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A B S T R A C T   

Cold environment supports a large diversity of local climates. Among them, urban climates in 
northern cities stand out for their pronounced warm temperature anomaly known as the Urban 
Heat Island (UHI). UHI in northern cities has been already studies through satellite images and in- 
situ observations in the urban canopy layer (UCL). Yet, the vertical structure of the urban at-
mospheric boundary layer (UBL) has not been studied there. This work presents new observations 
of UBL in Nadym – a sub-Arctic Siberian city. During several intensive observing periods we run 
simultaneous registration of urban and rural meteorological parameters with unmanned drones, a 
microwave temperature profiler and a dense network of ground-based sensors. The data analysis 
reveals details of UHI development in the UCL and UBL, and links together horizontal urban-rural 
canopy-layer temperature differences, boundary layer stability, and UHI vertical extent. We show 
that during strong temperature inversions, UBL is less stratified than its rural counterpart, but it 
still remains very thin and limited in height by a few tens of meters. The observations disclose that 
the ground-based (50 m – 100 m above ground) temperature inversion is one of the strongest 
control factors for UHI in cold climate conditions in winter.   

1. Introduction 

Cities transform their environment and local climates. Urban surfaces are modified, aerodynamically rough, often physically 
impervious, and spatially heterogeneous. Those factors along with intense anthropogenic heat release create significant local climate 
anomalies at the surface and in the lower atmosphere (Oke et al., 2017). An urban heat island (UHI) – a climate effect of persistent 
urban temperature anomalies – is well known. But cities exhibit not only UHI near the surface. They also modify humidity, cloudiness 
and precipitation (Han et al., 2014; Varentsov et al., 2018b; Liu and Niyogi, 2019), wind regime (Droste et al., 2018), and other 
meteorological, hydrological and chemical parameters. Warm temperature anomalies could be found below cities in the active soil 
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layer (Lokoshchenko and Korneva, 2015) and in ground waters (Benz et al., 2016). Those climate factors directly or indirectly impact 
human wellbeing and economy. 

Both warmer air and higher urban canopy roughness support generation of turbulent eddies and enhance turbulent mixing in the 
atmospheric boundary layer (ABL) over cities. Here, large urban-induced meteorological disturbances cannot be blended easily at 
some height within ABL. They are responsible for a distinct urban boundary layer (UBL). A typical UBL is commonly depicted as a 
relatively warm and polluted turbulent dome over a city (Oke et al., 2017; Fan et al., 2018). It maintains breeze-like mesoscale cir-
culations induced by the city as whole (Lemonsu and Masson, 2002; Varentsov et al., 2018b). Urban heating increases the UBL height 
in comparison to the rural ABL (Pal et al., 2012), and delays decay of atmospheric convection over cities (Barlow et al., 2015). 

Urban climate is still largely studied through its footprints on the surface or at best on an urban canopy layer (UCL). The surface UHI 
(frequently referred to as SUHI) is convenient for satellite monitoring (Voogt and Oke, 2003; Zhou et al., 2018), whereas UCL UHI is 
observed with in situ instruments. UBL UHI is expected to be observed within the whole UBL, e.g. Oke et al., (2017) defines it as a 
difference of the average temperature in the layer between the top of the UCL and the top of the UBL, and that at similar elevations in 
the rural ABL. Only a very few studies attempt to combine observations of SUHI, UCL, and UBL (e.g., Hu and Brunsell, 2015). This 
situation is perhaps unsurprising. Indeed, upper UBL could be inaccessible for direct observations. Low aircraft flights and meteo-
rological balloons are usually not allowed in the urban areas. Meteorological masts and ground-based remote sensing instruments such 
as sodars and microwave radiometers may not reach upper UBL. Existing concepts of the UBL structure and variably is supported by 
only few fragmented observational studies (e.g. Bornstein, 1968; Oke and East, 1971; Oke, 1995; Lokoshchenko et al., 2016), and by 
several studies based on numerical modelling (Wouters et al., 2013; Varentsov et al., 2018a) or coarse-resolution remote-sensing data 
(Gorlach et al., 2018). A number of idealized theoretical and modelling studies of the urban heat dome have been published in the 
recent years that however do not address any realistic atmospheric stability and urban-rural temperature contrasts (Fan et al., 2017, 
2020). 

Looking for accessible UBL for observations, we turned our attention to cold (boreal) climate cities. The cold climate cities are 
found in boreal climate zones with temperatures below freezing and persistent snow cover over a significant part of the year as defined 
by Järvi et al. (2017) and Qian et al. (2022). Here, persistent surface energy deficit in wintertime creates stronger surface layer sta-
bility; it suppresses the turbulent mixing making UBL rather shallow, and therefore, more accessible for available instruments. 
Frequent anticyclonic weather conditions maintain calm wind, pronounced temperature inversions in the lower atmosphere (Wetzel 
and Brümmer, 2011), and a thin stable ABL (Davy, 2018). Thus, the UBL features are expected to become more contrast; UHI mag-
nitudes to increase, and capping temperature inversion at the UBL top to sharpen. 

Urban meteorology of cold climate cities is still poorly studied. Research publications are scarce (Brozovsky et al., 2020; Qian et al., 
2022) and the cities are underrepresented in open access data sets (Chakraborty and Lee, 2019). Increasing interest to the Arctic region 
prompted new studies of the cold cities. These new studies were mainly based on analysis of land surface temperature (LST) from 
satellite data products, notably from the MODIS LST products (Esau et al., 2016, 2021; Miles and Esau, 2017). In situ data were 
collected through the UHIARC network in several Russian Arctic cities (Konstantinov et al., 2018; Varentsov et al., 2018a), and 
through observational networks in Barrow, Alaska (Hinkel and Nelson, 2007; Klene et al., 2013). Listed studies reveal significant SUHI 
and UCL UHI even in small and medium-sized cold climate cities. Here, SUHI and UCL UHI are typically amplified during winter cold 
spells, see, e.g., a comprehensive review of the Arctic urban climate studies in (Esau et al., 2021). Yet, the UBL in cold climate cities has 
been never investigated, except studies for Helsinki (Wood et al., 2013) with its relatively mild climate. 

The present study makes the next step and extends urban climate research in high-latitude cities towards the UBL. We report a new 
data collection that discloses horizontal urban-rural meteorological differences, UHI vertical extent, and UHI dependence on atmo-
spheric stability. Those factors allow characterization of the entire UBL. This study is done in a high-latitude city of Nadym in Russia 
under very cold winter conditions. To collect the data, we used several traditional (meteorological stations and sensors) and new 
instruments, namely, unmanned aerial vehicles (UAVs or just drones) and meteorological temperature profilers (MTP). Measurements 
were performed over several winters during shorter intensive observational periods (IOPs). The presentation has the following 
structure. The next Section 2 describes the study area, data collection and processing methodology and routines. Section 3 presents 
results including the vertical profiles of the UBL obtained by different instruments. Section 4 opens for discussion of the results and 
methodology. The last Section 5 highlights our conclusions. 

2. Data and method 

2.1. Study area 

Nadym (about 45.000 inh.) is a typical example of Arctic urbanization in Russia. The city is located at 65.53◦ N, 72.52◦ E in Western 
Siberia just about 100 km to the south of the Arctic Circle. It is situated on a flat plain of the Nadym river alluvial terrasse. The elevation 
differences at and around the city do not exceed a few meters. The urban area is mainly built up with apartment buildings of 5 to 9 
floors. Urban layout is compact with well-defined urban boundaries, which make the city well-suited for urban climate studies. 

Over the last decade, Nadym has emerged as a research base for urban and peri-urban field studies in multiple scientific disciplines. 
One can mention permafrost studies related to CALM programme (Obu et al., 2019; Vasiliev et al., 2020), ecosystem studies on sandy 
outcrops (Sizov and Lobotrosova, 2016) and former wildfire sites (Sizov et al., 2021), micro-meteorological (Soromotin et al., 2021) 
and urban climate studies (Miles and Esau, 2017), as well as a row of holistic socio-environmental studies (Kumpula et al., 2011; 
Stammler and Sidorova, 2015; Yu et al., 2015; Fedorov et al., 2021). 

Nadym is one of a few polar Eurasian cities covered by urban meteorological observations within the UHIARC field campaign 
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running since 2016 (Konstantinov et al., 2018). It justifies our selection of this city for more comprehensive UBL observations. Previous 
urban climate studies in Nadym (Miles and Esau, 2017; Konstantinov et al., 2018; Esau et al., 2021) reveal significant SUHI and UCL 
UHI in this small-size compact city. The published works have addressed UHI intensity, its spatial footprint, and relationships with 
specific weather conditions. Besides, Konstantinov et al. (2018) described in situ UHIARC observations and spatiotemporal variability 
of UCL UHI. Esau and Miles (2018) described the routines for MODIS LST processing, which differ from those adopted in (Chakraborty 
and Lee, 2019) global SUHI dataset where Nadym is not present. 

In order to investigate the linkages between UCL, UBL and UHI, we organized five intensive observational periods (IOPs). Long- 
term UHIARC observations in Nadym were supplemented by extended ground-based observations and boundary layer profiling 
with drones and microwave temperature profiler (MTP). We describe our instruments and observational methodology below. 

2.2. Ground-based measurements 

Background meteorology of the Nadym area is observed at the only regular weather station of the World Meteorological Orga-
nization (WMO) with the station identification number 23445. The station is located near a landing strip of the Nadym airport at about 
10 km from the city (WMO site at Fig. 1) and represents the background (non-urban) climatic conditions. The WMO station data are 
freely available at 3-hourly frequency; data with 1-min frequency during the selected IOPs was additionally requested for this study. 

Urban meteorological parameters are also registered by a Davis Vantage Pro 2 automatic weather station (AWS), which is installed 
in a central city park (AWS1 site in Fig. 1). The park is rather small and has a rarified tree stand (Fedorov et al., 2021), so it would likely 
have only a limited effect on local climate (Xiao et al., 2018). The station is in operation since 2016 as a part of the UHIARC network 
(Konstantinov et al., 2018). Since 2020, the urban network in Nadym was expanded with new AWS2 and AWS3 of the same type as 
AWS1. AWS2 was installed in a courtyard surrounded by densely built 9-storey blocks. AWS3 was installed within a low-rise industrial 
part of the city. Observational frequency for AWSs is 5 min. All AWSs are supplemented by Onset Hobo MX2300 gradient temperature 
loggers (Hobo TLs) with sensors at 1.5 and 3 m. Data from these TLs was used to fill temperature gaps in AWS data, including the cases 
when temperate drops below -40 ◦C, which is the lowest limit of the AWS measurement range. 

During most of IOPs, the ground-based network was enhanced by compact iButton temperature loggers (iButton TLs) deployed 
within and outside the city (Fig. 1). iButton TLs were installed on low bush branches at about 2 m above the surface. Our previous 
UHIARC studies proved that TLs even without radiation shields can provide reliable temperature observations when the sun is low or 
absent (Konstantinov et al., 2018; Varentsov et al., 2018a). Since such conditions are found during the major part of the reported 
observational periods (the polar winter), the use of TLs without shielding is justified. Observational frequency for TLs varied from 5 to 
30 min in different years. 

The temperature differences at AWSs or TLs and WMO sites, ΔTi = Ti − TWMO, quantify the UCL UHI intensity. 

2.3. ABL profiling 

The novelty of our study lies in using unmanned drones for nearly simultaneous observations of the ABL structure within and 
outside a city. The first attempts of using UAVs for atmospheric research go back to 1970s (Konrad et al., 1970), and nowadays both fix- 
wing and rotary-wing drones are widely used for ABL research (Bell et al., 2019; Chilson et al., 2019; Kral et al., 2021). Rotary-wing 

Fig. 1. The deployed observational network in Nadym. White color indicates sites with long-term ground-based observations. These observations 
are available for the whole considered period. Magenta color indicates sites where extended observations were performed during IOP-1 in December 
2018. Cyan color indicates extended sites operated during IOPs 3, 4 and 5 in 2021. Yellow color indicates sites where drones were used for at-
mospheric profiling. The left panel shows the Nadym and airport areas; the right panel zooms into the Nadym urban area. (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of this article.) 
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Fig. 2. The equipment used for the experimental atmospheric observations in Nadym: automatic weather station Davis Vantage Pro 2 at AWS1 site (a), iButton TLs (b), DJI Phantom 4 Pro drone at R2 
site (c), more detailed photo of the drone and sensors (d), MTP-5 at R0 site (e). 
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drones, with their ability to hover and to slowly ascend and descend vertically, have clear advantages for accurate measurements in 
stable-stratified ABL (Kral et al., 2021; Tikhomirov et al., 2021). Another key advantage of the multi-rotor UAVs is an opportunity to 
estimate the wind speed and direction without any additional sensors using only altitude data (pitch and roll angles) from their internal 
measurement unit (Neumann and Bartholmai, 2015; Palomaki et al., 2017). High-end multirotor drones are already developed for the 
ABL research (Segales et al., 2020) and for the needs of automated atmospheric profiling (Leuenberger et al., 2020). At the same time, 
even the mass-market drones with attached meteorological sensors can provide high-resolution and accurate enough measurements of 
key meteorological parameters inside the ABL (Varentsov et al., 2019, 2021a; Kimball et al., 2020). Nevertheless, UAV applications in 
the UBL research remain rather new and limited to a few studies (Adkins et al., 2020; Sekula et al., 2021), with none considering cold 
winter conditions. 

We use DJI Phantom 4 Pro quadcopters. These drones are equipped by meteorological sensor packages iMet-XQ2 and iMet-XF from 
Intermetsystems company (Fig. 2). iMet- XQ2 is a compact ready-to-use system that includes internal memory, GPS as well as a set of 
temperature, humidity and pressure sensors. iMet-XF sensor package is part of the customized system (Varentsov et al., 2019) that also 
includes a data logger and a power supply block (packed in a plastic box), and a NTC temperature sensor. Observation frequency for 
both sensor packages is 1 s. Declared accuracy of all listed temperature sensors is ±0.3 ◦C. Both sensor packages are mounted at chassis 
under the drones; the sensors are placed under the front rotors for better aspiration (Fig. 2). A dataset for each vertical profile consists 
of sequential ascent and descent with vertical speed of about 0.5 m/s in the lowest 50 m and 1–1.5 m/s above. The measurements were 
collected between 120 m and 250 m (depending on weather conditions and radio interference). Each individual sounding typically 
takes about 10 min. 

Processing of the drone-based measurements involves sensors’ readings and drone’s flight logs. The workflow includes synchro-
nizing data from the sensors and the flight logs, identifying take off/landing time and ascending/descending flight segments, and 
determination the height over the ground based on pressure and temperature readings. Data processing includes correction for inertia 
of the sensors and resulted hysteresis pattern in the vertical profiles measured on ascend and descend (Varentsov et al., 2019; 
Tikhomirov et al., 2021). We correct such effect by shifting the observed time series by a lag Δt, which is determined for each separate 
sounding by minimizing the root-square difference between profiles observed on ascend and descend. For iMet-XQ2 and NTC tem-
perature sensors, Δt varied from 0 to 8 s with mean value of 3.5 s. EE03 sensor has larger inertia with typical Δt about 6–9 s. Data 
processing also includes estimation of wind speed and direction from the drone’s flight logs as described in (Varentsov et al., 2021b). 
Finally, data processing routines provides vertical profiles of the temperature, humidity, pressure, wind speed and direction, averaged 
over ascending and descending segments. The obtained temperature and pressure readings are further converted to potential tem-
perature (θ) profiles which are more useful for stratification analysis. 

We also use a microwave temperature profiler MTP-5 from the ATTEX company (http://mtp5.ru/). MTP-5 is a passive scanning 
radiometer retrieving the air temperature in the elevation range from 0 m to 1000 m above the ground (Kadygrov and Pick, 1998). It 
retrieves temperature profile from microwave brightness temperature measured at difference angles solving inverse problem. The 
lower point temperature in MTP-5 is measured by independent temperature sensor (shielded from radiation) outside the instrument. It 
is used then as a reference temperature for retrieval algorithms that convert the registered brightness temperature to the meteoro-
logical absolute temperature. Declared accuracy of MTP-5 temperature measurements (root-mean square error) is 0.2–1.2 K. Vertical 
resolution of the MTP-5 data is 25 m in the lowest 100 m layer and 50 m above it. The measurement frequency is 5 min. Observations 
with MTP-5 as well as drones quantify atmospheric stability conditions and allows estimating vertical extent of the UBL UHI. 

Table 1 
Summary of intensive observational periods in Nadym.  

IOP 
N◦

Period Ground-based measurements* ABL measurements 

1 19–27 
December 
2018  

• Urban AWS (AWS1 site)  
• Hobo gradient TLs at the urban (AWS1) and rural 

(WMO) sites  
• 22 iButton TLs  
• Radiation measurements with Kipp&Zonen 

instruments at the WMO site (CMP21 pyranometer, 
CGR4 pyrgeometers)  

• Continuous observations of temperature profile by the 
MTP-5 profiler at the rural site R0  

• 3 profile soundings over the city at the U1 site done with 
one drone equipped with iMet-XF & iMet-XQ2 sensors 
(P1.1-P1.3) 

2 20–21 
December 
2019  

• Urban AWS (AWS1 site)  
• Hobo gradient TLs at the urban (AWS1) and rural 

(WMO) sites 

16 alternate profile soundings over the rural (R1) and urban (U2) 
sites done with one drone equipped by iMet-XQ2 sensor (P2.1 – 
P2.16) 

3 9–11  
January 2021  

• 3 urban AWSs (AWS1–3)  
• Hobo gradient TLs at the urban (AWS1–3) and rural 

(WMO) sites  
• 18 iButton TLs 

15 paired synchronous profile soundings over the rural (R1) and 
urban (U1/U2) sites done with two drones equipped by iMet-XQ2 
sensors (P3.1–3.15) 

4 5 February 
2021 

6 alternate profile soundings over the rural (R1) and urban (U2) 
sites done with one drone equipped by iMet-XQ2 sensor (P4.1–4.6, 
P5.1-P5.6) 5 13 February 

2021  

* in addition to regular observations at the WMO site. 
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2.4. Intensive observational periods (IOPs) 

Performing continuous observations in a remote city is an extremely resource-intensive task. Instead, we collected data during 
several IOPs. Table 1 presents basic information about these IOPs, including their duration and instrumentation, and Fig. 1 shows 
location of observational sites. Each IOP included at least a few drone-based profile measurements, further referred as Pi.j, where i is an 
IOP number, and j is a profile number during this IOP (e.g. P1.1 is the 1st profile measured during 1st IOP). 

IOP-1 in December 2018 was the longest and included most detailed ground-based observations. In addition to AWS and 22 TLs, 
components of the surface radiation balance were monitored by Kipp & Zonen instruments (CMP21 pyranometer for downwelling 
shortwave flux, CGR4 pyrgeometers downwelling and upwelling longwave fluxes) at WMO site, and the temperature profile was 
continuously scanned by MTP-5 at the rural site R0 near the airport landing strip, at a distance of about 600 m from WMO site (Fig. 2). 
R0 site was located within a flat and open snow-covered area between the landing strip and forest, far away from buildings and other 
sources of anthropogenic heat. The MTP-5 instrument was placed at the roof of a metal container at approximately 3 m height above 
the surface (Fig. 2). The R0 observations were also supplemented by Vaisala WXT520 AWS. However, during IOP-1 the drones were 
operated only within the city at the U1 site found at a wide boulevard between 9-storey blocks (Fig. 2). We managed to complete only 3 
successful profiles. 

The following IOPs were aimed to extend data sampling and to perform fully comparable profile measurements with drones at both 
urban and rural sites. During IOP-2 (December 2019), we performed measurements using one drone with the iMet-XQ2 sensor. The 
drone was launched alternately at two points, the rural site R1 in 4 km from the city, and the urban site U2 located at an open area with 
a roundabout (Fig. 1). We managed to obtain 16 soundings, with time difference between urban/rural soundings about 30 min. IOP-2 
data collection did not include any ground-based observations additional to long-term network, but next IOPs were supported by 
extended network consisting of two new AWSs and 18 iButton TLs. During IOP-3 (9–10 January 2021) we performed 15 paired 
synchronous soundings at the urban and rural sites using two drones equipped with the iMet-XQ2 sensors. The R1 site was again used 
as a rural site, and the U1 and U2 sites were alternately used for profiling over the city to cover different types of the urban envi-
ronment. Very short IOP-4 and IOP-5 were organized in February 2021 to extend the data sampling adding more cases with strong 
intensive cold spells and strong UHI. IOP-4 and IOP-5 consisted of 6 alternate soundings each over the rural (R1) and urban (U2) sites. 
These soundings were performed with a 30-min interval. 

2.5. Larger-scale weather conditions 

To illustrate the large-scale weather conditions, we use the state-of-the-art ERA5 reanalysis data from ECMWF (Hersbach et al., 
2020). Its spatial resolution is 0.25◦ (approx. 30 km), temporal resolution is 1 h. Since our IOPs provide relatively short samplings of 
wintertime weather conditions, ERA5 reanalysis was used to investigate relationships between observed UBL UHI and a set of large- 
scale control parameters. We consider the following parameters derived from ERA5: wind speed at 10-m height, V10m; the mean wind 
speed in the layer, Vz;the ABL height, HABL, (blh ERA5 variable), defined as the minimum height for the bulk Richardson number 
reaching the value of 0.25 according to (Vogelezang and Holtslag, 1996); net thermal radiation, QL, (str ERA5 variable); and strength of 
the ground-based temperature inversion, ΔTz, in the lowermost layer with the thickness z (z = 50, 100, 200 and 300 m), i.e., 

ΔTz =

{
Tz − T2m,Tz − T2m > 0

0, Tz − T2m ≤ 0 

We also use two parameters derived from observations at the WMO site, namely, 10-m wind speed, V10m
obs , and a weather factor, FW

obs, 
which is an empirical function from wind speed and cloud fraction suggested in (Oke, 1998). The weather factor was found to closely 
correlate with the UHI intensity in the Arctic cities (Konstantinov et al., 2018; Varentsov et al., 2018a). Here we use the same definition 
as in previous UHIARC studies: 

Fobs
W =

(
1 − 0.8n2

t − 0.4(nt − nl)
2 )

• min
(

Vobs
10m

− 1
2; 1

)
,

where nt and nl are observed total and low cloud fraction respectively. 
We further analyzed the correlation between UCL UHI intensity according to long-term observations (ΔTAWS1, ΔTAWS2) and the 

listed variables. To deal with ambiguity associated with time difference between observations and reanalysis data, we consider time 
series smoothed with a 6-h running window. The correlations are obtained for the December–February months of 2018/19, 2019/20 
and 2020/21 winter seasons (hereafter referred as P1 period) for ΔTAWS1, and of 2020/21 season (hereafter referred as P2 period) for 
both ΔTAWS1 and ΔTAWS2. 

3. Results 

We observed significant UHI during most of IOPs, yet its intensity and persistence varied strongly. Weather conditions and physical 
factors, such as ABL stratification, had a marked impact on the UHI and UBL characteristics. We consider those factors below. 
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Fig. 3. Weather conditions during the intensive observational periods (IOPs): urban and rural air temperature and UCL UHI intensity for AWS1 site 
and for warmest urban site (Tmax and ΔTmax, which correspond to TL near U1 site for IOP-1, to AWS2 for IOPs 3, 4 and 5) (a); temperature 
stratification according to MTP-5 observations for IOP-1 and ERA5 reanalysis for other IOPS (b); wind speed according to observations at WMO site 
and ERA5, vertical temperature differences ΔTz for z = 100, 200 and 300 m according to MTP-5 observations (solid lines) and ERA5 (dotted lines) 
(c); downward (Sd) and net (QS) shortwave radiation according to ERA5, net longwave radiation QL according to ERA5 and observations (d). Time 
series are averaged with a 1-h running window. Gray strips indicate periods of vertical profiling (soundings) with drones, black squares on X-axis 
indicate exact time of such soundings. 
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(caption on next page) 
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3.1. Weather conditions and canopy-layer heat island during IOPs 

Weather conditions observed during IOPs varied broadly. Several cold spells or periods with rapid cooling followed by frosty 
weather were observed (Fig. 3). The longest IOP-1 in December 2018 comprised two cold spells. The first, shorter cold spell on 
December 20, showed the rural temperature drop from − 20 ◦C to − 30 ◦C in 9 h. The second, longer cold spell (on December 22 to 25), 
showed the rapid temperature drop from − 5 ◦C to − 40 ◦C in 24 h, and then a slow colling to − 46◦С. During IOP-2, weather conditions 
were relatively stable with a slow cooling trend. By contrast, IOP-3 comprised rapid temperature changes, including warming on 
January 9, 2021, and a rapid temperature drop from − 15 ◦C to − 37 ◦C through the next day. Temperature dynamics observed in IOPs 4 

Fig. 4. Time series of air temperature, UCL UHI intensity and wind speed during IOP-2 in December 2019 (a), IOP-3 in January 2021 (b), IOP-4 and 
IOP-5 in February 2021 (c, d). Vertical dotted lines indicate the moments of the drone-based soundings in urban (red dotted lines) or rural (blue 
dotted lines) sites or paired simultaneous soundings in both sites (black dotted lines). (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 5. The potential temperature (a, c) and wind speed (b, d) profiles obtained by drone sounding during the P1.1 (a, b) and P1.2 cases (c, d) in 
December 2018. Note the different scales for the wind speed axis for these two cases. Arrows to the left from wind speed plots indicate 
wind direction. 
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and 5 was close to IOP-3. A pronounced UCL UHI was recorded during all cold spells observed in IOPs 1, 3, 4 and 5, with its intensity 
reaching up to 7 K. UCL UHI intensity for the densely built areas (ΔTmax in Fig. 3, which corresponds for TL new U1 site for IOP1 and 
AWS2 for other IOPs) was typically by 0.5–2 K higher than for urban park (AWS1). Beyond the cold spells, UCL UHI intensity remained 
rather weak (typically lower than 2 K). 

According to the MTP-5 observations available for IOP-1 and ERA5 reanalysis for other IOPs, the cold spells were accompanied by 
strong temperature inversions. The temperature increased in the lowest 300 m as much as 20 K for second cold spell in IOP-1, and by 
8–15 K for other cold spells. Between the cold spells, periods with neutral or unstable stratification were also observed. It worth to note 
that IOP-1 data proved relatively good agreement between MTP-5 observations and reanalysis in terms of temperature stratification 
(correlation coefficient is 0.78, 0.9 and 0.92 for ΔTz=100, ΔTz=200 and ΔTz=300 respectively), justifying usage of the latter for other 
IOPs. 

All observed cold spells were accompanied by the decrease in the wind speed, represented both by the local WMO observations and 
ERA5 reanalysis (Fig. 3). The observed wind speed was always lower than in reanalysis and dropped nearly to zero at the peaks of 
cooling. Downward (Sd) and net (QS) short-wave radiation was almost absent during IOPs 1, 2 and 3 as it was winter solstice time at a 
place near the Arctic circle (daylight duration during these IOPS did not exceed 3.5 h and solar elevation did not exceed 2.5◦). Yet, 
these fluxes became significant during daytime hours in IOPs 4 and 5 in February (Fig. 3). The radiation balance was mostly controlled 
by net long-wave radiation (QL). QL was typically negative reaching − 50 W m− 2 at early time of the observed cold spells. Yet, it was 
close to zero between the cold-spells as well as during the whole IOP-2. IOP-1 data shows that observed QL dynamics is reasonably 
captured by the ERA5 data, with an overall negative bias and only significant discrepancies on December 20, just before the first cold 
spell. 

We observe a good correspondence between the most intense UCL UHI periods and the periods of the strongest temperature in-
versions. Yet, the UCL UHI intensity is the best correlated with inversion strength in the lowest 100 m, while the presence of inversion 
in a thicker layer may not be accompanied by UHI. For example, after the peak of cooling on December 22, 2018, the ΔTz=300 m exceeds 
5 K for two days, but the near-surface temperature gradient remained nearly zero and so UHI was rather weak. We also found good 
correspondence between wind speed, UHI intensity and the strength of near-surface inversions: both phenomena develop when the 
wind speed drops below 1 m/s in the WMO observations (below 4 m/s in the ERA5 data). All observed UHI cases were accompanied by 
radiative cooling and negative QL. Yet, despite faster radiative cooling of the rural surface is considered one of important factors for 
UHI (Oke, 1982), in our case there was no clear correlation between QL and UCL UHI intensity. For example, during the second cold 
spell in IOP-1, UCL UHI developed in 20 h after the minimum QL was observed. 

We were able to cover a wide part of observed variety of weather conditions by drone-based soundings. In IOP-1, we obtained data 
at the peak of the cold period on December 22, 2018, when the strongest UCL UHI and the strongest inversion were observed. Then, we 
observed weaker temperature gradients at the next day. In IOP-2, we performed series of soundings against the weak UCL UHI with its 
intensity not exceeding 2 K (Fig. 4a). In IOP-3, we performed the first soundings (P3.1 - P3.3) before the cold spell when UCL UHI was 
absent, and next day we managed to cover by dense soundings (P3.4–3.15) the first part of cooling and UCL UHI development (Fig. 4b). 
The last two IOP-4 and IOP-5 (February 2021) were used to attempt for short measurements at the peak of the cold spell. These drone 
soundings were planned in accordance to weather forecast and real-time AWS observations. Yet, in both cases, we actually captured 
only the end of cold spells and the following transition periods with growing temperatures and decreasing UCL UHI (Fig. 4c, d). 

3.2. Observed atmospheric boundary layer profiles 

The first drone sounding for IOP-1 (P1.1) illustrates UBL for the case with lowest temperature and strongest inversion among all 
cases. It provided urban meteorological profiles up to 130 m at the U1 site (Fig. 5a,b). The urban temperature profile is compared with 
the rural profile from MTP-5 at the R0 site. The lower atmosphere at both sites is stable stratified. Yet, the lowest 50 m of air exhibit 
weaker stratification (the θ gradients are two times smaller) in the city than at the rural site (Fig. 5a), making possible to identify this 

Fig. 6. The Aerial photo of Nadym city taken from the drone when performing vertical profiling for the P1.1 case on 22nd December 2018 (shown 
at Fig. 5a,b). 
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Fig. 7. Vertical profiles of potential temperature (a-c) and wind speed (d-e) obtained from drones at the R1 and U2 sites during IOP-2 in December 2019. The solid lines indicate the instant profiles; the 
dotted lines indicate the profiles averaged for two adjacent time moments. Arrows to the left from wind speed plots indicate wind direction. 
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Fig. 8. The same as in Fig. 7 but for the IOP-3 in January 2021.  
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layer as UBL. Above the UBL (above 75 m) θ gradients were observed to be very similar. The fact that we used measurements from 
MTP-5 and drones explains differences in the temperature in whole air column up to 120 m. Drones measure the absolute temperature, 
and MTP-5 retrieves a relative changes of temperature profile. It is also known that MTP-5 tends to underestimate near-surface 
temperature gradients in stably-stratified conditions (Kadygrov et al., 2012; Ezau et al., 2013; Varentsov et al., 2019, 2021b). 
Considering this bias, the equality of gradients above the UBL and theoretical background (Claussen, 1991; Mahrt, 2000), we assume 
that both temperature profiles must coincide in the free atmosphere. Such assumption suggests a correction for MTP-5 bias, which is a 
constant above the 75 m and linearly decreases to zero at the surface. The corrected profile in Fig. 5a present the remaining tem-
perature difference within UBL up to 50–75 m above ground, which we interpret as the UHI vertical extent. An additional indirect 
support of our UBL height identification is drown from analysis of a fog layer that was observed at that time over the city. Aerial image 
(Fig. 6) and video recorded from the drone during its ascent identify the depth of fog layer as about 50 m. Drone-estimated wind profile 
together with ERA5 data show that such a strong ground-based inversion and UHI develop against a background of low, but non-zero 
wind speed not exceeding 3 m/s in the lowest 50 m (Fig. 5b). 

Two next soundings (P1.2, P1.3), were performed later on December 23. Their data shows the presence of mixed layer over the city 
as well as over rural area, without any significant differences between two sites, and much stronger wind that at previous case (Fig. 5c, 
d). 

The next IOPs provided more consistent profiles obtained by drones launched at both urban and rural sites. The IOP-2 data il-
lustrates the ABL evolution during a slow cooling event. At the beginning of IOP-2, there was a mixed layer in the lowest 75 m and a 
strong elevated inversion above (Fig. 7a). Further into the cooling event, the elevated inversion became stronger and lowered, and a 

Fig. 9. Vertical profiles of potential temperature (a, c) and wind speed and direction (b, d) according to drone-based soundings in R1 and U2 sites 
during IOPs 4 and 5 in February 2021. Arrows at temperature plots represent evolution of the canopy-layer temperature during period, covered by 
drone soundings, according to AWS observations. 
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Fig. 10. Time series of the observed UCL UHI intensity based on the urban WMO AWS2 station readings (ΔTAWS2) given by red shading in all subplots and selected ERA5 variables during December 
2020–January 2021. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) 
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ground-based inversion has emerged over the rural site. This inversion remained relatively weak, with θ difference not exceeding 1.5 K 
in the lowest 50 m (Fig. 7b,c). At the same time, a neutral layer with a height of 40–50 m existed in the city. UHI intensity was limited 
by 1.5 K, and the UHI vertical extent was 40–50 m. Such dynamics developed on the background of moderate wind speed (not 
exceeding 5 m/s in the lowest 50 m), which has been slowly decreasing during this observational period (Fig. 7d-e). We did not find 
any systematic differences in the wind speed profiles over the selected sites. The profiles usually coincided at a height, and near the 
surface there were differences of different signs. 

The IOP-3 data shows more details on ABL dynamics during a rapid cold spell accompanied by intense UCL UHI. Before the cold 
spell (January 9, 2021) the whole lower troposphere was well-mixed, and urban-rural temperature differences were negligible despite 
the wind speed was as low as only 2–3 m/s in the lowest 50 m (Fig. 8a, d). Rapid cooling the next day was accompanied by descending 
elevated inversion and strengthening of the ground-based inversion at the rural site R1 (Fig. 8b, c). The temperature gradient at this 
site has exceeded 2 K in lower 50 m in the P3.12 case. The surface air temperature was 2 K lower at the WMO site. It indicates high 
localization of temperature anomalies in a thin surface layer. Perhaps, the R1 site has higher temperature because of some additional 
mixing created by passing cars, or due to local features of surface roughness and relief. Near-neutral stratification comprised the lowest 
50–60 m of air at both urban sites, U1 and U2. Certain intra-urban variations (the U1 site was warmer than the U2 site) can be 
explained by differences in local settings of sites’ footprints. Considering the northern winds (Fig. 8e,f), the U2 site is more affected by 
winds from the industrial zone where large low- and mid-rise warehouse hangars are found. The U1 site is more exposed to winds from 
residential areas of the city, densely built up by mid- and high-rise apartment blocks. U1 site also experienced noticeably lower wind 
speed within the UBL (Fig. 8e,f). The surface air temperature at the urban site does not drop until the end of the cold spell, but further 
cooling is observed for the rural site (Fig. 4b). Hence, UHI likely continued to intensify in the city against the strengthening rural 
ground-based inversion. 

Data from IOPs-4 and IOP-5 illustrate ABL dynamics at the end of the cold spell (Fig. 4c,d). Due to nonstationary of conditions, here 
we consider urban/rural profiles for individual soundings instead of averaging between neighboring soundings (Fig. 9). Initial tem-
perature profile in IOP-4 was close to those observed during IOP-3, but with even stronger ground-based inversion and θ difference of 
>4 K in the lowest 50 m (Fig. 9a). In the city, as in previous cases, near-neutral stratification extended just from the surface at U2 site, 
resulting in UHI vertical extent about 40–50 m. The wind speed was lower than in previous cases, but still not zero (Fig. 9a). The further 
evolution of θ profiles clearly indicate that following warming was associated with warm air advection above the ABL. Nevertheless, it 
has also resulted in weakening of the rural ground-based inversion and warming of the rural WMO site exceeding that in the city. The 
UHI vertical extent was increasing. Evolution of the wind profiles identify the intensification of the ABL mixing during this short IOP. 
Almost similar dynamics was observed during IOP-5 (the cases P5.2 and P5.4 in Fig. 9). In that case, warming took place only in ABL 
and was likely associated with daytime solar heating (Fig. 3). 

3.3. Boundary-layer control of intense UHIs 

Surface heterogeneity has a significant impact on meteorology (wind, moisture, temperature), air quality, turbulent dynamics of 
the ABL. A concept of the blending height relates horizontal scales and intensity of surface heterogeneity (the UHI footprint) with the 
vertical extent of their boundary layer effects. The blending height determines a height at which influences of individual surface 
patches on vertical profiles or fluxes become indistinguishable (Wieringa, 1986; Claussen, 1991). The urban area could be considered 
as one of such patches, which may induce stronger anomalies than natural patches. Below the blending height UHI is distinct and make 
up urban climate (Barlow, 2014). The collected data directly reveal the UBL height in relation with the horizontal temperature dif-
ference (the UHI intensity) and vertical ABL stratification. 

Our results clearly demonstrate a dominant role of the ground-based temperature inversions in formation and maintenance of 
pronounced UCL UHI. When such inversions develop in the rural boundary layer, near neutral or even unstable stratification persists in 
the UBL. Such ground-based temperature inversions accompanied by UCL and UBL UHI are usually observed during calm weather 
conditions which were preceded by radiative cooling. Yet, these two factors separately are necessary, but not sufficient for the UHI 
development. Performed observations revealed that calm wind speed even in cold weather may not be accompanied by UHI (see, e.g., 
P3.1-P3.3 profiles from IOP-3), and net long-wave radiation is not directly correlated with UHI intensity. 

To confirm the climatological relevance of our results, we used UCL UHI observations in Nadym and ERA5 reanalysis for longer 
periods as descried in Section no. 2.4. Fig. 10 demonstrates that UCL UHI intensity is highly correlated with the strength of ground- 
based inversions, wind speed and the ABL height (Fig. 10). More details are given in (Table 2). The highest correlation coefficient is 

Table 2 
Correlation coefficients between canopy-layer UHI intensity and listed predictors. Color indicates absolute value of the 
correlation coefficient. 

Urban site 
and period ∆ 50 ∆ 100 ∆ 200 ∆ 300 10 50

̅
100
̅

200
̅

300
̅

10

∆ 1, P1 0.56 0.60 0.58 0.57 -0.47 -0.47 -0.48 -0.48 -0.48 -0.48 -0.14 -0.52 0.61

∆ 1, P2 0.65 0.66 0.60 0.53 -0.58 -0.59 -0.60 -0.61 -0.61 -0.58 -0.12 -0.62 0.62

∆ 2, P2 0.70 0.70 0.61 0.53 -0.60 -0.61 -0.62 -0.63 -0.64 -0.59 -0.13 -0.65 0.63
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found between the UHI intensity and the strength of temperature inversions, ΔTz, in the lowest 50 or 100 m. The corresponding 
correlation coefficient reaches 0.7 for ΔTAWS2 in the P2 period., i.e., the strength of ground-based inversions explains 50% of UHI 
variability. Such correlation is smaller for AWS1 site, yet the ΔTz remains the best reanalysis-based predictor for ΔTAWS1. The cor-
relations decrease if ΔTz with z > 100 m is considered. Wind speed and the ABL height have significant, but less strong negative 
correlation with the UHI intensity as well. The correlation between UHI and the long-wave radiation balance is weak, yet many UHI 
events are foreshadowed by radiative cooling with strongly negative QL values (Fig. 10). The lag between peaks of radiative cooling 
and UHI is likely determined by the time needed for the rearrangement of the rural ABL into a strongly stable state with a ground-based 
inversion. 

4. Discussion 

Studies of UBL UHI are still scarce. Our study extends the UBL research towards a new geographical region of Siberian sub-Arctic 
and specific physical conditions of the high-latitude continental winter, characterized by almost absence of solar heating and presence 
of long-living stable boundary layers. Significant and distinct differences in the UBL vertical structure in the high- and mid/low- 
latitude cities could be disclosed through our study. Temperature inversions in the polar lower atmosphere impose strong con-
straints on the ABL height. UBL which developed in such stable conditions is mixed much better than rural ABL, but remains very thin, 
with a typical height of mixed layer about 50 m. Our instruments do not allow accurate quantification of rural ABL height, yet we 
expect that UBL is not considerably deeper than the rural ABL despite of being much better mixed. For temperate cities, deeper UBL and 
larger urban-rural differences in the ABL height were reported. For example, the ABL height was up to 45% (700 m) higher than that 
over the rural areas in Nashville, USA (Angevine et al., 2003). The mean difference was found to be 160 m; larger differences were 
observed in daytime. For Paris, France, Pal et al. (2012) reported the UBL height varied from 204 m (nighttime) to 1135 m (daytime). 
The most significant relative differences between urban and suburban sites (63 m or 45%) were observed at night. Several classic 
studies report a typical vertical extent of nocturnal UBL UHI in mid-latitude cities to be about 300 m, e.g. according to helicopter 
soundings in Montreal, Canada (Oke and East, 1971), New-York, USA (Bornstein, 1968) and Christchurch, New Zeeland (Tapper, 
1990). In Moscow, Russia, the annual-mean nocturnal UHI vertical extent is about 100 m according to measurements at the Ostankino 
television tower (Lokoshchenko et al., 2016). Mesoscale meteorological models provide similar estimates (about 150 m) for the 
vertical extent of nocturnal UBL UHI for Moscow (Varentsov et al., 2018b) and Paris (Wouters et al., 2013). 

At the first glance, the smaller vertical extent of UBL in Nadym in comparison to temperature cities can be explained by the smaller 
city size. However, the observed UCL UHI intensity in Nadym is comparable with that in much larger mid-latitude cities. Maximums of 
the UCL UHI intensity in Nadym may reach 7-8 K (for the AWS2 site). Thus, UHI in Nadym could be more intense than in cities from 
abovementioned UBL studies as well as other studied cities, such as the large Dutch cities (Steeneveld et al., 2011), Barcelona (Moreno- 
Garcia, 1994) and Bucharest (Cheval et al., 2009). Hence, due to the temperature inversions, UHI in a cold climate city in winter is 
characterized by the higher UCL UHI intensity and lower UBL vertical extent in comparison to typical mid-latitude city. 

More constraint UBL in high latitudes may lead to severe air quality problems. UHI could be used as a convenient and practical 
indicator of atmospheric stability (temperature inversions) and therefore of low-level turbulence diffusion. Similar proxy associations 
have been recently suggested from satellite data analysis by (Li et al., 2018). Persistent wintertime temperature inversions strongly 
exacerbate air quality problems in high latitudes (Schmale et al., 2018). For example, one might consider winter air quality challenges 
in Fairbanks, Alaska (Tran and Mölders, 2011; Ye and Wang, 2020). Today, large international efforts are aimed to investigate and 
mitigate the problem of air pollution in the Arctic (ALPACA, https://alpaca.community.uaf.edu/; PACES, https://pacesproject.org/ 
about). Our results highlight the importance of further in-depth investigation of the interaction between UHI and air quality in 
high latitudes. 

Speaking about the limitations of our study, it is important to note that presented results do not provide full understanding of the 
physical drivers of the observed canopy-layer and ABL effects. Intense UHI in Nadym is observed in mid-winter, when urban-rural 
differences in evapotranspiration and solar radiation storage are negligible and cannot contribute to UHI appearance. Previous 
Arctic UHI studies suggested that anthropogenic heating is a primary driver of the wintertime UHI in high latitudes (Hinkel and Nelson, 
2007; Konstantinov et al., 2018; Varentsov et al., 2018a). Same effect was also found with sensitivity model simulations for midlatitude 
winter conditions in Moscow, Russia (Varentsov et al., 2020). Yet, another possible mechanism could be driven by dynamical mixing, i. 
e. by the advection of stable air over a rougher area resulting in a positive thermal anomaly (Oke, 1982). Our observations in Nadym 
suggest that role of dynamical mixing may be underestimated in previous studies. Indeed, we observed that UCL and UBL UHI 
developed in stable conditions with weak but still non-zero wind speed (1.5–3 m/s in the lowest 50 m), including locations close to the 
upwind site of the city (U1 site in P1.1 case). Moreover, in IOP-3 we observed the intra-urban UBL evolution along the airflow 
adverting the city. Unfortunately, accurate quantification of the drivers associated with anthropogenic heating and dynamical mixing 
is not trivial, primary because detailed data on anthropogenic heat flux is not available for Nadym. More insides to this issue could be 
obtained in further studies using numerical modelling. 

Finally, our study highlights the prospects of using new observation methods, in particular drones, for UBL monitoring and 
research. Drones are emerging tool for atmospheric sciences, yet they are still rarely used in urban areas, in particular because of strict 
limitations. The recently published United Nations U4SSC report (U4SSC, 2020) highlighted that with high mobility and low costs 
drones have found a wide range of applications in smart cities including environmental monitoring. Such new methods using drones 
can be recommended to be further include into the WMO’s guide on urban observation (WMO, 2018) in its improved editions. Pre-
sented data was collected in extremely conditions using relatively cheap mass-market quadcopters. More advanced drone-based 
observation systems (e.g. Leuenberger et al., 2020; Segales et al., 2020) could be even more promising for monitoring applications 
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in urban areas and for providing necessary data for urban hydrometeorological, climate and environment services (WMO, 2019), in 
particular for air quality managed task. 

5. Conclusion 

Simultaneous observations of the urban heat island (UHI) in the urban canopy layer (UCL) and the vertical structure of the urban 
(UBL) and rural boundary layers were performed for a sub-Arctic city (Nadym, West Siberia, Russia) in very cold winter conditions. 
During five intensive observing periods that were distributed over 3 winters, we run simultaneous registration of urban and rural 
meteorological parameters. We applied novel observational techniques based on atmospheric sounding with unmanned drones, 
remote sensing with the meteorological temperature profiler MTP-5, and deployed a number of ground-based sensors and meteoro-
logical stations. 

These new observations revealed details of UHI development in UCL and UBL, and allowed linking together the UCL UHI intensity, 
boundary layer stability and the UBL height. We found that pronounced UCL UHI with intensity up to 6-8 K appears when stable 
boundary layer with strong ground-based temperature inversion develops over rural areas. In such conditions, the UBL is less stratified 
than its rural counterpart (generally well-mixed), but is still very thin and limited in height by about 50 m. Correlation analysis based 
on longer UCL UHI observations and ERA5 reanalysis data further confirmed that the strength of the ground-based near-surface (50 m - 
100 m above ground) temperature inversion is one of the strongest control factors for UHI in these conditions. Other widely 
acknowledged drivers, low wind speed and radiative cooling, are necessary, but not sufficient for UHI appearance. 

Revealed linkage between UCL UHI and ground-based inversions highlights the relevance of UHI for air quality management in 
high-latitude cities. UCL UHI, which is simple to observe, could be used as proxy for ground-based inversions and associated air quality 
risks. Moreover, urban hydrometeorological, climate and environmental services could be further improved by introducing novel tools 
for ABL monitoring (drones, MTP) into the common practices of urban meteorological observations. 
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