
Weissert et al: Urban carbon dioxide variability Weather and Climate, 35, 13-32  

 

 13 

Temporal and spatial patterns of carbon dioxide mixing ratios in a 

subtropical urban environment during spring 
 

Lena F. Weissert
1
, Jennifer A. Salmond

1
, André Friedel

2
, Marissa LaFave

3
  

and Luitgard Schwendenmann
1
 

 

1
The University of Auckland, School of Environment, Private Bag 92019, Auckland 

1142, New Zealand 
2
University of Applied Sciences Bingen, Berlinstrasse 109, 55411 Bingen am Rhein, 

Germany 
3
Boston University, School of Earth & Environment, Boston, MA 02215, United States 

 

Correspondence: L.F. Weissert, The University of Auckland, School of Environment, 

Private Bag 92019, Auckland 1142, New Zealand, email: lwei999@aucklanduni.ac.nz  

 

Short running title: Urban carbon dioxide variability 

 

 

Abstract  

The aim of this study was to quantify the temporal and spatial variability of urban CO2 

mixing ratios in the low- to medium-density subtropical city of Auckland, New Zealand. 

The relations between CO2 mixing ratios and urban land use are examined using a 

combination of fixed and mobile measurements. Spring CO2 mixing ratios were 

measured in the morning, afternoon and at night along a transect route covering 

common urban land uses. Fixed measurements were made at a central urban location, a 

residential and a rural location. While results from the fixed measurements show 

increased mixing ratios in the central urban location during daytime, the results from the 

mobile measurements have shown that CO2 mixing ratios were strongly dependent on 

the temporal variability of local CO2 emissions and uptake associated with different 

urban land use. Thus, the CO2 dome reported in previous studies was not observed in 

this setting. Traffic was likely the dominant influence on morning CO2 mixing ratios 

along the mobile measurement route, with highest values observed in industrial areas. 

Afternoon CO2 mixing ratios showed a slight decrease with distance from the Central 

Business District (CBD). During the night, CO2 mixing ratios were influenced by 

biogenic CO2 emissions, particularly when wind speed was low, reaching a maximum 

in the rural area. Overall, this study shows that a few mobile measurements are 

sufficient to reveal pronounced spatial patterns of urban CO2 mixing ratios, which 

cannot be detected by one or two fixed measurement stations. 
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1. Introduction 

Given the significant ecological, social 

and economic implications of increased 

mixing ratios of atmospheric carbon 

dioxide (CO2), there is a growing 

interest in quantifying the mean 

temporal and spatial patterns in the 

variability of atmospheric CO2 mixing 

ratios in different environments. While 

historically, the majority of CO2 related 

research has focused on the contribution 

of land use changes and energy 

production on atmospheric CO2 mixing 

ratios at regional scales, there has been 

an increasing shift towards identifying 

the variability at intra-urban scales 

(Grimmond et al., 2002; Pataki et al., 

2006; Velasco and Roth, 2010). 

Although urban areas only cover about 

2% of the land surface, they are thought 

to account for more than one third of the 

directly emitted anthropogenic 

greenhouse gas emissions (Satterthwaite, 

2008). However, to date, measurements 

of CO2 mixing ratios in urban areas 

have often been limited to a small 

number of predominantly short term 

case studies, which consider one or two 

fixed measurement points in a city (e.g. 

Basel, Switzerland (Vogt et al., 2006); 

Melbourne, Australia (Coutts et al., 

2007); Montreal, Canada (Bergeron and 

Strachan, 2011); Baltimore, US 

(Crawford et al., 2011); Chicago, US 

(Moore and Jacobson, 2015)), 

representative at a local scale (10
2
 – 10

4
 

m). Some studies used aircraft-based 

measurements of atmospheric CO2 

mixing ratios and atmospheric transport 

models to provide top-down estimates 

of CO2 emissions at the urban scale (10
4
 

– 10
5
m) (e.g. Indianapolis, US (Mays et 

al., 2009); Sacramento, US (Turnbull et 

al., 2011); Paris, France (Bréon et al., 

2015)). These studies have shown 

significantly higher CO2 mixing ratios 

in large cities compared to the rural 

background (Idso et al., 1998; Idso et al., 

2001; Idso et al., 2002; Nasrallah et al., 

2003; Soegaard and Moller-Jensen 2003; 

Gratani and Varone, 2005; Font et al., 

2013). This phenomenon is referred to 

as CO2 dome, and in its conceptual form, 

is considered similar in shape and 

dimension to the urban heat island. The 

dome describes the assumption that CO2 

mixing ratios are higher in urban centres 

compared to the lesser-developed and 

rural surroundings, mostly due to local 

anthropogenic CO2 emissions (Idso et 

al., 1998; Balling et al., 2001; Idso et al., 

2001; Briber et al., 2013).  

In many urban areas traffic emissions 

are the dominant control on the 

temporal and spatial variability of 

anthropogenic CO2 emissions (Idso et 

al., 2001; Grimmond et al., 2002; 

Grimmond et al., 2004; George et al., 

2007; Guerney et al., 2009). Mean CO2 

mixing ratios are seen to peak around 

08:00 in the morning, when a 

combination of high traffic emissions 

and shallow boundary layer depths 

enhance near surface CO2 mixing ratios 

(Coutts et al., 2007; Velasco et al., 2009; 

Dahlkoetter et al., 2010; Ward et al., 

2015). In contrast, CO2 mixing ratios 

were shown to be at a minimum during 

the midday / early afternoon periods, 

coinciding with peak CO2 uptake by 

vegetation (due to photosynthetic 

processes) and deeper mixing layers 

(Reid and Steyn, 1997; Nasrallah et al., 

2003; Coutts et al., 2007). Some (e.g. 

Crawford et al., 2011; Ward et al., 

2015), but not all studies (e.g. Velasco 

et al., 2009) report an increase in CO2 

mixing ratios in the late evening, often 

in the winter months, which has been 

attributed to increased emissions from 

domestic heating rather than traffic 

emissions from the evening rush hour 

(Crawford et al., 2011; Ward et al., 

2015).  

Although vegetation has the potential to 

play a significant role in modifying the 

diurnal and seasonal trends in CO2 

mixing ratios at local scales within 

urban areas, opinions about the impact 

of urban vegetation on CO2 mixing 

ratios at urban to regional scales differ 

amongst authors (Coutts et al., 2007; 
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Bergeron and Strachan, 2011; Pataki et 

al., 2011; Peters and McFadden, 2012; 

Pincetl et al., 2012). Studies 

demonstrate that whilst there may be 

some evidence of increased uptake of 

CO2 during the day, especially in the 

summer, carbon sequestration by urban 

vegetation is generally not sufficient to 

compensate for urban CO2 emissions 

(Grimmond et al., 2002; Coutts et al., 

2007; Crawford et al., 2011). In 

addition, vegetated areas can contribute 

to higher CO2 mixing ratios due to soil 

and plant respiration, particularly during 

nighttime (Henninger and Kuttler, 

2010).  

Given the complexity of sources and 

sinks of CO2 in urban areas, it is 

unlikely that measurements from one or 

two fixed stations can accurately reflect 

the intra-urban variability in ambient 

CO2 mixing ratios (Henninger and 

Kuttler, 2010). Thus, although fixed 

stations can provide important insights 

into the temporal and spatial variability 

of CO2 mixing ratios at a given location 

(10
2
 – 10

4
m), mobile measurements are 

required as an additional tool to monitor 

urban air quality at a high spatial 

resolution (Kuhlbusch et al., 2014; Van 

den Bossche et al., 2015). To date, only 

few mobile studies investigated the 

spatial variability of near-surface CO2 

mixing ratios (Phoenix, US (Idso et al., 

1998; Idso et al., 2001); Essen, 

Germany (Henninger and Kuttler, 2007; 

Henninger and Kuttler, 2010)). Early 

studies in Phoenix revealed a strong 

dome shape to ambient CO2 mixing 

ratios. More recent work, however, 

emphasized the correlation between 

urban land use and the mean CO2 

mixing ratios with results showing 

strong spatial variability depending on 

anthropogenic emissions, urban form, 

meteorological processes and biogenic 

controls (Henninger and Kuttler, 2010). 

Generally, however, there is a lack of 

information about the influence of 

different urban land uses (e.g. 

commercial, residential, industrial, 

urban parkland) on intra-urban CO2 

levels in different cities and from 

different climatic regions (Henninger, 

2011).  

Although the importance of combining 

fixed measurements with mobile studies 

to determine urban CO2 was highlighted 

by Henninger and Kuttler (2010), only 

one study combined tower based CO2 

mixing ratios with mobile 

measurements, which indicated large 

local variability of near-surface CO2 

mixing ratios (Crawford and Christen, 

2014). That study was located in a 

residential neighbourhood in Vancouver, 

Canada and no studies to date compared 

fixed CO2 measurements with mobile 

CO2 mixing ratios across different urban 

land uses.  

To address these research gaps we 

quantified the spatial and temporal 

variability of CO2 mixing ratios in 

austral spring in the subtropical city of 

Auckland, New Zealand, using a 

combination of fixed and mobile 

monitoring techniques. In particular, we 

examined the shape and form of the 

CO2 dome and considered 

anthropogenic and biogenic controls on 

CO2 mixing ratio patterns. We also 

compared results from the mobile 

measurements in the surroundings of 

the fixed stations to the weekday data 

obtained at the three fixed monitoring 

stations to assess differences in the local 

variability of CO2 sources. 

Given the projected rates of rapid 

urbanization, an improved 

understanding of the complex controls 

on the urban carbon cycle may be 

critical to mitigating future global 

emissions (Rosenzweig et al., 2010). 

Further, since increased CO2 mixing 

ratios may have a positive influence on 

plant productivity, and increased urban 

CO2 mixing ratios may simulate near-

future environmental changes, a better 

understanding of the intra-urban 

variability of CO2 may help us to 

improve our estimates of the impact of 

increased CO2 on non-urban ecosystems 
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(Idso et al., 1999; Carreiro and Trippler, 

2005).  

 

2. Methods 

2.1 Study site  

Unlike other major cities, Auckland is 

characterised by a large proportion of 

low- to medium-density suburban 

housing and a comparably small Central 

Business District (CBD) (4km
2
, Miskell 

et al., 2015). The city is also located in a 

relatively pristine environment, away 

from downwind sources of 

anthropogenic pollutants. Further, in the 

absence of significant industry in the 

region, the majority of anthropogenic 

CO2 in austral spring is generated 

locally by traffic and domestic heating, 

rendering this an ideal case study to 

ascertain the relations between urban 

land use and CO2 mixing ratios. 

Auckland’s climate is subtropical and 

oceanic with mild winters (Mackintosh 

2001). The study was undertaken during 

austral spring (September – November), 

when temperatures typically range 

between 12.7°C – 15.7°C and rainfall is 

85.8 – 105.1mm (20 year mean) (NIWA 

2013). The vegetation cover in 

Auckland is dominated by evergreen 

plants, which maintain high 

photosynthetic rates across all seasons 

(Weissert et al., under review).  

 

2.2 Fixed monitoring of CO2 mixing 

ratios 

At three fixed monitoring stations CO2 

mixing ratios were measured 

continuously from September – 

November 2014 to compare the 

collected mobile data with the fixed 

data. The fixed stations were located at 

the University of Auckland (CBD) 

(height: 12m), Botany Downs 

(residential) (height: 10m) and Ardmore 

(rural) (height: 3m) (Fig. 1). CO2 

mixing ratios at the CBD and rural site 

were measured at 10min intervals using 

a CO2 gas analyser (WMA-4, PP 

systems International Inc., Amesbury, 

MA, US). At the residential site, CO2 

mixing ratios were recorded at 

approximately 1.2s intervals using a 

Picarro carbon isotope analyser (G2131-

i, Picarro Inc., Santa Clara, CA, US).  

 

 
Figure 1.a) Transect route. 
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Figure1.b) 12 land use sections used for the statistical analysis (LINZ - Land 

Information New Zealand, 2013). 

 

 

The WMA-4 gas analysers were 

calibrated before and after the study 

using two standard gases (standard 1, 

CO2 = 392.82ppm, standard 2: CO2 = 

450.50ppm). The WMA-4 CO2 gas 

analysers have an ‘auto-zero’ 

technology, which ensures long-term 

stability and accuracy (better than 1% of 

the span concentration (max. 450ppm) 

over the calibrated range). The Picarro 

carbon isotope analyser was calibrated 

using the same two standard gases. 

While it is generally recommended to 

calibrate the Picarro isotope analyser at 

least every 10h (Vogel et al., 2013), this 

was not possible for our setup. The 

weekly CO2 drift was on average 1ppm. 

A comparison of the CO2 analysers and 

the carbon isotope analyser was run 

from January 21 – January 22, 2015. 

The readings agreed well with an R
2
 > 

0.9 and were comparable within 1 – 

2ppm.  

In addition, we measured wind speed 

and direction using a sonic anemometer 

(Windmaster, Gill Instruments Limited, 

Hampshire, UK) at Botany Downs. No 

wind data was collected at Ardmore and 

at the University of Auckland. Thus, 

wind speed and direction for Ardmore 

and Botany Downs is based on 

measurements taken at an air quality 

station 10km NW from Ardmore (Wiri) 

and 2km south of the University of 

Auckland (Khyber pass), respectively 

(Auckland Council, air quality 

monitoring programme, unpublished 

data). Wind directions were 

predominantly from the west at the 

CBD and the rural station, while south-

westerlies dominated at the residential 

site (Fig. 2).  
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Figure 2. Aerial photos of area surrounding the fixed monitoring stations within a 500m 

radius of daytime and nighttime CO2 mixing ratios by wind directions (a) CBD, b) 

residential area (Botany Downs), c) rural area (Ardmore). 

 

2.3 Mobile monitoring of near-surface 

CO2 mixing ratios 

Mobile measurements were used to 

measure near-surface (height: 1.8m) 

CO2 mixing ratios. The study was 

undertaken along a transect route,  

 

extending about 50km in a south-

easterly direction from Auckland’s 

Central Business District (CBD) 

through residential neighbourhoods into 

the Auckland rural area (Fig. 1a/b). The 

transect route covered five typical land 
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use types in urban areas (urban, 

industrial, residential, urban parkland 

and rural). Major highways were 

avoided to reduce skewed 

measurements caused by heavy 

vehicular traffic.  

The transect route was driven a total of 

nine times between September and 

October 2014. Three measurement 

campaigns were conducted during the 

day (11:00 - 15:00 New Zealand 

Standard Time, NZST), three at night 

(22:00 - 01:00 NZST) and three in the 

morning (06:30 - 09:00 NZST). These  

times were chosen because they reflect 

times of key differences in CO2 mixing 

ratios based on traffic and biogenic 

respiration patterns (Soegaard and 

Moller-Jensen, 2003). The measurement 

campaigns were conducted during 

similar meteorological conditions (low 

wind speeds, clear skies) (Henninger 

and Kuttler, 2010) (Table 1). 

Temperatures ranged between 13.7°C 

and 18.9°C during daytime and from 

9.6°C to 13.1°C during nighttime 

measurements and wind was dominated 

by south-westerlies (Table 1).  

 

 

Transect 

Nr.  

Time Temperature 

(°C) 

Relative 

humidity (%) 

Wind speed  

(m s
-1

)  

Wind 

direction  

Transect 1 Afternoon 15.6 (0.7) 64.4 (4.2) 2.5 (0.9) SW 

Transect 2 Afternoon 17.5 (0.7) 58.4 (3.1) 2.3 (0.9) W 

Transect 3 

 

Afternoon 18.9 (1.2) 59.9 (5.8) 1.7 (0.8) SW 

Transect 1 Morning 13.7 (0.8) 71.4 (2.8) na
1)

  na 

Transect 2 Morning 12.3 (0.4) 84.0 (3.8) na  na 

Transect 3 

 

Morning 15.5 (0.5) 76.1 (2.8) na  na 

Transect 1 Night 9.6 (1.7) 89.2 (5.0) 0.3 (0.6) SE 

Transect 2 Night 11.8 (0.4) 87.8 (3.8) 0.9 (0.7) SW 

Transect 3 Night 13.1 (1.7) 90.5 (5.5) 0.5 (0.5) SW 
1)

 na = data not available 

Table 1. Mean meteorological parameters measured along the transect during different 

times of the day. Values in brackets are standard deviations (temperature and relative 

humidity were measured continuously along the transect, wind speed and wind 

direction were only measured at the nine stations along the transect route during the 

afternoon and night transect). 

 

While driving, CO2 mixing ratios were 

continuously measured at a 1.6s interval 

using a WMA-4 CO2 analyser (WMA-4, 

PP Systems Inc., Amesbury, MA, US) 

and recorded on a laptop (Dell Latitude 

E6440). Outside air was drawn into the 

analyser through a flexible polyethylene 

tube that exited the rear passenger 

window and that was fixed onto the roof 

of the vehicle at a height of 1.8m above 

the ground. An i-Button sensor 

(Maxime Integrated, San Jose, CA, US), 

mounted in a radiation shield on the 

roof of the vehicle, and a global 

positioning system (GPS) device were 

also used during each transect campaign 

to measure humidity and temperature 

(4s interval) continuously and to record 

geographical location data (1s interval).   

Measurements were taken from the left-

hand side of the vehicle to minimize the 

effect of exhaust from passing vehicles 

on the measurements. To further ensure 

the accuracy of the measurements, the 
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vehicle was kept at a distance of at least 

two meters from other vehicles 

(Henninger and Kuttler, 2010). Any 

unpredicted detours, long stops or 

excessive exposure to exhausts were 

noted and removed from the data.  

In addition to the mobile measurements, 

we measured wind speed and wind 

direction at nine locations along the 

transect route using a Kestrel weather 

sensor (Kestrel 4000, Kestrel-

Meters.com, Birmingham, US). Due to 

the need to keep the duration of the 

transect the same between sampling 

periods and the increased traffic density 

during the morning rush hour, we did 

not stop during the morning transects. 

 

2.4 Data analysis 

Outputs from fixed monitoring stations 

were averaged at 10min intervals. Due 

to the larger temporal variability of the 

mobile measurements, the mobile data 

was averaged at 5s intervals for the data 

analysis. To minimize the impact of 

sporadic exhaust plumes the mean and 

standard deviation was calculated 

separately for each land use and values 

exceeding the mean plus three standard 

deviations were removed (Brantley et 

al., 2014).  

Land use Distance 

to the 

CBD 

Number of 

lanes 

Traffic 

density 

(vehicles 

day
-1

)   

Vegetation 

cover  

(%) 

Travel 

speed  

(m s
-1

) 

Spikes 

removed 

(%) 

Urban 1 1 2 7,338 23 22 5.5 

Urban parkland 1 
 2 

2 8,356 63 19 2.3 

Urban 2 3 4 14,433 12 24 0.9 

Residential 1 5 4 11,578 21 32 2.0 

Urban parkland 2 8 2 na 82 25 1.1 

Residential 2 10 2 798 51 31 0.6 

Industrial 1 10 4 10,237 23 35 1.3 

Residential 3 11 4 10,847 43 49 5.8 

Industrial 2 11 6 55,566 36 47 4.4 

Industrial 3 12 6 10,847 20 35 1.7 

Residential 4 12 2 3,001 45 32 1.2 

Rural 22 2 2,576 90 54 1.1 

Table 2. Distance to the CBD, dominating number of lanes, mean weekday daily traffic 

density (Auckland Transport 2015), vegetation cover within 200m of the road, mean 

travel speed and the percentage of spikes that were removed at the 12 sections along the 

transect route. 

Calculating spikes separately for each 

land use was used to account for 

differences in the CO2 mixing ratio due 

to the variability of CO2 sources and 

sinks at different land uses. Between 

0.63% (residential 2) and 5.75% 

(residential 3) of data was removed 

following the spike removal procedure 
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(Table 2). Spikes were more common in 

areas with high traffic (ρ = 0.71, p = 

0.015). Further, we removed periods 

where the vehicle speed was below 5km 

h
-1

 (Crawford and Christen 2014). 

Spikes from the fixed monitoring 

stations were determined visually to 

remove physically implausible CO2 

mixing ratios due to instrument 

malfunction and maintenance. In 

addition, we used summary statistics 

that are less affected by outliers (median, 

IQR). Given the uncertainties and 

difficulties in determining the 

background trend in CO2 and 

temperature, the CO2 data and 

temperature data was not detrended. 

For the statistical analysis, the transect 

route was divided into 12 sections 

representing the five dominant land uses. 

The sections include urban (urban 1 and 

urban 2), industrial (industrial 1, 

industrial 2, industrial 3), residential 

(residential 1, residential 2, residential 3, 

residential 4), urban parkland (urban 

parkland 1, urban parkland 2) and rural 

(Fig. 1b, Table 2). For each of the 12 

land use sections (Fig. 1b) we estimated 

the vegetation cover within a 200m 

distance of the road based on a 

multispectral image classification using 

ArcGIS (v.10.2.2). This distance was 

chosen based on the typical 

measurement height:fetch ratio of 1:100 

expected in urban areas (Oke, 2006). In 

addition, we compared CO2 mixing 

ratios along the transect route with 

traffic count data (daily weekday 

averaged) provided by Auckland 

transport (Auckland Transport, 2015). If 

traffic data was not available for a road 

section we chose traffic density 

monitored at a close-by, representative 

road.  

Spearman rank (ρ) correlation tests 

were undertaken to examine the 

relationship between CO2 mixing ratios 

along the transect route and vegetation 

cover, travel speed, distance to the CBD 

and wind characteristics. A Kruskal-

Wallis test and a post hoc test after 

Nemenyi was undertaken to assess 

differences between land uses (urban, 

industrial, residential, urban parkland 

and rural) and time (morning, afternoon, 

nighttime).  

We also compared mobile 

measurements with fixed measurements. 

For the mobile data we used 10min 

averaged CO2 mixing ratios measured 

in the transect section representative of 

urban 1 (n = 26), residential 4 (n = 18) 

and rural (n = 31) (Fig. 1b). For the 

fixed stations we used 10min averaged 

data matching the time periods from the 

mobile measurements (CBD: n = 17, 

residential: n = 14, rural: n = 31). A 

Mann Whitney Wilcoxon test (U) was 

used to test for significant differences 

between the mobile and fixed 

measurements. All results are reported 

in local standard time (NZST, including 

daylight saving) on a 24-hour period.  

 

3. Results and Discussion 

3.1 Temporal variability of CO2 mixing 

ratios at the three fixed monitoring 

stations 

Diurnal CO2 mixing ratios were 

analysed separately for weekend and 

weekdays (Fig. 3). On weekdays, CO2 

mixing ratios in the CBD and in the 

residential area followed a similar 

diurnal cycle reaching a maximum in 

the morning (08:00) and a minimum in 

the afternoon (15:00). This pattern has 

also been observed in other cities (e.g. 

Rome, Italy (Gratani and Varone, 2005); 

Basel, Switzerland (Vogt et al., 2006); 

Melbourne, Australia (Coutts et al., 

2007); Portland, US (Rice and Bostrom, 

2011); Boston, US (Briber et al., 2013)) 

and reflects the diurnal variability of 

CO2 sources and sinks and boundary 

layer depth. Although our results are 

limited to spring, measurements 

elsewhere have shown similar diurnal 

patterns. However, seasonal differences 

in the magnitude of maximum and 

minimum diurnal CO2 mixing ratios 

were observed in Rome, Italy (Gratani 

and Varone, 2005), Valladolid, Spain 
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Figure 3. Median weekday and weekend diurnal CO2 mixing ratios measured at the three fixed 
monitoring stations (CBD; residential (Botany Downs); rural (Ardmore)). The shaded area 
represents the interquartile range. Due to the large interquartile range at the rural site a different 
scale was used for the rural site. For better comparison the median weekday and weekend 
diurnal cycle of all three sites is plotted in a figure in the bottom panel. 
 

(Angeles Garcia et al., 2012) or Boston, 

US (Briber et al., 2013). Values during 

winter were generally higher as a result 

of heating-related emissions, increased 

vehicular traffic and reduced 

photosynthetic CO2 uptake (Gratani and 

Varone, 2005; Angeles Garcia et al., 

2012; Briber et al., 2013). A shallower 

boundary layer during winter may have 

also contributed to higher CO2 mixing 

ratios, however, this was not mentioned 

in these studies. Thus, the diurnal 

pattern we observed during spring in 

Auckland may change with season, 

however, due to the large proportion of 

evergreen vegetation resulting in CO2 

uptake across all seasons (Weissert et 

al., under review), we expect 

differences to be smaller compared to 

values obtained in cities in the northern 

hemisphere with a colder climate and 

mostly deciduous trees. 

The diurnal pattern at the rural site 

differed from the CBD and residential 

area (Fig. 3). CO2 mixing ratios peaked 

at night with values exceeding 440ppm 

between 01:00 and 07:00. A maximum 

was reached at 05:00. In the afternoon, 

rural CO2 mixing ratios were below 

CO2 mixing ratios recorded at the 

residential site and the CBD and the 

minimum was reached earlier at 13:00, 

likely due to stronger photosynthetic 

CO2 uptake. A notable feature of the 

diurnal cycle in the rural area is the 

large variability at nighttime (Fig. 3). 

Nighttime CO2 mixing ratios in the rural 

area were negatively correlated to air 

temperature and wind speed (ρ = -0.31, 

p < 0.001 and ρ = -0.53, p < 0.001, 

respectively). Low wind velocities and 

temperatures can increase atmospheric 

stability at night, limiting the horizontal 

and vertical dispersion of CO2 (Büns 

and Kuttler, 2012). This effect is clearly 

evident when comparing rural nighttime 

CO2 mixing ratios between calm and 

windy nights (mean wind speed:  1.9m 

s
-1

 and 5m s
-1

, respectively) (Fig. 4). In 

fact, it shows that the rural diurnal cycle 

is comparable to the residential and 

urban cycle during windy conditions, 

when CO2 from biogenic respiration is 

well dispersed.  The weekend diurnal 

cycle followed a similar pattern as the 
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Figure 4. Comparison between the diurnal pattern of CO2 mixing ratios measured during calm 
and windy nighttime conditions at the three fixed monitoring stations. 

 

weekday cycle, peaking in the morning 

and reaching a minimum in the 

afternoon (Fig. 3). However, the 

magnitude of the peak and the minimum 

was considerably lower in the CBD 

during weekends compared to weekdays 

(Fig. 3). Apart from the morning peak, 

which was higher during weekdays, the 

residential CO2 mixing ratio showed 

little weekend-weekday difference. In 

the rural area, the weekday diurnal 

cycle is comparable to the weekend 

diurnal cycle (Fig. 3). The larger 

magnitude of the weekend reduction in 

the CBD compared to the residential 

and rural area, is likely due to higher 

weekday traffic density in the urban 

area (Coutts et al., 2007; Bergeron and 

Strachan, 2011; Crawford et al., 2011; 

Ward et al., 2015). While vehicle 

related CO2 emissions are a relevant 

source of CO2 at all times in the urban 

area, they are likely limited to the 

morning rush hour at the residential site 

(Fig. 3). A similar trend was reported by 

Idso et al., (2001), who observed large 

weekday-weekend differences in the 

urban area, but no weekday-weekend 

differences in the residential and rural 

areas.  

Daily averaged CO2 mixing ratios 

measured in the CBD were above 

values observed in the residential and 

rural site, which would suggest the 

presence of a CO2 dome. However, 

differences were small (2ppm and 3ppm, 

respectively) (Fig. 3) and at nighttime, 

CO2 mixing ratios reached a maximum 

in the rural area (434ppm), with similar 

means observed in the residential area 

(403ppm) and the CBD (405ppm). 

During the measurement period, the 

prevailing winds at the monitoring 

station located in the CBD resulted in 

the advection of air from a park and a 

major two-lane road throughout most of 

the experiment. Similarly, CO2 mixing 

ratios at the residential site were 

influenced by a major two-lane road, 

which may explain the small difference 
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from the CBD during daytime. The 

rural site was downwind from pasture 

and a local airfield (Fig. 2).  

Differences between the daily averaged 

CO2 mixing ratios in the CBD, 

residential and rural CO2 mixing ratios 

(2ppm and 3ppm, respectively) were 

within the same range (5ppm) measured 

in Portland, OR, US (Rice and Bostrom, 

2011), but below observations from 

Baltimore, US (50ppm) (George et al., 

2007) or Phoenix, US (100 - 200ppm) 

(Idso et al., 2002). Differences in traffic 

density and vegetation cover explain 

some of these sometimes large inter-

urban differences. Unlike some other 

cities, Auckland’s traffic is not linearly 

decreasing with distance to the CBD 

(Table 2). Local topography and 

associated wind patterns also play an 

important role in CO2 mixing ratios 

observed in urban areas (Wang and 

Ostoja-Starzewski, 2004; Rice and 

Bostrom, 2011). Auckland is strongly 

influenced by coastal wind patterns and 

daytime conditions are rarely calm, so 

the opportunities for the local build-up 

of CO2 are limited. In contrast, the 

strong CO2 dome in Phoenix, US, for 

example, is partly due to the mountains 

surrounding the city, which favour the 

development of katabatic winds and 

inversions (Wang and Ostoja-

Starzewski, 2004).  

The diurnal weekday amplitude in 

Auckland’s CBD (7ppm) and the 

residential area (10ppm) measured by 

the fixed monitoring stations are below 

observations from Portland, US (23 – 

32ppm) (Rice and Bostrom, 2011) or 

Basel, Switzerland (61ppm) (Vogt et al., 

2006), but compare to findings from 

Melbourne, Australia during summer 

(approx. 10ppm) (Coutts et al., 2007). 

Differences in the diurnal amplitude 

between cities can be attributed to local 

variability of CO2 emissions (traffic, 

domestic heating), the strength of 

photosynthetic CO2 uptake by 

vegetation and local meteorology 

(Briber et al., 2013).  

Overall, the results from the fixed 

measurements do not provide any 

evidence of a strong CO2 dome as 

observed in other cities, where CO2 

mixing ratios were shown to be highest 

in the urban centre at all times (Idso et 

al., 1998; Idso et al., 2001; Idso et al., 

2002; Soegaard and Moller-Jensen, 

2003; Gratani and Varone, 2005; Pataki 

et al., 2007). 

 

3.2 Mobile measurements 

CO2 mixing ratios measured along the 

transect varied significantly between 

measurement times (χ2(2) = 3449.70, p 

< 0.001), reflecting the strong diurnal 

cycles observed at the fixed monitoring 

sites. Across all locations, the median 

CO2 mixing ratios were highest at night 

(424ppm, IQR: 45), followed by the 

morning (423ppm, IQR: 36) and 

afternoon (396ppm, IQR: 15) (Fig. 5). 

We also found significant differences in 

the CO2 mixing ratio among land uses 

(χ2
(4) = 522.26, p < 0.001). CO2 mixing 

ratios at night reached a maximum in 

the rural area with significantly (p < 

0.01) higher CO2 mixing ratios than 

urban and industrial areas (Fig. 5). 

Biogenic respiration and low wind 

speed (Table 1, section 3.1) likely 

explain the high nighttime CO2 mixing 

ratios in the rural area (Henninger and 

Kuttler, 2010). During the morning, 

CO2 mixing ratios were significantly (p 

< 0.01) higher in the industrial area 

compared to other land uses (Fig. 5). 

The industrial road section has six lanes 

and traffic density is high (Table 2). A 

comparison of CO2 mixing ratios 

measured across land uses revealed 

significantly (p < 0.05) higher CO2 

mixing ratios in the urban and industrial 

area in the afternoon, with highest 

values observed in the CBD (urban 1) 

(Fig. 5). Higher CO2 mixing ratios in 

the CBD were likely due to a 

combination of low travel speed (Table 

2), resulting  in  longer  time  spent  in  
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Figure 5. CO2 mixing ratio measured during different times and runs at different land uses along 
the transect (the upper and lower hinges represent the 25

th
 and 75

th
 percentiles, the upper and 

lower whisker extend 1.5*inter-quartile range from the hinge). Due to the nighttime closure of 
Urban Parkland 2 the transect route slightly differed at night and no results are available for 
urban Parkland 2 and Residential 2. 

 

queuing traffic and reduced turbulence 

from passing vehicles, less vegetation 

and the presence of tall buildings along 

the road, which limit vertical mixing of 

CO2 emissions (Gratani and Varone, 

2005; Salmond et al., 2010; Lietzke and 

Vogt, 2013).  

No significant correlations were found 

between CO2 mixing ratios and 

vegetation cover, travel speed or 

distance to the CBD (Fig. 6). However, 

there was a tendency for highly 

vegetated areas to have increased CO2 

mixing ratios at nighttime (ρ = 0.42, p > 

0.05) and lower CO2 mixing ratios 

during the afternoon (ρ = -0.53, p > 

0.05), as a result of biogenic CO2 

emissions and uptake, respectively. 

Distance to the CBD had no influence 

during the morning or at nighttime, but 

a slight decrease in CO2 mixing ratios 

with  distance  from  the  CBD  was 

observed  during  the  afternoon  

(ρ = -0.49, p > 0.05).  

These results agree with observations 

from the fixed measurements, providing 

no evidence of a strong CO2 dome. In 

Auckland, land use does not change 

linearly with distance to CBD, as it is 

the case for Phoenix, US, where a 

strong CO2 dome was observed (Idso et 

al., 2002; Wentz et al., 2002). Thus, 

CO2 mixing ratios in Auckland are 

dependent on land use and the diurnal 

variability of control factors (i.e. traffic 

and biogenic emissions and uptake). A 

strong correlation between near-surface 

CO2 mixing ratios and land use was also 

reported by Henninger and Kuttler 

(2010) conducting mobile measure-

ments in Essen, Germany.   

These results show that a few mobile 

measurements undertaken across 

different land uses and times allow 

assessing the spatial and temporal 

variability of near-surface CO2 mixing 

ratios and factors that drive variability. 

In particular, they provide detailed 

information about the spatial variability 

of CO2 mixing ratios, which cannot be 

detected by one or two fixed 

measurement stations. Nevertheless, 

mobile measurements have some 

limitations that need to be 

acknowledged. Mobile measurements 

are sensitive to local CO2 sources and 

are therefore limited by the high spatial 

and temporal variability of local CO2 

emissions (mainly traffic). To minimise 

uncertainty and increase repre-

sentativeness, a larger set of transect 

runs, in particular during different 

seasons, would be required (Henninger 

and Kuttler, 2010; Van den Bossche et 

al., 2015). Also, since we chose calm 

and clear days for our mobile 

measurements it would be interesting to 

conduct mobile measurements during 

windy weather situations for 

comparison (Henninger and Kuttler, 

2010). In addition, the background 

variability of  temperature  and  CO2  



Weissert et al: Urban carbon dioxide variability Weather and Climate, 35, 13-32  

 

 26 

 
Figure 6. Correlations between CO2 mixing ratios and vegetation cover, distance to the CBD 

and travel speed (ρ is the spearman’s rank correlation coefficient, no correlations were 
significant, p > 0.05).  

 

mixing ratios was not accounted for. 

However, we chose periods when 

background CO2 changed little to 

minimise a bias introduced by changing 

background CO2.  

 

3.3 Comparison between mobile and 

fixed CO2 measurements 

The mobile and fixed measurements 

both demonstrated significant spatial 

differences in CO2 mixing ratios 

between the three sites. However, 

median near-surface CO2 mixing ratios 

from mobile measurements were higher 

than the CO2 mixing ratios measured at 

the fixed stations, by 5% in the CBD (U 

= 28, n = 43, p < 0.001) and by 2% in 

the residential area (p > 0.05) (Fig. 7). 

Mobile and fixed measurements yielded 

the same results in the rural area. 

Differences in the location and height of 

the mobile and fixed measurements 

likely explain these variations. While 

fixed CO2 measurements were taken 

approx. 1.5 – 3 times above the urban 

canopy layer (= thickness of the average 

height of the main roughness elements 

(Oke, 2006)) and provide a blended 

average of local urban CO2 emissions 

and uptake, mobile near-surface CO2 

mixing ratios are closer to the CO2 

sources (mainly traffic), which explains 

the higher values (Crawford and 

Christen, 2014; Van den Bossche et al., 

2015). This is particularly evident in the 

CBD (urban 1), where near-surface CO2 
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Figure 7. Comparison between mobile measurements in the surroundings of the fixed 
monitoring stations (urban 1, residential 4, rural) and the data obtained at the three fixed 
monitoring sites (CBD, residential, rural) (the upper and lower hinges represent the 25

th
 and 75

th
 

percentiles, the upper and lower whisker extend 1.5*inter-quartile range from the hinge, dots 

correspond to outliers, ** (p < 0.01) indicate a significant difference between the mobile and the 
fixed measurements). 

mixing ratios are influenced by low 

travel speed and tall buildings, which 

limit vertical and horizontal mixing of 

CO2 emissions and therefore result in 

occasionally high CO2 mixing ratios. 

The height difference between the 

mobile and fixed measurements was 

highest in the CBD and decreased 

towards the rural area, which may partly 

explain the larger gap observed in the 

CBD.  

 

4. Conclusion 

A comparison between the fixed 

stations located in the CBD, a 

residential and a rural area showed the 

typical pattern observed in other cities 

with highest daytime CO2 mixing ratios 

in the CBD, which is often interpreted 

as an urban CO2 dome. However, 

nighttime measurements and our results 

from the mobile measurements along a 

transect route have shown that spatial 

variability of CO2 mixing ratios was 

strongly dependent on land use, 

meteorological conditions and time of 

the day. Thus, we cannot simply call it 

an urban CO2 dome and measurements 

from one to two fixed stations in an 

urban area could be misleading.  

As urban areas and CO2 emissions 

continue to grow, it is important to 

improve urban CO2 monitoring 

networks combining fixed with mobile 

measurements. Although, a limited 

number of mobile measurements may 

not be representative for a whole urban 

area, they provide an insight into the 

influence of vegetation and the spatio-

temporal variability of local CO2 

sources and sinks. Such information 

could help develop low carbon action 

plans by identifying areas for green 

infrastructure aiming to mitigate urban 

CO2 emissions. Further, due to the high 

nighttime CO2 mixing ratios observed 

in highly vegetated areas, it is important 

to assess the contribution of biogenic as 

well as anthropogenic CO2 sources.  
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