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ABSTRACT: Two models, one static and one dynamic, were developed previously to 

estimate the spread of fire after an earthquake in an urban setting. These have now been 

compared with the behaviour of the fire that followed the 1931, Napier, New Zealand 

earthquake. The earthquake was of magnitude 7.8 and started 4 fires in the central 

business district of Napier. With a lack of water reticulation due to earthquake damage 

and limited fire fighting resources, the fire spread destroyed the majority of the central 

Business District. The static model correlates well with the actual extent of fire spread, 

given a critical separation between buildings that is consistent with the historical wind 

speed. The dynamic model gives a good correlation with both the extent of fire spread 

and the timing of the fire when the time steps in the model were increased to allow for 

slower fire spread in brick buildings compared with light timber frame houses and the 

longer duration of fires in commercial compared with residential occupancy initially 

assumed in the model. Wind speed is the major factor in the magnitude of post-

earthquake fire losses. 

1 INTRODUCTION 

Two models have been developed for the spread of uncontrolled fire in urban settings, one static and 

one dynamic (Cousins et al 2002a, 2002b, Thomas et al 2003). The aim of our work now is to test the 

models against a real example, the Napier conflagration of 1931. This paper is a summary of a larger 

report (Cousins et al 2003b). 

At 10:47 am on the Tuesday 3
rd

 of February, 1931, an earthquake of magnitude 7.8 shook the Hawke’s 

Bay region of New Zealand. Two hundred and fifty-six people were killed and there was severe 

damage to the commercial buildings of both Napier and Hastings, making this earthquake New 

Zealand’s deadliest and most damaging of the 20
th
 Century. Damage to housing was limited due to the 

resilient timber construction of most of the houses.  Many of the commercial buildings, however, were 

of un-reinforced brick masonry which performed poorly in the earthquake.  About half of the overall 

loss from the earthquake was caused by fire.  

Mains water pipes had been broken which meant that the water supply failed within 5 to 10 minutes 

and before any of the fires could be controlled. It was many hours before water was able to be pumped 

from underground sumps, but the limited supply of hose meant that only the southern perimeter of the 

fire was able to be fought successfully. The other limits to the spread of fire (Figure 1) were provided 

by a combination of open ground (Clive Square and Tiffen Park), the sea (to the east of Marine 

Parade), some relatively wide streets, favourable wind directions at critical times, and one very solid 

reinforced-concrete building, the Williams Building on Hastings Street. At the end of the fire more 

than 400 buildings had been destroyed, covering most of eleven city blocks. 

1.1 Extent of fire spread 

Figure 1 is a plan view of the Napier central business district (CBD) as it was in 1931. Most of the 

view area is relatively flat, with the dashed line showing where the ground rises steeply to Bluff Hill. 

Beach and sea lie to the east (right) of Marine parade and the open ground of Clive Square abuts the 
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ends of the long blocks bounded by Tennyson and Dickens Streets. Shakespeare Road, Hastings Street 

and Dickens Street were relatively wide streets with tramlines down the middle. Dalton Street was 

very narrow, and Tennyson and Emerson Streets were fairly narrow.  The buildings where the fires 

started are shown in red.  Buildings that were burned are shaded grey and those not burned are white. 

The three fires close to Hastings Street were the ones that spread and eventually destroyed all of the 

buildings shaded grey. 

 

Figure 1.  Plan view of the Napier CBD as it was in 1931, with North to the top of the page. 

2 NAPIER BUILDINGS OF 1931 

In the early 1900s, the Council of the Fire Underwriters Association of New Zealand compiled 

detailed maps of the commercial areas of many of New Zealand’s towns and cities. Each map covered 

part or all of a city block and showed floor plans, wall cladding materials, numbers of storeys, 

occupiers, and sometimes uses, for all buildings in the areas of coverage.  
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Figure 2.  Extracts from the Napier 1931 buildings database showing wall claddings. 

Shortly after the 1931 earthquake, the maps for Napier were annotated by representatives of the Fire 

Underwriters Association to show both earthquake and fire damage. Each of the Napier maps was 

digitized separately, capturing the positions of all of the buildings. Some of the streets, i.e. Tennyson, 

Emerson and Dalton, were widened during the post-earthquake reconstruction, and there were no 

suitable pre-earthquake maps to guide the assembly process. The entire cadastral records of Napier 



3 

had been one of the casualties of the fire. However the current property boundaries, particularly for the 

several pre-1931 buildings that are still present in the CBD, provided reasonable guidance. 

Information on wall materials, building heights, and fire damage were taken from the maps and other 

sources and added to the database. Samples of the resulting database are shown as Figure 2.   

The across-street separations used in the modelling were based on building outlines ignoring any 

flammable debris in the streets and are, therefore, somewhat larger than they would have been had 

they included flammable debris. 

3 DESCRIPTION OF THE STATIC MODEL 

The static fire-spread model uses the idea of a “critical separation”, which is defined as being the 

maximum distance that a fire can jump from one building to another. A Geographic Information 

System (GIS) buffer operation is used to identify groups of buildings that are closer together than the 

“critical separation”. The process takes a “birds-eye” plan of the buildings and draws a “buffer” of 

width equal to half the critical separation around each building. Where buffers touch or overlap the 

corresponding buildings are taken to belong to a “burn-zone”, with the assumption being that 

whenever any building in a particular burn-zone is ignited, all buildings in that zone will be consumed. 

Fires do not spread from one burn-zone to another because, by definition, the distances between burn-

zones are always greater than the critical separation.  

The size of the critical separation could depend on many factors, including for example wind speed, 

ground slope, or active suppression (fire fighting). Using a combination of fire physics and empirical 

data we have developed an approximate relationship between the critical separation and wind speed 

(Cousins et al 2002b), as shown in Figure 3. 
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Figure 3.  Effect of wind speed on maximum size of downwind gap that a fire can jump. 

For gaps of up to 9 m, radiation alone can be sufficient to cause spontaneous ignition, while for 

slightly wider gaps of up to about 12 m, a combination of radiant preheating and sparks (i.e. piloted 

ignition) is a likely mechanism. No wind is necessary. Under breezy conditions the combination of 

radiant preheating and sparks can cause ignition over a distance of about 20 m, with the actual distance 

depending on the size of the fire and thus the intensity of radiation.  For gaps larger than about 21 m 

there is usually insufficient radiant preheating for sparks to be able to cause ignition, and in such cases 

there needs to be a sufficiently strong wind to carry sizeable pieces of burning material across the gap. 

This is called branding. 

The static fire-spread model assumes that the fire will spread in all directions until it encounters a gap 

wider than the critical separation, and that the size of the critical separation is the same for all 

directions of spread and independent of the wind direction.  

The narrowest street in and around the burned area was Dalton Street, where the smallest distance 

from shop-front to shop-front across the street was a little over 11 m. The greatest street width was in 

southern Hastings Street, at about 22 m. Tennyson and Emerson streets were about 15 m wide, and the 

remaining streets all were about 20 m wide. Given large combustible buildings on opposite sides of 

the streets and suitable wind directions, a fire could be expected to cross Dalton Street under calm 
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conditions, Tennyson and Emerson Streets under moderate breeze conditions, and the remaining 

streets under fresh breeze conditions. 
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Figure 4.  Detail of the 19.5m critical separation model. 

4 COMPARISON BETWEEN THE STATIC MODEL AND EXTENT OF FIRE SPREAD 

A number of simulations were made with different critical separations. The aim was to produce a 

single “burn-zone” that encompassed the burnt out buildings.  The best correlation was achieved with 

a critical separation of 19.5 m.  For this critical separation, the buffer zone shown in green in Figure 4 

surrounds the area that was burnt out.  Fires started in the red buildings. Buildings that burnt in the fire 

are shown in grey and buildings that were not burnt are shown in white.  The fire did not spread to the 

full extent of this buffer zone due to fire-fighting efforts near the corner of Clive Square east and 

Dickens St and Dalton Sty and Dickens St. The concrete Williams building prevented fire spread 

further south down marine Parade and Hastings St.  During the fire the wind remained at a relatively 

constant strength as a fresh breeze or 29-38 km/hr.  At a wind speed of 30 km/hr the critical separation 

is about 21 m which corresponds well to the 19.5 m critical separation which gives the best results.   

Within its limitations, the static model gave a good match with historical data as regards the extent of 

fire spread. No changes to the model were needed. This lends valuable support to the link between 

critical separation and wind strength (Figure 3).  

5 DESCRIPTION OF THE DYNAMIC MODEL 

The dynamic fire-spread model uses a “cellular automaton” technique to model the spread of fire over 

time. A GIS is used to divide a map of the area of interest into a set of equal-sized square cells, and 

then each cell is allocated the properties of whatever fills it. For example, a cell mostly occupied by a 

building is deemed to be fuel and takes on the properties of the building, i.e. the cladding material, 

roof type, height, proportion of windows, and so on. A cell that lies mostly over items like roadway, 

grassland, and paved areas, is deemed to be empty, and thus a hindrance to the spread of fire. Spread 

of fire from one cell to another (represented as a change of cell state) depends on the initial state of the 

cell (burning or not), cell attributes (fuel or not), and a set of rules.  In operation of the model the 

entire set of cells is scanned repeatedly, and during each scan multiple decisions are made as to 
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whether or not the fire spreads from one cell to another.  The “time” between scans is taken as the 

time-step of the model. 

Fire can spread by direct contact, spontaneous ignition, piloted ignition and branding.  A combustible 

cell directly adjacent to a burning cell will catch fire.  Combustible cells near to a burning cell or cells 

may also catch fire by spontaneous or piloted ignition or branding.   Spontaneous ignition and piloted 

ignition require 12.5 kW/m
2
 and 30 kW/m

2
 radiation respectively.  The distance at which radiation is 

sufficient to cause spontaneous and piloted ignition was calculated assuming a 4.5 m high radiator, 

with the radiator width being multiples of 3.0 m, the cell size in the model and the separation distance 

being the average distance between cells of 1.5 m, 4.5 m, 7.5 m and so on.  The level of radiation is 

dependent on the size of the radiator and the distance to the target but is independent of wind 

direction.  Piloted ignition also requires sparks.  Spark spread distance is a function of wind speed and 

direction as shown in Table 1. 

Table 1.  Fire spread by spontaneous and piloted ignition and branding as a function of wind speed and direction. 

Wind Speed Calm 20 km/hr 30 km/hr 50 km/hr 

Spread Distance Downwind (m) 12 15 21 45 

Spread Distance Cross and Upwind (m) 12 12 12 12 

Fires can also spread via branding, where items large enough to sustain combustion are thrown into 

the air by the fire plume and spread by strong winds.  The incidence of branding and the spread 

distances of branding are dependant on the wind speed and direction.  Branding only occurs in the 

model at a wind speed of 50 km/hr with a maximum spread distance of 45 m.  More information on 

the model is available in previous research reports (Cousins et al 2002b, Thomas et al 2003). 

6 TIMING OF FIRE SPREAD 

The fire spread information is less certain and, to some degree, contradictory. From the various 

accounts we have deduced the following timeline. (All times in New Zealand Summer Time, Tuesday 

3
rd

 February 1931 through to morning of Wednesday 4
th
 February 1931.) 

• 10:47 am  Earthquake. 

• 10:50  Fire starts at four locations. Wind is from the west, strength unknown. 

• 11:17 Wind changes to an easterly of “fresh breeze” strength, and with the wind “continuing as a 

fresh breeze from the east, the fire continued to spread in a westerly direction during the whole of 

the afternoon and reached all of the collapsed business premises and public buildings between 

Tennyson Street and the lower slopes of the hill.” (Wright 2001). 

• 12:00 Wind changes to northerly at midday, fires spread south (Wright 2001). (This wind shift was 

not mentioned by Callaghan (1933), and so may have been of short duration only.) 

• 12:30 The CDB is a blazing inferno (Conly, 1980). 

• 14:15 Emerson Street was a wall of flames from “soon after 2 pm” (Conly, 1980). Photographs 

taken from out at sea at about this time show the smoke columns being blown in a southwards 

direction, but only above about 300 m altitude and not at ground level (Conly 1981, McGregor 

2002).  At ground level, the wind was blowing the smoke towards the north or west. Note that these 

directions are very approximate only. 

• 15:30 Fire spreading “south towards Dickens Street, and southwest through Tennyson and 

Emerson Streets towards Clive Square.” (Wright 2001). Napier’s two fire engines were moved to 

Clive Square and Dalton Street (to access underground water storage tanks). 

• 16:00?  Fire reaches Browning Street and the Anglican Cathedral. (Approximate time only, could 

have been up to 4 hours later.) 

• 17:00 “Humphries Cash Groceries, near the Albion Street corner, was one of the last Hastings 

Street shops to be destroyed, evidently around 5:00 p.m.” (Wright 2001). 

• 19:00 Wind changes to a southerly “at dusk”, slowing the southward spread of fire. 



6 

• 00:00 “Later on, however, during the night, the wind changed again to the north and the fire 

continued to spread southwards in the earthquake-destroyed blocks between Emerson and Dickens 

Streets, with the result that these two blocks were almost completely devastated also.” (Callaghan, 

1933) 

• 06:00 “The Power Board store caught alight as late as 6:00 a.m., and there were fears of a 

further crisis. This was averted, but virtually the whole of central Napier was annihilated – more 

than eleven blocks were either totally or partially burned out.” (Wright 2001). This appears to 

have been the end of active spreading of the fire. Interestingly, the Power Board store is shown on 

maps as one of the buildings that were not burned, implying that it was saved by the fire-fighting 

activities. 

Note that some of the times are very approximate. “Dusk”, for example, is taken to be 19:00 hours, 

and “during the night” to be 00:00 hours. 

A number of simulations have been run using two accounts of wind changes according to Wright 

(2001) and Callaghan (1933).  The best correlation was achieved using the account of Callaghan 

modified by increasing the duration of the midday northerly wind from 10 minutes to 40 minutes, as 

follows: 

Time  Wind Direction (from)  Wind Strength 

10:47   270 (west)      Fresh breeze (30 km/h) 

11:17  090 (east)       Strong breeze (40 km/h) 

12:07  360 (north)      Fresh breeze (30 km/h) 

12:57  090 (east)       Fresh breeze (30 km/h) 

19:07  180 (south)      Fresh breeze (30 km/h) 

00:07  360 (north)      Fresh breeze (30 km/h) 

The results of this simulation are shown in Figure 5.  Increasing the duration of the wind from the 

north soon after midday caused a second crossing of Emerson Street soon after, with the result that the 

block bounded by Emerson, Hastings, Dickens and Dalton Streets was first ignited at about 12:57 and 

all buildings in it were burning by about dusk. This also was a good match with some of the historical 

accounts.  

7 MODIFICATIONS TO THE DYNAMIC MODEL 

The dynamic fire spread model was originally developed for wooden houses in Wellington and initial 

assessment of 2.5 minute steps did not transfer to the Napier CDB environment at all well. Published 

accounts of the fire record the times of the last ignition at the south end of Hastings Street (5 pm on 

the day of the earthquake) and the last ignition on Emerson Street (about 6 am in the morning after the 

earthquake). The time-step interval had to be increased to 10 minutes per step for the model to 

reproduce these two timings. The physical reason for the increase is that fire spreads much more 

slowly through brick masonry buildings with brick masonry internal walls as in Napier, than through 

the timber houses modelled previously for Wellington. After the increase in time-step interval, the 

correlation between the model and reality was good. 

It was also necessary to increase the number of time steps during which a building was able to cause 

piloted ignition to an adjacent building. The Wellington model allowed 6 time steps of 2.5 minutes (a 

total of 15 minutes) within which a burning building was able to cause piloted ignition on an adjacent 

building if other rules concerning preheating of the receiving building and the distance and direction 

of travel of the spark with respect to the wind were met. In the Napier model (Figure 5), the fire was 

unable to jump Emerson or Dalton Streets until the wind change at 00:00 hours, some 7 hours after the 

fire arrived on the other side of the street.  For the fire to spread in the model, the number of time steps 

that a building remained in a state where it was able to ignite adjacent buildings by piloted ignition 

was increased to 46 (equivalent to 7 hours 40 minutes) reflecting the higher fuel load in commercial 

premises and hence the longer fire duration than in timber houses. 
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Figure 5.  Plan of Napier CBD showing the path of fire spread in the simulation 

8 DISCUSSION 

8.1 Improvements to the dynamic fire-spread model 

The dynamic model gave good agreement with the historical record, once adjustments had been made 

to parameters controlling the rate of build-up and the duration of fire in commercial buildings. Both 

the timing and extent of spread in the Napier fire were then matched as well as could be expected 

given the relatively limited amount of information available about the patterns and extent of spread. 

The changes made to the model reflected the high fuel loads typical of commercial premises, and the 

slower rate of spread through brick commercial buildings than through timber houses.  

8.2 Insights into the Napier conflagration 

Given that there was insufficient water for fire-fighting, wind appears to have been the prime 

determinant of the scale of loss from the Napier fire. If the weather had been “calm” the total loss 

would have been much smaller than the actual loss, by about ninety percent (i.e. just two blocks at the 

northern end of Hastings Street would have been burned, with destruction of about 40 buildings 

instead of more than 400). Conversely, if the wind had been stronger than a “fresh breeze” the losses 

could have been somewhat greater, but possibly not a great deal. In the block south of Dickens Street 

and east of Dalton Street the fire “self-extinguished” at a group of single-storey iron-clad buildings. It 

must be borne in mind, however, that there were buildings in an un-mapped block west of Dalton 

Street and south of Dickens Street, and also that some un-mapped houses at the western edge of Tiffen 

Park were burned. 

Branding was not included as one of the mechanisms of fire-spread for the Napier model. Branding 

does not require preheating of a flammable surface before ignition because the brand carries sufficient 

heat to allow ignition to occur at a cold surface. Branding has been observed at quite low wind speeds, 

20 km/hr in Kobe (Hukugo 1997), and presumably in situations where large pieces of light-weight 

burning material are available and can be blown into the combustible interiors of damaged buildings. 
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Branding could have been possible in Napier. If branding had been permitted as a spread mechanism 

then the arbitrary increase in the strength of the easterly wind that was needed to force the “Masonic” 

fire across Hastings Street probably would not have been required. 

The wind was in a strength range where relatively small changes in strength were enough to change 

the situation from crossing a street to not. For relatively long periods of time there were quite long 

lengths of street front burning, and all that was needed to push the fire across was a 10 minute spell of 

“fresh breeze” in an undesirable direction. Application of the models suggests that, apart from a lack 

of water for fire-fighting, the wind was the main determinant of the pattern and extent of fire spread. 

9 CONCLUSION 

Both the static and dynamic models developed previously give a good correlation with the actual 

extent and timing of fire spread after the 1931 Napier Earthquake.  The assumption made in previous 

modelling for light timber framed housing regarding the duration of fire had to be altered to longer 

durations more typical of commercial buildings.  Similarly the rate of fire spread had to be slowed to 

allow for spread between brick masonry buildings with brick internal walls compared with light 

weight timber construction.   The results give confidence in the critical separation distances that have 

been derived for the models.   
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