.  

The early measurements at Kelburn were performed 
by Elizabeth Porter, who tragically lost her life in 
December 1953 in the Tangiwai train disaster (https://
iwonderweather.co.nz/story/women-in-weather/6388/
keyword/women). The measurements continued at 

Kelburn, with increasing involvement from Edith Farkas 
(Figure 2) who had begun working for NZMS in 1953.   
This was her first scientific job in New Zealand, after 
arriving as a refugee from Hungary several years earlier 
(McGlone et al., 1990; https://iwonderweather.co.nz/
story/women-in-weather/6388/keyword/women).  

In 1962 the measurement programme was suspended 
due to the poor condition of D#17.  The performance 
of the instrument had gradually deteriorated over time, 
until finally it became completely unserviceable.  In 
1963 it was decided to overhaul D#17, and resume the 
measurement programme for the International Quiet Sun 
Years (Pomerantz, 1963), which took place from January 
1964 to December 1965.  This overhaul was performed 

Figure 2: Edith Farkas operating Dobson #17 at Kelburn, about 1960.
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by the Commonwealth Scientific and Industrial Research 
Organisation (CSIRO) in Melbourne, Australia.  Again 
there were major delays in obtaining replacement parts, 
and D#17 was finally back in operation at Kelburn in 
January 1965.  Edith Farkas led the D#17 measurement 
programme from 1965 through to her retirement from 
NZMS in 1986. 

D#17 remained in operation at Kelburn until June 1970, 
when it was moved to the NZMS Invercargill office 
(46.43° S, 168.35° E; Figure 3) which was at the airport.  
The move was made to help to fill in the latitudinal 
gap in the Australian network, which had Dobson 
spectrophotometers at Melbourne (37.67° S, 144.83° E) 
and Macquarie Island (54.50° S, 158.94° E).  

In 1974 D#17’s electronics were upgraded to Komhyr’s 
(Komhyr and Grass, 1972) design. This involved replacing 
the amplifier, commutator, low voltage and high voltage 
power supplies with solid state components.  

D#17 was badly damaged by floodwaters during the 

January 1984 Southland flood, when the Invercargill 
airport was flooded to a height of 2.5m  (hwe.niwa.
co.nz/event/January_1984_Southland_Flooding).  D#17 
required a complete overhaul to get it operational again, 
and so it was sent to the National Oceanic and Atmospheric 
Administration (NOAA) Dobson Laboratory in Boulder, 
Colorado, USA. During this rebuild, D#17’s optical wedge 
was replaced with one of a more robust design (Evans et 
al., 2017). D#17 was back in service in Invercargill in June 
1985.  

In January 1987 another Dobson spectrophotometer was 
installed in New Zealand.  Dobson #72 (D#72), which 
was part of the NOAA automated Dobson network, 
was installed at the DSIR station at Lauder (45.04°S, 
169.68°E) in order to complement the other stratospheric 
measurements that were being made at the site.  It made 
no sense to have New Zealand’s two Dobsons operating 
in such close proximity to each other (Invercargill and 
Lauder are approximately 180 km apart).  So NZMS 
conducted a review to decide where the best place to 
continue measurements with D#17 would be.  

Figure 3: Dobson #17 at Invercargill with (left to right) Tony Veitch, Bob Horridge, Edith Farkas, Dick Holloway, Mike Criglington (all NZMS); in late 1970s 
or early 1980s.
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The Antarctic Ozone Hole had been discovered in 1985 
(Farman et al., 1985; Chubachi, 1985), and so it was 
decided to move D#17 from Invercargill to the New 
Zealand Antarctic Research Programme (now known as 
Antarctica New Zealand) laboratory at Arrival Heights 
to contribute to investigations into Antarctic ozone 
depletion.  Arrival Heights is very close to the American 
McMurdo station which, with the discovery of the Ozone 
Hole, had become a real hub for ozone depletion related 
measurements.  There wasn’t a Dobson operating in the 
McMurdo region, so the installation of D#17 at Arrival 
Heights in January 1988 was a welcome addition to the 
measurement programmes in the region.  This included 
the ground-based measurements of nitrogen dioxide (an 
ozone depleting substance), which had been started by 
DSIR at Arrival Heights in 1982 (McKenzie and Johnston, 
1982).

In 1992, the ownership of D#17 and operation of D#72 
came under the one organisation when the National 
Institute of Atmospheric Research (NIWA) was formed 
as part of the reforms of the New Zealand government 
science sector.  D#17 and D#72 are still in operation at 
Arrival Heights and Lauder respectively.

4. Changing methods of operation with 
Dobson #17

As already mentioned, the total ozone measurements 
are made by measuring solar ultraviolet radiation.  
When Dobson #17 was at Kelburn and Invercargill it 
was operated in the usual manner by storing it indoors 
and then wheeling it outside on a trolley to make the 
measurements, as shown in Figures 2 and 3. This method 
is not very suitable for Antarctic operation due to the 

Figure 4: Dobson #17 at Arrival Heights after incorporation of the WinDobson software (February 2015), with (left to right) Kate McKenzie (Antarctica 
New Zealand), Sylvia Nichol (NIWA), Wills Dobson (NIWA), Koji Miyagawa (NOAA).



21

Weather & Climate - Volume 38 - Issue 1

cold and windy conditions.  A periscope system, using 
the design of Olafson (Komhyr, 1980; pers. comm. 1987), 
has been used for the Arrival Heights operation (Figure 
4) so that Dobson #17 can be operated from within the 
laboratory.  Also at Arrival Heights from April through 
to August the sun is too low in the sky to use sunlight 
to make the measurements, so during those months the 
measurements have been made using reflected moonlight 
instead.  

Since D#17 has been in operation at Arrival Heights, it 
has undergone two significant instrument automations.  
In 2005 a digital encoder system, developed by NOAA 
(Evans, 2008), was incorporated into the instrument 
which semi-automated the data collection. Up until 
this point the whole measurement process was basically 
the same as it had been for the preceding 65 years, with 
measurement times and instrument dial readings being 
written down by hand onto measurement log sheets.  In 
the very early days, the calculations to derive the total 
ozone values were done by hand, using these hand-
recoded values and various look-up tables (Komhyr, 
1980).  In later years these calculations were performed 
using computers with the hand-recorded values being 
transcribed into input files. The 2005 automation resulted 
in the measurement times and instrument dial readings 
being recorded directly into computer input files by the 
digital encoder system.

The second automation of D#17, which took from 
November 2014 to January 2015 to complete, incorporated 
automation controls directly into the instrument so that 
the measurements are now driven by the automated 
WinDobson software.  D#72 has been running the 
WinDobson software since 2012.

The WinDobson package (Miyagawa, 1996), which 
was developed by the Japan Meteorological Agency, 
provides a standardized approach to operation, quality 
assurance and data analysis of Dobson observations. The 

WinDobson automation provides more consistent results 
from consecutive measurements. This standardized 
measurement approach is particularly useful at a station 
like Arrival Heights, where the instrument operators 
change annually; more than 60 operators have worked 
with D#17 over its 30 years of operation at Arrival 
Heights.  

5. Dobson #17 measurements

The calibration history of D#17, from 1965 through to 
1987, is summarised in Farkas (1989), and presented in 
more detail in Nichol and Coulmann (1990).  Both Farkas 
(1989) and Nichol and Coulmann (1990) restricted their 
analysis to data from 1965 onwards i.e. the period after 
the overhaul of D#17 by CSIRO in 1963/1964.  As part 
of the 1963/1964 overhaul, D#17 was compared directly 
with Regional Standard Dobson #105.  These instrument 
comparisons are a method of transferring calibrations 
from one instrument, usually a well-calibrated Regional 
Standard, to another instrument (Komhyr, 1980).  They 
provide traceability to the world standard, and thereby 
improve consistency of measurement across the world 
network.  No such comparisons had been carried out 
during the period 1950 to 1962, and so the D#17 data for 
that period were excluded from the Farkas (1989) and 
Nichol and Coulmann (1990) analyses.  

As ozone research became more oriented towards the 
analysis of long term behaviour, there were increased 
international efforts to ensure good instrument calibration 
status and standardisation of measurement techniques, 
so instrument comparisons became much more frequent. 
D#17 was compared with Regional Standard Dobsons 
in Australia in 1978, and in Canada in 1981.   D#17 was 
compared with the World Standard Dobson in Boulder, 
Colorado in 1985, after it had been overhauled.  Since 
1991, D#17 has been compared with the Regional 
Standard Dobson in Australia at approximately 5-yearly 
intervals.  
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Figure 5 shows the D#17 measurements from 1957 
to 2017.  Although the data from 1957 to 1961 are not 
well calibrated data, they have been included in Figure 
5 for the sake of completeness.  There is a 1-year gap in 
the Invercargill record from February 1984 through to 
February 1985, which was caused by the flood damage to 
D#17.  Nichol and Coulmann (1990) found D#17 to be 
well calibrated on both sides of the data gap.  The Kelburn 

(1957-June 1970) and Invercargill (June 1970-1987) data 
show typical mid-latitude behaviour with a seasonal 
minimum in late summer/early autumn, with values 
around 280 Dobson Units (DU), and seasonal maximum 
in springtime, with values around 370 DU. 

The Arrival Heights data (Figure 5) show a seasonal 
pattern with a minimum in September or October, which 

Figure 5: Daily total ozone data from Dobson #17 for Kelburn (grey and black, top panel), Invercargill (red, top panel) and Arrival Heights (bottom 
panel).  NB the Kelburn data from 1957-1960 (in grey, top panel)) are included but they are not considered to be well-calibrated data.
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is due to the Ozone Hole. The seasonal maximum occurs 
in late November or early December, when the Ozone 
Hole breaks up.  The lowest ozone value recorded at 
Arrival Heights with D#17 is 115 DU (on 29 September 
2009).

The D#17 data are available from the World Ozone and 
Ultraviolet Data Centre (https://woudc.org/) and the 
Network for the Detection of Atmospheric Composition 
Change (http://www.ndsc.ncep.noaa.gov/data/).

6. Changing focus of ozone research

From the mid-1970s, when the possible link between 
ozone depletion and increasing chlorine in the atmosphere 
was first put forward (Molina and Rowland, 1975), the 
focus of ozone measurement largely changed to studying 
ozone trends.  The first real evidence of ozone depletion 
came with the discovery of the so-called Antarctic Ozone 
Hole (Farman et al., 1985; Chubachi, 1985).  The first 
reported Antarctic Ozone Hole measurements were from 
the Dobson spectrophotometer at Syowa (69.00° S, 39.58° 
E) station, where values dropped to about 210 DU during 
October 1982 (Chubachi, 1985). The significance of 
those measurements, which were presented at the Ozone 
Commission Symposium in Halkidiki in 1984, was not 
fully recognized at the time. Farman et al. (1985) presented 
measurements from the Dobson spectrophotometers at 
Halley Bay (75.61° S, 26.20° W) and Argentine Islands 
(65.25° S, 64.27° W) stations for the period 1957 through 
to 1984. Those measurements clearly showed that the 
October total ozone values for the period 1980-1984 were 
much lower than for the period 1957-1973.

A later study, using ozone measurements made by 
satellites, showed a decrease in total column ozone on 
a global scale (Stolarski et al., 1991).  Data from the 
Dobson network also indicated that the total column 
ozone had decreased on a global scale since 1979 
(McPeters and Komhyr, 1991), although to a lesser 

extent than suggested by the satellite data.  Analysis of 
the Invercargill measurements (Farkas, 1989; Nichol and 
Coulmann, 1990) show a decrease of about 0.8% per year 
from 1980 to 1987, which is very similar to that reported 
for the Australian Dobson stations (Atkinson and Easson, 
1989) over the same period.

The study of ozone trends requires good quality ozone 
time series, preferably extending back in time over 
decades, and thus builds on the hard work of numerous 
researchers over many years.  The importance of the 
work by the early researchers was not always fully 
recognised at the time, as for example is indicated in the 
acknowledgements in Stolarski et al. (1991):  “We would 
also like to thank Arlin Krueger, the Principal Investigator 
for TOMS, who persisted for many years when nobody 
cared about the TOMS data”.  

In 1988, the World Meteorological Organisation (WMO) 
recognised 26 ozone researchers for the major contribution 
they had made to ozone research over the preceding 30 
years (Bojkov and Fabian, 1989).  One of those recognised 
was Edith Farkas who, as already mentioned, worked with 
D#17 from the mid-1950s through to her retirement from 
NZMS in 1986. Over that time she established a regular 
and reliable ozone measurement programme with D#17, 
and produced many publications.  She published the 
first measurements from D#17 (Farkas, 1954 and 1958), 
and her last publication (Farkas, 1989), which analysed 
the Kelburn and Invercargill total ozone measurements 
for the period 1965 to 1987, was published after her 
retirement from NZMS. 

7. The Montreal Protocol

As already stated, in the mid-1970s it was postulated that 
there was a link between ozone depletion and increasing 
chlorine in the atmosphere (Molina and Rowland, 1975).  
International concern about the ozone layer increased 
over time, and resulted in the signing of the Vienna 
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Convention on the Protection of the Ozone Layer in 
1985.  This was an agreement to do something about 
ozone depletion.  It set up the framework which led to 
the Montreal Protocol, which set targets for reducing 
the production and consumption of ozone depleting 
substances.  The Montreal Protocol was signed in 1987 
and it came into effect in 1988.  As a result, atmospheric 
concentrations of ozone depleting substances reached 
a maximum in the late 1990s, and have been declining 
since then (Staehelin et al., 2018)

Ozone measurements, including those from the 
Dobson network, feed into the WMO/United Nations 
Environmental Program Scientific Assessments of 
Ozone Depletion (e.g. WMO, 2014), which measure the 
success of the Montreal Protocol.  We intend to keep 
D#17 operating at Arrival Heights to monitor Ozone 
Hole developments.  The D#17 measurements have been 
used in modelling studies (Bodeker et al., 2001; Nichol et 
al., 2003; Oman and Douglass, 2014; Fogt and Zbacnik, 
2014) and satellite validation studies (Wood et al, 2002; 
Bramstedt et al., 2003; Kuttippurath et al., 2018).
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1. Introduction

Global irradiance, the solar energy flux through a 
horizontal surface, is a critical parameter in Earth’s 
energy balance, in the energy flux of weather and climate 
systems, as a driver of the biosphere, and increasingly 
for renewable energy supply. Detecting changes in 
global energy balance requires data of very high quality, 
motivating formation in the 1990s of the global Baseline 
Surface Radiation Network (Ohmura et al., 1998). For 
the 48 open and 11 closed BSRN stations, the direct 

and diffuse components of solar radiation are or were 
measured with solar tracking pyrheliometers and shaded 
pyranometers to the highest available accuracy and high 
time resolution (1 to 3 minutes). The data are widely used 
in analyses of global energy balance and validation of 
satellite-derived data and earth system models.

New Zealand’s only BSRN station is at the Lauder 
site of the National Institute of Water & Atmospheric 
Research Ltd. (NIWA), with BSRN data since 1999. 
Direct and diffuse radiation were measured by the NZ 
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Abstract

The NIWA Climate Database holds solar radiant energy data for ~150 stations around New Zealand and the 
southwest Pacific, largely from Licor photodiode sensors but with Eppley PSPs at some sites. There are good 
multi-year data for about 70 sites, including all major population centres. There are hourly global, diffuse, 
and direct radiation data from Eppley sensors at Kaitaia, Paraparaumu, and Invercargill since 1988, but the 
best NZ solar radiation data are from the Baseline Surface Radiation Network (BSRN) station at Lauder, in 
Central Otago. Meteorological Service of New Zealand Limited (MetService) has regularly calibrated their 
own and other solar radiation sensors, at Paraparaumu, for the New Zealand Climate Network but since 
November 2013 NIWA’s instruments have been calibrated at Lauder. Instruments that remain in statistical 
control are redeployed to the next vacant site, but the practice of using the new calibration directly has 
led to dubious steps in the data. Records of calibrations and deployments are incomplete, and somewhat 
error-prone, but they show that dividing out applied calibrations actually reduces the variance in (near-to-) 
clear-sky values. For more reliable time series for analysis of patterns or trends, regular calibration should 
be combined with statistical control theory, so that instrument response that can be regarded as constant 
or slowly trending does not become an additional source of error. 
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Meteorological Service and subsequent MetService at 
Kaitaia, Paraparaumu, and Invercargill from the late 
1980s with tracking pyrheliometers and a pyranometer 
with shade band, logged at hourly intervals. From 2000 
the instruments were transferred to NIWA data loggers, 
with both hourly and 10-minute recording. In 2011, 
trackers were upgraded to EKO systems using a shade 
ball for diffuse measurements. 

The New Zealand National Climate Database (CLIDB), 
managed by NIWA and accessible at https://cliflo.niwa.
co.nz/, holds global irradiance data for over 200 climate 
stations around New Zealand. Of those stations, 181 are 
open, and 100 have at least 10 years of data. Most of the 
stations are operated by NIWA, 48 belong to MetService, 
and some are owned by other CRIs, Airways Corporation, 
regional and district councils, universities, and others.

The New Zealand global irradiance data find use in 
calculating solar heating, evaporation rates, plant growth, 
and the like. Within NIWA, they have been used to 
develop maps of solar flux (Tait and Liley 2009), to 
estimate UV radiation anywhere in the country (Bodeker 
and McKenzie 1996; Bodeker et al., 2002; Bodeker et al., 
2006), and to calculate available solar energy on a panel 
of arbitrary tilt and bearing allowing for horizon shading 
(http:/solarview.niwa.co.nz). All of these NIWA products 
use the ratio of measured global irradiance to clear sky 
values, and that calculation raises a question about the 
stability of instrument calibration.

MetService operates a calibration facility at Paraparaumu, 
and all pyranometers in the New Zealand climate network 
were previously calibrated there. Since November 2013, 
NIWA sensors have been calibrated at Lauder. Only 17 
of the NIWA pyranometers are thermopile radiometers 
(all Eppley) that measure the 300 nm to 2800 nm integral 
(e.g., https://s.campbellsci.com/documents/au/manuals/
psp.pdf). The manufacturer suggests figures of 2% 
uncertainty in hourly and 1%  in daily integrals (unstated, 

but presumably both 2σ) for these instruments, while the 
calibration certificates from the MetService’s Calibration 
Laboratory give a figure, including reference sensor 
uncertainty of ±2.8% (2σ), of ±6% (2σ) in hourly data. 
Most of the other sensors are Licor silicon photodiodes, 
for which the manufacturer suggests a calibration 
uncertainty of ±3% within 60° angle of incidence (https://
www.licor.com/env/products/light/pyranometer.html). 
MetService calibration certificates give a figure of ±8% 
(2σ) for hourly values in field data.

The response of silicon sensors drops sharply from 
1000 to 1100 nm and beyond, so the calibration against 
reference thermopile pyranometers is applicable only to 
the extent that the overall spectrum in field measurement 
is similar to that at calibration.

For most meteorological and climate parameters, such 
as temperature, pressure, humidity, or wind speed, the 
reliability of time series depends on periodic calibration 
of sensor response against reference sensors or collocated 
instruments. Drifting instrumental response may be 
suspected, and detectable in the calibration record, but 
it cannot usually be inferred just from field data with a 
single instrument.

With solar radiation data, a further test arises naturally 
for checking both stability and absolute response when 
the aerosol optical depth is low. As demonstrated below, 
fitting the diurnal variation with a suitable model to 
detect days with clear sky (minimal cloud) provides a 
‘field calibration’ or verification method that readily 
detects any major errors in response or alignment. Here 
I compare the results of such analysis with the formal 
calibration record.

2. Data

Radiation data in CLIDB are primarily stored at hourly 
resolution, and are available free from http://cliflo.niwa.



30

Liley: Stability of NZ radiation sensors

co.nz, or on request to cliflo@niwa.co.nz for specific 
datasets. From an error when CLIDB was established, 
the data were stored at degraded resolution. They were 
expressed just to one decimal place in units of MJ m-2, 
for which hourly values range up to at most 4.5, and 
median daytime values are around 1 MJ m-2. The mistake 
was discovered during development of the NIWA UV 
Atlas (Bodeker and McKenzie 1996), and some earlier 
data at better resolution were recovered, but mostly only 
data from 1995 onward are useful for analysis here. An 
example dataset is shown in Figure 1.

The calibration factors of all the radiation sensors used 
by NIWA have been maintained in a spreadsheet by 
NIWA’s Instrument Systems staff (Andrew Harper, 
personal communication). It records just month and year 
when each sensor was deployed at a given station, and 
the month and year when it was calibrated. It might be 
helpful to have higher precision in those dates, especially 
of field deployment, but it has little effect on the analysis 
here.

Data from 90 NIWA Electronic Weather Stations (EWS) 

and Compact Weather Stations (CWS) were used for 
the initial analysis. It could readily be extended to 
the Automatic Weather Stations (AWS) operated by 
MetService and others, if corresponding calibration 
records are available.

For detailed study I focus on data from the Lauder EWS 
site, which allow comparison with data from the BSRN 
instruments on the Lauder Optics building 200m to 
the west. The latter data are available from the BSRN 
website at https://bsrn.awi.de/data/data-retrieval-
via-pangaea/. The BSRN instrumentation at Lauder 
comprises Kipp & Zonen CMP21 pyranometers, a CHP1 
pyrheliometer (direct normal incidence pyranometer), 
and a CAL17 pyrgeometer (global infrared irradiance), 
with the pyrheliometer and shade disks for the diffuse 
pyranometer and pyrgeometer mounted on a Middleton 
Solar tracker (Forgan 2009). The data are processed by 
the Australian Bureau of Meteorology to the stringent 
standards of the BSRN (Ohmura et al. 1998), logging data 
at 1 Hz and recording statistics at 1-minute resolution, 
with consistency checks.

Figure 1: Time series of hourly-mean global irradiance measurements at the Lauder EWS (CliFlo #5535, 45.040° S, 169.684° E, 375 masl).
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3. Analysis

The calibration-constancy of global irradiance data is best 
examined by consideration of clear-sky days, which are 
readily apparent in plots of diurnal variation. Such days 
can be detected algorithmically as follows.

For all 90 of the selected NIWA stations, hourly global 
irradiance data for each day of their respective time-
series were fitted with a function of the form

  I = Ib cos(Z)b   (1)

where I is the predicted irradiance, Z is solar zenith angle, 
b is a fitted constant, and Ib is a fitted constant giving the 
irradiance for overhead sun.

An example is shown in Figure 2, with the lighter grey 
curve indicating the function for variable exponent b.

Although such fitting can be achieved by regression 
of log(I) on log(cosZ), that is unduly sensitive to small 
values and requires appropriate weighting. Instead, the 

non-linear fitting used here assumes constant variance in 
additive residuals (homoscedasticity). That assumption is 
imperfect, because there are no negative values, as would 
be implied by symmetry in the residual error for very low 
solar elevation.

Figure 2 suggests that the clear days can be selected as 
those with the largest values of Ib, but there is substantial 
covariance (r = 0.675 for N = 121,520 site-days in the 
data used here) between b and Ib (not shown). Using 
a prescribed value of b = β avoids this problem, and it 
also means that the model can be fitted just with linear 
regression of I on (cosZ)β. That is sufficiently quick, even 
for the 394,743 site-days in the full dataset, to permit 
some exploration of the best value.

The selected value of b = 1.15 has previously been found 
to fit very well with 1-minute data for the clearest days 
in the BSRN dataset, and it remains a good fit as they 
are aggregated to hourly values like the CliDB data. It 
is below the mean (1.33) of the fitted b values for days 
selected as reasonably clear (see below), but within one 
standard deviation (0.22). It lies between the 15th and 

Figure 2: Lauder EWS hourly global irradiance data (light grey, stepped) for the beginning of 2010, showing fitted clear-sky models for variable (dashed, 
grey) or fixed (dashed, black) exponent b.
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50th percentiles, as calculated weekly throughout the 
year (Figure 3).

Using the fixed function with b = 1.15 fitted to the full 
dataset, criteria of

  I1.15>850 W m-2   (2)

  X2  < 0.01 I1.15
2   (3)

retain about 30% of the data (121 520 site-days) as similar 
to clear skies. This is a considerably higher proportion 
than the typical 5-10% of days that are cloud-free even 
in locations with a high prevalence of such conditions. 
Further restriction is available at any stage of the 
subsequent analysis, but doing so for some sites with 
frequent scattered cloud reduces coverage markedly, 
especially in winter months when shorter days and lower 
sun angles cause more variability in I1.15 values. Because of 
the wider acceptance criteria, only the higher values of I1.15 
correspond to genuinely clear days in the following plots. 
Note that I1.15 is the fitted model irradiance for overhead 
sun, in which sense it is independent of latitude. Lower 
average values of I1.15 could occur for a site with greater 

aerosol optical depth, especially of absorbing aerosol.

The overall time series of fitted I1.15 since 1996 is shown in 
Figure 4, together with five percentiles (5,15,50,85,95) for 
each year. The distribution is stable until perhaps 2008, 
but then increases to 2012, and the change is actually 
monotonic from 2005. Such changes may be possible 
for a single site or even a region, but they are surprising 
for the country as a whole. Much has been written 
about ‘Global Dimming and Brightening’, whereby 
global (meaning hemispheric, rather than world-wide) 
irradiance decreased from the 1960s to around 1990 
(Stanhill and Cohen 2001), then levelled off or increased 
after that (Wild et al., 2005). The pattern also appears in 
New Zealand data (Liley 2009), but mostly as an effect 
of diminished cloud rather than increasing clear-sky 
irradiance. The latter is very improbable for New Zealand 
as it would require reduction in absorbing aerosol by an 
amount much greater than the observed total aerosol 
burden over New Zealand prior to the increase (Liley and 
Forgan 2009).

To reliably quantify any such change, it is necessary to 
check instrument calibrations. Instruments in the NIWA 

Figure 3: Fitted exponent b values by day of year for ‘clear-sky’ days, with weekly percentiles.
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network are deployed for up to two years, then returned 
for recalibration with another sensor installed. From 
the spreadsheet record of pyranometer calibrations and 
deployments, it is possible to trace which sensor was in 
use at any time, as illustrated in Figure 5 for Wallaceville 
EWS. 

Figure 5 does suggest a step change of around 60 W m-2 
in irradiance at zenith, or 5.5% in measured irradiance, 

occurred with the change from PSP 17857 to PSP 13996 
in early 2008. Another more improbable change, with 
zenith values to 1250 W m-2, occurred with PSP 21249 
in 2014, but the #13996 values are reasonably consistent 
with those from #13994, #35090, and #13995 to the end 
of 2013.

To explore the relationship further, other reference 
data are needed, as available at the Lauder EWS site. 

Figure 5: Fitted I1.15 for Wallaceville EWS (CliFlo #17029, 41.135° S, 175.05° E, 56 masl),  for the 30% clearest days, compared with the pattern for at all 
sites since 1996. Data are coloured by which sensor was in use.

Figure 4: Fitted I1.15 (model irradiance for overhead sun) for the 30% clearest days at all sites, since 1996, with annual percentiles.
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There, the BSRN instrumentation includes separate 
measurements of global (G), diffuse (F), and direct (R) 
radiation at 1 Hz, reported as 1-minute observations with 
statistics. In accordance with BSRN practice, the primary 
measurement of global irradiance is not G but the sum 
F + R cosZ, which is more stable against measurement 
artefacts.

With 1-minute time resolution, fitting of the clear-sky 
model (1) is more precise, as is the fit with b = 1.15, 
allowing more stringent criteria for clear-sky days. 
Restricting from equation (3) to

  X2 <0.001 I1.15
2   (4)

retains only 12% of the clearest days. Fitting the 1-minute 
data gives slightly higher values of I1.15, so for comparison 
with the CliFlo data the BSRN were aggregated into 
hourly data for re-fitting, with results as shown in Figure 
6. 

As noted earlier, it is only the higher values of I1.15 from the 
Lauder EWS data that should match the BSRN values, but 
it is clear from Figure 6 that the changing peak intensities 

in the former dataset are at odds with the latter.

Both Figure 5 and Figure 6 suggest that peak values 
are consistently higher or lower within the period of 
deployment of particular sensors, calling into doubt 
the calibration factors use to scale sensor signals. From 
the periods where the Lauder sensor is identified in the 
spreadsheet of calibrations, we can divide out the applied 
calibration factor, and replace it with the average value for 
that sensor. The result is shown in Figure 7.

This ‘recalibration’ removes much of the trend in the 
Lauder EWS data (with identifiable sensors), and 
agreement with the BSRN data is somewhat improved. On 
the 461 days in common from the best 12% of BSRN and 
30% of EWS days, the difference between fitted irradiance 
at zenith has a mean of 57 W m-2 and s.d. of 51 W m-2 in 
the unadjusted data. Adjustment as above reduces both 
figures to 53 and 49 respectively. Such improvement is 
minor but useful, and it may be improved with higher 
time resolution to give better clear-sky fits.

The possible implication that the data might be 
more consistent without regular sensor calibration is 

Figure 6: Fitted I1.15 for Lauder EWS (CliFlo #5535, as in Figure 1),  for the 30% clearest days, coloured by the which sensor was in use where known 

(i.e., excluding light grey data). The darker grey values are I1.15 fits to hourly-aggregated values of F + R cosZ from BSRN data for the 12% clearest days.
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disconcerting,and warrants further exploration. Figure 8 
shows the calibration factors for all NIWA PSP sensors. 
The response of most instruments shows a gradual 
decline over time, as expected, with random variation 
that is within the 3.5% (2σ) uncertainty. That uncertainty 
is illustrated for two instruments (#15639 and #21250) 
that showed marked decline in response, necessitating 
their removal from use. Those instruments illustrate why 

regular calibration checks are necessary.

What should perhaps be reviewed is how the calibration 
factors are applied, but that presents some difficulty. At 
first deployment, only one factor is available; usually the 
manufacturer’s calibration. After the first recalibration, 
there is a new figure, but any difference within the 
uncertainty of calibration might be random, or it might 

Figure 8: Calibration factors for Eppley PSPs in the NIWA calibration spreadsheet, with 3.5% (2σ) uncertainties shown for instruments #15639 and 
#21250, which were not redeployed because of degradation.

Figure 7: As Figure 6, but with fitted I1.15for Lauder EWS rescaled to the average calibration factor for that sensor.
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have some component of secular change. At present, 
just the new value is used to process subsequent data. 
Repeating this process over time for an unchanging 
instrument, the variance of calibrations adds to the 
variance of field measurements.

From statistical control theory, a better approach might 
be to change the applied calibration factor only when it 
moves outside the confidence limits of calibration, but 
then gradual drift would result in step changes.

There are other alternatives, such as treating the mean 
of all calibrations as the correct factor, or fitting a linear 
trend for each instrument as would be suggested by Figure 
8, and revising past values. Both of these might require 
regular revision of past data with new calibrations, greatly 
confusing any analyses and quickly rendering them out 
of date. Another approach would be to just store voltages, 
and serve data along with calibration factors for users to 
apply. This would be awkward and confusing for many 
users, and it only transfers the problem of maintaining 
consistency with past values.

Confronted with the same issues, the satellite data 
community and others maintain different versions of 
derived data, based on retrospective recalibration or 
other revisions of data processing. In the context of 
CLIDB irradiance data, which are just scaled from sensor 
signals without any offset, the revision necessary for 
past data would be as simple as applying a factor to all 
measurements over a series of intervals.

Subsequent to the analysis herein, a reviewer of this 
paper provided a 2009 report from MetService to NIWA 
that appears to explain the anomalous change between 
2008 and 2012. From around 1990, one of the then 
internationally-recommended practices implemented by 
NZ Meteorological Service for calibrating their Working 
Standards yielded factors that led to field measurements 
being 3-5% low; a difference of 30-50 W m-2 at irradiance of 

1000 W m-2 as in  Figure 4.  A change in the internationally-
recommended practices was implemented by MetService 
in 2008, thereafter progressively affecting the calibration 
of all network sensors, and therefore the network data 
collected from 2009 to 2012.

This change had a larger effect than most of the intrinsic 
variability of recalibration, and it affected all sensors in a 
similar way, introducing bias rather than just additional 
variance. Nonetheless, it provides a further argument 
for the need to support possible revision of historical 
irradiance data, whether for an overall correction or 
for applying a smoothed description of instrumental 
response.

What is needed is a new CLIDB metadata record type 
giving instrument type and serial number, deployment 
dates, and calibration factors as applied to the stored data. 
The same record type, with version, could be used for any 
suggested revision.

The analysis here was for Eppley PSPs, as the instruments 
deployed at Lauder for the period of BSRN data. 
Other sites may provide a similar opportunity for 
comparison: Paraparaumu with (corrected) data from 
MetService Working Standards; Kaitaia, Paraparaumu, 
and Invercargill with direct and diffuse data; and other 
sites where different agencies, especially NIWA and 
MetService, have sensors near to each other. They might 
support a comparison of Licor measurements, but the 
larger uncertainty in Licor data will probably reduce the 
statistical significance of any differences.

4. Conclusions

Fitting pyranometer data with a simple function of solar 
zenith angle can be used to find clear-sky days. For New 
Zealand’s generally clean (low aerosol) atmosphere, fixing 
the dependence on solar zenith angles still provides a 
good fit, and also gives a reasonably consistent measure 



37

Weather & Climate - Volume 38 - Issue 1

of pyranometer response that can be related to calibration 
factors.

Applying this process across all NIWA pyranometer data 
suggests that some of the measured variation is spurious, 
probably resulting from uncertainty in the calibration 
procedure.

Of possible improvements to procedures to give more 
accurate data, the simplest will be to derive a set of 
suggested adjustments to be applied retrospectively. For 
any strategy, the one critical component is maintaining 
complete and accurate records of both calibrations and 
deployments.
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1. Introduction

From 2006 to 2013 measurements of condensation nuclei 
(CN) were made aboard MV Transfuture5, operated by 
the Toyofuji Shipping Company based in Nagoya, Japan. 

The ship sailed through the western Pacific Ocean on 
direct voyages between Nelson, New Zealand (41° 17’ S; 
174° 17’ E) and Osaka, Japan (34° 40’ N; 135° 30’ E) at an 
average speed of 37 km h-1. The voyage of 10,000km is 
completed in just under 12 days on a great circle transect 
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We present observations of condensation nuclei (CN) and aerosol optical depth (AOD) from a shipboard 
project using bulk-carrier ships sailing through the western Pacific Ocean between Nelson, New Zealand, 
and Osaka, Japan. The data is from eight voyages between 2006 and 2013.
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Zone (SPCZ) and the Intertropical Convergence Zone (ITCZ). Through the north western Pacific Ocean there 
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Substantial temporal variability in fine spatial structure of the latitudinal occurrence of CN and AOD was 
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that runs approximately north-south across the South 
Pacific Convergence Zone (SPCZ) and Intertropical 
Convergence Zone (ITCZ). The individual voyage tracks 
are spatially identical, generally varying no more than 
5km at any location. On the voyages from 2007 onwards 
shipborne aerosol optical depth data were also collected 
during daylight hours when the sun was clear of cloud.

Atmospheric aerosols are one of the largest sources of 
uncertainty in the current understanding of climate change 
(IPCC, 2013). They affect the climate by absorbing and 
scattering solar radiation (direct radiative effect), acting as 
cloud condensation nuclei (CCN) and hence affecting the 
radiative properties of clouds (indirect radiative effect). 
Chemical changes can occur on aerosol surfaces, altering 
the chemical and radiative properties of the atmosphere. 
Aerosol sources include biomass burning, volcanic 
eruptions, sea salt, biological and fossil fuel burning and 
aeolian dust. A secondary aerosol source originates with 
gas-to-particle conversion from the oxidation of organic 
and inorganic gaseous compounds (de Leeuw et al., 2014). 
A summary of aerosol data collected around the Pacific 
basin as part of numerous field experiments – GLOBE 
(Global Backscatter Experiment), ACE-1 (First Aerosol 
Characterisation Experiment), PEM A & B (Pacific 
Exploratory Mission) – has been published by Clarke et 
al., 2001, with emphasis on new particle production and 
evolution.

Quantifying the size distribution and chemical 
composition of aerosols is critical for estimating their 
impact on climate. The relatively short life-times of 
atmospheric aerosols and large spatial differences makes 
it difficult to relate the few surface-based observations to 
regional scales. Estimates of direct and indirect aerosol 
radiative effects are poorly constrained by observations, 
particularly in marine regions. Here, the clouds are 
susceptible to anthropogenic effects and the potential for 
indirect aerosol radiative forcing is largest.

Oceans constitute one of the single largest sources of 
atmospheric aerosols. Estimates have shown that around 
30% of the total natural aerosol flux to the atmosphere 
is of marine origin and in the range of 1000 to 2000 Tg 
per year (Prospero et al., 1983; Andreae, 1995). Marine 
aerosols have two main components: primary aerosols 
produced over the sea surface by breaking bubbles and 
whitecaps, and the secondary non-sea-salt (nss) aerosols 
produced mostly by the chemical decomposition of 
dimethyl sulfide (DMS) and other organics produced 
by marine phytoplankton. Sub-micrometre aerosols 
form CCN in marine stratocumulus clouds (Charlson 
et al., 1987), influence the droplet size distribution and 
cloud albedo, and affect the visibility in the atmosphere 
over oceans (Fitzgerald, 1991). Mineral aerosols from 
continental and arid regions are also transported by winds 
to remote ocean locations and can be a source of trace 
minerals that support marine phytoplankton (Hoppel et 
al., 1990, Martino et al., 2014).

The western Pacific Ocean is a large ocean area that 
is influenced by all sources of aerosol production and 
transport: wave and bubble production, secondary 
aerosol production (especially in the southern western 
Pacific, an area of rich biological activity) and long-
range atmospheric transport of aerosols from Australia, 
Indonesia and continental Asia. However, there are few 
in situ aerosol data for the region.

Here we explore the spatial distribution and transport 
using CN data collected during eight ship voyages between 
New Zealand and Japan and investigate likely aerosol 
source regions by long-range back trajectory calculations. 
In addition, AOD measurements were taken during 
daylight hours with clear sky conditions. We describe the 
measurement techniques specific to this study, followed 
by a discussion of the general meteorology through the 
western Pacific Ocean. The data from each of the transects 
are presented and detailed local meteorology is used to 
interpret various features of the CN data on each of the 
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eight voyages. We examine the data to determine if there 
is evidence of patterns suggestive of different populations 
of aerosols. We also discuss the large variations and 
interannual changes in the latitudinal distributions of 
CN and investigate the relationship with meteorological 
patterns.

2. Meteorological overview and aerosol 
climatology of the western Pacific

The atmospheric climatology of the Pacific Ocean and 
transportation of aerosols has been described by several 
researchers (e.g. Merrill, 1989; Prospero et al., 1989). The 
main meteorological features of the Pacific Ocean are 
shown in Figure 1. Complex tropical meteorology plays 
a major role in seasonal and latitudinal variations of 
aerosol content in the western Pacific lower troposphere. 
(Merrill et al, 1997). Observations have shown that 
the spatial variation in tropospheric aerosol over the 
equatorial western Pacific is related to the locations of the 
Intertropical Convergence Zone (ITCZ) and the South 
Pacific Convergence Zone (SPCZ) (Zaizen et al., 1996). 
The merger of moisture-laden trade winds in the tropical 

Pacific leads to the formation of the convergence zones 
(Vincent, 1994; Merrill et al., 1989). The ITCZ is the most 
persistent, lying between 2° - 12°N and crossing the breadth 
of the Pacific from Asia to Central America. It forms a 
strong barrier to direct inter-hemispheric transport. The 
ITCZ and SPCZ merge together in the western Pacific in 
the area 140°- 160°E, but separate further east with the 
SPCZ extending southeast towards Samoa and Tonga, and 
finally weakening and disappearing over the open South 
Pacific Ocean in the region of Easter Island (Figure 1). 
This constitutes a zone where two contrasting air masses 
(one originating from Southern Hemisphere ocean areas, 
the other prone to influence from a major continental 
landmass) meet and are mixed and carried high into the 
troposphere by strong convection. An extensive review 
of the behaviour and meteorology of the SPCZ has been 
published by Vincent (1994), who reports that its position 
and intensity vary seasonally but it is much more active 
and farther south in the summer months (December – 
February).

The summer southward shift of the SPCZ and an area 
known as the Subtropical Pacific High results in a 

Figure 1: Main meteorological features of the Pacific Ocean (courtesy of NASA PEM-Tropics campaign).
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broad region of convergence over northern Australia 
and eastward into the Pacific towards the Solomon 
Islands, producing extensive convective activity. The 
constant deep convection and high precipitation rates 
associated with the convergence zones makes accurate 
back-trajectory analysis difficult once the wind enters 
a convergence zone (Merrill, 1989). The SPCZ forms a 
weaker barrier to inter-hemispheric transport than the 
ITCZ and fluctuates seasonally in strength with major 
circulation changes associated with El Niño Southern 
Oscillation (ENSO) events. Atmospheric transport paths 
in the western South Pacific are less well understood than 
those in the North Pacific.

Southeast trade winds dominate the area north of New 
Zealand to 20°S and westerly winds occur on the southern 
side of the high-pressure belt near southern New Zealand.  
In winter the SPCZ migrates north and east, and south-
east trade winds cover most of the southwest Pacific north 
of New Zealand, and westerly winds dominate between 
the Subtropical Pacific High and the Southern Ocean 
areas to the south.

North of the equator the meteorology of the lower 
atmosphere is dominated by two major meteorological 
systems in the region: the Pacific High and the Japan Jet 
(Merrill et al.,1997). The Japan Jet tends to be weaker 
and farther north in the late Northern Hemisphere 
summer and early autumn. During the summer/autumn 
period the Pacific High tends to be located more to 
the east and north, impeding outflow from continental 
Asia and enhancing the low-level flow of marine and 
Southern Hemisphere air into the northern mid-tropical 
latitudes. The northern spring period is characterised by 
maximum outflow from Asia, entraining emissions from 
the continent within a westerly flow out over the north 
Pacific. This flow can then swing southwards and move 
around the North Pacific High and bring Asian emissions 
into the tropical central Pacific through the northeast 
trade wind flows (Merrill, 1989).

In the southwest Pacific the dominant sources of aerosol 
mass are dust blown from the Australian continent 
and nss sub-micrometre aerosols produced from 
dimethyl sulfide (DMS) oxidation once emitted into 
the atmosphere following the production of precursor 
dimethylsulfoniopropionate by phytoplankton.

3. Shipboard sampling methodology

The Transfuture5 voyages are part of a regular trade route 
from the port of Nelson, New Zealand travelling directly 
to Osaka, Japan on a bearing of 349°T, with only a brief 
deviation between New Britain and Bougainville in the 
Solomon Islands. Each voyage was completed in 11.5 
days. Although the aerosol data were collected from the 
commencement of the voyage, this paper discusses only 
the data from 30°S northwards. The data collected through 
the Tasman Sea off the west coast of New Zealand’s North 
Island will be the subject of a separate paper.

NIWA’s air sampling on Transfuture5 was centred on a 
steel shipping container attached to the top deck (deck 
13). The container is located centrally, 70m from the bow 
and 20m aft of the crews’ quarters and bridge complex. It 
is 100m forward of the ship’s engine exhaust stack. NIWA 
collected the data as part of the Ships of Opportunity 
(SOOP) programme of the Centre for Global Environment 
Research of Japan’s National Institute for Environmental 
Studies (NIES) led by Dr Y. Nojiri (Nara et al., 2011).

A TSI model 3010 condensation particle counter 
(CPC) sampled and counted sub-micrometre particles 
(>10 nm diam.) on a continuous basis. It has an upper 
concentration of 10,000 particles cm3 and responds 
quickly to concentration changes. The CPC passes air 
through a heated alcohol reservoir where n-butyl alcohol 
condenses onto particles in the sample flow creating 
aerosol droplets large enough to be detected using a light-
scattering technique. The sample passes into a vertical 
condenser tube cooled by a thermoelectric heat pump. 
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Here the alcohol vapour supersaturates and condenses 
onto virtually all particles larger than 10 nanometres in 
diameter, regardless of chemical composition. As droplets 
exit the condenser they pass through a thin ribbon of 
laser light. Light scattered by these droplets is collected by 
optics and focussed onto a photodetector which converts 
the light signal to an electric pulse which is recorded as a 
particle count.

Although the CPC is ideal for measuring very low particle 
concentrations, it is capable of detecting concentrations 
greater than 10,000 particles cm3. The limiting factor is 
coincidence. The CPC counts single particles, so that 
each particle scatters a separate pulse of light.  At high 
concentrations two or more particles can be in the viewing 
volume at the same time: the pulses they generate overlap 
and are counted as one particle. The frequency of this 
event depends on particle concentration. Within limits 
it is possible to determine coincidence. The coincidence 
correction is important at very high concentrations, but 
for most of the measuring range the coincidence effect 
is negligible. The actual particle concentration can be 
calculated by:

  Na  =  Ni exp (Na QT)

 Where Na  = actual concentration (particles cm3)

 Ni  = indicated concentration (particles cm3)

 Q  =  16.67 cm3/s

 T =   0.4 microsecond (the effective time each  
 particle is in the viewing volume)

The  Na exponent can be approximated by Ni

The following table shows the calculated coincidence for 
a range of concentrations. Coincidence is 1-Na / Ni 

Concentration   
(particles cm3)          

Calculated coincidence 
(%)

10 <0.01
100 0.07

1,000 0.67
5,000 3.5

10,000 7.4

During the voyages indicated concentrations in excess 
of 30,000 particles cm3 were measured, especially just 
north of New Zealand. Although the actual number 
cannot be regarded as accurate because of high levels of 
coincidence, it does indicate the presence of very high 
particle concentration, well in excess of 10,000 particles 
cm3.

The sampling intake was via a 5m ¼ inch copper tube; 
the inlet was located 2m above the bow end of the NIWA 
sampling room. The flow rate was controlled by a critical 
orifice with a flow rate of 1L min-1 and data were logged 
onto a computer as 30-second count accumulations. 
The CN concentrations were recorded as the number 
of particles per cm3 of sampled air. There was no sector 
control used with the CPC as the intake was located 
100m forward of the ship’s funnel. The average speed 
of Transfuture5 was around 37km hr-1 and at this speed 
contamination by ship emissions was very rare and readily 
spotted during QC checks on the data after the voyage. In 
August 2006 a prolonged spell of strong south-south-east 
winds brought ship emissions from the engine exhaust 
over the CPC intake between 17.5°S and 5°S. These data 
have been excluded from the analysis. Occasional very 
short-lived periods of contamination occurred, usually 
of the order of one hour or less e.g. ship barbeque deck 
party, or lifeboat drill when combustion engines were 
tested. Again, these data have been excluded. 

From May 2007, aerosol optical depth (AOD) data were 

Table 1: Calculated coincidence versus particle concentration.
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measured on-board Transfuture5 on all voyages as a 
contribution to the Maritime Aerosol Network (MAN), 
(Smirnov et al., 2009, 2011), a maritime extension of the 
Aerosol Robotic Network (AERONET). Both AERONET 
and MAN provide high-quality aerosol information from 
several hundred individual locations distributed over the 
Earth’s surface. Additionally, satellite remote sensing has 
the potential to complement these networks by providing 
fill-in coverage between surface measurement sites and, 
in the case of MAN, extended temporal coverage over the 
oceans. 

The attenuation of solar radiation through the atmosphere 
is described by a version of the Beer-Lambert-Bouguer 
law as below: 

I = I0 exp(-ԏ m)

Here I0 is the incident solar irradiance at the top of the 
atmosphere, I the irradiance at the ground, m is the 
airmass factor, dimensionless path length through the 
atmosphere, and ԏ, the optical thickness of the atmosphere. 
At normal incidence, ԏ is termed optical depth. Both m 
and ԏ contain contributions from a number of absorption 
and scattering mechanisms, including aerosols. The 
aerosol contribution to optical depth, ԏa’, termed aerosol 
optical depth, may be deduced from ground-based 
measurements of irradiance by using the above equation 
and correcting for the known contributions from the 
remaining scattering and absorbing mechanisms. 

Aerosol optical depth is wavelength dependent, and for 
the simple case of a unimodal log-normal aerosol particle 
size distribution, this wavelength dependence is well 
described by the Angstrom relation: 

ԏ(λ) = β λ-€x    

This power law relation is specified by the two 
parameters, the Angstrom turbidity, β, a wavelength 

independent measure of optical depth, and the 
Angstrom exponent, α, an inverse measure of particle 
size. For measurements of optical depth ԏλ1 and ԏλ2 

respectively, the Angstrom exponent is given by: 
                                                         

The Angstrom exponent is inversely related to the average 
size of the particles in the aerosol: the smaller the particles, 
the larger the exponent. Thus, Angstrom exponent is a 
useful quantity to assess the dominant particle size of 
atmospheric aerosols.                                                     

The MAN aerosol measurements of column aerosol 
content were obtained with a Microtops handheld 
sunphotometer (Porter et al, 2001); measurements were 
made every 20 minutes during daylight hours when the 
sun was clear of cloud or if the cloud cover was even and 
very thin cirrus. (Note that in recent times the MAN 
network instructions have warned to avoid any sampling 
through thin cirrus cloud).

4. Results and discussion

Data from eight voyages along the same transect from 
2006 to 2013 are described: two each during Southern 
Hemisphere winter and spring, three in autumn and one 
in summer. 

Figures 2 to 5 (a) show graphically the CPC particle 
concentrations (30-second count accumulations 
averaged over 10 minutes), absolute wind speed, ambient 
air temperature, relative humidity, and sea-surface 
temperature for each voyage by season. Temperature, 
humidity and wind speed were measured at deck level, 
47m above sea level. The schematic above the graphed 
data indicates true wind direction and amounts of high, 
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middle and low cloud. Note that no cloud observations 
were recorded during voyages August 2006 and May 2013. 
The letters indicate occurrences of rain (R), showers (S), 
haze (H) and fog (F). 

Figures 2 to 5 (b) show the composite mean sea level 
(MSL) atmospheric pressure fields for each voyage by 
season (Images provided by the NOAA/ESRL Physical 
Sciences Division, Boulder, Colorado from their Web 
site: http://www.esrl.noaa.gov/psd/) (Kainay et al., 
1996). MSL patterns for each pairing of voyages are 
similar. Southern winter (August 2006, June 2012) has 
the Pacific High well to the north and east in the North 
Pacific, impeding outflow from Asia and bringing low-
level oceanic air flow into the north-west Pacific region. 
Southern autumn (May 2007, April 2008) has the Pacific 
High in the central North Pacific, with stronger outflow 
from Asia into a westerly flow over the northern Pacific. 
Low-level oceanic flow on the southern side of the Pacific 
High brings easterlies into low northern hemisphere 
latitudes. Southern spring (September 2008, October 
2009) has the sub-tropical jet stream (Japan Jet) further 
north and the Pacific High is still pushing a low-level 
oceanic flow onto eastern Asia.  In all seasons, the area 
south of New Zealand is dominated by westerlies, while 
south-east trade winds cover the sub-tropical and tropical 
area north of New Zealand up to the region of the SPCZ.

CN counts for all voyages follow the same broad pattern: 
highly variable numbers in the vicinity of New Zealand, 
variable and occasionally high counts through the area 
north of New Zealand and up to the SPCZ and ITCZ. 
Relatively low but variable counts dominate around the 
convergence zones, followed by very low counts through 
the north-west Pacific where air has originated over low 
productivity / oligotrophic regions of the North Pacific 
Subtropical Gyre, before increasing again in the eastward 
outflow off Japan, Korea and China.  An additional general 
observation was there was often an anti-correlation 
between CN number and high humidity excursions (April 

2008, February 2013, May 2013).  This phenomenon has 
been previously observed by McNaughton et al. (2004) 
in the boundary layer in Asian outflow and speculation 
is it could be due to the suppression of CN formation by 
higher surface area of coarse aerosol in high humidity, 
where they comment that “relative humidity approaching 
100% appears to dramatically reduce the formation, 
growth and survival of the newly formed secondary 
aerosols.”

The lowest counts (~10 cm-3) were observed on the 
August 2006 and February 2013 voyages in air that had 
originated over the gyre region and was in or transported 
from the North Pacific Sub-Tropical High (Figure 1).  
By contrast, the June 2012 voyage was unusual in that 
there were consistently very high particle concentrations 
(>10,000 cm-3) measured between 27°S and 13°S, which 
were thought to be due to a generally polluted airmass 
containing precursors and particles from industrial, and 
terrestrial emissions blowing off the Australian continent.  
Time series do also show many short duration spikes (e.g. 
June 2012) indicative of the occurrence of localised regions 
of nucleation and Aitken nuclei production.  These were 
observed to occur downwind and in the proximity of 
islands with combustion and other anthropogenic activity 
and were often, not always absent in the northern end of 
the record (10° to 25°N) (e.g. see the contrast in August 
2006, May 2007, October 2009).  It is unlikely given the 
sample inlet placement but we cannot definitively exclude 

Figure 6: Back trajectory plots indicating transport of dust-laden air 
from SE Australia out into the western Pacific Ocean, June 2012.
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local pollution of CN from the vessel as a source of some 
of the CN spikes.  Figure 6 shows back trajectory plots 
indicating air measured at the ship at those latitudes had 
passed over southern and southeast Australia. A strong 
ridge of high pressure extended from Australia out over 
the Tasman Sea suppressing vertical mixing of the dust 
particles and allowing a concentrated plume to pass over 
the ship route north of New Zealand. Figure 13 shows 
AOD values associated with this air corresponding to 
mineral dust aerosols. Back trajectories from the May 
2013 voyage (not plotted) also indicate an Australian 
source for the particle increase between 30.5°S and 29°S 
during that voyage.

4.1 Back trajectories

Air mass back-trajectories have been calculated for 
each voyage (HYSPLIT model via NOAA http://www.
arl.noaa.gov/ready/hysplit4.html), (Draxler et al., 2003) 
using the Global Reanalysis 1948 – present data set as 
forcing meteorology to help identify the areas over which 
sampled air had passed. Ehhalt et al. (1999) calculated 
the range of residence times of tropospheric aerosols as 
a function of particle size (Figure 7). They point to an 
average CN residence time of 1-100 hours, so 4-day back 
trajectories were calculated. 

We developed a system for identifying the origin of the 
sampled air mass: trajectory starting points were selected 
for times before, during and after any major change in 
recorded CN concentration. The trajectories were then 
used to classify the potential aerosol source regions. Five 
regions have been identified. The selected potential air 
mass origin classifications are shown in Figure 8.

Region A: Airflows that tend to follow the south-east 
trade wind regime in the South Pacific. This flow may also 
have spent many days over the Southern Ocean south of 
Australia and New Zealand before becoming entrained in 
the south-east trades flow.

Region B: Airflow directly from the Australian continent.

Region C: Westward airflow over the North Pacific Ocean 
towards south-east and continental Asia. These air masses 
have spent many days over open ocean but as mentioned 
earlier in the meteorological section, long-range transport 
of aerosols from Asian and North American sources can 
be entrained in this flow.

Region D: Outflow eastward into the North Pacific Ocean 
from Indonesia and Philippine Islands, with a likelihood 
of being influenced by industrial and domestic sources.

Figure 7: Range of tropospheric particle residence times (d=days, 
h=hours). The shaded bar shows typical range of lifetime between lower 
limit in the boundary-layer and upper limit at the tropopause versus size 
(after Ehhalt et al., 1999).

Figure 8: Airmass back trajectory region classification
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Region E: Airflow associated with the eastward outflow 
off continental Asia, with the potential to be influenced 
by industrial and domestic emissions, and dust sources 
from the dry interior.

The airmass back trajectories at particular latitude bands 
are very similar for each voyage, the exception being 
August 2006 when surface winds north of the equator 
were westerlies off south-east Asia rather than the 
more common north-east or easterly trade winds from 
the central North Pacific Ocean. The air movements 
are consistent with the broad climatology of the Pacific 
described earlier and therefore representative of the 
region. The main airflows shown by the trajectories are 
similar to those found during the SEAREX programme 
(Merrill,1989).

Air from Region A (south-east trade winds) was 
encountered as far as the ITCZ, just north of the equator, 
and air from Region E (continental Asia) only north 
of 25°N. Flow from SE Asia was sampled only once, in 
August 2006.

4.2 Aerosol Characteristics of the source regions

Region A:  This region is minimally impacted by 
transport of dust from continental sources. However 
very high particle counts in excess of 10,000 particles 
cm3 have been measured just north of New Zealand 
on several of the voyages.  These particles may well be 
correlated with particle formation associated with intense 
biogenic activity as the air passed over areas of ocean 
with active chlorophyll-a. VOC and DMS emissions from 
plankton in these areas are likely to enhance the particle 
concentration in the atmosphere.

In February 2013 a large spike of over 10,000 particles 
cm3 in CN concentration was measured between 27°S 
and 21°S. MODIS satellite data showed chlorophyll-a and 
enhanced phytoplankton and biogeophysical chemistry 
activity around the New Zealand coast especially to 
the east of both main islands. Back trajectories showed 
the sampled air had travelled over an area of enhanced 
chlorophyll-a and it is likely the increase in CN 
concentration was a result of biogenic activity from this 
zone (Figure 9).

Figure 9: (a) MODIS 8-day chlorophyll-a with back trajectory plot as red dots, and (b) CN counts between 30°S and 19°S. February 2013 voyage.
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Another feature in most of the voyages was a CN spike in 
the region of 20°S.  This has been attributed to particles 
produced by large scale open cast nickel mining in New 
Caledonia, and from the coal-fired power plants associated 
with the mining and smelting.  Back trajectories indicate 
the sampled air had crossed the mining area before 
continuing out over the open ocean area. Figure 12 shows 
an example with trajectories indicating air passing over 
New Caledonia and the corresponding increase in CN 
between 13°S and 19°S as shown in Figure 3 September 
2008 voyage data.

Some “spikiness” in the CN record occurs in the vicinity 
of the SPCZ and ITCZ. This is likely due to enhanced 
vertical motion associated with the zones, preventing 
extensive horizontal surface mixing of aerosols.

Region B: Australia is the major dust source in the South 
Pacific (Prospero et al., 1989, Martino et al., 2014).  
Large scale synoptic flows from Australia out into the 
SW Pacific are common.  Much of Australia is arid, with 
over 4 million km2 susceptible to severe dust storms 
(Loewe, 1943, Ekström et al., 2004, O’Loingsigh et al., 
2017). On two voyages (June 2012 and May 2013) high 
concentrations of aerosols (in excess of 10,000 particles 
cm3) were sampled that originated from the Australian 
continent. These plumes occurred in austral winter, which 
is the season of minimum dust activity on the Australian 
continent; this may imply that during the summer, when 
dust storm activity is more frequent, occurrences of 
aerosols originating from Australia may be much higher.

Region C: In general this part of the Western Pacific has 
low CN concentrations with prevailing winds from the 
easterly quarter.  The air masses have had many days over 
open ocean and most anthropogenic sourced particles 
have either dropped out gravimetrically or washed out by 
rain. The northern spring period has maximum seasonal 
outflow from continental Asia, and these emissions 
can be entrained in this westerly flow, which can swing 

southwards over the eastern North Pacific and eventually 
move back westward into the central Pacific via the 
northeast trade wind flows (Merrill, 1989).

Regions D & E:  These regions are densely populated areas 
with intensive industrial activity.  Westerly flow off these 
regions out into the western Pacific Ocean will carry 
plumes of aerosols from a variety of urban and industrial 
sources. On the occasions the ship passed through 
these plumes, high CN counts were recorded. The high 
counts are associated with regular synoptic scale weather 
patterns.

4.3 Aerosol Optical Depth Measurements

Transfuture5 Microtops data are summarised in Figure 
10. The Angstrom relation has been fitted to the AOD 
data for each sunphotometer measurement to reduce the 
multi-wavelength data to the two parameters, Angstrom 
turbidity, ß, and Angstrom component, α. For 440 to 
870 nm wavelength range it gives useful discrimination 
of aerosol sources with values of order >2  indicating 
large fine mode – smoke, sulfates, 1.5 – 1.7 continental 
pollution, 0.4 – 0.6 maritime aerosol, and  0.0 – 0.4 
mineral dust. When plotted in this two parameter ß 
- α space, some groupings and patterns in the data are 
evident, suggestive of different populations of air/aerosol 
being sampled. The sunphotometer data in Figure 10 is 
colour-coded according to source regions identified from 
the back trajectory calculations (Figure 8).

The most distinctive grouping is evident in the difference 
between air sourced from the Japan/mainland Asia 
region (red) affecting the western Pacific Ocean north of 
20°N, and the air sourced from the two predominantly 
oceanic regions (blue and green). The Japan/Asia air has 
a combination of generally higher turbidity and higher 
Angstrom exponent, with the latter indicating a finer 
particle size. This is likely the result of dominant urban/
industrial air pollution source.
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There is generally no clear distinction between sun 
photometer measurements of air sourced from the 
two oceanic regions (blue – south Western Pacific and 
Southern Ocean, and green – north Pacific). Both regions 
have similar β and α values, indicative of marine aerosol 
production.

In May 2007 however, there were two distinct groupings 
with some AOD data having abnormally high turbidity 
compared to the usual oceanic values (Figure 11a). 
Examination of the back trajectories for that voyage 
(Figure 11b) shows that some of the sampled air had 
previously passed over land regions a day or so earlier. 
From source region A (blue dots) some air had crossed 
over the Auckland area of New Zealand, the predominant 
urban region of that country; from source region C (green 
dots) air sampled near 25°N had crossed over Manila in 
the northern Philippines. The high turbidity AOD data is 
consistent with an interpretation of urban and industrial 
air pollution. In both cases a ridge of high pressure 
extending from the aerosol source region over the ship’s 
track is likely to have suppressed the rate of particle 
dispersion and minimised rainout or washout, enabling 
a coherent plume to travel well out over the open ocean.

The September 2008 voyage AOD data shows two clearly 
defined groupings (Figure 12): oceanic air and air that has 
originated from China and Japan.  Back trajectories show 
sampled air between New Zealand and 25°N (regions A 
& C) had been residing over open ocean for many days 
before coinciding with the ship’s track (Figure 12b).  The 
sunphotometer data show values of Angstrom turbidity 
and exponent that are typical of clean ocean air, in the 
main uncontaminated by anthropogenic sources.  The 
data from the northwest Pacific region have a generally 
higher exponent value than that measured over the 
southern Western Pacific region (region A).  North of 
25°N sampled air had passed over densely populated 
and industrial areas of Japan and China with higher 
turbidity and exponent values, typical of urban/industrial 
pollution.

Figure 13 shows AOD data from the June 2012 voyage. 
A distinct grouping (circled) is associated with mineral 
dust particles, the sampled air having passed over south-
eastern Australia as described earlier (see Figure 6).

4.4 Satellite – Transfuture5 AOD intercomparison

Satellite sensed aerosol information was obtained from 

Figure 10: Combined AOD data from all voyages.
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Figure 11: (a) AOD data associated with the May 2007 voyage. (b) May 2007 voyage back trajectories. Trajectories in red indicate air that has                   
passed over large urban areas.

Figure 12: (a) AOD data associated with the September 2008 voyage. (b) September 2008 voyage back trajectories.

Figure 13: AOD data associated with the June 2012 voyage. The circled values indicate particles from a mineral dust source and coincide with the 
trajectories off Australia plotted in Fig.6.
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the Moderate Resolution Imaging Spectroradiometer 
(MODIS) instrument flown on board the Aqua 
spacecraft. Aqua is in a sun-synchronous polar orbit at 
705km altitude and a 98 minute period, giving global 
coverage. Any given point on Earth’s surface will have 
approximately two overpasses each day.

In Figure 14, the Transfuture5 sunphotometer AOD data 
are compared with Aqua MODIS 8-day mean AOD. Over-
ocean intercomparisons between individual MODIS 
images and the MAN system data are significantly 
constrained by the limited temporal sampling and 
coverage available from shipboard measurements. As 
the shipboard sunphotometer measurements times 
and locations were not chosen to coincide with Aqua 
overpasses, 8-day mean rather than individual MODIS 
AOD images were used to compensate for the lack of 
precise spatial and temporal co-location. 

The shipboard sunphotometer measurements were 
grouped according to which MODIS image pixel 
(1°longitude x 1°latitude) they were located in; then 

for each pixel the sunphotometer AOD data were 
interpolated to the MODIS wavelength (550nm) by least 
squares fitting the Angstrom relation to the individual 
measurements. The corresponding MODIS AOD data for 
the group was obtained by bi-linear interpolation at the 
mean location of the sunphotometer group. 

The resulting data shown in Figure 14 are colour coded by 
Transfuture5 voyage. For the MODIS data the uncertainty 
bars on the points are the standard deviation of the daily 
mean AOD, and give an indication of the variability of the 
AOD over the 8-day period. The uncertainty bars for the 
shipboard sunphotometer data are the 95% confidence 
limits for the Angstrom relation fit. The MODIS and 
shipboard sunphotometer data are in general agreement. 
The linear regression relation for the data is AODMODIS = 
0.63 AODTF5 + 0.076, with a correlation coefficient of 0.85 
explaining 72% of the variance.

5. Conclusions

We have presented a set of atmospheric condensation 

Figure 14: Transfuture5 sunphotometer data and MODIS satellite AOD data comparison.
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nuclei (CN) measurements from a series of ship transects 
across the western Pacific Ocean from Nelson, New 
Zealand to Osaka, Japan between 2006 and 2013. From 
2007 aerosol optical depth (AOD) measurements were 
made on the voyages, every 20 minutes during daylight 
hours when the sun was clear of cloud. Information 
from Hysplit back-trajectory calculations were used to 
identify aerosol source regions. Five distinct regions were 
identified: (A) the region of the south Pacific Ocean south 
of 10°S incorporating the south-east trade wind regime of 
the South Pacific and on many occasions incorporating 
air that may also have travelled through the Southern 
Ocean areas south of Australia before being entrained in 
the south-east trades flow; (B) the Australian continent; 
(C) The North Pacific Ocean; (D) south-east Asia, 
incorporating Indonesia and the Philippine Islands; and  
finally (E) continental Asia.

Substantial temporal variability in fine spatial structure 
of the latitudinal occurrence of CN was found. In the 
equatorial western Pacific Ocean this often reflected the 
position and strength of the SPCZ and ITCZ. However, 
CN counts for all voyages followed the same broad 
pattern: highly variable in the vicinity of New Zealand, 
with variable and occasionally high counts north of New 
Zealand as far as the SPCZ and ITCZ.  Relatively low but 
variable counts in the areas of the convergence zones, 
followed by low counts through the northwest Pacific 
before increasing in outflow from Japan, Korea and 
China.  These regional differences will likely influence 
regional differences in both direct and indirect aerosol 
radiative forcing.

AOD data matches well with the aerosol source regions 
identified by back trajectory calculations. Direct satellite 
– ship inter-comparisons of AOD are constrained by the 
difficulty in obtaining spatially and temporally co-located 
data. However, there is potential for the combination of 
satellite remote sensing, surface-based measurements 
from ships, and back trajectory modelling to shed light 

on the characteristics, distributions and probable sources 
of aerosols over the open ocean areas of the Earth.

We conclude that the observations of CN and AOD from 
the ship transects provide useful snapshots of aerosol 
concentrations and transport across the western Pacific 
Ocean. The inter-annual variability in the structure of 
the latitudinal changes in CN concentration suggest that 
long-range transport and synoptic scale weather systems 
are the main driver for the observed variations and that 
the variability in transport is at least as important as 
variability in sources in determining the spatial structure 
of CN across the western Pacific.
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Honour Roll for the Meteorological Society of 
New Zealand

K. Richards

The highest level of recognition awarded by the Meteorological Society of New Zealand is Honorary 

Membership. This recognises outstanding contributions made by individual members to meteorology or 

climatology. Recognition is given to outstanding researchers, leaders in forecasting or applied climatology, 

and exceptional communicators, who foster Governmental and public understanding of issues in weather 

and climate. 

The Meteorological Society has awarded ten Honorary Memberships since its inauguration in 1979. Seven 

recipients are profiled in the previous volume of Weather and Climate (Volume 37, 2017): the late Dr J. 

Thomas (Tom) Steiner (awarded Honorary Membership in 1996), the late Dr John S. Hickman, QSO (1998), 

Alex A. Neale (1998), the late Dr John F. Gabites (1999), Erick Brenstrum (2002), Cliff G. Revell (2002) and 

Dr Neil D. Gordon (2012). At the Society’s Annual General Meeting in Dunedin, New Zealand in 2017, three 

more members joined this select group.

Robert (Bob) McDavitt, MNZM

Bob McDavitt began work as a meteorologist in 1975, forecasting for marine, 
aviation and the general media around New Zealand and in Fiji. In 1992, he 
became known as the Weather Ambassador of the Meteorological Service of 
New Zealand (MetService). He appeared frequently in print, radio and televised 
interviews to explain to the public the pattern and chaos that is weather. He has 
served diligently on the committee of the Meteorological Society since 1990, 
including in the roles of President (1998-2000) and newsletter editor (2000–). 
Bob retired from the MetService in 2012, but continues to post a weekly South 
Pacific Weather Blog for mariners. Bob was awarded the Member of New 
Zealand Order of Merit (MNZM) in 2013 for his outstanding service to the 
Crown and people of New Zealand.



59

Weather & Climate - Volume 38 - Issue 1

Dr. Kevin E. Trenberth

Kevin Trenberth grew up in New Zealand and started out in the New Zealand 
Meteorological Service. He completed a Sc.D. in Atmospheric Science-
Meteorology at the Massachusetts Institute of Technology in 1972, taught 
at the University of Illinois, and then moved to the National Center for 
Atmospheric Research in 1984. He is an internationally acclaimed expert in 
global warming, El Niño Southern Oscillation and climate variability. He has 
been involved in the Intergovernmental Panel on Climate Change for many 
years, serving as a convening lead author and lead author for the IPCC reports 
and sharing in the 2007 Nobel Peace Prize. He is a fellow of the American 
Meteorological Society, the American Association for Advancement of Science 
and the American Geophysical Union, and an honorary fellow of the Royal 
Society of New Zealand. In 2017, the American Geophysical Union awarded 
him a Roger Revelle Medal for his outstanding contributions to climate and 
climate change research, leadership and science communication.

Brian Giles

Brian Giles spent the International Geophysical Year (1957-58) on the 
Argentine Islands, off the west coast of the Antarctic Peninsula, running 
a radiosonde unit. He then taught climatology and meteorology at the 
University of Birmingham, UK, until he retired in 1998. He became editor of 
the International Journal of Climatology in 1991. At that time, it consisted of 
four issues per year. By 1996, it had grown to 11 issues per year. Brian shared 
the editorial load with Glenn McGregor until 1999, when he moved to New 
Zealand. Joining the Meteorological Society of New Zealand, he served as the 
editor of Weather and Climate from 2003 to 2012, editing Volumes 23 to 32 
(1), and continuing as publication editor until 2015 (Volume 35). 
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