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1. Introduction

Many cities around the world run operational air 
quality forecast and alerting schemes. The schemes vary 
significantly from country to country. Two contrasting 
examples are New Delhi (India), which regularly 
experiences extremely poor air quality and ranks as the 

most polluted capital in the world (WHO 2018), and 
Melbourne Australia, which records air quality generally 
considered to be good by international standards (EPA 
2018).

The operational air quality systems in India versus 
Australia are also very different. The Air Quality Index 
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Abstract

Brown haze is a visual indicator of poor urban air quality. In Auckland, brown haze typically occurs on cold 
winter days during the weekday morning commute. There is large interannual variability in the number of 
brown haze events observed in the region. Recent research identified a clear link between brown haze and 
poor respiratory health outcomes in Auckland.

This paper analyses the meteorological characteristics of 23 brown haze events in Auckland (as identified 
from camera images) and proposes a simple Numerical Weather Prediction (NWP)  forecast scheme that 
doesn’t explicitly model pollutants, but instead predicts weather conditions historically conducive to 
brown haze.

Results showed a distinctive atmospheric profile associated with the development of brown haze 
conditions. A forecast scheme was designed to capture this specific meteorology, and was subsequently 
validated against camera imagery during a pilot phase lasting three months during the winter of 2017, both 
at the 30-hour and 54-hour forecast validity period. Results showed 97% forecast accuracy for both 30- and 
54-hour forecasts, and a probability of detection of 89% and 78% respectively. 

One limitation of the current forecast scheme is that it does not forecast local emissions, and so does not 
differentiate between weekdays and weekends. Human assessment would still be required before forecasts 
could be released to the public. Another limitation is that validating the scheme is subjective (brown haze 
is a visual indicator). Future work will validate the forecast scheme against quantitative measurements of 
surface air pollution concentrations over a longer period (3 winters), since initial relationships between the 
forecast index and observed air pollution concentrations looked promising.   
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in India is effectively a nowcast (BBC, 2015), with 
alerting colours (red through green) based on 8 observed 
pollutants averaged over 24 hours. In contrast, the 
Australian Air Quality Forecasting System (AAQFS) 
forecasts the following day’s air quality in Melbourne, 
Sydney and Adelaide (Hess, 2000). Both meteorological 
Numerical Weather Prediction (NWP) and emissions 
data are entered into the AAQFS model, which produces 
hour-by-hour air quality forecasts. The forecasting 
method uses historical weather and air quality data, 
and watches for particular weather conditions known 
to be associated with poor air quality. Statistical forecast 
techniques are used in the Australian method.

The scheme created for the Auckland region uses high 
resolution Numerical Weather Prediction (NWP) output 
to forecast the vertical state of  the atmosphere over 
central Auckland for the coming 2 days. The Auckland 
forecast scheme doesn’t ingest or model air pollution 
concentrations at all, but rather predicts weather 
conditions that historically have been conducive to 
capturing available pollution.

The Auckland scheme was tuned on historical significant 
(dark) brown haze events in the region, selected via visual 
camera imagery. 

Brown haze is a visual indicator of poor urban air quality. 
In Auckland, brown haze has been correlated with 
increased levels of specific surface atmospheric pollutants 
(NO, NO2, CO and PM10), which, in turn, have been 
statistically linked to increased respiratory hospital 
admissions in the region (Dirks et al., 2017).

The use of brown haze to tune the forecast scheme, as 
a surrogate pollution marker instead of direct surface 
observations of air pollution concentrations, is unusual, 
even in the international context. But it appears to have 
paid off.  While this was a pilot study set up to investigate 
whether forecasting severe brown haze in Auckland was 
even possible, initial analysis of the relationship between 

the forecast Pollution Score and observed air pollution 
concentrations look promising (see Results section).   

Given the relationship between brown haze and poor 
respiratory health outcomes in Auckland, there is a need 
for a robust forecasting tool for the region, which could 
assist in the management and mitigation of the social and 
economic consequences of haze events. For example, a 
reliable forecasting scheme could alert District Health 
Boards (DHB) and the general public of likely poor air 
quality events. This would enable DHB staff to respond 
appropriately to changes in expected respiratory hospital 
admissions and raise public awareness prompting changes 
in behaviour (such as choosing not to walk to work during 
high air pollution events). The ability to predict high air 
pollution days could also be utilised as a promotional tool 
to promote public transport on high air pollution days. 

Earlier analyses (e.g. Salmond et al., 2016) highlighted 
the wide range of surface weather situations that can yield 
brown haze in Auckland. Another complexity was the 
link to weekday rush-hour traffic and domestic heating, 
meaning that meteorological factors alone may not 
explain haze occurrence or non-occurrence. Instead, this 
forecast scheme aims to predict when the meteorological 
situation is conducive to trapping air pollution, rather 
than focusing on the available levels of pollution. 

Operational forecasters can bring significant benefit 
to atmospheric analyses, since they routinely view the 
atmosphere ‘in the vertical’. This is important, in that 
the surface situation (meteorological or pollutant) is 
connected to what happens higher up in the atmosphere.

In this study, forecasters examined the meteorology 
associated with 22 historical brown haze events selected 
by imagery from a camera installed in Takapuna in 
Auckland’s North Shore, looking southwards towards 
Auckland’s CBD. This camera field of view was optimal 
for morning light absorption and scatter, enabling good 
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visibility of brown haze formation over central Auckland 
(Figure 1).

In addition to the 22 events, a major brown haze event 
occurred during the analysis period, allowing forecasters 
to assimilate valuable real-time and vertical awareness of 
the underlying weather situation. In total, 23 brown haze 
case studies were used to define the forecast scheme.

2.Meteorological analysis

2.1 Mean sea level pressure analyses

A dominant synoptic sequence was easily identified from 
the mean sea level pressure analyses. Of the 23 brown 
haze events, 70% showed the classic signature of a strong, 
cold winter southerly outbreak, followed by hard ridging 
at latitudes south of Auckland. The coldest air typically 
affected the eastern North Island, often with an active 
cold front rounding East Cape (Figure 2).

Following the passage of the cold air, strong surface 
ridging and upper subsidence occurred. This typically 
resulted in a large, slow-moving anticyclone centred over 
central New Zealand, meaning that many of the ‘classic’ 
brown haze events in Auckland extended over several 
days.

Seven events (30%) differed from the classic sequence 
described above. Instead, the dominant synoptic weather 
feature on the weather map was a low pressure system 
or a trough located immediately to the east of the North 
Island (Figure 3).

Figure 1:  The view from the Takapuna (North Shore, Auckland) camera 
looking south towards the Auckland CBD, during a major brown haze 
event. The Sky Tower (1,076 ft or 328m amsl) is a useful height indicator. 
In this example, significant brown haze was evident up to about half the 
height of the Sky Tower, with lesser haze extending to the top of the Sky 
Tower. 

Figure 2:  Mean sea level pressure analyses: Midday Sunday 21 May 2017 (left map) and 6am Monday 22 May 2017 (right map). These maps show the 
classic sequence of a strong, cold outbreak spreading across the North Island, with High pressure subsequently building over central New Zealand.
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The common denominator for both synoptic types was 
low-level southeast quarter winds over Auckland. This 
result was also supported by raw surface data extracted 
from the National Climate Database (not shown), and 
from raw and graphical weather balloon data from 
Whenuapai (Section 2.2).

2.2 Weather balloon (tephi) analysis

Weather balloon data from Whenuapai (west Auckland) 
were analysed (Griffiths, 2017) and showed a clear-cut 
vertical atmospheric profile evident during the 23 brown 
haze events in Auckland.

As expected, a strong near-surface temperature inversion 
was necessary to trap pollutants. 

In the lower atmosphere, the temperature normally 
decreases with height. Any point where the temperature 
increases with height is called an inversion. In winter, on 
a clear, calm night, the ground cools faster than the air. 
The ground subsequently cools the layer of air closest to 
it. This means that a layer of colder near-surface air lies 
underneath relatively warmer air, creating a near-surface 
inversion (usually in the lowest 50-350 ft (15-100 m)). 

This inversion forms a lid, or stable layer, underneath 
which pollutants can become trapped. 

In addition, southeast winds and an associated dry, clear-
sky layer at between 1,000 to 3,000 ft (300-900 m) were 
evident in the brown haze events (Figure 4). This drier 
layer was consistent with down-slope (warming, drying) 
southeast winds coming off the nearby Coromandel, 
Kaimai and Hunua Ranges, ensuring a clear sky recipe 
to promote the formation of a stronger near-surface 
temperature inversion during winter nights.

3. Producing a forecast scheme

Following on from the meteorological pattern recognition 
(i.e. identifying the common weather elements of each 
event) discussed in Section 2, selected surface and vertical 
pressure, temperature, dewpoint, and wind data for the 
23 brown haze events were compiled. Analysis of these 
data revealed that:

•     About 65% of severe brown haze events (15 cases) 
exhibited 1,000 feet (300m) winds at the preceding 
midnight at Whenuapai (west Auckland) in the southeast 
sector (between 090 and 180 degrees). Another six cases 

Figure 3:  Two examples of the “trough or low to east” synoptic type. Mean sea level pressure analyses from midday 27 May 2009 (left map) and mid-
night 1 July 2009 (right map) illustrate the considerable variation in surface weather maps during brown haze events.
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(26%) exhibited 1,000ft (300 m) midnight winds at 180 to 
210 degrees, and subsequently backing. 

•     Light winds with height were important but not 
essential. Half (50%) of the dawn and midnight winds 
at 1,000 feet (300 m) (using available Sky Tower data, a 
central Auckland tower 328 metres high) were less than 
or equal to 5 knots, with another 25% of events recording 
winds that were less than or equal to 8 knots.

•     Surface pressure was consistent with ‘classic’ high 
pressures over central New Zealand. At Whenuapai (west 
Auckland), 70% of the events exhibited surface pressures 
in excess of 1020 hPa. The proportions for Gisborne 

(Airport) and Kelburn, Wellington were 65% and 82% 
of cases, respectively. Notably, Gisborne Airport and 
Kelburn, Wellington recorded pressure of more than 
1030 hPa, during six and five events (26% and 22%), 
respectively.

•     With respect to the dawn minimum temperatures 
recorded at Whenuapai (west Auckland), 87% of events 
recorded less than 4°C, with 65% of events recording less 
than 2°C and 22% measuring air frosts (0°C or below). 

Based on these observations, MetService implemented an 
automated forecast scheme. 

Figure 4: Whenuapai weather balloon data at on 12Z 03 June 2009, during a strong brown haze event. This diagram shows the temperature trace (right 
hand side) and dewpoint trace (left hand side), with increasing height up the page. This is a clear illustration of wide temperature and dewpoint sepa-
ration at around the height of the top of the Auckland Sky Tower (indicated by the green arrow), illustrating dry air, clear skies, and a stable “lid” there. 
This corresponds well to the observed southeast winds at the Sky Tower at the same time. Also note the extremely strong near-surface temperature 
inversion (shown with red arrow), with both temperature and dewpoint close together but increasing sharply with increased height above ground.
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The prediction scheme uses high resolution (4km) 
Numerical Weather Prediction (NWP) output to forecast 
the vertical state of the atmosphere over central Auckland 
for the coming 2 days, and the horizontal state of the 
atmosphere over the entire North Island. The Auckland 
forecast scheme doesn’t ingest or model air pollution 
concentrations at all, but rather predicts weather 
conditions that historically have been conducive to air 
pollution (as defined by visual brown haze).

MetService forecasters select a ‘model of the day’, based 
on which of three downscaled models (IFS, UKMO, 
ECMWF) is initialising best at analysis time, and it is this 
selected model that generates the calculated Pollutant 
Score daily.

The automated forecast scheme was issued by email daily, 
at 1030am. Data from the midnight prior forecast model 
was used to forecast at the T+30, T+48 and T+54-hour 
time steps. That is, predicted Pollutant Scores were issued 
for dawn (6am) the next day, midnight the next night, 
and dawn the morning after that. 

The scheme was designed to robustly predict significant 

or extended brown haze events since these were most 
likely to impact most on Aucklanders’ health. There was 
also intent to minimise ‘false alarms’, even at the expense 
of some of the brief, weak or unusual brown haze events.

The avoidance of false alarms was deemed important. Not 
every winter High produces clear skies leading to cold 
mornings, strong near surface temperature inversions and 
brown haze events. The forecasters observed that Highs 
centred to the west of Auckland often resulted in marine 
stratocumulus advecting across the city in the southwest 
flow. This cloudiness kept minimum temperatures in 
Auckland from falling too far and prevented strong near-
surface inversions from forming.

The forecast scheme was designed to be a sum of 
conducive parameters, with a higher ‘Pollutant Score’ 
indicating a stronger forecast for atmospheric conditions 
conducive to brown haze.

The Pollutant Score was intended to be a continuous 
score, rather than a discrete ‘yes/no’ score. This is so 
that after ground-truthing in subsequent pilot studies, 
Auckland Council could continue to use it, even if there 

Parameter Details

Whenuapai surface pressure (hPa) Points for every hPa > 1020hPa
Gisborne surface pressure (hPa) Points for every hPa > 1020hPa
Kelburn surface pressure (hPa) Points for every hPa > 1020hPa
Whenuapai surface air temperature (C) at 12Z Points for every degree < 8C
Whenuapai surface air temperature (C) at 18Z Points for every degree < 4C
Whenuapai surface wind speed (kt) 5 points for every knot < 5 knots
Sky Tower 1,000 foot/300m wind speed (kt) 5 points for every knot < 8 knots
Sky Tower 1,000 foot/300m wind direction (deg) 5 points 161-210, 10 points <=160
Whenuapai 250m wind direction (deg) 5 points 161-210, 10 points <=160
Whenuapai 500m wind direction (deg) 5 points 161-210, 10 points <=160
Whenuapai 750m wind direction (deg) 5 points 161-210, 10 points <=160
Whenuapai 1000hPa temperature minus surface temperature (C) Points for every degree C

Table 1: Parameters contributing to the forecast Auckland Pollutant Score
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was considerable over-forecasting or under-forecasting of 
brown haze events. A ‘sliding’ threshold of interest (above 
which brown haze events were observed and then forecast 
for) could easily be adjusted.

In the 23 brown haze case studies, 82% calculated a 
hindcast Pollutant Score of 40 or more, with about half of 
the events recording a pollutant score of 70 or more. Due 
to significant amounts of missing Sky Tower data, the 
hindcast Pollutant Scores for several events were likely 
too low, with no component added in for missing wind 
data from Sky Tower. 

The Pollution Score was weighted to ‘easily forecast’ 
prediction parameters and focused on the known 
influential factors to form brown haze in Auckland (Table 
1), namely high pressure over central New Zealand, cold 
mornings in Auckland, light winds in Auckland, vertical 
southeast winds with height over Auckland (forecasting 
for both Whenuapai and Sky Tower locations), and strong 
near-surface temperature inversions.

4. Validating the forecast scheme during an 
initial pilot study

The forecast scheme was operational for a three-month 
pilot study, carried out from June to August 2017. A 
continuous Pollutant Score was used, as described in the 
previous section. The Pollutant Score threshold employed 
during the pilot study for brown haze formation was > 40, 
based on the lower bound of the majority of hindcasts for 
the 23 historical brown haze events.

The validation of the Pollutant Score was subjective, based 
on a visual assessment of brown haze occurrence using 
camera data from Takapuna (North Shore, Auckland).

Camera imagery was assessed between dawn and 
10am for each of the 93 days that the pilot study was 
operational. On most days, no haze was observed. If a 
significant brown haze was present, it was very obvious by 
eye, both on the camera imagery and also independently 
observed by MetService forecasters, as well as Auckland 

Figure 5: A time series of daily Pollution Score data and daily 95th percentile pollution concentrations at Penrose across June and July 2017. The red 
line is the forecast Pollutant Score at T+54 hours (dawn day 3). This illustrates that the larger predicted Pollutant Scores (for example, 29 June 2017 
and 31 July 2017) typically correspond to elevated measurements of surface pollution. (The blue line is NO2, the green line is  PM10, and the yellow 
line is PM2.5).
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Council and University of Auckland staff, enroute to 
work. The days with weak haze were harder to classify, 
and the forecaster necessarily employed some subjective 
judgement (is it fog, is it haze, is it brown?).

Although the subjectivity seems to undermine the 
scheme, in actual fact on the days with a strong brown 
haze event (in other words, the events that the public 
likely care about), there was consensus by all authors 
assessing the haze. 

Lastly, a preliminary (subset) analysis of the relationship 
between the forecast Pollution Score and observed 
air pollution concentrations at a single location look 
promising (Figure 5). On days that the Pollutant Score 
was predicted to be extremely high (for example, 
Pollutant Score of 60 on 29 June 2017 or Pollutant Score 
of 74 on 31 July 2017),  elevated 95th percentile PM2.5 
concentrations were recorded at Penrose. This effect was 
not so obvious with lower forecast Pollutant Scores.

However, it did serve as a good litmus test, indicating that 
further analysis of the relationship between the prediction 
scheme and quantitative air pollution concentration data 
would be informative as a next step.

Two full data validations against camera imagery were 
undertaken, one for the 30-hour time step (dawn the next 
day, also known as ‘Dawn Day 2’) and the other for the 
54-hour time step (‘Dawn Day 3’). Since the camera was 
a visual source of validation information, no validation 
was performed for the 48-hour (midnight) time step due 
to darkness.

For both of the camera validations, the following 
verification metrics were calculated:

• Probability of Detection (POD) = (hits)/(hits + 
missed events): This metric defines the fraction of “yes” 
events that were correctly forecast.

• False Alarm Rate (FAR) = (false alarms)/(hits 
+ false alarms): This metric defines the fraction of “yes” 
forecasts that did not occur.

• Accuracy = (hits + correct negatives)/(total): 
This metric defines overall fraction of correct forecasts.

Table 2: Verification statistics for T+54 hours (Dawn Day 3).

Observed

Fo
re

ca
st

Yes No

Yes 7 Hits
1 False Alarm              

(3 June, Queen’s 
birthday weekend)

No
2 missed events 

(both weak)
83 correct negatives

Table 3: Verification statistics for T+30 hours (Dawn Day 2).

Observed

Fo
re

ca
st

Yes No

Yes 8 Hits
2 False Alarm                

(5 August, T30 Score 43) 
(20 June, T30 Score 59)

No 1 missed event 82 correct negatives

T 54 hours 
(dawn day 3)

T 30 hours 
(dawn day 2)

Accuracy 97% 97%

POD 78% 89%

FAR 13% 20%

Table 4: Verification metrics for both T+54 and T+30 validity times.
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5. Conclusions

Brown haze is a visual indicator of poor urban air quality. 
In Auckland, brown haze typically occurs on cold winter 
days during the weekday morning commute. Recent 
research identified a clear link between strong brown 
haze and poor respiratory health outcomes in Auckland.

Based on a climatological analysis of 23 brown haze events 
in Auckland identified from camera imagery, a clear-cut 
atmospheric profile associated with haze formation was 
identified. 

About 70% of the brown haze events showed the classic 
signature of a strong, cold winter southerly outbreak, 
followed by High pressure building in over central New 
Zealand. However, the remainder of the cases showed 
rather diverse weather maps. The common element with all 
cases, however, was clear skies that allowed temperatures 
to drop, and a strong near surface temperature inversion 
to form.

This work has identified that southeasterly sector winds 
were key to producing clear skies during winter in 
Auckland, both at the height of the top of the Sky Tower 
(around 1,000 ft (300 m)), but also extending up to 
around 3,000 ft (900 m).

Southeasterly winds over Auckland typically produce 
clear skies due to downslope warming and drying coming 
off the Coromandel, Kaimai and Hunua Ranges – even 
when no High is in play on the weather map. The highest 
points in the Kaimai and Hunua Ranges are 950m (about 
3,100 ft) and 688m (approximately 2,200 ft) in elevation, 
respectively. Drying and warming – and subsequent clear 
skies - would be expected below the height of the ranges.

This mechanism explains the ‘low or trough to the east’ 
situations which produce brown haze in Auckland, even 
when surface pressures are not high. It also explains why 

winter Highs lying over the Tasman Sea are not associated 
with brown haze events in Auckland, since cloudy 
southwesterlies typically keep minimum temperatures 
elevated, such that no strong near-surface temperature 
inversion forms.

Based on this analysis, MetService designed and 
implemented an automated forecast scheme that 
predicted when atmospheric conditions were strongly 
conducive to trapping air pollution.

The prediction scheme uses high resolution (4km) 
Numerical Weather Prediction (NWP) output to forecast 
the vertical state of the atmosphere over central Auckland 
for the coming 3 days. The scheme doesn’t ingest pollution 
data or model air pollution concentrations at all, as some 
schemes in other countries do - but rather predicts 
weather conditions that historically have been conducive 
to trapping air pollution (as defined by brown haze).

A pilot scheme to forecast significant pollutant days in 
Auckland was then established in the winter of 2017. The 
focus of the forecast scheme was to correctly forecast 
significant or extended brown haze events. The scheme 
also aimed to minimise ‘false alarms’, particularly winter 
Highs lying to the west of Auckland.

The forecast scheme validated well against camera 
imagery, both at the 30-hour and 54-hour validity period. 
There were only small differences in validation metrics 
between the two validity periods, and as such, the 54-
hour forecast could be preferentially used to enable a 
longer (two-day) lead time. 

The Pollutant Score was robust in that it accurately 
identified brown haze events in the region, with a good 
probability of detection and without significant over-
alerting bias. The only false alarm during the pilot study 
at the 54-hour validity period occurred during a long 
weekend (Queen’s birthday), highlighting the known 
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Addendum

Subjective assessment via camera imagery

The use of camera imagery to identify brown haze is 
subjective. 

The validation was performed daily, in near real-time 
whenever possible. Visual checks of state of the sky were 
routinely undertaken by MetService staff as part of their 
morning observation, in conjunction with checking the 
camera imagery. These observations also noted whether 

impact of emissions associated with Auckland’s rush hour 
on brown haze formation.

Pollutant Scores of around 40 tended to be associated with 
absent, partial or weak events, and with this knowledge, 
a slightly higher working threshold of 45 was adopted in 
an operational scheme that subsequently ran through the 
winter of 2018 and winter 2019.

The full validation undertaken here was based on the 
subjective identification of haze from camera imagery. An 
exploratory analysis of forecast Pollutant Score against 
quantitative air pollution concentration data recorded at 
a single site showed potential, with a relationship evident 
between large Pollutant Score and elevated concentrations 
of PM2.5.

Future work will include analysis of the forecast scheme 
against quantitative measurements of surface air pollution 
concentrations over a longer period (all three winters that 
the scheme has now been operating).   

If the Auckland Pollutant Score is continually found 
to validate well against surface pollutants through 
subsequent winters, the next (ultimate) step will be to 
initiate a ‘live’ Air Pollution forecast for Auckland during 
the winter period, complete with Auckland Council 
alerting of predicted high air pollution events to both the 
public and to District Health Boards.
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In addition, classifying a day as either brown haze 
present, (including a description of strong or weak brown 
haze), or no haze present, remained subjective between 
the observers. MetService staff are trained observers who 
routinely observe the state of the sky, whereas the other 
observers are not.

Fog layers, white haze/suspended sea salt, and cloud 
layers all cause optical effects that are not defined as 
brown haze, but visually, can be difficult to differentiate. 

An example of strong brown haze present is shown below:

cloud was present in the region, and this could be 
checked using Himawari-8 satellite data. On days when 
brown haze was forecast, or identified by MetService staff 
as visible (even on days that were not forecast), University 
of Auckland and Auckland Council staff were notified to 
employ independent visual checks enroute to work. 

Sometimes the visual check results varied between 
different areas of Auckland, with only part of the region 
affected by brown haze, or varied between time of day 
(with brown haze sometimes more obvious slightly later 
in the morning, when the boundary layer was deepening, 
and the brown haze was lifting).

1. Brown haze is obvious to the southeast (to left) and southwest (to right) of the Auckland CBD. A layer of 
stratocumulus is also present above the haze layer:
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Date
Pollutant Score 

T+54hrs
Haze on camera? Validation Status

3-Jun-17 45 No haze False alarm (long weekend)
17-Jun-17 44 Brown haze Hit
18-Jun-17 36 Weak brown haze Missed event (elevated NO2 only)
28-Jun-17 47 Strong brown haze Hit (elevated NO2)
29-Jun-17 60 Strong brown haze Hit (elevated levels all pollutants)
30-Jul-17 53 Brown haze Hit
31-Jul-17 76 Weak brown haze Hit
4-Aug-17 48 Brown haze Hit

22-Aug-17 39 Weak brown haze Missed event
23-Aug-17 61 Strong brown haze Hit

2. Weak brown haze is observed across the image, possibly being of slightly darker hue to the southeast (to the 
left) of the Auckland CBD. Note that this lowest-level was confirmed not to be cloud by both satellite data and from 
observation from the MetService Stanley Street office. There were, however, two very thin strips of cloud above the haze 
layer.

Forecast Pollutant Score for T+54 hours, listed if > 40 or haze observed
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1. Introduction

On Thursday May 14, 2015, an active front passed over 
the greater Wellington region of New Zealand causing 
severe flash flooding on both sides of the main dividing 
range of the lower North Island, effectively cutting 
Wellington off from the rest of the country. Flooding 
is quite common in New Zealand and it is in fact the 
most frequently occurring and costly weather-related 
hazard. Insurance claims for different weather-related 
hazards (i.e. excluding earthquakes) from the Insurance 
Council of New Zealand website (https://www.icnz.org.

nz/natural-disasters/cost-of-natural-disasters/), indicate 
that between 1968 and 2018 almost 75% of the total 
claimed costs are due to flooding. 

Flooding can often be associated with prolonged rain 
in the main dividing ranges of both main islands and 
subsequent overtopping of the banks of the main rivers 
as they flow down to the sea or intense convection and 
very high local rain rates operating for much shorter 
duration. The May 2015 case was of the latter type and 
associated with embedded bands of intense convection 
and very high local rain rates with totals of over 40 mm 
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convective banding
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Abstract

On Thursday May 14, 2015, an active front passed over the greater Wellington region of New Zealand with 
embedded bands of intense convection and very high rain rates. The front had a northwest to southeast 
orientation and the winds were predominantly from the northwest so the front moved along its length 
meaning the intense rainfall associated with the embedded organised bands was able to remain in place 
for up to half an hour or so. This led to severe localised flooding with return periods of just over 100 years 
in many areas from Waikanae southwards. Local models accurately forecast aspects of this event, for 
example rain, totals of up to 40 mm in an hour, but generally failed to get both the locations and timings of 
the most intense rain correct. In general, the forecast rain totals improved with model resolution but there 
was considerable variation depending on initial analysis time and the latest forecasts were not always the 
best. In this paper we investigate the key features that contributed to the intense rain and whether they 
can be simulated with current operational weather models. We also note the existence of a low level moist 
absolutely unstable layer in the lowest 2 km arising from advection of very high specific humidity air from 
the subtropics through the width of the front.
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in an hour in some places. Rather than the main rivers 
causing the flooding, it was local creeks becoming raging 
torrents that caused the most severe surface flooding. 
Usually, convective elements in a front would only 
remain over a fixed site for several minutes but this front 
had a northwest to southeast orientation and the winds 
were predominantly from the northwest, so the front 
moved along its own length meaning the intense rainfall 
associated with some of the organised bands was able to 
remain in place for up to half an hour. This led to severe 
localised flooding with return periods of just over 100 
years for 24-hour rain totals (based on data from the 
High Intensity Rainfall Design System (Carey-Smith et 
al., 2018)) in many areas of the lower North Island from 
Waikanae southwards. For this case, we are interested 
in why the convective elements of this particular event 
had a predominantly banded structure, whether they 
are resolved by locally available Numerical Weather 
Prediction (NWP) models and how sensitive their 
locations are to forecast initial conditions.

The seminal New Zealand thunderstorm climatology was 
published by C. G. Revell (1984). This study found that 
orographic and surface heating influences dominated 
thunderstorm activity, though most thunderstorms were 
also associated with frontal or surface wind convergence. 
Eastern areas and the central North Island showed a 
distinct diurnal and annual pattern in thunderstorm 
activity, attributed to the influence of surface heating. 
Elsewhere, higher thunderstorm frequencies were 
noticed during winter, speculating that this was a result 
of orographic influences (C. G. Revell, 1984; Sturman 
& Tapper, 2006). There have been very few studies of 
convection over New Zealand undertaken since then as 
pointed out in Hawke (2017). Most of these are works 
by New Zealand MetService staff and are not published 
externally. One of the difficulties associated with studying 
convection in New Zealand is lack of observations. 
The New Zealand radar network is one source that 
provides reasonable coverage and we are grateful to the 

New Zealand MetService for access to the 7.5-minute 
radar imagery for this storm. There is also a 12-hourly 
radiosonde flight from nearby Paraparaumu Aerodrome 
and a relatively sparse network of rain gauges in the 
greater Wellington region.

In this paper we first look at rainfall observations in the 
region and compare them with rainfall estimates that were 
available at the time from three NWP models available at 
NIWA: the UK Met Office run global Unified Model (UM) 
N768L70 - approximately 17 km grid resolution in our 
region; the New Zealand Limited Area Model (NZLAM) 
- 12 km grid; and the New Zealand Convective-Scale 
Model (NZCSM) - 1.5 km grid. To evaluate the effect of 
increased resolution we also ran a very high resolution 
one-way nested case-study configuration of the Unified 
Model with horizontal resolutions of 1.5 km, 300 m and 
100 m nested in the UK Met Office Global model. Neither 
NZCSM nor any of the three nested configurations used 
parameterised convection.

All of these models are local configurations of the UK 
Met Office Unified Model (Brown et al., 2012), which 
uses a semi-implicit, semi-Lagrangian dynamical core 
formulation known as ENDGame (Wood et al., 2014). 
The UM and the very high-resolution one-way nesting 
strategy used in this study has been applied previously in 
studies of convective processes (for example Hanley et al. 
(2014) and Lean et al. (2019)) and the burgeoning role of 
high-resolution convection-permitting models has been 
discussed in Clark et al. (2016). The majority of these 
UM-based studies have to date focussed on cases in the 
UK. NIWA has been using the UM for its NWP forecasts 
at meso-scale resolutions since 2007 and introduced the 
1.5 km resolution NZCSM in late 2014. Since an early 
attempt to simulate a severe weather event over the 
Southern Alps at high-resolution (then deemed to be 
1km horizonal resolution, Webster et al. (2008)), recent 
New Zealand-based case studies using this experimental 
strategy with the UM have focussed on wind (for 



16

Revell, Carey-Smith and Moore: A severe convective rain event

example Yang et al., (2016)) and coupling the NZCSM to 
downstream hazard tools such as a hydrological model 
for local flood forecasting (Cattoen et al., 2016). Thus, 
this study is a return to focussing on high resolution 
modelling of precipitation in the New Zealand context.

Results from the nested model allow us to assess the 
sensitivity of model rain forecasts to model horizontal 
resolution. We then look at the sensitivity of model rain 
forecasts to initial conditions by comparing the forecasts 
started at four successive analysis times, six hours apart. 
Finally, we look more closely at the structure of the 
key features that led to the intense rain and investigate 
whether they can be well simulated with current 
operational weather models. 

To illustrate the synoptic scale setup, in Figure 1 we show 
the infrared satellite image for 1007 to 1145 hrs NZST 
and the NZLAM forecast sea level pressure and wind for 
1100 hrs based on the 0600 hrs analysis both on 14 May 
2015 NZST. Note the subtropical origin of air ahead of 
the easternmost cloud band over New Zealand and its 
northwest to southeast orientation.

2. Comparison of Rainfall Observations 
with Model Predictions

2.1 Radar comparisons

In Figure 2 the locations and names of rain gauges that 
will be referred to in the following discussion and their 
corresponding observed maximum hourly rainfall in 
mm during the period 2100 hrs Wednesday 13 to 2100 
hrs Thursday 14 May, 2015, are presented. Figure 2 
also shows the maximum hourly rainfall in mm at each 
NZCSM model point for the same period. Maximum 
observed hourly totals at the observing points ranged 
between 8 - 40 mm. The NZCSM model predictions 
show a similar range of hourly totals, but not always in 
the same places as the observations. One interpretation 
of this might be that the model is capable of resolving 
the structures that produce rainfall of this intensity, but 
where the bands actually form is very dependent on 
initial conditions. To examine this idea further, Figure 3 
presents instantaneous surface rainfall rates as predicted 
by NZCSM for 0800 hrs on Thursday 14 May, for 
comparison with radar images of estimated surface rain 

Figure 1: Left: MODIS visible image: 1007 to 1145 NZST, 14 May 2015. Right: NZLAM forecast MSLP and wind for 1100 NZST from the 0600 NZST analysis 
also on 14 May 2015.
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Figure 2: Maximum hourly rainfall at each NZCSM model point during the period 9 pm Wednesday 13 to 9 pm Thursday 14 May 2015 with matching 
gauge amounts in mm.

Figure 3: Ten-minute rainfall accumulations ending at 8.00 am, on Thursday 14 May 2015, from the three nested high-resolution models, showing their 
banded structure. The lower right panel combines all three resolutions into a single image.
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rate. Two features immediately stand out, 1) the rain has 
a strongly banded structure, aligned along the direction 
of the wind (which is predominantly from the northwest) 
and 2) the intense rain begins out at sea, so this rain is not 
predominantly orographically driven but is associated 
with convective structures that are of the order of a km or 
so wide and several 10s of km long. This can also be seen 
in the MetService radar image in Figure 4 and in the inset 
enlargement which shows a band of frontal rain in blue 
(1 - 5 mm/hr) with embedded organised bands of intense 

convection 1 - 2 km wide and 10 - 20 km long in red (up 
to 45 mm/hr) near Waikanae and Paraparaumu for the 
nearest matching time of 0758 hrs NZST on Thursday 
May 14. The rain bands forecast by NZCSM are not in 
quite the same locations nor have the same scale as those 
depicted in the radar imagery, but they are of similar 
intensity and orientation and, by inspection of the radar 
data every 7.5 minutes, moving at similar speeds. As the 
model resolution increases, the scales of the observed and 
modelled structures show better agreement.

2.2 Individual Raingauge Comparisons

In Figure 5 we show the hourly rainfalls between 2100 hrs 
Wednesday 13 to 2100 hrs Thursday 14 at six of the rain 
gauge sites marked in Figure 2. Note all the sites except 
Wellington Airport have a period with rain totals greater 
than 15 mm/hr, with Belmont Raws approaching 40 mm/
hr at midday. Note the peak rate is reached at the same 
time at Mana Island and Belmont Raws. The line between 
these two stations is parallel to the movement of the 
convective bands and inspection of radar images spaced 
7.5 minutes apart indicates a band passing over the two 
stations between 1100 hrs and 1200 hrs. In fact, the radar 
imagery reveals that each of the stations has convective 

Figure 4: MetService Radar image for 7:58 am Thursday 14 May 2015 
showing a band of frontal rain (blue) with embedded organised bands of 
intense convection (red). Inset shows enlargement over the Kapiti area.

 1 See http://www.metsoc.org.nz/files/newsletters/2014/poster_careysmithposter_lowres_probprecip.pdf for details

Figure 5: Observed hourly rainfalls at 6 of the sites marked in Figure 2



19

Weather & Climate - Volume 39 - Issue 1

Figure 6: NZCSM predicted and corresponding observed hourly rainfalls at Wellington Aero (top), Paraparaumu EWS (middle) and Belmont Raws 
(bottom).
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bands passing over them during the hour corresponding 
to rainfall peaks.

In Figure 6 we show meteograms for 3 of the stations in 
Figure 5 comparing hourly rainfall predictions by NZCSM 
with those observed. The boxplots  show the range of 
precipitation amounts forecast by NZCSM within a 6 km 
radius of the location, while the shading corresponds to 
the proportion of this area having non-zero rainfall. In 
general, we find that NZCSM does fairly well when the 
rain totals are below 10 mm in an hour, but fails to get the 
rain totals (and possibly locations too) correct when they 
are above 10 mm in an hour. The model fails to predict 
the periods of intense rain at Paraparaumu between 0300 
hrs and 0900 hrs on 14th May. At Wellington, which 
missed the most intense rainbands associated with the 
event, the model slightly over predicts the rain totals. 
The model does quite well generally at the Belmont 
site but fails to get the isolated 38 mm/hr rainburst at 

midday and similarly at Mana Island, Upper Hutt and 
Rimutaka Forest Park (not shown). This value at Belmont 
stands out dramatically compared to all the other hourly 
totals at Belmont. However, radar imagery indicates 
the passage of an intense convective band at that time 
which would explain the observed rapid flooding of the 

Figure 8: NZCSM predicted total rainfall between 9 pm Wednesday 13 and 9 pm Thursday 14 May, 2015 for four forecast runs initiated at 3 am, 9 am, 
3 pm and 9 pm NZST on Wednesday 13 May.

Figure 7: View from Petone overbridge looking north over state highway 
2 about 12.30 pm on May 14, 2015. Photo: DAVID MORRISON.
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2015-05-13 
03:00 NZST

2015-05-13 
09:00 NZST

2015-05-13 
15:00 NZST

2015-05-13 
21:00 NZST

Observations

Levin Aws 23.5 17.5 48.0 31.0 40.4
Wellington Aero 88.4 50.0 66.6 58.2 32.2
Paraparaumu Aero Aws 41.0 35.6 76.9 41.5 142.0
Paraparaumu Ews 40.1 35.3 76.8 40.5 150.0
Wallaceville Ews 77.2 63.7 113.2 63.7 97.8
Wellington, Kelburn Aws 92.4 50.7 61.3 55.5 43.4
Mana Island Aws 78.3 54.2 81.8 36.1 74.8
Rimutaka Forest Park Raws 61.2 46.6 62.2 52.5 50.4
Belmont Raws 78.3 71.7 97.9 58.8 93.6
Titahi Bay Raws 74.2 60.4 80.7 40.0 73.0
Upper Hutt, Trentham Raws 71.7 62.9 116.4 62.5 98.6

Korokoro Stream, which is fed from the Belmont region, 
and subsequently State Highway 2 (shown in Figure 7), 
effectively cutting Wellington off from the Hutt Valley.

2.3 Sensitivity to initial conditions

In Figure 8 we look at the 24-hour rainfall totals for 
the Wellington Region between 2100 hrs Wednesday 
13 to 2100 hrs Thursday 14 May predicted by NZCSM 
starting from four different initial times: 0300, 0900, 1500 
and 2100 hrs NZST on Wednesday 13 May. Matching 
totals are displayed at the rain gauge sites along with the 
observations in Table 1. Clearly the 24 hr rainfall totals 
are sensitive to the initial conditions with the 0300hrs and 
1500 hrs runs giving significantly higher totals than the 
0900 hrs and 2100 hrs forecasts. In general, the 24-hour 
totals are reasonably well predicted at the gauge sites, 
with the exception of Paraparaumu. This considerable 
variation in model evolution from one run to the next 
highlights the influence of each model’s initial conditions 
and the stochastic nature of the triggering of convection 
at fine scales.

2.4 Sensitivity to model resolution

Table 2 shows the effect of model resolution and 
convective parameterisation on rainfall forecasts for 
five of the gauge locations shown in Figure 2. For 
NZCSM, a 1.5 km resolution model without convective 
parameterisation, median, 95% and 5% percetiles refer 
to the precipitation amounts forecast by NZCSM within 
a 6 km radius of the specified location. NZLAM is the 
regional 12 km resolution model and GLOBAL is the 
global 17 km resolution model both with convective 
parameterisation turned on. All the models under-predict 
the rain at Paraparaumu and generally over-predict 
the amount at Wellington. At the other three stations 
NZCSM is best, followed by the Global model and then 
NZLAM. It is difficult to make categorical statements 
from such a limited sample but generally the higher 
resolution NZCSM model gives the best results, although 
all models miss the intense 6-hour period of rain during 
the morning at Paraparaumu. Coupled to the sensitivity 
to forecast initial conditions highlighted in the previous 
section, it is clear that model resolution plays a role in 
the ability to correctly simulate rainfall totals on this scale 
and that a horizontal resolution of 1.5km may still not be 

Table 1: 24-hour rain accumulations in mm from 9pm on May 13 to 9pm on May 14 at the gauge sites for the four analysis times and corresponding 
observations.
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Table 2: 24-hour rain accumulations in mm from 9pm on May 13 to 9pm on May 14 at the gauge sites for the various models and corresponding 
observations.

Table 3: 24-hour rain accumulations in mm from 9pm on May 13 to 9pm on May 14 at the gauge sites for NZCSM, the high resolution nested mod-
els and corresponding observations. The NZCSM results are a repeat of those in the third column of Table 1

NZCSM 
median

NZCSM 
95%

NZCSM 
5%

NZLAM Global Observations

Wellington Aero 66.0 121.9 25.7 31.4 40.7 32.2
Titahi Bay Raws 84.8 159.9 42.3 60.1 102.2 73.0
Belmont Raws 89.6 159.5 44.6 47.6 75.6 93.6
Wallaceville Ews 114.2 230.8 47.5 34.9 65.0 97.8
Paraparaumu Aero Aws 69.1 178.9 27.6 54.7 87.5 142.0

NCZSM 
2015-05-13 
15:00 NZST

Nested 
1.5km

Nested 
300m

Nested 
100m

Observations

Levin Aws 48.0 22.2 22.1 40.4
Wellington Aero 66.6 60.3 59.8 32.2
Paraparaumu Aero Aws 76.9 12.5 25.3 36.2 142.0
Paraparaumu Ews 76.8 12.8 27.0 36.1 150.0
Wallaceville Ews 113.2 58.0 86.4 97.8
Wellington, Kelburn Aws 61.3 63.1 58.9 43.4
Mana Island Aws 81.8 53.3 71.2 88.4 74.8
Rimutaka Forest Park Raws 62.2 60.0 60.4 50.4
Belmont Raws 97.9 56.6 90.6 93.6
Titahi Bay Raws 80.7 54.1 74.0 73.0

enough to properly (or explicitly) capture the convective 
processes involved. 

Table 3 compares 24-hour rainfall totals from the higher 
resolution nested model runs against observations. The 
1.5 km nested model is the same resolution as NZCSM 
but driven from the UK Met Office global model initial 
conditions rather than the locally run 12 km data 
assimilating model (NZLAM). The NZCSM rainfall 
forecasts show the benefit of local data assimilation, as at 
many locations the nested 1.5 km model underestimates 
the 24-hour rain totals by a larger amount than 
NZCSM. However, as the resolution is increased in the 

nested model, the rain amounts become closer to the 
observations. All versions of the model clearly miss the 
significant rain bands that passed over Paraparaumu in 
the early hours of May 14th.

3. Structure of the moist layer

In this section we look in more detail at the properties of 
the moist layer in which the bands of convection develop.

3.1 Horizontal section

In Figure 9 we show a horizontal slice of the wet bulb 
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potential temperature (WBPT) field at 950 hPa or 
approximately 500 m above the model’s surface, for 
the region of the upper South Island, Cook Strait and 
the lower North Island, at 0400 hrs NZST on May 14. 
This is about the time the bands of heavy rain began 
over the lower North Island. There is a clear tongue of 
warm moist air (approx. 288.6 K) being advected at low 
levels from the northwest onto the lower North Island. 
This is based on the output from the 1.5 km resolution 

NZCSM model, initiated at 2100 hrs on May 13 so a 
T+7hr forecast. Although the details of the convection 
may not necessarily be correct, the model does appear to 
give a reasonable description of the larger scale flow as 
explained in the next section.

3.2 Vertical section

In Figure 10 we show the vertical cross section of WBPT 

Figure 9: Horizontal slice of Wet Bulb Potential Temperature (°K) at approximately 500 m at 4 am on Thursday 14 May 2015, covering the region of 
upper South Island, Cook Strait and the lower North Island. The white line indicates the location of the cross section in Figure 12.

Figure 10: Cross section of wet bulb potential temperature at the location and time indicated in Figure 11. Contours every 0.5°K.
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valid for the same time and along the white line marked 
in Figure 9 looking to the northwest. It clearly illustrates 
a layer of unstable air between the surface and about 3 
km as the WBPT decreases from about 289 K to 285 K. 
The layer below 2 km is completely saturated, so this is a 
moist absolutely unstable layer (MAUL). The larger scale 
flow, by providing copious amounts of warm moist air at 
low levels, appears to be destabilising the atmosphere at 
a faster rate than it can be released by convection. This is 
supported by the temperature and dewpoint observations 
from the radiosonde flight at Paraparaumu Airport 

at midnight NZST on the morning of May 14 shown 
in Figure 11. There is a clear MAUL between 800 and 
900 hPa (approximately 1 and 2 km). The significance 
of this is described in Bryan and Fritsch, (2000). They 
suggest the properties (e.g., depth and intensity) of the 
MAUL may help explain the variations in the cellular 
structure of the convection that occurs. In the presence 
of a MAUL, rather than the convection being in the form 
of an ensemble of discrete cumulonimbus towers, it may 
be possible for it to have the larger scale more banded 
structures, as is observed in this case. 

Figure 11: Temperatures and dewpoints from the Radiosonde flight at Paraparaumu Airport at midnight NZST on the morning of May 14. Pressures 
in hPa on the vertical axis and mixing ratios in g/kg on the horizontal axis.
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Figure 12: Vertical velocity valid at 5:10am on May 14 at 1605 m above the model surface on the 1.5 km, 300 m and 100 m grids. Black boxes on the 
1.5 km and 300 m domains indicate the extent of the nested sub-domain(s). The lower right panel combines all three nested resolutions together.
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3.3 Effect of very high resolution on rainband 
formation

As mentioned in Section 2.4, when compared to rain 
gauges, model forecast rain totals are generally better as 
resolution increases from the 17 km grid of the global 
model down to the 1.5 km grid of the convective-scale 
NZCSM. The global and regional models did not resolve 
the convective bands at all. However, although the 
NZCSM does produce convective bands they tend to be 
fewer than, larger-scale than and not always in the same 
location as those depicted in the radar imagery.

Figure 12 shows the rain-band evolution, in terms of the 
vertical velocity at 1600 m above the model surface, at 
0510 hrs on the morning of May 14, 2015, on the 1.5 km, 
300 m and 100 m grid spacing nests of the model. The 
main bands which are produced in the 1.5 km operational 
run are further resolved in the finer nests, generally with 
increasing intensity, more structure and smaller scales as 
resolution increases. On the 300 m grid and particularly 
on the 100 m grid there are many more shallower bands 
that are not initiated on the 1.5 km grid. Thus, it is 
possible that lack of resolution contributed to the failure 
of the operational 1.5 km run to produce rain bands at the 
correct locations.

4. Summary, discussion and potential 
further work

During Thursday May 14, 2015, an active front passed 
over the greater Wellington region with embedded 
bands of intense convection and very high rain rates. 
The front had a northwest to southeast orientation and 
the winds were predominantly from the northwest so 
the front moved along its length meaning the intense 
rainfall associated with organised bands was able to 
remain in place for much longer than that associated with 
purely cellular convection. This led to severe flooding 
with return periods over 100 years in many areas from 

Waikanae southwards.

The operational NZCSM demonstrated that it is capable 
of generating maximum hourly rain totals similar to 
what was observed. Reasonable forecasts were obtained 
when the rain amounts were below 10 mm/hr as well 
as reasonable 24-hour totals at all stations except 
Paraparaumu.  However, it failed to predict the high 
rain amounts above 10 mm/hr at the right place and 
time at the available rain gauges and also demonstrated 
high sensitivity to the initial conditions with forecasts 
initiated 6 hours apart producing significantly different 
forecasts. Increasing the model resolution from global to 
cloud scale and removing the parameterised convection 
scheme mostly leads to improved forecasts and the large 
differences between the 5% and 95% rainfall forecasts by 
NZCSM illustrates that this model is capable of producing 
sharp spatial gradients of extreme convective rain. The 
banded structure of the rain is captured by NZCSM at 1.5 
km resolution, but it appears resolution nearer to 100 m is 
needed to get the scales correct. These results suggest that 
the best use of the model output is to express convective 
type rain in probabilistic terms, and that ensemble 
methods may be a more appropriate way forward.

An ensemble forecasting study would be the subject of 
further work into this event, as would an investigation in 
to the sensitivity of the forecast rainfall to the moisture 
availability in the incoming airstream. 
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1. Introduction

The duration of bright sunshine is a variable routinely 
measured at climate stations, and it contributes to our 
understanding of weather and climate variability at 
local through to international scales.  Several different 
instruments are available to measure the duration of 
bright sunshine.  These may be broadly categorised as 
either ‘manual’ or ‘automatic’ instruments.  Historically, 

sunshine duration was typically measured using a 
manual Campbell-Stokes (CS) sunshine recorder.  These 
instruments comprise a glass ball suspended above a 
semi-circular or rectangular suncard.  Bright sunshine 
passes through the glass ball, and then burns a trace into 
the suncard.  Sunshine duration may then be interpreted 
by an observer, who measures the length of the burnt 
trace using a scale and equates this to the corresponding 
time.  In contrast, automatic instruments are electronic, 
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Figure 1:  Map of New Zealand, showing the four locations with sun-
shine duration data analysed in this study.

and measure sunshine duration by the length of time 
incident solar radiation exceeds a pre-defined threshold.

New Zealand has sunshine duration records dating back 
to the early 1900’s, when CS were traditionally used.  
CS continue to be used in New Zealand, however the 
contemporary upgrade of New Zealand’s climate station 
network has seen the introduction of automatic weather 
stations and associated electronic instruments.  This has 
resulted in the installation of electronic Kipp and Zonen 
CSD (K&Z) sunshine duration sensors, which were first 
deployed among New Zealand’s climate observation 
network in the early 2000’s.

1.1 Definition of bright sunshine

The purpose of both manual and automatic sunshine 
instruments is to measure the duration of bright sunshine.  
The sun must be sufficiently bright for a trace to burn in 
the suncard of a CS; if the sun is obscured by enough 
cloud then no trace will burn.  Painter (1981) found 
the irradiance threshold required to produce a burn on 
a suncard varied from 106-285 W m-2, with an average 
of 170 W m-2.  Several factors may contribute to this 
threshold range.  For example, studies have demonstrated 
that the threshold varies depending on sun angle and 
time of year (Painter, 1981; Kerr and Tabony, 2004).  In 
addition, high humidity or other sources of moisture can 
make the suncard damp and increase the solar intensity 
required to burn a trace (Lockart et al., 2015). 

The World Meteorological Organization (WMO) have 
produced guidance for practitioners that defines 120 W 
m-2 of direct solar irradiance as the threshold value for 
bright sunshine (WMO, 2010).  This guidance is used to 
inform the threshold of incident solar radiation required 
for an automatic sunshine instrument to record bright 
sunshine.  No attempt has been made to assess the veracity 
of this threshold value in the present study, particularly 
regarding what threshold was required to burn a trace in 

the suncard.

The K&Z instrument response is fixed by the manufacturer, 
and there is no reasonable way to apply a calibration 
factor to the sunshine duration. Nonetheless, the K&Z 
instruments are regularly compared with a reference K&Z 
at Lauder, and their threshold is tested against 1-minute 
measurements with a pyrheliometer calibrated by the 
Bureau of Meteorology. They are removed from service 
if the threshold is outside the manufacturer’s specified 
±10% of the 120 W m-2.

1.2 Study aims

Parallel measurements of bright sunshine duration 
by manual and automatic instruments are relatively 
limited in New Zealand.  There are four locations where 
both CS and K&Z instruments are operating in parallel 
at the same site; Hokitika, Invercargill, Kaitaia and 
Paraparaumu (Figure 1).  There have been no published 
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studies undertaken comparing the measurements made 
by the two instruments in New Zealand to date.  Several 
international studies have compared observations from 
K&Z instruments with CS instruments.  These have 
demonstrated both positive and negative differences 
in bright sunshine duration (Matuszko, 2015; Urban & 
Zajac, 2017; Baumgartner et al., 2018).  The purpose of 
the present study is to compare measurements of bright 
sunshine by both CS and K&Z at the four available 
locations.  In Section 2, CS data were compared with that 
obtained from K&Z.  To further explore the differences 
between CS and K&Z, measurements from both 
instruments were compared with solar radiation data 
(Section 3).  Using these comparisons, we aim to make an 
informed judgement about 1) which instrument is more 
suitable for measuring sunshine duration, and 2) whether 
homogenisation of New Zealand’s historic CS sunshine 
duration data with K&Z data are achievable.

2. Campbell-Stokes compared with Kipp 
and Zonen

The purpose of this section is to compare the parallel 
measurements of bright sunshine duration made by CS 
and K&Z instruments in New Zealand.

2.1 Method

All bright sunshine duration data were extracted from 
New Zealand’s National Climate Database (CliDB), 
which is maintained by the National Institute of Water 
and Atmospheric Research (NIWA). 

Sunshine data from K&Z instruments were available from 
the early 2000’s, however comparison of these data was 
limited to dates from July 2012 to September 2019.  This 
start date was chosen as the original CS suncards were 
available from this date, enabling spot-checks of CS data.  
All four locations with parallel observations available 
for sunshine using both CS and K&Z instruments were 

assessed.  These instruments are situated within the same 
climate station enclosure of 10 m x 10 m dimension.  Sun-
eye horizon profiles have been taken at each instrument 
site and show that the instruments share the same 
exposure to sunlight at each of the study locations.

Only concurrent daily sunshine data from both 
instrument types were used for analyses at each location.  
For a daily sunshine total to be obtained, all hourly 
data must be available for the day.  The sunshine data 
were aggregated into monthly totals and the percentage 
difference of sunshine hours between the two instruments 
was calculated, where: 

Percentage difference = (sum(K&Z sunshine hours) 
– sum(CS sunshine hours)) * 100 / sum(CS sunshine 
hours).

A negative percentage difference indicated that the 
automatic K&Z instrument measured lower sunshine 
duration compared to the manual CS recorder.  A positive 
difference indicated that the K&Z instrument measured 
higher sunshine duration compared to the CS recorder.  
It was expected that the K&Z instrument would record 
higher sunshine duration than the CS instrument, due 
to the higher sensitivity and sampling frequency of the 
automatic instrument.  This is additionally based on 
anecdotal comparisons following the introduction of 
K&Z instruments into New Zealand’s climate monitoring 
network, where sunshine durations obtained from K&Z 
instruments are frequently anomalously high compared 
to the historic sunshine duration climatology of a location 
(which is primarily based on CS data). 

A basic linear fit was applied between the monthly 
sunshine durations of the K&Z and CS instruments.  The 
correlation between the two sunshine instruments was 
also examined, and these results are presented in Section 
2.3.
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Figure 2: An example suncard, with hourly sunshine durations estimated by two different people.  The scale used to assist estimations is included 
above the suncard.

2.2 Data caveats

Sunshine duration from CS are obtained from suncards, 
which must be interpreted by manual observers.  As a 
result, a certain level of subjectivity is inherent regarding 
these data, which can result in dissimilar sunshine 
duration estimations from different observers (Figure 
2).  Ideally, all suncards would be interpreted by a 
single observer applying an objective measure, however 
this isn’t a practical solution.  Furthermore, the sheer 
volume of historic suncards (let alone their availability 
or lack thereof) means a ‘recount’ of historic records is 
impractical.  As a result, the CS sunshine duration data 
used in these analyses were the original data from CliDB 
without any re-estimation.

2.3 Results and discussion

Figures 3-6 are scatterplots of daily sunshine duration by 
month recorded by CS compared to K&Z instruments.  
Scatterplots have been generated for each month at each 
of the four study sites.  Each plot includes a reference red 

line of x = y; datapoints above the line indicate the K&Z 
CSD sunshine duration was higher than the corresponding 
CS sunshine duration.  An R-squared value associated 
with the linear trendline is included for each scatterplot.  
R-squared values are relatively high, ranging between 
0.93-0.97 at Hokitika, 0.89-0.96 at Invercargill, 0.89-0.95 
at Kaitaia and 0.90-0.95 at Paraparaumu.  Daily sunshine 
durations tend to cluster about the linear trendline at 
low and high sunshine durations, with higher dispersion 
observed for remaining sunshine durations.  This may be 
because on mostly cloudy (low daily sunshine duration) 
or mostly clear sunny (high daily sunshine duration) 
days, the K&Z and CS instruments tend to measure 
similar sunshine durations.  In contrast, at middling daily 
sunshine durations (relative to the time of year), sunshine 
durations measured by each instrument tend to be more 
dissimilar.  This may be partly attributed to the different 
measurement method of each instrument.  Specifically, the 
CS instrument will require a certain period of sustained 
sunshine for a trace to burn through the suncard.  In 
contrast, the K&Z instrument is operated a relatively high 
sampling frequency of three seconds.  Therefore, at times 
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Figure 3: Scatterplots of daily sunshine duration by month in Hokitika.  CS measurements are represented on the x-axis and K&Z measurements are rep-
resented on the y-axis. The red line is a reference of x = y.

Figure 4: Scatterplots of daily sunshine duration by month in Invercargill.  CS measurements are represented on the x-axis and K&Z measurements are 
represented on the y-axis. The red line is a reference of x = y.
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Figure 5: Scatterplots of daily sunshine duration by month in Kaitaia.  CS measurements are represented on the x-axis and K&Z measurements are repre-
sented on the y-axis. The red line is a reference of x = y.

Figure 6: Scatterplots of daily sunshine duration by month in Paraparaumu.  CS measurements are represented on the x-axis and K&Z measurements are 
represented on the y-axis. The red line is a reference of x = y.
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of frequently passing clouds the electronic sensor may be 
able to accrue periods of short sunshine duration, when 
those periods aren’t sufficiently long to burn a trace in the 
CS suncard.

Several outliers are also present in the scatterplots (see for 
example August and December at Paraparaumu; Figure 
6).  There are several potential sources of error regarding 
CS measurements, which primarily relate to the manual 
handling of these data.  For example, the trace burned 
into a suncard may be inaccurately interpreted by the 
observer, or the daily sunshine duration total may be 

entered into the climate database incorrectly. In addition, 
K&Z instruments could be a source of error if there are 
issues with calibration.

Figure 7 shows the percentage difference between the K&Z 
and CS instruments for each month of the year, at each of 
the four study locations.  Note that a positive percentage 
difference indicates the K&Z instrument measured 
higher sunshine duration than the CS instrument. 
Overall, the percentage difference is typically positive.  
The positive difference observed was highest at Hokitika 
for all months of the year.  The highest positive difference 

Figure 7: Percentage difference in hourly sunshine duration measured by K&Z and CS instruments, by month, for each of the four study locations.  
Positive values indicate the K&Z measured higher sunshine duration than the CS, whereas negative values indicate the K&Z measured lower sunshine 
duration than the CS. Error bars indicate the sampling error calculated using interannual variability of each month. Note that some data have been 
offset relative to the x axis, to avoid overlapping error bars.
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of approximately 23% was observed at Hokitika in March.  
A negative difference was observed in Invercargill from 
September to November, as well as January.  A slight 
negative difference was observed in Kaitaia in April.  
When combining the monthly data for the year overall, 
the average percentage differences at each site were 
approximately: Hokitika +17%, Paraparaumu +12%, 
Kaitaia +4%, and Invercargill +2%.  Sampling error bars 
have also been included in Figure 7, showing the monthly 
interannual variability as defined by the standard error 
of the mean monthly percentage difference. Interannual 
variability is relatively high for Invercargill in the months 
of March, April, September and October. Relatively low 
interannual variability is observed for Hokitika and 
Paraparaumu overall, except for Hokitika in the month 
of April.

It is unclear what factors have caused the observed 
differences in K&Z and CS sunshine durations.  One 
contributing factor could be the extension of the suncard 
burn trace during strong and intermittent sunshine, 
which can result in the overestimation of sunshine 
duration (Painter, 1981).  Furthermore, cloud types have 
an important role to play.  Matuszko (2012) found that 
under an overcast sky, higher sunshine durations were 
observed if the cloud type was Cirrus and Cirrostratus 
(i.e. relatively thin and high cloud) compared to 
Stratocumulus and Stratus (i.e. relatively thick and low 
cloud).  Some cloud data are available in New Zealand’s 
National Climate Database.  However, information 
pertaining to cloud amount and type is insufficient both 
spatially and temporally to further explore the effect of 
cloud on sunshine durations observed in New Zealand.

When observing the percentage differences presented in 
Figure 7, there is an apparent separation in the differences 
of Hokitika and Paraparaumu (percentage difference 
typically between 10% to 20%) compared to those of 
Invercargill and Kaitaia (percentage difference typically 
between -1% to 7%).  This likely can’t be accounted for 

by a latitudinal difference, as Invercargill and Kaitaia are 
at the extreme high and low latitudinal range of the four 
study locations.  One geographical feature of Hokitika 
and Paraparaumu is they each are situated on the western 
side of a mountain range.  Given the prevailing westerly 
flow of weather systems in New Zealand (Macara, 2018), 
these two locations may observe differences in variables 
such as the prevailing cloud type and relative humidity 
compared to Invercargill and Kaitaia.  Although not 
within the scope of the present study, these factors may 
be worthy of subsequent analyses.

The mean percentage differences should not be 
interpreted as any sort of correction factor. As is apparent 
in Figures 3 – 6, both instruments agree well at the ends 
of range, for overcast or clear skies. Rather, the differences 
occur for broken or scattered cloud, and a more detailed 
understanding of instrument responses would be required 
to reconcile the measurements.

3. Comparison with radiation data

As demonstrated in Section 2, differences in daily sunshine 
duration measurements from K&Z and CS instruments 
were common.  To assess which measurement is closer 
to the WMO definition of bright sunshine, the data 
from each pair of collocated instruments were compared 
with a measure of sunshine duration inferred from 
radiation data.  This enables a form of validation of the 
sunshine duration data, where radiation data provide a 
standardised measure to which both the automatic and 
manual sunshine duration data can be compared.  It 
is anticipated that the sunshine duration instrument 
sensor most closely resembling the radiation data will 
be performing most accurately with respect to sunshine 
duration measurements.

3.1 Method 

A pyranometer is used for measuring ‘global’ solar 
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irradiance on a planar surface.  Instruments of this type 
were operating in parallel with the sunshine instruments 
at all four of the study locations; indeed, they are deployed 
at over 100 sites in the New Zealand climate network, 
mostly recording at hourly timesteps. At three of the sites – 
Invercargill, Kaitaia and Paraparaumu – data are available 
from CliDB as 10-minute averages, from the start date of 
the sunshine duration analyses presented in Section 2 
(July 2012).  The WMO definition of sunshine duration, 
as in Section 1.1, is based on direct normal irradiance, 
from a sun-tracking pyrheliometer. Such instruments 
are installed at these same three sites, alongside shaded 
pyranometers that measure diffuse horizontal irradiance. 
It is usual to measure all three components, though global 
is a composite of the other two, because it provides for 
consistency checks as below.

Although 10-minute mean radiation data are available 
(10-minute average of 3-second sampling frequency), 
the highest sunshine duration recording frequency in 
CliDB is hourly.  Sunshine duration is recorded for CliDB 

to tenths of an hour (6-minute intervals), but that does 
not show when in the hour the sun was unobscured. 
This difference required aggregation of the 10-minute 
radiation data to hourly values, to enable comparison of 
radiation and sunshine duration data.

Before deriving the sunshine duration from radiation data, 
a series of quality checks were performed, and erroneous 
observations were removed from the 10-minute radiation 
data. Radiation data are often beset with errors, from a 
variety of causes including dirt, rain or frost on detectors; 
and misalignment of the pyrheliometer, the shade disk, or 
both. We calculated the corresponding solar zenith angle 
(Z) based on latitude, longitude and time of observation, 
and tested the expected relationship of measured Global 
radiation (G) to the ‘component sum’ of Diffuse (F) and 
Direct (R) radiation, which should satisfy: 

G = F + RcosZ

If all three components are measured with instruments 

Figure 8: Scatterplot of measured (x-axis) and derived (y-axis) radiation data for Invercargill, showing pre- (left plot) and post-processed (right plot) 
data.
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of the highest quality, the ‘component sum’ is the more 
accurate measure of G, but here it was just used as a 
consistency check because it was R values that were 
needed.

Quality checks applied to the radiation data:

1. Where all three components were present, 
global radiation as ‘component sum’ was derived as above 
and checked to ensure it was within 20 W m-2 of observed 
global radiation.  The observations (all three components) 
that did not match these criteria were discarded (Figure 
8).  Both 30 and 40 W m-2 were tested as thresholds, 
which did reduce the number of discarded observations, 
but not by a considerable margin. Therefore, we chose 20 
W m-2 for a higher threshold of accuracy.  This resulted in 
a rejection rate of ~55%.

2. If direct radiation was not present, it was derived 
from diffuse and global radiation for solar zenith angles 
below 85° subject to check 3 below.

3. Global clear sky irradiance Gc was estimated for 
each observation using the equation

Gc = G0(cos Z)g

The constants G0 = 1122 W m-2 and g = 1.15 were derived 
for Baseline Surface Radiation Network (BSRN) data 
at Lauder, as used and described in Liley (2018).  The 
derived global clear sky value multiplied by a factor of 0.5 
should be greater than observed diffuse radiation for the 
observations with Z < 85°.

After applying these quality checks, the 10-minute 
observations were converted into equivalent sunshine 
duration totals.  If the average direct radiation of a 
10-minute observation exceeded 120 W m-2, then this was 
assigned an equivalent sunshine duration of 10 minutes.  
If the average direct radiation was less than or equal to 120 

W m-2 for the 10-minute period, then a sunshine duration 
of 0 minutes was assigned.  These 10-minute equivalent 
sunshine durations were aggregated to hourly totals, 
then compared with the corresponding hourly sunshine 
observations obtained from the K&Z and CS instruments.  
All six 10-minute radiation data were required for the 
corresponding hourly equivalent sunshine duration to be 
calculated.

For analyses, the hourly K&Z and CS sunshine duration 
data were subtracted from the corresponding radiation-
derived data.  This enabled quantification of the 
difference in hourly sunshine duration measurements 
of each sunshine instrument compared to the radiation 
sensor.  For each hour, a tally was generated of the 
number of occasions where the sunshine duration from 
the K&Z instrument was closer to the radiation-derived 
data than the CS duration, and vice versa.  Mean Absolute 
Error (MAE) and Root Mean Squared Error (RMSE) 
were also derived, to assess the variation of the sunshine 
observations of each instrument from the radiation-
derived sunshine duration data.

3.2 Results and discussion

A summary of results comparing K&Z and CS sunshine 
duration data with radiation-derived data is shown in 
Table 1.  At each of the three study locations, there were 
considerably more occasions where the K&Z instrument 
measured a sunshine duration total closer to radiation-
derived data than did the CS instrument.  For example, in 
Invercargill there were 3204 occasions where K&Z data 
matched more closely to radiation-derived data than CS 
data.  This compares to just 565 occasions where CS data 
were a better match than K&Z data.  This comparison may 
be expressed as a ratio for Invercargill; for each occasion 
the CS sunshine duration was closer to radiation-derived 
data, there were 5.7 occasions where the K&Z sunshine 
duration was closer.  In Kaitaia and Paraparaumu, the 
ratios were both 1:2.4.
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Mean absolute errors of the sunshine duration instruments 
compared to radiation-derived data were considerably 
different.  For the CS, mean absolute error ranged from 
0.22-0.32 hours between the three study sites.  In contrast, 
the K&Z mean absolute errors ranged from 0.07-0.09 
hours.  Similarly, the K&Z root mean squared errors were 
lower compared to those derived from CS data.

Figure 9 includes a series of histograms for each of 
Invercargill, Kaitaia and Paraparaumu.  These histograms 

illustrate the distribution of hourly differences between the 
sunshine duration measured by each sunshine recorder 
and the radiation-derived sunshine duration.  The K&Z 
data have a unimodal and skewed-left distribution.  In 
addition, there is a high concentration of observations just 
below zero.  For CS, data have a unimodal and symmetric 
distribution.  The highest concentration of observations 
also falls just below zero.  

For both the K&Z and CS, the centre of data is less than 

Figure 9: Distribution of hourly differences between CS and K&Z sunshine duration data and radiation-derived sunshine duration data.
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days; whereas the differences appear higher on days 
of periodic cloudy weather.  Further investigation is 
required to verify this apparent relationship.  Overall, 
all four study sites demonstrated a positive percentage 
difference in average monthly sunshine duration when 
comparing K&Z and CS data, which indicates that the 
K&Z instrument recorded higher sunshine durations.  
Percentage differences between the four study sites 
ranged from an annual average of +2% at Invercargill 
to +17% at Hokitika.  However, Invercargill observed 
four months where the average percentage difference 
was negative, and Kaitaia observed one such month.  
Homogenisation of CS sunshine duration data with 
K&Z data would be a beneficial goal, to allow better 
comparison of contemporary sunshine duration data to 
New Zealand’s historic sunshine duration data (e.g., Liley, 
2009).  However, both the intra- and inter-site variability 
of concurrent sunshine duration measurements made 
by these instruments mean such homogenisation would 
prove challenging and ultimately unsuitable.  

Hourly sunshine durations were derived from radiation 
data, with 120 W m-2 applied as the sunshine occurrence 
threshold.  This provided a standardised reference for 
comparison with sunshine instrument data. By taking 
radiation-derived data as reference, K&Z sunshine 
duration data were more frequently closest matching 
compared to CS data.  In addition, mean absolute errors 
and root mean squared errors were considerably lower for 
K&Z sunshine duration data.  Based on these results, the 
K&Z instrument is more suitable than the CS instrument 

zero (i.e. negative bias).  This suggests that, on average, 
the sunshine instruments recorded higher sunshine 
duration compared to radiation-derived data.  However, 
it is important to note that the radiation-derived sunshine 
duration was only available at 10-minute resolution.  As 
such, hourly radiation-derived sunshine duration totals 
could only be either 0, 0.17, 0.33, 0.50, 0.67, 0.83 or 
1 hour.  In contrast, sunshine duration data from the 
sunshine instruments were available at a resolution of 0.1 
hours (6-minute resolution).

It might be expected that duration values derived from 
10-minute means would lead to positive bias in the 
difference from K&Z or CS, as direct irradiance of 800 W 
m-2 (Z ≈ 70°) for just 90 seconds of the 10 minutes would 
ensure a mean value above 120 W m-2.  This difference 
may also contribute to the negative bias observed in 
Figure 9. Data of higher time resolution are not available 
for sites with simultaneous CS and K&Z data.  At Lauder 
there are K&Z measurements alongside BSRN data for G, 
F, and R at 1-minute resolution, and these would support 
further study of any bias from time-aggregation, but that 
may not help to reconcile the recent K&Z data with past 
Campbell-Stokes records.

4. Conclusion

K&Z and CS instruments frequently measure different 
daily sunshine durations during all months of the year.  
The difference in sunshine duration measured by each 
instrument appear smaller on mostly sunny or cloudy 

Site name Campbell-Stokes Kipp and Zonen
Tally of closest 
observations

Mean Absolute 
Error

Root Mean 
Squared Error

Tally of closest 
observations

Mean Absolute 
Error

Root Mean 
Squared Error

Invercargill 565 0.32 0.41 3204 0.07 0.15
Kaitaia 372 0.22 0.29 895 0.09 0.14

Paraparaumu 506 0.23 0.30 1205 0.09 0.14

Table 1: Statistics derived from comparing hourly CS and K&Z sunshine duration to radiation-derived sunshine duration
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Weather, 59, pp. 90-95.
Liley, J. B., 2009. New Zealand dimming and brightening. J. 

Geophys. Res., 114, D00D10.
Liley, J. B., 2018. Stability of solar radiation sensor 

calibration in the NZ Climate Network. Weather 
and Climate, 38, pp. 26-35.

Lockart, N., Kavetski, D. and Franks, S. W., 2015. A new 
stochastic model for simulating daily solar radiation 
from sunshine hours. International Journal of 
Climatology, 35, pp. 1090-1106.

Macara, G. R., 2018. The climate and weather of New 
Zealand. NIWA Science and Technology Series 
Number 74.  ISSN 1173-0382. 50p.

Matuszko, D., 2012. Influence of cloudiness on sunshine 
duration. International Journal of Climatology, 32, 
pp. 1527-1536.

Matuszko, D., 2015. A comparison of sunshine duration 
records from the Campbell-Stokes sunshine recorder 
and CSD3 sunshine duration sensor. Theoretical and 
Applied Climatology, 119, pp. 401-406.

Painter, H. E., 1981. The performance of a Campbell-Stokes 
sunshine recorder compared with a simultaneous 
record of the normal incidence irradiance. 
Meteorological Magazine, 110, pp. 102-109.

Urban, G. and Zajac, I., 2017. Comparison of sunshine 
duration measurements from Campbell-Stokes 
sunshine recorder and CSD1 sensor. Theoretical and 
Applied Climatology, 129, pp. 77-87.

World Meteorological Organization, 2010. Manual on the 
Global Observing System (WMO-No. 544), Volume 
I. Geneva.

for the measurement of sunshine duration.  This is 
pertinent given the WMO’s definition of bright sunshine 
as 120 W m-2 of direct solar irradiance, as it is important 
for climate observations to follow contemporary and 
internationally accepted best practice.

Future work could include investigation of the CS and 
K&Z observing higher sunshine duration compared to 
the radiation-derived sunshine durations.  In addition, 
further examination may provide insight regarding the 
relatively high percentage differences between K&Z and 
CS instruments at Hokitika and Paraparaumu compared to 
Invercargill and Kaitaia.  At present, radiation data stored 
in CliDB are of 10-minute resolution and K&Z data are 
stored at hourly resolution.  However, these instruments 
sample at a frequency of three seconds.  Obtaining 
data of higher temporal resolution could be beneficial 
to future investigations.  It is desirable to maintain the 
current network of CS sunshine recorders for as long as 
possible.  This will enable continued ability to compare 
contemporary sunshine duration observations from 
manual instruments with New Zealand’s most historic 
observations. 
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1. Introduction

Accurate landslide predictions are essential for mitigating 
physical, social and economic risk. Landslides account 
for some $18M p.a. direct costs to EQC (Sally Dellow, 
pers. comm.) and have a significant impact on the wider 
community when damage to commercial buildings, 
transport, utilities and indirect and social costs are 
included ($250M p.a.; Page, 2014). Some 90% of triggered 
landslides are related to rainfall processes (Sally Dellow, 
pers. comm.). In a warming climate, the severity of 
extreme rainfall is expected to increase (IPCC 2013; 
MfE 2018), which will in turn impact the frequency of 
incidences of landslides.

Research in New Zealand on rainfall-induced landslides 
has focused on geomorphology and geomechanics, for 
example making use of advanced satellite-based slip 
mapping techniques and aerial photography campaigns. 
Rainfall-Induced Landslide Hazard Models (RILHMs) 
which forecast the probability of slope failures have been 
proposed and tested (Dellow et al., 2010, 2012). RILHMs 
are the standard way to calculate landslide risk, with 
more complicated models involving details like soil type, 
vegetation and human activities. This paper only looks 
at terrain gradient and rainfall to observe how different 
rainfall data affects the outcome of the model.

The accuracy of RILHMs must to some extent be limited 
by the spatial and temporal representativity of rain gauge 
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observations that fail to capture the significant spatial 
variability of intense, localised rainfall. Rain radar provides 
an attractive solution to the rain gauge spatial sampling 
limitations. However, Milsom et al. (2007) found the 
standard hourly “gauge corrected” radar accumulations 
generated by Meteorological Service of New Zealand 
Ltd. (MetService) to be unsuitable for detailed sewer 
infiltration and flow modelling, at scales broadly similar 
to those required for RILHM. In the authors’ view, non-
expert radar users are often confronted by processed 
radar data which suffers from significant methodology 
errors; no treatment of sampling intermittency (due to a 
7.5 minute duration volume scanning strategy), lack of 
rigour in addressing and correcting range-related biases, 
a poorly implemented ground clutter suppression scheme 
and over-reliance on gauge-adjustment in an attempt to 
wash out the cumulative effects of sub-standard processing 
results in large localised biases in the rainfall analysis. 
Significant further post processing and quality control 
was found to be required to provide unbiased and usable 
sub-hourly (1 minute)  radar data suitable for stormwater 
applications (Sutherland-Stacey et al., 2017). MetService 
data licencing mean that this newer analysis cannot be 
deployed for RILHM at present. In the meantime, it is 
instructive to consider observations from a research 
radar platform with broadly similar characteristics, albeit 
over a smaller area. 

The Gisborne region is one of the most erosion prone 
areas in New Zealand (GDC, 2013), yet the region is only 
sparsely gauged. In 1996, the University of Auckland 
deployed a mobile rain radar to the Matawai region in the 
path of an extratropical cyclone with the aim of observing 
orographic enhancement processes associated with the 
onshore easterly flow. Some two decades later, the data is 
still of much higher spatial and temporal resolution than 
any operational rainfall observing system on the East 
Cape, including the recently commissioned MetService 
radar at Mahia. 

In this work, the available radar data from 1996 is 
revisited to provide spatial rainfall estimates for a 
conceptual RILHM. The radar data has been used at its 
original resolution (100x100m) and also sub-sampled to 
generate synthetic rain-gauge measurements within the 
monitored area. Comparisons of RILHM hazard maps 
driven with spatially resolved radar-derived rainfall 
or with synthetic rain gauge results have been used to 
investigate the sensitivity of RILHM performance to 
the rainfall gauge data which is currently operationally 
available. Investigating the suitability of regional rain 
gauge networks for RILHM is very timely given the 
planned operationalisation of landslide “Nowcasting” at 
the National Geohazards Monitoring Centre (NGMC) 
(Sally Dellow, pers. comm.).  

2. Methods

2.1 Radar Rainfall Observations and Rainfall Hazard 
model

The University of Auckland mobile X-band “Caravan” 
radar collected observations of rainfall in Matawai (radar 
sited at 38° 22’ 01.47’’ S, 177° 32’ 45.68’’ E at an altitude 
of 609m, Photograph 1) between 25 and 28 January 1996. 
The data and its original analysis are described by Jordan, 
Seed and Austin (2000). An example of an instantaneous 
rainfall field obtained from the radar observations is 
provided in Figure 1. 

Archived processed radar data was available for seven 
hours during the time interval between 27 and 28 January 
1996 with a 5 second sampling frequency.

In this proof of concept study we ignore the significant 
difficulties in calibrating radar estimates of rainfall. 
This would be problematic if radar results were to be 
compared with real rain gauge measurements. However, 
synthetic rain gauge results are drawn from the same 
[uncalibrated] radar data set, ensuring there is no relative 
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bias between the point and spatial rainfall estimates. The 
choice of a synthetic rain gauges approach is pragmatic, 
firstly it avoids the radar calibration requirement and 
isolates spatial representation errors from pointwise 
rainfall estimation errors associated with both radar 
and rain gauge measurement types, allowing for a 
discussion of the suitability of using spare point sampling 
approaches (such as gauges) for RILHM. Secondly, we are 
unaware of any nearby rain gauge observations for the 
radar observations considered in this study. A downside 
of ignoring radar-rainfall estimation errors is that the 
thresholding or rainfall intensities is essentially arbitrary 
(any systematic radar calibration errors or unsuitability 
of the chosen Z-R relationship, which can be ignored 
for the synthetic gauge comparison, now manifest in an 
unknown relative bias on the chosen thresholds). On the 
other hand, in an operational system it might actually be 
preferable to ignore the complicated reflectivity-rainfall 
transformation entirely and instead set dBZ thresholds 
which best predict observed slipping. 

The principal radar measurement is reflectivity (Z), 
typically expressed in logarithmic terms (dBZ = 10 log Z). 
Light rain is associated with reflectivity values between 20 
and 30 dBZ and a heavy rainfall is characterised by values 
above 40 dBZ. The rain accumulations (mm) over each 
5-second interval were calculated from the reflectivity 
measurement as follows. Rain rate (R) in mm/hr was 

calculated using the Marshall-Palmer (1948) relationship;

Rainfall accumulations (A) in mm for each 5-sec sampling 
interval (∆t=5/3600 hr) was calculated;

A = R∆t 

Summing the accumulation values over an hour gives the 
total radar-derived hourly accumulation for each pixel. 
An example of the resulting rainfall accumulations is 
provided in Figure 2. 

Photograph 1: A scenic view in the Matawai region, looking South over the region interrogated by the radar in 1996.

Figure 1: Radar Reflectivity (dBZ) at 12:17:37 NZST 28 Jan 1996 overlaid 
on topographic contours (100m contours).
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These hourly accumulations, which broadly reflect the 
transient intensifications of rainfall, were classified in 
terms of the associated landslide risk suggested by the UK 
Met Office (2007), as reproduced in Table 1. The resulting 
risk mappings for the 1 hour periods are provided in 
the bottom of Figure 2. It is worth mentioning that 
the research radar platform, with a scan cycle of about 
10 seconds, is well suited to the production of hourly 
accumulation maps as the advection of rainfall between 

scans is typically much less than the pixel size. The much 
longer sampling intermittency typical of national radar 
observation platforms can lead to the introduction of 
significant representation errors into radar derived 
accumulation maps (Shucksmith et al., 2011) which 
would then propagate onto any coupled modeling. 
Therefore, the sampling intermittency of the national 
radar observations will need to be dealt with if national 
radar observations are to be used in RILHM. 

Figure 2: Radar Total Accumulation (mm) – Top Left: between 11:42 and 12:42  28 Jan 1996 and Top Right: between 10:06 and 11:06 28 Jan 1996. Bot-
tom: Corresponding Rain Accumulation Risk Classifications. Regions where no radar measurements were made or where returns from ground targets 
dominate meteorological signals are masked in grey.
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Rain Type Rain Accumulation (mm)

Slight (0) < 0.5
Moderate (1) 0.5 - 4
Heavy (2) 4 - 6
Severe (3) > 6

Table 2: Slope susceptibility

Susceptibility: Slope Slope Angle

Low (0) < 20°
Medium (1) 20° - 28°
High (2) 28° - 36° 
Very High (3) > 36°

2.2 Terrain Risk model

A slope susceptibility map was created from 100-m 
topographic data. The probability of landslides in locations 

with gradients below 20° were excluded, as shallow slopes 
are deemed unlikely to experience landslides (Duc, 2013). 
Higher risk was assigned to gradient brackets above 20° 
in 8° increments. Figure 3 shows the Matawai terrain and 
elevation map which gives an overview of the terrain and 
slope data. The susceptibility intervals are shown in Table 
2 according to Do Minh (2013).

2.3 Dynamic Risk Maps and Spatial Sampling

RILHM requires the combination of terrain susceptibility 
and rainfall triggering. As a conceptual starting point, 
the terrain and rainfall risk indices were combined 
multiplicatively for each hourly period to produce 
Rainfall Induced Landslide (RIL) risk maps.

While no rain gauge data was available, it is reasonable 
to expect that at most a single rain gauge would be 
available within the study area in backcountry East Cape. 
Thus, synthetic rain gauge results are drawn from the 
median and maximum results from the radar data set. 
Corresponding gauge RIL risk maps were produced as a 
comparison to radar RIL risk maps. 

An ensemble of point rainfall sampling realisations 
was drawn from 200 randomly located synthetic rain 
gauges for all the hourly radar accumulations. HITS, 
MISSES, FALSE ALARMS and CORRECT NEGATIVES 
were analysed by finding the Probability of Detection 
(POD) and the False Alarm Ration (FAR). The following 
equations show how these were calculated. These values 
range between 0 and 1. The perfect score for the POD is 
1, whereas the perfect score for the FAR is 0 (Jolliffe and 
Stephenson, 2012).

Figure 3: Terrain map in the region surrounding the radar at Matawai, 
showing site elevation with 100-m contours. The radar was located 
at (0,0).

Table 1: Rain accumulation classifications
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3. Results

Figure 4 provides the resulting RIL risk maps for the same 
hourly periods as plotted in Figures 2. 

Figure 5 represents different realisations of RIL hazard 
maps derived from subsampling one gauge location from 
radar accumulations 11:42 to 12:42 28 Jan 1996, for a 
gauge that (by chance) samples the spatial median rain 
accumulation for the hour (left) or the maximum pixel 
accumulation (right). The trivial case of a rain gauge 
which samples a low rainfall amount (whereby the risk 
everywhere is “low”) has not been plotted. The maximum 
synthetic accumulation overestimates the area impacted 
by rain, and therefore the associated landslide risk is 
overstated as any area with significant slope set off an 
alarm. Similarly, the uniformity of a gauge measurement 
means that even the median accumulation assigns risk 
(albeit lower) to all sloped areas.

For a real rain gauge measurement, it is not possible 
to know if the gauge sampled a representative rainfall 
amount for any discrete event (perhaps more correctly, 
the gauge record generates little or no information about 
the degree of spatial heterogeneity or anitrosophy of the 
rainfall). However, repeated random sampling of single 

hypothetical point rainfall measurements from the hourly 
radar data can be used to explore the sensitivity of the RIL 
risk maps to the sampling location.  

For each synthetic rain gauge, a spatial RIL risk map was 
constructed and validated against the equivalent radar-
derived RIL risk map at the “High” hazard level. HITS, 
MISSES, FALSE ALARMS and CORRECT NEGATIVES 
were registered as shown in Table 3.  

Rain gauge 
Ensemble

Radar RIL Risk

YES (index>=6) NO (index<6)
YES (index>=6) HITS 

0.0208
FALSE ALARMS
0.0422

NO (index<6) MISSES
0.0288

CORRECT NEG.
0.9067

A variety of skill score metrics could be constructed from 
the aggregated HITS, MISSES and FALSE ALARMS and 
used to assess model performance. Two key metrics are 
chosen for the assessment reported in this work.

The POD - the fraction of observed YES events that were 
correctly forecast and FAR - the fraction of predicted YES 

Figure 4: Combined RIL risk map for the same 1-hour time periods as Figures 2 (Left: between 11:42 and 12:42  28 Jan 1996 and Right: between 10:06 
and 11:06 28 Jan 1996).

Table 3: Contingency table for the radar and simulated gauge ensemble 
data for 200 synthetic rain gauge RIL risk maps
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events that did not occur, were determined to be 0.42 and 
0.67 respectively for the ensemble of randomly located 
synthetic rain gauges.

The comparatively low POD and high FAR show that for 
a single rain gauge, it is more likely that the associated 
RIL risk map will contain more pixels which are  “FALSE 
ALARMS” than “HITS”, when compared to a radar derived 
RIL. These values highlight the potential insufficiencies of 
rain gauge data in landslide prediction systems compared 
to the radar-driven model. 

4. Discussion and Conclusions

The results demonstrate the difficulties in sampling 
the spatial and temporal character of rainfall   and 
implications for coupled modeling approaches. Rainfall 
is highly variable in both space and time and localised 
short duration, high intensity, rainfall patterns are almost 
impossible to resolve with rain gauge networks, meaning 
any coupled modeling activity which is sensitive to these 
scales may be confounded by poorly representative 
boundary conditions. The work particularly highlights 
the propagation of the spatial sampling errors associated 
with point gauge measurements into rainfall-derived risk 

maps. On hourly time scales, the extent of the landslide 
risk estimate has been shown to be highly dependent on 
the (essentially random) location of the rain gauge and 
“MISSES” and “FALSE ALAMRMS” dominating the rain 
gauge risk maps. Rain-gauge based estimation methods 
may therefore be a dominant source of uncertainty in 
RILHM when any degree of heterogeneity exists in the 
rainfall field and therefore it may not be appropriate to 
rely solely on rain gauge measurements in this application. 
This is important for landslide prediction systems as 
rain radar provides the detail necessary to assess risk in 
areas with significant gradients. This study has analysed 
a limited hourly dataset as a first step to investigate the 
implications of using radar or gauge data in landslide 
prediction.  An extension would be to repeat the  analysis 
with a much larger data set and make comparisons 
directly with rain gauge records. This would best be done 
with  the long term (multi-decadal) records from the 
national radar network. Comparison of risk maps with 
actual landslide locations has been excluded for this work, 
primarily due to the difficulties in sourcing records for an 
event which occurred some two decades ago. Future work 
will explore slipping associated with more recent events 
for which comprehensive satellite derived landslide maps 
exist.

Figure 5: Hypothetical RIL risk for a rain gauge which happened to sample the median (left) or maximum (right) accumulation for the period between 
11:42 and 12:42 28 Jan 2019. 
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Giles: The Madhouse Effect

The lead author is best known for two things: he was 
the author of the ‘hockey stick diagram’ and so started 
off that controversy, and he was hounded for his part 
in ‘Climategate’. (Giles, B.D. 2014).  The second author 
is a cartoonist with the Washington Post.  The book first 
appeared in hardback in 2016 but this paperback edition 
was updated and so includes the effect of the American 
Presidential election in late 2016.

The book consists of nine chapters which lead the reader 
from a simple discussion of ‘what science is’ to the ‘age 
of Trump’ via a discussion of climate change, its denial, 
and the future.  Throughout there are pertinent cartoons 
provided by Toles.  The book is very much northern 
hemisphere and American based.

The first chapter discusses science in terms of scepticism, 
the hockey stick controversy and misinformation (via the 
well known ‘merchants of doubt’).  Unfortunately there is 
no mention of geological changes in CO2 and temperature 
– which leads and which follows – yet this is surely 
pertinent.  The second chapter, entitled ‘climate change’ 
discusses the basics – higher temperatures, drier/wetter 
conditions, extremes and sea level rises all with examples 
as well as ocean circulation and possible tipping points.  

Chapter 3 asks the question ‘why should we bother?’ in 
terms of the food-water-energy nexus, ecosystems and 
ethics.  It depends very much on the IPPC3 (2001) rather 
than the updated IPPC4 (2007). Readers of this review 
will also know that there were further reports issued 2014 
(Fifth) which will be followed by the Sixth (2022) but 
these are outside the time frame of the book.

The authors next consider the stages of climate change 
denial: it’s natural, it’s self-correcting, it’s too expensive 
and finally they introduce the concept of geo-engineering 
which is further expanded upon two chapters later. The 
reviewer has a problem with this. Having introduced the 
concept, it should be followed through but the authors 
clearly had a book plan so the topic is left hanging for 47 
pages.  Chapter 5 is a well written and succinct chapter on 
‘the war on climate science’ which 

 “may well continue as long as there are fossil fuels 
to be mined and mercenaries to be hired”

Two well known deniers, Frederick Seitz and Fred Singer 
(Siegfried) come in for criticism as well those in the Press 
who deliberately attempt the personal destruction of their 
opponents by smear campaigns (the authors’ words, not 

Book review: The Madhouse Effect: How climate 
change denial is threatening our planet, destroying 

our politics, and driving us crazy
B.D. Giles

Correspondence: gilesnz@orcon.net.nz

M.E. Mann and T. Toles.  The Madhouse Effect. How climate change is threatening our planet, destroying 
our politics, and driving us crazy. Columbia University Press, New York. Paperback edition 2018. $26.35. 
Booktopia. ISBN 9780231177870. 222 pages. Also available as an e-book ISBN 978023154817 $18.50. 
Hardback (2016) ISBN13 9780231177863, $33.32



51

Weather & Climate - Volume 39 - Issue 1

mine) such as that against Stephen Schneider.  The lead 
author leaves his own experience to the next chapter 
where he discusses the hypocrisy of climate change denial 
by politicians such as Cuccinelli (former attorney general 
of Virginia), Senator Inhofe (Oklahoma), Representative 
Barton (Texas), and Senator Cruz (Texas).  The 
“climategate’ affair is described. It erupted in the weeks 
before and international climate change conference to 
be held in Copenhagen in December 2009, Thousands 
of e-mails were hacked from the Climate Research Unit 
of Cambridge (England) computer, cherry-picked for 
relevant phrases and utilised by the denialist press.  It 
resulted in nine different investigations in both the 
United Kingdom and the United States that found none 
of the authors had behaved improperly. But this did not 
prevent the denialist media (Rupert Murdoch, the Saudi-
owned Kingdom Holdings, and the Koch Brothers) from 
having a field day. A detailed account was published by 
Pearce (2010) and a ‘deniers’ account by Montford (2010) 

We then return (without any back reference) to a chapter 
on geoengineering which is useful given the New Zealand 
press interest in the subject in the last 12 months, the New 
Zealand Productivity Commission Final Report (August 
2018, released 4 September 2018) and the setting up of 
the Cambridge (UK)-based Centre for Climate Repair 
(Daily Mail, 2019). The chapter interestingly begins with 
the nursery song about the old lady who swallowed a 
fly which the authors explain is a parable on the risks of 
geoengineering.  They point out that many geoengineering 
solutions are entirely speculative and may have disastrous 
results.  Nevertheless, they go through four ideas with the 
for and against arguments: reflective mirrors in space, 
iron seeding of the oceans, reflective particulates put into 
the upper atmosphere (emulating volcanoes), removing 
CO2 directly from atmosphere (emulating plants), and 
conclude 

 “The fundamental problem of geoengineering 
solutions is the monumental danger of tinkering with a 
complex system we don’t fully understand”

So far, the book has been rather negative and this theme 
continues in Chapter 8 that is a US-centric and out of date 
and will not endear itself to the fuel lobby.  It was written 
before the presidential election of 2016 so spends time 
on the Obama “Clean power plan”, a top down approach 
and compares it with Greensburg (Kansas) town which 
has a population of under 1000 people and the co-
operation between the states of California, Oregon and 
Washington, both bottom up approaches.  Collaboration 
between world states, (American) public opinion (The 
Peoples March of September 2014), Pope Francis’s 
campaign (April/May, 2015) is discussed in detail and 
the chapter ends with an exhortation for the reader to get 
involved by leaving the madhouse, joining a pro-climate 
change group, vote for pro-climate change politicians, 
and take on the ethos of environmental sustainability.  
This was clearly the concluding chapter of the hard-back 
edition (2016) but a post-Trump chapter is added in the 
paperback version – ‘Return to the Madhouse, climate 
denial in the Age of Trump’.  Here we are told of the 
deniers who have been moved into key political roles in 
the Trump administration: Vice President Mike Pence 
(who does not accept the scientific consensus that human 
activity is the primary driver of climate change and hence 
is a  darling of the Koch Brothers), Secretary of State Rex 
Tillerson (former CEO of ExxonMobil), former attorney 
general of Oklahoma Scott Pruitt (Environmental 
Protection Agency), former Texas Governor Rick Perry 
(Department of Energy), former congressman Jim 
Bridenstine (NASA, although he reversed his position 
and had become a climate change believer in May 2018.).  
The possible (?) Russian connection is picked over and 
the latest severe weather outbreaks (in America) are laid 
at the door of the Trump administration – West Coast 
wild fires, three devastating hurricanes (Harvey, Irma and 
Maria). The Paris Accord of December 2015 is explained 
and the Age of Trump is renamed Climate Doomism.  This 
chapter finally ends with a short piece on climate change 
and cartoons by the second author who contributed 67 of 
them to the book.  The reader should be aware that not 
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all these appointments lasted: Tillerson lasted a month 
and was replaced by Mike Pompeo (Director CIA) and 
Pruitt resigned in July 2018 since he was under 14 federal 
investigations about his spending habits.

Each Chapter has Notes that are included at the end of the 
book – there are 345 of them. Many have been accessed 
via the internet (236) and the lead author quotes his own 
references (40) in all but two of the chapters.  They seem 
to be authentic but the reviewer only accessed a few of 
them.

This book is an interesting read, or maybe rant, by a lead 
author who has suffered at the hands of climate change 
deniers and is really a plea to the American public to 
get off the fence of climate change.  He is an eminent 
climatologist and geophysicist who specialised in climate 
change based on temperature records, both measured 
and obtained by proxy.  It was the latter that brought him 
into the climate change war following an article (Mann, 
M.E., Bradley, R.S. and Hughes, M.K.1999) and a book 
Mann, M. E. (2012). The latter is reviewed in Giles (2014). 
This current book is rather light-weight and, as has been 
mentioned before, is very American-centric.  However 
in the light of recent reports both in New Zealand and 
elsewhere it is a useful background read on the measures 
that are becoming increasingly necessary if climate 
change is to be slowed down or averted.
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