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Abstract. Over the past 30 years, the Canadian Twin Otter research group has operated an aircraft platform for

the study of atmospheric greenhouse gas fluxes (carbon dioxide, ozone, nitrous oxide and methane) and energy

exchange (latent and sensible heat) over a wide range of terrestrial ecosystems in North America. Some of the

acquired data from these projects have now been archived at the Flight Research Laboratory and Agriculture

and Agri-Food Canada. The dataset, which contains the measurements obtained in eight projects from 1987 to

2011 are now publicly available. All these projects were carried out in order to improve our understanding of the

biophysical controls acting on land-surface atmosphere fluxes. Some of the projects also attempted to quantify

the impacts of agroecosystems on the environment. To provide information on the data available, we briefly

describe each project and some of the key findings by referring to previously published relevant work. As new

flux analysis techniques are being developed, we are confident that much additional information can be extracted

from this unique data set.

1 Introduction

For over three decades, the National Research Council

of Canada (NRC) Twin Otter atmospheric research air-

craft has been involved in projects associated with the ex-

change of energy and trace gases between the biosphere

and the atmosphere (MacPherson and Bastian, 2003; Des-

jardins et al., 1982). These studies have focussed on quanti-

fying atmosphere-biosphere interactions as well as quantify-

ing greenhouse gas (GHG) emissions from agroecosystems.

The aircraft has been flown in a number of national and in-

ternational projects involving a large number of collabora-

tors from university and government research organizations

(Pederson et al., 1995; Sellers et al., 1992, 1997; Stewart et

al., 1998; Kustas et al., 2005; Jackson et al., 1999). Most of

the data from these flux projects have been reorganized to a

common format and stored in digital form (MacPherson and

Bastian, 2003). The purpose of this publication is to provide

information on the data that are available and briefly mention

some of the interesting results that have been obtained in or-

der to promote further use of these data. In the near future,

these data will be transferred to the Government of Canada

open data portal (www.open.canada.ca), where they will be

downloadable by the public, free of charge. The use of the

data will be subject to the Open Government License. We en-

courage researchers who are interested in analyzing aircraft-

based flux data to contact the authors.

2 Aircraft-based flux measurements

The NRC Twin Otter atmospheric research aircraft (Fig. 1)

has been instrumented to accurately measure the three com-

ponents of atmospheric motion and the vertical fluxes of

heat, momentum, water vapour, carbon dioxide (CO2), ozone

(O3), methane (CH4) and nitrous oxide (N2O), as well

as other supporting meteorological and spectral data (Des-

jardins and MacPherson, 1991; Desjardins et al., 2000).

Since one of the aircraft’s primary research roles is in the

field of land/atmosphere interactions, a number of remote

sensing instruments were used to document surface condi-

tions during flux-measuring campaigns. For several research
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Figure 1. Instrumentation on-board the NRC Twin Otter, 1987–2011. Actual instrumentation varied slightly by measurement campaign.

projects, the fluxes of trace gases with very low atmospheric

concentrations (e.g. N2O, CH4), were measured using the

Relaxed Eddy Accumulation (REA) technique (Pattey et al.,

2006). Details on the aircraft, the instrumentation and various

sampling strategies are presented in Desjardins et al. (2000).

3 Summary of measurements campaigns and their

significant findings

The Twin Otter Flux Data Archive presently available con-

tains data from eight flux projects flown from 1987 to 2011

(Fig. 2 and Table 1). A short description of each project with

a sample of some of the interesting findings follows.

3.1 The First ISLSCP Field Experiment (FIFE)

The First ISLSCP (International Satellite Land Surface Cli-

matology Project) Field Experiment, carried out in Kansas,

was designed to obtain satellite and ground observations for

the development and validation of models relating surface

fluxes to spectral data. An overview of FIFE was published

by Sellers et al. (1992). The Twin Otter participated in four

intensive field campaigns. Three campaigns took place in

1987 and one in 1989. Grid flights were shown to be an ex-

cellent way to document the spatial differences in mass and

energy exchange associated with the FIFE site (Desjardins

et al., 1992). Budget analysis of the boundary layer using

grid flight and double-stack patterns (Betts et al., 1990, 1992)

revealed an underestimation of the sensible and latent heat

Figure 2. Location of measurement campaigns flown by the NRC

Twin Otter, 1987–2011.
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Table 1. Summary of NRC Twin Otter measurement campaigns, 1987–2011.

# Campaign Location Year Dates Landcover types Project

flights

Project

flight

hours

Measured

fluxesa
Flight patterns (Typical

altitude, m a.g.l.)

1 FIFE Central Kansas, USA 1987 26 Jun–

16 Oct

Mixed agriculture;

grassland

42 103 UW, H ,

LE, CO2

Line (variable), stack (vari-

ous 90–750), L pattern (90,

180, 270),

grid (90), sounding (near

surface – max. 2500), re-

gional (150)

1 FIFE Central Kansas, USA 1989 27 Jul–

12 August

Mixed agriculture;

grassland

16 69 UW, H ,

LE, CO2

Line (variable), stack (var-

ious 90–1300), L pattern

(50, 180, 270),

grid (90), sounding (near

surface – max. 2500), re-

gional (150)

2 CODE San Joaquin Valley,

USA

1991 10 Jul–

5 August

Mixed agriculture

(cotton, grapes,

orchards); grassland;

urban

24 62 UW, H ,

LE, CO2,

O3

Line (30, 60), stack (30,

60, 90), grid (30), sounding

(near surface – max. 2500),

regional (150), city (150)

3 BOREAS Southern and Northern

Study Areas of the

BOREAS project,

Saskatchewan and

Manitoba, Canada

1994 25 May–

19 Sep

Boreal forest;

mixed forest; mixed

agriculture (wheat,

canola, pasture); lakes

57 154 UW, H ,

LE, CO2,

O3

Grid (30), Line (40), stack

(40, 100, 170), sounding

(near surface – max. 2900),

regional (40)

3 BOREAS Southern and Northern

Study Areas of the

BOREAS project,

Saskatchewan and

Manitoba, Canada

1996 9 Jul–

8 August

Boreal forest;

mixed forest; lakes

27 64 UW, H ,

LE, CO2,

O3

Grid (30), Line (40), stack

(various 20–300), sounding

(near surface – max. 2900),

regional (40)

4 SGP97 Oklahoma, USA 1997 18 Jun–

17 Jul

Mixed agriculture

(pasture, wheat, other

crops); tallgrass prairie

27 83 UW, H ,

LE, CO2,

O3

Line (40), stack (40, 100,

170), sounding (near sur-

face – max. 2900), regional

(40)

5 MAGS Mackenzie River delta,

Northwest Territories,

Canada

1999 21 May–

14 Jul

Boreal forest;

river delta

24 70 UW, H ,

LE, CO2,

O3

Line (65), stack (30, 60,

90), grid (65), regional (65),

sounding (near surface –

max. 2200)

6 Trace Gas –

N2O

Southeastern Ontario,

Canada

2000 21 Mar–

10 Apr

Mixed agricultural

(corn, soybean); mixed

forest

6 10 UW, H ,

LE, CO2,

O3, N2O

(REA)

Line (65)

6 Trace Gas –

N2O

Southeastern Ontario,

Canada

2001 19 Mar–

27 Apr

Mixed agricultural

(corn, soybean); mixed

forest

14 20 UW, H ,

LE, CO2,

O3, N2O

(REA)

Line (65)

6 Trace Gas –

N2O

Southern

Saskatchewan, Canada

2002 2–17 Apr Mixed agriculture

(mixed grains, canola,

pulses, forage/pasture)

13 20 UW, H ,

LE, CO2,

O3, N2O

(REA)

Line (60)

7 SMACEX Walnut Creek Water-

shed, Iowa, USA

2002 15 Jun–

6 Jul

Mixed agriculture

(corn, soybean)

16 46 UW, H ,

LE, CO2,

O3

Line (40), sounding (near

surface – max. 2000)

6 Trace Gas –

N2O

Southeastern Ontario,

Canada

2003 26 Mar–

8 Oct

Mixed agricultural

(corn, soybean); mixed

forest

31 49 UW, H ,

LE, CO2,

O3, N2O

(REA)

Line (65)

6 Trace Gas –

N2O

Southeastern Ontario,

Canada

2004 29 Mar–

4 Jun

Mixed agricultural

(corn, soybean); mixed

forest

21 30 UW, H ,

LE, CO2,

O3, N2O

(REA)

Line (55)

8 Trace Gas –

CH4

Southeastern Ontario,

Canada

2011 8 Apr–

10 May

Mixed agricultural

(corn, soybean); mixed

forest; urban; wetland

10 15 UW, H ,

LE, CO2,

CH4

Line (170), stack (150, 200,

250), sounding (near sur-

face – max. 2000)

a UW, momentum; H , sensible heat; LE, latent heat; CO2, carbon dioxide; O3, ozone; N2O, nitrous oxide; CH4, methane.
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ranging from 20 to 30 % based on energy balance consid-

erations. Some of the underestimation was attributed to the

short length of the flight tracks and the high-pass filtering

of the data, which was done to minimize the impact of non-

stationarity on flux measurements. Both factors are known

to contribute to the non-closure of the energy budget, which

is an ongoing challenge warranting further research (Eder et

al., 2014; Mauder et al., 2007).

3.2 The California Ozone Deposition

Experiment (CODE)

In the summer of 1991 the San Joaquin Valley Air Pollu-

tion Study Agency organized a 4-week international field

experiment to measure ozone concentrations and fluxes in

the San Joaquin Valley of California (Pederson et al., 1995).

The objective was to improve the understanding of the ex-

change processes occurring between the atmosphere and var-

ious types of vegetation. Ozone deposition velocities were

shown to have a high correlation with Normalized Differ-

ence Vegetation Index (NDVI) for all the major crops. With

knowledge of the mean ozone concentration, this relationship

can then be used in conjunction with satellite data to estimate

the amount of ozone absorbed by crops (Desjardins et al.,

1999). Mahrt et al. (1994) used repeated runs over the same

track for the partial isolation of the influence of surface het-

erogeneity and transient mesoscale motion. Such transfer can

best be quantified using aircraft-based measurements. The

versatility of aircraft-based flux measurements was demon-

strated by showing the change in the O3 concentration and

flux upwind and downwind of a major highway (Guo et al.,

1995) and by showing the magnitude of the CO2 concentra-

tion and flux at an altitude of 150 m above the city of Fresno

(Desjardins et al., 2000).

3.3 The Boreal Ecosystem Atmosphere

Study (BOREAS)

The Boreal Ecosystem Atmosphere Study (BOREAS) was

a large international field and analysis campaign organized

by the NASA Goddard Space Flight Centre (Sellers et al.,

1997). It was designed to improve the understanding of the

interactions between the Boreal Forest biome and the atmo-

sphere. The experiment focussed on two study areas in the

boreal forest region of Canada, one north of Prince Albert,

Saskatchewan, and the other near Thompson, Manitoba. Sev-

eral well-instrumented towers measured fluxes and support-

ing meteorological and radiative data over the main forest

types in the two study areas. The Twin Otter flew three flight

campaigns in 1994 and one in 1996. Sun et al. (1997) showed

that at night, lake induced atmospheric circulation resulted

in venting of CO2 over the lake. This meant that the CO2

flux could not be accurately measured over the forest at night

by tower-based systems in close proximity to the lake. Chen

et al. (1999) used the combination of land cover informa-

tion and tower-based flux measurements to obtain flux es-

timates that could be compared to those obtained by flying

a grid pattern 15 km by 15 km. Mauder et al. (2007) used

Wavelet analysis on airborne flux measurements to investi-

gate thermally induced mesoscale circulations and turbulent

organized structures. According to independent large eddy

simulation studies, these are considered as a major contrib-

utor to the energy budget non-closure problem. Their results

put in question the practice of correcting eddy covariance

measurements of the sensible and the latent heat flux for the

lack of energy budget closure according to the Bowen ratio

and of correcting carbon dioxide fluxes according to the en-

ergy balance residual.

3.4 Southern Great Plains (SGP97)

The Southern Great Plains 1997 (SGP97) Hydrology Exper-

iment was motivated by the widespread interest among hy-

drologists, soil scientists and meteorologists in the problems

of estimating soil moisture and temperature states at the con-

tinental scale, and their coupling to the atmosphere (Jackson

et al., 1999). The main objective was to develop algorithms

using remotely sensed microwave data to measure soil mois-

ture at scales expected from future satellite-based microwave

systems. Use of both the airborne thermal and microwave im-

agery collected during SGP97 along with tower and aircraft

flux measurements spawned the development and validation

of remote sensing-based land surface schemes for water, en-

ergy and carbon flux estimation largely based on the two-

source energy balance (TSEB) modelling framework (Nor-

man et al., 1995). Kustas et al. (2006) used corresponding

flux field outputs from the Atmosphere-Land Exchange In-

verse (ALEXI) and the disaggregated ALEXI model (An-

derson et al., 2011) in combination with tower and aircraft-

based flux measurements to investigate flux-footprint rela-

tions (Schuepp et al., 1990). With techniques like Wavelet

analysis, which can provide the full flux contribution over

distances as short as 100 m, these data lend themselves to ad-

ditional studies such as combining satellite and aircraft spec-

tral data with aircraft-based flux measurements.

3.5 Mackenzie GEWEX Study (MAGS)

The Mackenzie GEWEX Study (MAGS) was part of the

Global Energy and Water Cycle Experiment (GEWEX).

MAGS was a comprehensive study of the hydrologic cycle

and energy fluxes of the Mackenzie River Basin, which is

the largest North American source of fresh water to the Arc-

tic Ocean. The role of the NRC Twin Otter atmospheric re-

search aircraft in MAGS was to provide measurements of

surface-atmosphere exchange of sensible and latent heat and

CO2 at temporal and spatial scales suitable for model test-

ing. Mauder et al. (2008) used these data to demonstrate that

flux measurements from a low-flying aircraft could be used to

produce 2-dimensional maps of the sensible and latent heat
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flux for this complex ecosystem. Recent work has demon-

strated how aircraft-based flux data can be used in combina-

tion with satellite-based input data to develop environmen-

tal response functions (Metzger et al., 2013). These permit

an order-of-magnitude increase in spatio-temporal resolution

and extend the resulting flux maps.

3.6 Soil Moisture-Atmosphere Coupling

Experiment (SMACEX)

The Soil Moisture-Atmosphere Coupling Experi-

ment (SMACEX) was conducted over the period from

15 June to 6 July 2002 over the Walnut Creek Watershed

near Ames, Iowa a corn and soybean production area (Kustas

et al., 2005). The data collected in SMACEX represent a

relatively wide range of atmospheric, soil moisture, and

vegetation states for use in modeling studies. This unique

dataset consists of tower and aircraft flux measurements

of heat, water vapour, momentum, carbon dioxide and

ozone. It was collected simultaneously with a wide range of

satellite data in order to develop satellite-based algorithms

for land surface flux estimation. These algorithms were

evaluated against the network of flux towers, and should in

the future be compared with the aircraft-flux and regional

remote sensing-based models such as ALEXI. Finally

the relatively dense network of flux towers located in the

experimental domain of corn and soybean fields afforded

a unique opportunity to compare aircraft and tower fluxes

(Prueger et al., 2005). These results were preliminary and

require a more rigorous suite of analyses. As the techniques

for accurately estimating mass and energy fluxes using

aircraft-based technology evolve, it is very likely that the

accuracy of some of the land surface and remote sensing

modeling algorithms will be improved. This should result

in a better understanding of the atmospheric boundary layer

and other non-local effects on flux tower measurements.

3.7 Trace gas – N2O

From 2000 to 2004, the Twin Otter was flown in a series of

flux-measuring studies to quantify N2O emissions. The ob-

jective was to utilize the REA system on the Twin Otter to

measure the flux of N2O (Pattey et al., 2007). One project,

which took place in Southern Saskatchewan, focussed on

comparing the N2O emissions for a 10 km by 10 km area

obtained using a large number of chambers to aircraft flux

measurements by flying a grid pattern over the site (Pattey et

al., 2007). A second project was carried out in Eastern On-

tario along two 20 km transects (Desjardins et al., 2010). The

measurements covered two periods when the N2O emissions

from agricultural lands are at their greatest: the spring burst

period associated with spring thaw and the period just after

the application of N fertilizers in the spring. They showed

that N2O emissions varied substantially from day-to-day but

were very similar for the two agricultural areas 30 km apart.

The day-to-day difference between the aircraft-based flux

measurements and estimates by the Denitrification and De-

composition (DNDC) model (Li, 2000) confirmed that the

25 % estimate commonly assumed for the indirect N2O emis-

sions as part of the IPCC methodology is reasonable (Des-

jardins et al., 2010).

3.8 Trace gas – CH4

In 2011, CH4 flux measurements were collected over an agri-

cultural region in eastern Canada in order to verify CH4 in-

ventory from agricultural sources. A fast response CH4 ana-

lyzer and a REA system were flown along several 20 km tran-

sects at an altitude of 60 m. This study showed that similar

methane fluxes can now be obtained using the REA and the

eddy covariance techniques using the available instrumenta-

tion. It also demonstrated that in many agricultural regions,

there can be other important sources of methane beside live-

stock such as wetlands and waste water treatment plants, that

act as large and confounding sources of methane (Desjardins

et al., 2016).

4 Conclusions

This publication documents the availability of archived data

from Twin Otter flux projects flown from 1987 to 2011. The

archive includes files of time series of a large selection of

variables stored at either 16 Hz (1987 to 1994) or 32 Hz

(1996 to 2011). Most of these projects were conducted in col-

laboration with scientists from universities and other research

agencies. The archive represents high-quality data from over

4000 flux runs flown over a wide range of landscapes. It is

a resource that could be used to extend the scientific knowl-

edge and the considerable body of literature already gener-

ated by these projects. During these studies, three flux mea-

surements were calculated: raw, detrended and high-pass fil-

tered. This was done as an attempt to deal with conditions of

non-stationarity. It now appears that time-frequency analyses

such as Wavelets might be a more effective way to deal with

this condition. We have started redoing some of the analy-

ses but it is only one example of the new type of analysis

that can be done with these data. The development of envi-

ronmental response functions using the data collected dur-

ing these projects could greatly improve the value of satellite

data for assessing crop conditions. Clearly these large scale,

interdisciplinary field studies have greatly advanced thermal-

based energy balance modeling schemes for reliable field to

regional scale energy balance modeling (Kustas and Ander-

son, 2009). Utilizing these flux-aircraft measurements should

provide greater insight to the accuracy of the predicted flux

fields generated using satellite-based algorithms.
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