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Abstract 20 

 Trace gases and aerosols play an important role in Arctic chemistry and climate. As most 21 

Arctic tracers and aerosols are transported from midlatitude source regions, long-range transport 22 

into the Arctic is one of the key factors to understand the current and future states of Arctic 23 

climate. While previous studies have investigated the airmass fraction and transit time 24 

distribution in the Arctic, the actual transport pathways and their underlying dynamics and 25 

efficiencies are yet to be understood. In this study, we implement a large ensemble of idealized 26 

tagged pulse passive tracers in the Whole Atmosphere Community Climate Model version 5 to 27 

identify and analyze summertime transport pathways from different Northern Hemisphere 28 

surface regions into the Arctic. 29 

 Three different transport pathways are identified as those associated with fast, 30 

intermediate and slow time scales. Midlatitude tracers can be transported into the Arctic in the 31 

troposphere via the fast transport pathway (~8 days), which moves tracers northward from the 32 

source region mainly through transient eddies. For the intermediate transport pathway, which 33 

happens on 1~3 weeks’ time scales, midlatitude tracers are first zonally transported by the jet 34 

stream, and then advected northward into the Arctic over Alaska and northern North Atlantic. 35 

Tropical and subtropical tracers are transported into the Arctic lower stratosphere via the slow 36 

transport pathway (1~3 months), as the tracers are lifted upward into the tropical and subtropical 37 

lower stratosphere, and then transported into the Arctic following the isentropic surfaces.  38 

 39 
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1 Introduction 40 

The atmospheric composition of the Arctic, including trace gases and aerosols, has a 41 

substantial impact on Arctic climate and chemistry. Black carbon, which can be deposited onto 42 

ice and snow surfaces, or stay in the Arctic haze layer, increases the absorption of sunlight (e.g. 43 

Quinn et al., 2007; Warren and Wiscombe 1980). The climate forcing due to black carbon is 44 

suggested to be twice as large as that of carbon dioxide (Hansen and Nazarenko 2004) in the 45 

Arctic region. Longwave radiative transfer over the Arctic can also be modulated by direct and 46 

indirect aerosol effects, as the microphysical properties of clouds can be affected by aerosols 47 

(Garrett and Zhao 2006; Lubin and Vogelmann 2006; Coopman et al., 2018). The production of 48 

tropospheric ozone in the Arctic, which acts as a greenhouse gas, is related to halocarbons 49 

originating from midlatitudes (Atlas et al., 2003; Klonecki et al., 2003).  Studies have shown that 50 

the amount of aerosols (including black carbon) and trace gases (e.g. ozone precursors) in the 51 

Arctic is largely contributed by transport from sources in the midlatitudes and the tropics (e.g. 52 

Klonecki et al., 2003; Bottenheim et al., 2004; Stohl 2006; Law and Stohl 2007;  Fisher et al., 53 

2010; Kupiszewski et al., 2013). Thus, it is important to understand the long-range transport 54 

from lower latitudes into the Arctic. 55 

The distribution of aerosols and tracer species in the Arctic is determined by multiple 56 

factors including emissions, chemistry, transport and removal. The emissions, chemistry and 57 

removal processes differ for different species, making it difficult to understand the distribution of 58 

tracers. At the same time, understanding the transport processes, especially from different parts 59 

of the globe into the Arctic, can provide useful information about the contribution to Arctic air 60 

masses from different source regions. One way to isolate transport processes from emissions or 61 

chemistry is to implement idealized passive tracers into a model. The idealized tracers, which 62 
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have specified tracer removal time scales, are transported by the atmospheric flow in a model 63 

without active chemistry involved. Therefore, these idealized tracers highlight the advective-64 

diffusive transport processes in the atmosphere, which are considered to be tracer-65 

independent  (e.g., Holzer & Hall, 2000; Orbe et al., 2012). 66 

Previous studies have explored transport pathways into the Arctic using idealized tracers. 67 

Orbe et al., (2015a) investigated the Arctic airmass fractions using the Goddard Earth Observing 68 

System Chemistry–Climate Model (GEOSCCM), in which they used tracers subject to steady 69 

concentration boundary conditions over different regions in the planetary boundary layer (PBL) 70 

and then integrated the model to reach a statistical equilibrium state. At equilibrium, the 71 

concentrations of the tracers, therefore, reflected the fraction of air that last contacted the PBL in 72 

different source regions. These so-called Arctic “airmass fractions” therefore represented the 73 

relative contribution to Arctic tracer concentrations from different source regions. In particular, 74 

they found that the airmass in the Arctic lower troposphere is dominated by air that last contacted 75 

the PBL in the Arctic. By comparison, the air in the middle to upper troposphere of the Arctic 76 

mostly originates from Northern Hemisphere (NH) midlatitudes, with the primary contribution 77 

coming from the oceans during winter and from land during summer. Furthermore, they also 78 

showed that the airmass in the Arctic upper troposphere and lower stratosphere (UTLS) mainly 79 

originates from the tropics.  80 

Using a related but distinct approach, Orbe et al., (2016) examined the transit-time 81 

distribution (TTD), derived from idealized pulse tracers, corresponding to transport from 82 

midlatitudes to the Arctic. Using the National Aeronautics and Space Administration (NASA) 83 

Global Modeling Initiative (GMI) three-dimensional chemistry transport model (CTM), they 84 

found that during boreal summer, tracer concentrations in the Arctic upper troposphere peak 85 
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around 10 days after the tracers are released, and the peak is around 30 days in the Arctic lower 86 

troposphere. The TTD described in Orbe et al., (2016) and the airmass fraction analysis in Orbe 87 

et al., (2015a) suggest that tracers released during summer in the midlatitudes are preferentially 88 

drawn upward across isentropic surfaces within the midlatitudes before being transported toward 89 

the Arctic approximately along the isentropes.  90 

In this study, we focus on the summertime transport pathways into the Arctic by 91 

analyzing a large ensemble of passive pulse tracers (100 tracers), which is much larger than the 92 

four pulse tracers considered in Orbe et al. (2016), to achieve good statistics representing the 93 

summertime transport. Other studies have also shown the summertime transport into the Arctic 94 

and the impacts on Arctic climate using different approaches. For example, Laliberte and 95 

Kushner (2014) found that summertime midlatitude moisture, which can be transported into the 96 

Arctic, can explain a large part of the Arctic tropospheric temperature variability. Summertime 97 

black carbon concentrations over the Arctic, which mostly come from source regions at lower 98 

latitudes (e.g. Xu et al., 2017; Liu et al., 2015), can also have large impacts on radiative balance, 99 

which leads to increased warming in the Arctic (e.g. Bond et al., 2013; Hansen and Nazarenko 100 

2004). In addition, studies have also linked the Asian summer monsoon circulation to the climate 101 

and chemistry of the Arctic. Krishnamurti et al. (2015) examined a case study and argued that the 102 

moisture outflow associated with the Asian summer monsoon circulation caused a rapid melting 103 

of the Arctic sea ice during various monsoon heavy rainfall events in 2006-2012. Liu et al., 104 

(2003) also found that variability in the monsoon can lead to the variations in pollution transport 105 

into the Arctic. However, the role of the summer monsoon circulation on the Arctic transport is 106 

not well established. Note that the idealized tracers in our study, which have a spatially uniform 107 

source, are different from realistic tracer species that usually have large spatial variations in 108 
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terms of their source or emission. Our approach with idealized tracers is to focus on the transport 109 

pathway, i.e. how the idealized tracers are transported into the Arctic and what atmospheric 110 

circulation processes are involved. To attribute the Arctic concentration of any realistic chemical 111 

species to different source regions, an approach considering the spatial variation of the source 112 

distribution is required. 113 

Several questions warrant further study in terms of summertime transport into the Arctic. 114 

First, what are the similarities and differences in transport pathways and timescales among 115 

different regions in the midlatitudes and the tropics? What are the physical processes involved in 116 

transporting tracers from the tropics and midlatitudes into the Arctic? As pointed out by Orbe et 117 

al., (2016), midlatitude tracers are preferentially lifted upward and then transported poleward 118 

during summer. To this end, we ask here: a) What are the processes that lift up the tracers? By 119 

convection or large-scale rising motion? b) What are the processes that transport the tracers 120 

northward into the Arctic? What is the relative importance of transient eddies and the mean 121 

atmospheric circulation? c) How do the timescales and processes differ for different midlatitude 122 

regions? These questions will be the focus of this study. The model experimental design and 123 

diagnostic methods will be introduced in section 2. The evolution of tracer distribution in the 124 

Arctic will be discussed in section 3. Different transport pathways, as well as the atmospheric 125 

circulations involved, will be explored in section 4. Discussions and conclusions will be 126 

presented in section 5. 127 

 128 

2 Methods 129 

2.1 Model Simulations 130 
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The Whole Atmosphere Community Climate Model version 5 (WACCM5) is used in this 131 

study. WACCM5 is the high-top atmospheric component of the Community Earth System Model 132 

version 1 (CESM1; Hurrell et al., 2013). The WACCM5 used here has 110 vertical levels with a 133 

horizontal resolution of 0.9° latitude and 1.25° longitude. The model physics for WACCM5 is 134 

the same as the Community Atmospheric Model version 5 (CAM5) (Neale et al., 2010), with the 135 

shallow convection scheme from Park and Bretherton (2009) and deep convection scheme 136 

developed by Zhang and McFarlane (1995). We integrate the model with prescribed historical 137 

sea surface temperatures and sea ice concentrations from January 1981 to December 1991. 138 

The 110 vertical levels in WACCM5 greatly improve the vertical resolution from mid-139 

troposphere to lower stratosphere  (Garcia and Richter, 2019). The high vertical resolution helps 140 

to better simulate the temperature, wind and water vapor distribution in the UTLS (Wang et al., 141 

2018). Wu et al., (2020) used a similar setup of WACCM5 and found that the Asian summer 142 

monsoon region is favorable for fast transport of tracers from the surface into the UTLS. Thus, 143 

the 110-layer WACCM5 can be beneficial for understanding the tracer transport within the 144 

UTLS and from Asian summer monsoon region to the Arctic (e.g. Ikeda et al., 2017; Koch and 145 

Hansen 2005). 146 

2.2 Idealized Tracers 147 

The idealized tracers imposed in the model are similar to that in Wu et al., (2020). Here 148 

we use the “Boundary Impulse Response (BIR)”, or simply “pulse” tracer approach (Holzer et 149 

al., 2000; Haine et al., 2008). The BIR can be interpreted as the time-evolving response 150 

𝐺(𝑟, 𝑡|𝛺, 𝑡!) at a location 𝑟 and time 𝑡 to a pulse of a conserved and passive tracer which is 151 

released in the source region 𝛺 at time 𝑡!. BIR is tracer-independent as it does not involve any 152 

chemical processes or interior sources/sinks  (e.g., Holzer and Hall, 2000; Orbe et al., 2012). 153 
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Therefore, the BIR provides a direct measure of transport properties from source regions into the 154 

Arctic, which isolates the transport from chemistry processes.  This approach has been used to 155 

examine seasonal variations in stratospheric age spectra (Li et al., 2012; Ploeger and Birner, 156 

2016), transport from the NH midlatitude surface to different regions around the globe (Orbe et 157 

al., 2016), as well as transport from NH surface to UTLS (Wu et al., 2020). Note that the BIR 158 

can be used to construct the TTD, which is one approach used in previous studies (Holzer & 159 

Hall, 2000; Li et al., 2012; Orbe et al., 2016) to measure the transit time at 𝑟 independent of 160 

when (with respect to t’) the tracer was last at the Earth’s surface. Similar to Wu et al., (2020), 161 

our focus here is on quantifying how the tracer distribution at time 𝑡 and location 𝑟 is related to 162 

tracer source 𝛺 conditioned on its release time.  163 

Idealized pulse tracers are imposed in WACCM5 over different NH surface regions. The 164 

regions are shown in Figure 1a. There are 5 NH midlatitude regions, including Asia (ASI), 165 

Pacific (PAC), North America (NAM), Atlantic (ATL) and Europe (EUR). The northern 166 

boundary of these regions is located at 60°N and the southern boundaries range from 20° to 167 

25°N, which are similar to that in Orbe et al., (2015a). In addition, to highlight the role of the 168 

Asian summer monsoon, we also tagged tracers that are released over the Tibetan Plateau (TP) 169 

and North India (NI). Tracers that are released to the south of these regions in NH are tagged as 170 

Tropics (TR). Note that although we also release tracers north of 60°N, we will not include this 171 

case here as our focus is on long-range transport pathways into the Arctic. Tracers are released 172 

uniformly at each source region during the first day. The tracer concentration is set to 1 mol/mol 173 

at the surface during the first 24 hours within the source region, while outside the source region 174 

the boundary concentration is set to 0. The tracers are transported freely in the atmosphere with 175 

no loss as long as they do not touch the surface. The tracer concentration is set to 0 whenever 176 
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they are in contact with the surface after the first day. The transport of pulse tracers into the 177 

Arctic, which can happen on relatively short time scales, likely have a high dependency on 178 

meteorology. Thus, large variability in the transport is expected from tracer to tracer when they 179 

are released at different times. To achieve more robust results, a large ensemble of tracers is 180 

implemented in the model. A total of 10 tracers are released each summer,  on days 3, 10, 17, 24, 181 

and 31 in July and August, and repeated for all 10 summer seasons, 1981–1990. Therefore, we 182 

have a total of 100 tracers for each source region. The choice of 100 tracers for each source 183 

region is a compromise between maximizing the number of tracer ensembles and the 184 

computational costs of the model experiments. Model outputs of daily means of meteorological 185 

fields, as well as tracer concentrations and budget terms, are saved for further analysis. 186 

Compared to Orbe et al., (2016), with a much larger number of tracers (100 vs 4) and multiple 187 

midlatitude regions, the methods used in this study can provide information that potentially links 188 

the Arctic tracer concentration to different NH source regions, as well as decomposes the 189 

transport into transients and time-mean components (see section 2.3). 190 

2.3 Diagnostics of Tracer Transport 191 

The daily model output is interpolated to 28 pressure levels from 1000 to 50hPa prior to 192 

any analysis. The intervals among the pressure levels are 50hPa from 1000 to 300hPa, 25hPa 193 

from 300 to 100hPa, and 10hPa from 100 to 50hPa. As in Wu et al., (2020), the tracer budget can 194 

be written as the contribution from different processes: 195 

"#
"$
= 𝑅𝐷 + 	𝑉𝐷 + 𝐶𝑂𝑁𝐷 + 𝐶𝑂𝑁𝑆  (1), 196 

where 𝜒 is the concentration of the pulse tracer. 𝑅𝐷, 𝑉𝐷, 𝐶𝑂𝑁𝐷, and 𝐶𝑂𝑁𝑆 are the tracer 197 

tendencies due to transport by model’s resolved dynamics, vertical diffusion, deep convection 198 

and shallow convection, respectively. The tracer concentration 𝜒, as well as the four terms on the 199 



manuscript submitted to Journal of Geophysical Research Atmospheres 

10 
 

rhs of (1) are all taken from the direct model outputs. Wu et al., (2020) showed that equation (1) 200 

is well balanced by using the model outputs, and the balance is also well maintained after the 201 

data is interpolated onto pressure levels (not shown). The transport of the tracers by resolved 202 

dynamics 𝑅𝐷 is simply the advection of the tracers by the model’s (resolved) circulation: 203 

𝑅𝐷 = −𝑈66⃗ ∙ 𝛻𝜒  (2), 204 

where 𝑈66⃗  is the three-dimensional wind vector. In the pressure coordinates, as the divergence of 205 

the three-dimensional wind is zero (𝛻 ∙ 𝑈66⃗ = 0), (2) can be written as: 206 

𝑅𝐷 = −𝛻	(𝑈66⃗ ∙ 𝜒)  (3), 207 

or, 208 

𝑅𝐷 = − "(&∙#)
")

− "(*∙#)
"+

− "(,∙#)
"-

  (4), 209 

where 𝑢,  𝑣, and 𝜔 are zonal, meridional and vertical motion in pressure coordinates. Therefore, 210 

the tracer tendency due to resolved dynamics equals the convergence of the three-dimensional 211 

tracer flux by the resolved atmospheric circulation. As daily 𝜒, 𝑢,  𝑣, and 𝜔 are available, we can 212 

compute the contributions of tracer tendency by resolved dynamics in the zonal, meridional and 213 

vertical directions explicitly. Note that model output 𝑅𝐷 is calculated on the model grid (hybrid 214 

vertical levels) at each model time step, while we estimate each term on the rhs of equation (4) 215 

by using daily mean values on pressure levels. Therefore, the estimation using the rhs of 216 

equation (4) may contain some errors, which will be discussed in section 4. 217 

 When computing the tracer tendency using equations (1) and (4), we will only show the 218 

results for the ensemble mean of tracers, as tracer to tracer variability is not the focus of this 219 

study. However, tracer to tracer variability can provide information regarding the contributions 220 

from time-mean and transient flows. We analyze the variability from tracer to tracer by 221 
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considering the time series of the tracer concentration. Given 𝑁 number of tracers that are 222 

released at 𝑡! = 𝑡.! , 𝑡/! , …	 , 𝑡0!  and at source region 𝛺, the tracer concentration of one particular 223 

tracer (n) at location 𝑟 at a fixed transit time (number of days after the tracers are released) 𝜉 =224 

𝑡 − 𝑡′ (where t is the current time when the tracer concentration is observed) can be written as: 225 

𝜒(𝑛, 𝜉, 𝛺, 𝑟)	226 

where 𝑛 = 1,2, … , 𝑁. As 𝑡! is only a function of 𝑛, and time 𝑡 = 𝜉 + 𝑡′, for fixed transit time 𝜉, 𝑡 227 

and 𝑛 is an injective function (one-to-one function). So, 𝜒(𝑛, 𝜉, 𝛺, 𝑟) can also be written as. 228 

𝜒(𝑡(𝑛, 𝜉), 𝜉, 𝛺, 𝑟) 229 

which can be considered as a time series. Note that the method here to consider an ensemble of 230 

pulse tracers that are released at different time as a time series at fixed transit time 𝜉, is the same 231 

as the method used in Holzer et al., (2003). This time series can be decomposed into the time 232 

mean (averaging over 𝑡) and the deviation from time mean: 233 

𝜒(𝑡(𝑛, 𝜉), 𝜉, 𝛺, 𝒓) = 𝜒̅(𝜉, 𝛺, 𝒓) + 𝜒′(𝑡(𝑛, 𝜉), 𝜉, 𝛺, 𝒓) 234 

here the overbar denotes the time mean, and prime denotes the deviation from the time mean. 235 

Again, for fixed transit time 𝜉, 𝑡 and 𝑛 is an injective function (one-to-one function), so 236 

averaging over 𝑡 is equivalent to averaging over 𝑛. Thus, the time mean 𝜒̅(𝜉, 𝛺, 𝒓) is equivalent 237 

to ensemble mean of tracers at fixed 𝜉. 238 

Similarly, the time series of circulation variables, such as the meridional wind 𝑣(𝑡, 𝑟) can also be 239 

decomposed in a similar way: 240 

𝑣(𝑡(𝑛, 𝜉), 𝒓) = 𝑣̅(𝜉, 𝒓) + 𝑣′(𝑡(𝑛, 𝜉), 𝒓) 241 
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To match the form of tracer concentration, both the time-mean meridional wind and the 242 

deviation from time mean also depend on transit time 𝜉. Thus we can write the time mean of the 243 

meridional flux of tracers as 244 

𝑣 ⋅ 𝜒GGGGGG = 𝑣̅	𝜒̅ + 𝑣!𝜒′GGGGG (5), 245 

where the first term on the rhs of (5) is the transport by time-mean meridional wind (including 246 

both zonal mean meridional circulation and stationary waves), and the second term represents the 247 

transport by transients that includes all time scales shorter than the time mean.  248 

Similar to equation (5), the vertical flux of the tracer transport by resolved dynamics can 249 

be decomposed as: 250 

𝜔 ⋅ 𝜒GGGGGG = 𝜔H	𝜒̅ + 𝜔!𝜒′GGGGGG (6), 251 

to evaluate the relative contribution from time-mean and transient components. 252 

 The analysis in this study will only focus on the ensemble mean of 100 tracers for each 253 

source region, which are released during July and August in 10 years. That means we only 254 

investigate the transport pathways in terms of climatological mean. Different transport pathways 255 

can have subseasonal, interannual and decadal variabilities, which are beyond the scope of this 256 

study and will be explored in the future. 257 

 258 

3 Temporal Evolution of Tracer Concentration in the Arctic 259 

 We focus on the tracer concentration in the Arctic, which is defined as the region north of 260 

70°N. When the pulse tracers are released, sharp horizontal gradients of tracer concentration are 261 

created at the boundaries of the tracer source regions (e.g., the northern boundary of midlatitude 262 
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source regions at 60°N in Fig. 1a). These sharp gradients can lead to artificially strong horizontal 263 

transport of tracers locally due to diffusion or mixing (also see section 4.2). Thus, the southern 264 

boundary of the Arctic is defined as 70°N, away from the northern boundary of the source 265 

regions (60°N). The time evolution of tracer concentration for lower-to-mid troposphere (1000-266 

600 hPa), mid-to-upper troposphere (600-200 hPa), and lower stratosphere (200-100 hPa) over 267 

the Arctic is shown in Figures 1b-d respectively. Each color denotes the contribution from one 268 

source region. The total tracer concentration from all source regions peaks at about 10 days in 269 

the troposphere (Figs. 1b, c), but at around 100 to 120 days in the lower stratosphere (Figure 1d). 270 

In the troposphere, most of the Arctic tracers originate from the 5 midlatitude regions: ASI, PAC, 271 

NAM, ATL and EUR on relatively short time scales. Tracers from the tropics only contribute 272 

significantly after days 20-30 from the day the tracers are released. In the lower stratosphere, 273 

most of the contribution to the Arctic tracer concentration is from the tropics, as well as TP and 274 

NI tracers, with ASI tracers having the largest contribution among the 5 midlatitude regions. The 275 

Asian summer monsoon regions (TP and NI), which cover a relatively small area compared to 276 

the tropical region TR (Figure 1a), have significant contributions to the tracer concentration in 277 

the Arctic lower stratosphere (Figure 1d), showing that TP and NI tracers are transported into the 278 

Arctic lower stratosphere very efficiently. Note that, these findings are consistent with the results 279 

in Orbe et al., (2015a), in that most of the tracer concentration over the Arctic troposphere 280 

originates from the midlatitudes, whereas the tropics has the largest contribution to the tracer 281 

concentration in the Arctic lower stratosphere. However, our results cannot be quantitatively 282 

compared to Orbe et al., (2015a) as the tracers are removed when they come in contact with the 283 

surface after day 1, whereas tracers are retagged in Orbe et al., (2015a) when they touch the 284 

surface. In addition, since a large number of tracers are removed at the surface (see section 4.2), 285 
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only a small portion of the tracers are transported into the Arctic. As tracer species and aerosols 286 

are not necessarily removed when they touch the surface in the real atmosphere, it is not very 287 

meaningful to quantify the exact tracer fraction that are transported into the Arctic in our 288 

experiment. 289 

As the areas covered by different source regions differ, to better compare the efficiency 290 

of the tracer transport from different regions, we normalized the tracer concentration by the area 291 

of the source region. The normalized tracer concentration, which is measured by the Arctic tracer 292 

concentration (ppbv) per unit area of source region (square kilometer), is shown in Figs. 1e-g. 293 

Among the 5 midlatitude regions (ASI, PAC, NAM, ATL and EUR) that have most of the 294 

contributions to the Arctic tracer concentration in the troposphere, ATL, EUR and NAM tracers 295 

have sharp peaks with fast growth and decay: ATL and EUR tracers peak at around 6-9 days in 296 

both lower and upper troposphere while NAM tracers at about 10 days. In comparison, ASI and 297 

PAC tracers have flat peaks. Both ASI and PAC tracer concentration stays in high value during 298 

day 10-20 in mid-to-upper troposphere (Figure 1f). ASI tracer concentration slowly increases 299 

during day 10-30 in the lower troposphere, while PAC tracer concentration slowly decreases 300 

during day 10-20 (Figure 1e). The growth rate of the tracer concentrations in the Arctic 301 

troposphere (the slope of the normalized concentrations in Figure 1e-f) is the largest during the 302 

first 6-8 days for ASI, PAC, ATL and EUR tracers, indicating that similar dynamical processes 303 

are likely at play on the short timescales in these regions. We name this the fast transport 304 

pathway. From days 8 to 20, the tracer concentrations tend to maintain at high values in the mid-305 

to-upper troposphere for ASI and PAC tracers (Figure 1e, f). This will be referred to as the 306 

intermediate transport pathway with a timescale of about 1-3 weeks. For NAM tracers, the peak 307 

time is about 10 days, which is shorter than ASI and PAC and longer than EUR and ATL. Later 308 
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on, we will show that this is likely due to the combination of the fast and intermediate transport 309 

pathways.  310 

For the Arctic lower stratosphere, although TR has the largest contribution to the total 311 

concentration (Figure 1d), NI and TP tracers are more efficiently transported into the Arctic 312 

when normalized by the surface areas, compared to other regions, with a peak time around 90-313 

100 days (Figure 1g). The growth rate of the NI and TP tracers becomes large at about 20 days 314 

after the tracers are released. This indicates the important role the Asian summer monsoon plays 315 

in tracer transport into the Arctic lower stratosphere (Orbe et al., 2015b). ASI and TR tracers are 316 

also transported into the Arctic on the 100-day to 150-day time scales, while the transports from 317 

ATL, PAC, EUR, and NAM are negligible on the long time scales. It is interesting to note that 318 

the 100-day time scale is much longer than that within the troposphere (Figure 1e-f). This will be 319 

termed as the slow transport pathway in the rest of the study.  320 

The three different transport pathways noted above, with fast (~1 week), intermediate 321 

(1~3 weeks) and slow (1~3 months) time scales, are defined by analyzing the evolution of the 322 

passive tracer concentration reaching the Arctic. In the real atmosphere, different tracer species 323 

have different lifetimes. For example, the lifetime of butane is about 1 week, propane has a 324 

lifetime of about 2 weeks, and ethane and carbon monoxide have averaged lifetimes of 325 

approximately 2 months. Thus, the three transport pathways may play different roles in 326 

transporting different tracer species. For example, the slow transport pathway may have little 327 

contribution to short-lived species like butane and propane; while the fast transport pathway may 328 

be relevant for tracer species of both short and long lifetimes. Note that these examples are just 329 

used to illustrate that different pathways can be potentially important for different tracer species. 330 

However, as our experimental design does not consider tracer loss via certain processes (e.g. wet 331 
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deposition, which can happen when tracer species are rained out), as such, it cannot completely 332 

address the question of the relevance of different transport pathways for any specific tracer 333 

species. In the following sections, we will explore the dynamical processes contributing to each 334 

of the three transport pathways by using actual concentration of the tracer (not normalized 335 

concentration). 336 

 337 

4 Tracer Transport Pathways into the Arctic 338 

4.1 The Role of Meridional Tracer Flux 339 

Before going into details of the different transport pathways, we first consider the budget 340 

of the tracer concentration integrated over all grid points in the Arctic (∭123$43
	 𝜒), from the 341 

surface to the top of the atmosphere and from 70°N to the north pole. Using tracer mass 342 

conservation, one can show that the budget of the total Arctic tracer concentration ( ∭123$43
	 𝜒) 343 

can be written as: 344 

"
"$
∭123$43

	 𝜒𝑑𝑉 = ∯670
	 𝑣 ∙ 𝜒 + (𝑟𝑒𝑚𝑜𝑣𝑎𝑙	𝑜𝑓	𝑡𝑟𝑎𝑐𝑒𝑟	𝑎𝑡	𝐴𝑟𝑐𝑡𝑖𝑐	𝑠𝑢𝑟𝑓𝑎𝑐𝑒)  (7). 345 

Thus, the only way tracers can be transported into the Arctic from the midlatitudes or tropics is 346 

through the poleward flux at the southern boundary, i.e. 70°N. The temporal and spatial 347 

distribution of the meridional flux can thus determine the evolution of the tracer concentration 348 

within the Arctic. To illustrate this, we show the vertically (1000-100 hPa) and zonally averaged 349 

meridional flux of the five midlatitude regions (ASI, PAC, NAM, ATL and EUR,) in Figure 2 a-350 

e. The strongest poleward flux at 70°N (dark green dashed line) is within the first 8 days for all 351 

five regions. This is consistent with the largest growth rate of tracer concentration during the first 352 

8 days in Figure 1 e-f (the fast transport pathway; see section 3), as implied by equation (7). The 353 
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meridional flux shifts to negative (black line indicates the zero line) after about day 7-9 for ATL 354 

and EUR tracers, corresponding to the decrease of tracer concentration after 7-9 days (Figure 1e-355 

f); the meridional flux stays positive with a small amplitude from about day 8 to 20 for ASI and 356 

PAC tracers, which is also consistent with the tracer evolution during that period of time (Figure 357 

1e-f; the intermediate transport pathway). In addition, the meridional tracer flux shifts to 358 

negative at around day 10 for NAM tracers, which coincides with the timing of the peak tracer 359 

concentration of NAM tracers (Figure 1e-f). Therefore, the key to explain the tracer evolution 360 

within the Arctic is to understand the spatial and temporal structure of the meridional tracer 361 

fluxes, which will be the main focus in the following discussions about the fast and intermediate 362 

transport pathways. 363 

4.2 The Fast Transport Pathway 364 

As discussed above, the meridional tracer flux is large during the first 8 days after the 365 

tracers are released for all the midlatitude source regions. We show in Figure 2f-j the spatial 366 

structure of the vertically integrated meridional tracer flux (shading in Figure 2) for ASI, PAC, 367 

NAM, ATL and EUR,. The vertically integrated tracer concentrations, denoted by the black 368 

contours, show the highest concentration located near where the tracers are released. Northward 369 

flux into the Arctic is located in regions directly to the north of each source region. This indicates 370 

that the fast transport pathway is mostly due to direct northward transport from the source region 371 

into the Arctic by the atmospheric circulation.  372 

To determine the vertical structure of the meridional transport, Figure 3 shows the 373 

zonally averaged tracer concentration and meridional flux over the local area outlined by the 374 

dark green lines as in Figure 2 for each region. These cross sections are plotted for days 1-2, 3-5 375 
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and 6-8 after the tracers are released for ASI, PAC, NAM, ATL and EUR tracers to better 376 

illustrate the temporal evolution.  377 

There are some similarities among the cross sections for tracers released in different 378 

midlatitude regions. During day 1-2 (first column in Figure 3), strong northward transport can be 379 

found near 60°N in the lower troposphere among all regions. As the northern boundary of the 380 

tracer source regions is at 60°N, a strong meridional gradient of tracer concentration appears 381 

immediately after the tracers are released. The maximum northward flux of tracers at 60°N in the 382 

lower troposphere is expected (first column in Figure 3 and first column in Figure 2). In addition, 383 

the northward transport in the upper troposphere is broader and weaker compared to the lower 384 

troposphere during day 1-2. The tracer concentration (black contours) is higher in the lower 385 

troposphere than in the upper troposphere, but a small amount of tracers have already been lifted 386 

up into the upper troposphere during day 1-2. During day 3-5 (second column in Figure 3), 387 

compared with day 1-2, the northward flux extends northward, with large northward transport in 388 

both upper and lower troposphere. Although the tracer concentration generally decreases during 389 

day 3-5 due to the surface removal process, the concentration is more evenly spread out in the 390 

vertical, indicating further lifting of lower tropospheric tracers into the upper troposphere. Both 391 

the tracer concentration and the northward flux become weaker during day 6-8 (third column in 392 

Figure 3). 393 

The northward flux going into the Arctic is the strongest during day 3-5, with strong 394 

transport in both the upper and lower troposphere among all 5 regions. The question is what 395 

processes are responsible for the upward tracer transport from the surface into the lower and 396 

upper troposphere. We apply the tracer budget analysis as in Eqs. 1 and 4 to address this 397 

question. The different terms on the right side of Eq. 1 are shown in Figure 4 averaged for 30°-398 
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70°N region as in Figure 3, for the upper (200-500 hPa; first column) and lower troposphere 399 

(500-950hPa; second column). Following Eq. (1), the tendency of the tracers can be separated 400 

into contribution from deep convection (𝐶𝑂𝑁𝐷; red), shallow convection (𝐶𝑂𝑁𝑆; orange), 401 

vertical diffusion (𝑉𝐷; blue) and resolved dynamics (𝑅𝐷; green). With equation (4), the resolved 402 

dynamics term can be further decomposed into transport by zonal wind (purple), meridional 403 

wind (magenta) and vertical velocity (cyan). The three-dimensional decomposition of the 404 

transport by resolved dynamics is crosshatched to distinguish them from the 4 terms in equation 405 

(1). The sum of the three-dimensional convergence components is approximately equal to the 406 

resolved dynamics term, as the residual (yellow shadings) is generally small. Note that the results 407 

for all 5 midlatitude regions are qualitatively similar in Figure 4. During days 1-2 in the upper 408 

levels (Figure 4a), deep convection (red) has the largest contribution. There is also significant 409 

contribution from resolved dynamics (green), which mostly comes from the vertical transport 410 

(crosshatched cyan). For days 3-5 in the upper troposphere (Figure 4c), there is little contribution 411 

by diffusion or convection processes (𝐶𝑂𝑁𝐷, 𝐶𝑂𝑁𝑆, and 𝑉𝐷). Instead there is a large positive 412 

tracer tendency due to vertical transport by resolved dynamics, while at the same time, the 413 

tracers are also transported out of the region by zonal and meridional fluxes. For days 6-8, the 414 

tracer tendency in the upper levels is mostly from the zonal transport, which is transported 415 

downstream out of the averaging region. In summary, tracers are transported into the upper 416 

troposphere mostly by deep convection and resolved dynamics (specifically, vertical fluxes). If 417 

we combine the contribution during both day 1-2 and 3-5, the net effect of vertical transport by 418 

resolved dynamics is comparable to the contribution by deep convection in all 5 regions.  419 

In the lower troposphere (second column in Figure 4), vertical diffusion contributes the 420 

most, while deep and shallow convections have little contribution. Since the tracers are released 421 
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during day 1, the tracer concentration is high near the surface, creating a strong vertical gradient 422 

in tracer concentrations and thus vertical diffusion can effectively bring the tracers up from the 423 

surface to the lower troposphere during day 1-2 (Figure 4b). As the tracer concentration 424 

decreases at the surface after day 1, the vertical gradient of tracer concentration reverses, and 425 

vertical diffusion brings the tracers downward back to the surface (Figure 4d). Since deep 426 

convection can bring tracers from the surface up into the lower troposphere (net gain of tracer 427 

concentration in the lower troposphere), and also lift tracers from the lower troposphere into the 428 

upper troposphere (net loss of tracer concentration in the lower troposphere), it plays little role in 429 

the lower troposphere (Figure 4b and d). Shallow convection vertically redistributes the tracers 430 

within the lower troposphere. This vertical redistribution has little net contribution to the tracer 431 

concentration when averaged within the lower troposphere (500-950 hPa; Figure 4b, d, and f). 432 

Also note that when the tracers are released on day 1, a large vertical gradient of tracer 433 

concentration is created near the surface, which leads to a large upward flux due to the vertical 434 

motion near the surface. This is the reason that the vertical transport by large-scale ascent leads 435 

to a positive tracer tendency in both upper troposphere (Figure 4a) and lower troposphere (Figure 436 

4b). 437 

To explore the relative contributions of the time-mean and transient circulation to the 438 

meridional and vertical fluxes, we use equations (5) and (6) to further decompose these fluxes. 439 

We analyze the meridional tracer flux averaged over 50°-70°N within the cross sections in 440 

Figure 3 for all 5 midlatitude regions. Note that generally the strongest meridional flux is located 441 

between 50°and 70°N (Figure 3), and the meridional flux at this latitude band is likely to 442 

contribute to the transport into the Arctic. Also, though here the analysis is within the entire 443 

troposphere (200-950 hPa), we reach similar conclusions regarding the time-mean and transient 444 
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transport if upper and lower troposphere are analyzed separately (not shown). Note that, as 445 

transient wind is defined as deviation from time-mean wind during 10 years in equations (5) and 446 

(6), transient transport includes contribution from variability on all different time scales 447 

(interannual, month-to-month, sub-monthly). Our analysis shows that the transient transport is 448 

dominated by contribution from short time scale variability (sub-monthly; not shown).The 449 

decomposition of meridional flux (first column in Figure 5) shows that, consistently over the first 450 

8 days, most of the northward flux is due to transients (blue) for EUR, ASI and NAM tracers, 451 

while transport by time-mean wind (orange) and transients are both important for ATL and PAC 452 

tracers. The transport by time-mean wind, which is likely due to the northward transport near the 453 

exit of the Pacific and Atlantic jet, will be discussed in more detail in section 4.3. The 454 

decomposition of vertical flux by resolved dynamics (second column in Figure 5), shows that 455 

transients (cyan) are important for tracers released in all 5 regions, with the time-mean vertical 456 

transport (green) also making a large contribution for ASI and NAM tracers. 457 

In short, the fast transport pathway brings midlatitude tracers directly into the Arctic in 458 

both the lower and the upper troposphere within about 8 days. Vertical diffusion brings tracers 459 

up into the lower troposphere, while deep convection and resolved dynamics bring tracers into 460 

the upper troposphere. The poleward transport of the tracers into the Arctic is dominated by 461 

transients for Asian, European and North American tracers, while both time-mean and transient 462 

transports are important for poleward transport of Pacific and the Atlantic tracers. 463 

4.3 The Intermediate Transport Pathway 464 

Now we investigate what circulation processes contribute to the intermediate time scale 465 

transport pathway. As discussed in section 3 and 4.1, during day 9-20 after the tracers are 466 

released, the meridional tracer flux continues transporting ASI and PAC tracers into the Arctic 467 
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substantially, which maintains or slightly increases the ASI and PAC tracer concentrations in the 468 

Arctic. On the contrary, the meridional tracer flux becomes southward for EUR and ATL tracers. 469 

To understand this, in Figure 6a-e, the day 9-20 vertically integrated (1000-100hPa) meridional 470 

tracer flux (shadings) for ASI, PAC, NAM, ATL, and EUR tracers is shown respectively. The 471 

tracer concentration, which is also averaged vertically during day 9-20, is plotted in black 472 

contours. The source regions of tracers are cross-hatched in the map. In addition, the simulated 473 

July to August climatological wind, averaged from 800 to 200 hPa, is shown in Figure 6f, with 474 

meridional wind in shadings and zonal wind in contours, both comparing well with the 475 

observational reanalysis (not shown). Note that, as the goal here is to understand the transport 476 

into the Arctic, we will focus on the meridional transport in the high latitudes (around 50°-70°N). 477 

Details about tracer concentration and meridional flux in the mid-to-lower latitudes will not be 478 

discussed. The amplitude of meridional flux depends on the concentration of the tracers during 479 

day 9-20, while the concentration is determined by the amount of tracers released during day 1 480 

and the amount of tracers removed throughout day 1-20. Since the amount of tracers that is 481 

released and removed from different source regions can be different, we do not focus on 482 

comparing the amplitude of concentration or meridional flux among different regions, but rather 483 

focus on what the favorable locations are for tracers to be transported into the Arctic.  484 

In Figure 6a-e, for tracers released in each source region, there are large tracer 485 

concentrations located downstream (eastward) of the source regions in the mid-to-high latitudes, 486 

consistent with zonal transport by the jet stream (Figure 6f) from days 9-20. The transport of 487 

tracers is westward in the subtropics and tropics. The downstream (eastward) long-range zonal 488 

transport of tracers from different emission regions (e.g. Asian, Europe and North America) has 489 

been investigated in previous studies by using both observations and model simulations (e.g. 490 
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Akimoto 2003; Chin et al., 2007; Duncan and Bey 2004; Fang et al., 2009; Hudman et al., 2004; 491 

Huntrieser et al., 2005; Lewis et al., 2007; Li et al., 2002; Liang et al., 2004). For ASI tracers 492 

(Figure 6a), the large tracer concentration extends from eastern north Pacific to North Atlantic, 493 

with strong northward flux into the Arctic located over Alaska and northern North Atlantic. 494 

Large tracer concentration is found over central to eastern North Pacific for PAC tracers, and 495 

part of the PAC tracers have also been transported into the northern North Atlantic (Figure 6b). 496 

The northward flux of PAC tracers into the Arctic is also located over Alaska and North Atlantic. 497 

Note that the distribution of meridional tracer transport (both northward and southward transport) 498 

for ASI and PAC tracers (Figure 6a-b) matches well with the distribution of the climatological 499 

meridional wind (Figure 6f). This suggests that Alaska and northern North Atlantic, where the 500 

climatological meridional wind is northward, are the favorable locations for tracers to be 501 

transported into the Arctic. Note that, the transport into the Arctic over these two regions (Alaska 502 

and northern North Atlantic) is not necessarily via the climatological wind only, since these two 503 

regions are also favorable for northward transport by transient eddies as they are located at the 504 

exit region of the Pacific and Atlantic storm tracks. Additional analysis shows that northward 505 

transport over the northern North Atlantic is dominated by contribution from climatological 506 

wind, while both climatological wind and transients are important for northward transport of 507 

PAC tracers over Alaska (Figure S1). 508 

The distribution of the meridional flux for NAM, ATL and EUR tracers (Figure 6c-e), 509 

also corresponds well with the distribution of the climatological meridional wind (Figure 6f) 510 

except for a much weaker magnitude for ATL and EUR tracers compared to other tracers. For 511 

ATL and EUR tracers, a large proportion of the tracers is transported downstream into Eurasia. 512 

With climatological wind generally flowing southward over eastern Europe and western Siberia 513 
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(around 60°E) as well as over eastern Siberia (around 150°E), the net meridional transport of 514 

tracers is southward for ATL and EUR tracers. Therefore, ATL and EUR tracers are not 515 

effectively transported into the Arctic during day 9-20. In Figure 6c, the NAM tracer is also 516 

transported into the North Atlantic where it is favorable for northward transport into the Arctic. 517 

This zonal transport can happen in relatively short time compared to ASI tracers being 518 

transported to the eastern North Pacific or PAC tracers to the North Atlantic, because of the 519 

closer proximity between North America and North Atlantic. Thus, the intermediate transport 520 

pathway can happen rather quickly for NAM tracers, which is the reason why the meridional flux 521 

into the Arctic is positive during the first 10 days for NAM tracers (Figure 2c). However, when 522 

the NAM tracers are transported further downstream into Europe, where the climatological flow 523 

is generally southward, the net meridional flux of NAM tracers turns negative. This explains why 524 

the NAM meridional tracer flux shifts to negative after 10 days (Figure 2c). The peak tracer 525 

concentration at 10 days for NAM tracers (Figure 1e-f), which is in between the peak time of 526 

ATL and EUR tracers (6-9 days), and ASI (10-30 days) and PAC tracers (10-15 days; see Figure 527 

2), is due to the combination of the fast transport pathway and the intermediate transport 528 

pathway. The fact that climatological northward flow is located over Alaska and North Atlantic, 529 

rather than other regions around the Arctic, can be the main reason why both time-mean and 530 

transient transports are important for PAC and ATL tracers for the fast transport pathway, while 531 

transport by transients dominates for ASI, ATL and EUR tracers (Figure 5a, c and e; also see 532 

section 4.2 for more details).  533 

Note that TP and NI tracers also show a concentration peak at around 40-60 days in the 534 

troposphere (Fig. 1e-f), but with little contribution to the total Arctic tracer concentration (Fig. 535 

1b-c). Our analysis (not shown) suggests that the mechanism of this 40-60 day peak is similar to 536 
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the intermediate transport pathway for midlatitude tracers discussed above. The TP/NI tracers are 537 

transported zonally by the jet first, and then can be transported into the Arctic over Alaska and 538 

the northern North Atlantic. However, as the source regions of TP and NI tracers are over the 539 

southern flank of the jet stream (Fig. 6f), it takes longer time for these tracers to be transported to 540 

the northern flank of the jet where they can be transported into the Arctic. Whereas for 541 

midlatitude source regions, the majority of the tracers are already at the northern flank of the jet 542 

where they are released. Therefore, the intermediate transport pathway can happen much earlier 543 

for the midlatitude tracers than for subtropical tracers (TP and NI). 544 

In short, during day 9-20, the tracers are transported downstream (eastward) by the zonal 545 

wind in the midlatitudes. ASI and PAC tracers are carried to Alaska and North Atlantic, and then 546 

transported into the Arctic, as these two locations are favorable for northward transport into the 547 

Arctic, leading to the intermediate transport timescales. However, as ATL and EUR tracers are 548 

advected downstream to Eurasia, where it is favorable for southward transport, they are not 549 

effectively transported into the Arctic during day 9-20, exhibiting no intermediate transport 550 

pathway. Note that our results that Alaska and North Atlantic are the favorable locations for 551 

northward transport into the Arctic, are in agreement with the model simulation results in 552 

previous studies (e.g. Akimoto 2003, Hudman et al., 2004; Li et al., 2002; Liang et al., 2004). 553 

The meridional transport pattern corresponds well with time-mean (decadal-mean) wind pattern, 554 

suggesting that low frequency variability, which can lead to variability in the mean wind, can 555 

likely lead to interannual or decadal variability of the intermediate transport pathway. 556 

4.4 The Slow Transport Pathway 557 

We now examine the transport of tracers from tropical and subtropical regions (NI, TP, 558 

TR) into the Arctic lower stratosphere, with the peak tracer concentration occurring at around 559 
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100 days. We will discuss the transport of TP tracers in detail as TP tracers are most efficiently 560 

transported into the Arctic among the three regions (Figure 1g). Later on, we will also show that 561 

the mechanism for NI and TR tracers is very similar to that for TP tracers. 562 

The zonal mean tendency of TP tracers, from day 1 to 100, is shown in Figure 7. During 563 

the first few days after the tracers are released, the tendency of tracer concentration (Figure 7a-b, 564 

shadings) indicates that tracers are brought up effectively into the subtropical UTLS region. 565 

Subsequently, those tracers are transported both equatorward and poleward from the tracer 566 

concentration maximum in the subtropics (black contours; Figure 7b-c). From days 11 to 100 567 

(Figure 7d-h), a dipole pattern of the tracer tendency can be found in the UTLS in the tropics and 568 

subtropics, with a positive tendency above the tracer concentration maximum, and a negative 569 

tendency below, indicating a further upward lifting of the tracer concentration to about 80 hPa 570 

during day 81-100.  571 

The growth of tracer concentration above the Arctic for TP tracers (Figure 1g) starts 572 

around days 20 to 30 after the tracers are released. The tendency of the tracers from day 21-100 573 

shows a broad positive tendency over the midlatitude and polar lower stratosphere regions 574 

(Figure 7e-h), with a larger tendency during day 21-60 (Figure 7e-f) than that during day 61-100 575 

(Figure 7g-h; note the scale of Figure 7e-f and g-h is different). It can be seen that the positive 576 

tendency over the midlatitude and polar regions can be traced back to the maximum tracer 577 

concentration near 120-70 hPa in the tropics and subtropics approximately following the 578 

isentropic surfaces (green contours). This suggests that the transport of tracers into the 579 

midlatitude and polar regions is likely through isentropic transport from the tropics and 580 

subtropics, when the large tracer concentration in the lower latitudes acts as a tracer reservoir. 581 
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So how are the tracers transported upward into the tropical and subtropical lower 582 

stratosphere? We first show the time scale of the vertical transport (Figure 8a) by displaying the 583 

time evolution of tracer concentration averaged over 0-40°N (also averaged zonally) at different 584 

pressure levels. The peak time of the concentration increases as a function of the vertical levels 585 

from about 5 days to 120 days for pressure levels from 125 hPa to 70 hPa. Thus, it takes on the 586 

order of 100 days to vertically transport tracers within the tropical and subtropical lower 587 

stratosphere.  588 

The horizontal structure of the vertical transport in the lower latitudes is shown at 125, 589 

100, 90 and 80 hPa (Figure 8b-c, f-g). We plot the vertical fluxes of tracers (red for upward, blue 590 

for downward) averaged over 1-80 days, as the tracer concentration peaks at around 80 days for 591 

80 hPa (Figure 8a). The vertical flux mostly happens from 10°E to 120°E in the subtropical 592 

region, with upward flux in the east and downward flux in the west. In addition to the vertical 593 

flux, the July to September modeled climatological vertical velocity is shown at the same 594 

pressure levels (Figure 8d-e, h-i). Comparing the horizontal structure of vertical flux and vertical 595 

velocity (Figure 8 b vs. d, c vs. e, f vs. h, g vs. i), they are rather consistent. The area averaged 596 

(0°-40°N; 0-135°E) ascent, is about −5.1 × 1089Pa/s at 100 hPa and −2.7 × 1089Pa/s at 80 597 

hPa. For an airmass to rise by 10 hPa, it takes about 23 days with the vertical velocity of 598 

−5.1 × 1089Pa/s (at 100 hPa), and about 43 days with the vertical velocity of−2.7 × 1089Pa/s 599 

(at 80 hPa). Consistent with Figure 8a, it takes about a month for TP tracers to rise by 10 hPa 600 

above the 100 hPa level. 601 

For TP tracers, the vertical transport in the UTLS region is mostly due to the dipole 602 

structure of the vertical velocity from 10°E to 120°E, with upward motion in the east and 603 

downward motion in the west, which coherently exists at all 4 levels in Figure 8. This dipole 604 
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structure of vertical motion, associated with the upper level anti-cyclone over the Asian summer 605 

monsoon region, has been documented by previous studies (e.g., Bergman et al., 2013; Fu et al., 606 

2006; Orbe et al., 2015a; Pan et al., 2016; Park et al., 2009; Randel et al., 2010; Rodwell and 607 

Hoskins 1996, 2001; Tissier & Legras, 2016; Vogel et al., 2015, 2019). The strong rising motion 608 

directly above the source region of NI and TP tracers in the UTLS, is likely the reason why NI 609 

and TP tracers can be most efficiently transported into lower latitude UTLS (Figure 7a; also see 610 

Wu et al., 2020) and then into the Arctic (Figure 1g).  611 

The transport pathway for NI and TR tracers is similar to TP tracers. The evolution of the 612 

tracer tendency (Figure S2 for NI and Figure S3 for TR), is similar to TP (Figure 7) as we see 613 

broad positive tendency over the midlatitude and polar lower stratosphere from day 21-100, 614 

which is at the same potential temperature levels as the maximum tracer concentration in the 615 

lower latitudes. Again, this implies isentropic transport from the tropics into high latitudes. The 616 

vertical transport of tracers in the lower latitudes is shown in Figure S4 for NI and Figure S5 for 617 

TR. Consistent with TP tracer, the vertical tracer fluxes follow the climatological vertical 618 

velocity. Note that for TR tracers, upward transport in the lower stratosphere can happen both in 619 

the tropics and in the subtropical summer monsoon regions. Thus, TR tracers are not only lifted 620 

up locally, but also transported horizontally into regions favorable for upward transport and then 621 

brought up by the vertical motion.  622 

 623 

5. Discussions and Conclusions 624 

 In this study, we investigate the summertime transport pathways from different surface 625 

regions in the NH into the Arctic by implementing and analyzing a large ensemble of idealized 626 

tagged tracers in WACCM5. Three different transport pathways have been identified by 627 
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examining the temporal tracer concentration evolution in the Arctic. The fast transport pathway 628 

can bring tracers from all midlatitude regions into the Arctic within the troposphere on time 629 

scales less than 8 days. The intermediate transport pathway transports tracers released over Asia 630 

and Pacific into the Arctic in 9-20 days. The slow transport pathway brings tropical and 631 

subtropical tracers into the Arctic lower stratosphere in 1-3 months. 632 

 The fast transport pathway, which works efficiently for all the midlatitude regions, brings 633 

tracers directly to the north from the source region into the Arctic in both the upper and lower 634 

troposphere through meridional transport. The meridional and vertical processes relevant for the 635 

fast transport pathway is summarized in the schematic diagrams (Figure 9a-b). During the first 636 

two days after the tracers are released (Figure 9a), the tracers are lifted upward into the lower 637 

troposphere by vertical diffusion. Furthermore, tracers are also transported into the upper 638 

troposphere during the first two days by deep convection and transient vertical transport. Strong 639 

poleward transport locates in the lower troposphere at around 60°N, which is at the northern 640 

boundary of the source region. The northward transport in the upper troposphere is broader but 641 

weaker compared to that in the lower troposphere. During day 3-8 (Figure 9b), as the tracer 642 

concentration at the surface reduces due to surface deposition, vertical diffusion brings the 643 

tracers downward back to the surface in the lower troposphere. However, vertical transport by 644 

transients continues to bring tracers upward into the upper troposphere. The meridional transport 645 

into the Arctic is dominated by transients for tracers released in Asia, Europe and North 646 

America, while both time-mean and transient transports are important for tracers released in the 647 

Pacific and the Atlantic. Note that Yang et al., (2019) used a different framework to decompose 648 

the meridional transport of idealized tracers into zonal mean and zonally varying components, 649 

and they found both zonal mean and zonally varying components can be important for poleward 650 
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transport. Here we focus on the time-mean component and deviations from the time mean. The 651 

conclusions from different frameworks highlight the roles of different circulation features in 652 

transporting tracers poleward. 653 

 The intermediate transport pathway transports the tracers into the Arctic on the time scale 654 

of 1-3 weeks (Figure 9c). The tracers are first transported zonally by the jet stream. Then, if the 655 

tracers are transported into regions that are favorable for northward transport into the Arctic, 656 

which are over Alaska and the northern North Atlantic, then these tracers can be further 657 

transported into the Arctic. For tracers released in Asia and the Pacific, as the source regions are 658 

located upstream (west) of the favorable northward transport locations (Alaska and northern 659 

North Atlantic), tracers can be advected by the zonal jet and then efficiently transported into the 660 

Arctic via the intermediate transport pathway. However, for tracers released in Europe and the 661 

Atlantic, as the source regions are located downstream (east) of the two favorable northward 662 

transport locations, the zonal jet transports these tracers into locations (Eurasia) favorable for 663 

southward transport out of the Arctic. Thus, Europe and Atlantic tracers do not exhibit a clear 664 

intermediate transport pathway. 665 

 The fast and intermediate transport pathways have distinct features. The timescales of the 666 

transport are different, and the ways the tracers are transported horizontally are also different. 667 

The tracers are transported directly to the north via the fast transport pathway while they are first 668 

advected zonally before transported northward into the Arctic via the intermediate transport 669 

pathway. These are new findings that have not been documented by previous studies. In addition, 670 

we utilize a detailed budget analysis of tracer concentration as well as a decomposition analysis 671 

of the transport into time mean and transient components to understand the mechanism of the 672 

two pathways. This is also a novel aspect of this study. 673 
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 The slow transport pathway carries the tropical and subtropical tracers into the Arctic 674 

lower stratosphere. A schematic diagram for the slow transport pathway is shown in Figure 9d. 675 

The tracers are first effectively brought up into the upper troposphere in the tropics and 676 

subtropics, mostly by deep convection and large-scale ascent. Then, the tracers are slowly 677 

transported upward into the lower stratosphere at locations where the climatological upward 678 

motion is prominent. These locations for upward transport into the lower stratosphere are not 679 

limited to the tropics, as strong vertical motion can also be found in the UTLS in the summer 680 

monsoon regions. The transport pathway into the UTLS in the summer monsoon regions has 681 

been well documented by previous studies (e.g. Pan et al., 2016; Park et al., 2009; Randel et al., 682 

2010 and others). The results from a few previous studies (e.g. Bourassa et al., 2012; Orbe et al., 683 

2015) suggest that tracer species or aerosols can be transported to the Arctic after they are lifted 684 

up into the lower stratosphere over the summer monsoon region. Our study shows more details 685 

about this transport pathway and associated timescales. The tracers are first lifted up from100 686 

hPa to 70 hPa over the monsoon region on one to four months’ time scale, and they can then be 687 

transported into the midlatitude and the Arctic following the isentropes. As the climatological 688 

upward motion during summer is the strongest over the Asian monsoon region, tracers released 689 

in northern India and Tibetan Plateau, which are right beneath the upper level rising motion, can 690 

be most efficiently transported into the Arctic via the slow transport pathway. 691 

 In this study, we focus on understanding the main features of the three different transport 692 

pathways. These transport pathways can have month-to-month (e.g. July vs August), interannual 693 

and decadal variabilities as the circulation pattern changes. Our preliminary analysis suggests 694 

that, as the circulation structure is not very different between July and August, the time scale and 695 

circulation processes involved in these pathways are similar, whereas the spatial pattern of the 696 
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meridional transport for fast and intermediate can be slightly different (not shown). The slow 697 

transport pathway is slightly more efficient during July than August, which is likely because 698 

tracers are more efficiently transported into the UTLS over the Asian summer monsoon region 699 

during July as pointed out by Wu et al., (2020). The time-mean wind pattern can also be different 700 

during different years or decades due to low frequency variability, suggesting that there could be 701 

substantial interannual or decadal variability for fast and intermediate transport pathways. The 702 

variability of Asian summer monsoon can also lead to interannual variability of the slow 703 

transport pathway. These topics are currently being explored and will be reported in future 704 

studies.  705 

Consistent with Orbe et al., (2015a), our results indicate that midlatitude source regions 706 

contribute the most to the passive tracer concentration within the Arctic troposphere, whereas 707 

tropical and subtropical source regions contribute the most in the Arctic lower stratosphere. Our 708 

findings also suggest that pollutants emitted over all NH midlatitude land regions could be 709 

quickly transported into the Arctic troposphere within about one week via the fast transport 710 

pathway. Tracer species and aerosols emitted over Asia and North America could also be 711 

transported into the Arctic troposphere in about one to three weeks via the intermediate transport 712 

pathway. Regions like northern India and Tibetan Plateau are highlighted by the slow transport 713 

pathway and might have important implications for the transport of chemical species, such as 714 

ozone depleting substances, to the Arctic lower stratosphere. The approach with idealized tracers 715 

that have a spatially uniform source in this study focuses on the role of atmospheric dynamics 716 

underlying the transport pathways. To properly attribute the Arctic concentration of different 717 

chemical species to different source regions, the spatial distribution of emission (e.g. 718 
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anthropogenic emission) needs to be taken into account. Future work will be devoted to linking 719 

the idealized tracer results to realistic emission sources and their implications. 720 

  721 
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 934 

Figure 1. a) Definition of the source regions for EUR, ASI, PAC, NAM, ATL, NI, TP and TR 935 
tracers. b)-d) Temporal evolution of tracer concentration in the Arctic (north of 70°N) at 1000-936 
600 hPa, 600-200 hPa and 200-100 hPa respectively. Each color shading represents tracers that 937 
are released in one region. Tracer concentration is multiplied by 1000. Unit in millimole/mole. 938 
e)-f) Temporal evolution of normalized tracer concentration in the Arctic at the same pressure 939 
levels in b)-d). Unit in ppbv/km2. The tracer concentration is divided by the area of the source 940 
region as the tracer concentration is normalized (also see main text). The dashed black lines and 941 
dashed grey lines denote day 8 and day 20 after the tracers are released respectively in e)-f). 942 
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Figure 2. a) Zonally and vertically (1000-100 hPa) averaged tracer meridional flux at different 945 
latitude (15°N-90°N) and different time (1-21 days) after the ASI tracers are released. The black 946 
contour denotes the zero line and the dashed dark green line marks the boundary of the Arctic 947 
region (70°N). The dashed gray line denotes the northern boundary of the tracer source region. 948 
Unit of the meridional flux is in (mol mol) ⋅ (m s⁄ )⁄ . b)-e) The same as a), but for PAC, NAM, 949 
ATL and EUR tracers respectively. f) The shadings are vertically averaged (1000-100 hPa) tracer 950 
meridional flux during day 1-8 for the ATL tracers. Unit in (mol mol) ⋅ (m s⁄ )⁄ . Black contour 951 
lines show the vertically averaged (1000-100 hPa) ASI tracer concentration during day 1-8. The 952 
contour interval is 0.01 mol/mol. Dashed purple line denotes the boundary of the Arctic region 953 
(70°N). g)-j) The same as f), but for PAC, NAM, ATL and EUR tracers respectively. In f)-j), the 954 
regions defined by the dark green line are where further analysis will be performed in Figure 3-5. 955 
The southern boundaries are at 15°N while the northern boundaries are at 90°N. The east and 956 
west boundaries are 60°E-150°E in f), 120°E-120°W in g), 140°W-10°W in h), 90°W-30°E in i) 957 
and 30°W-90°E in j). 958 
  959 
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Figure 3. a) Meridional and vertical structure of tracer meridional flux and concentration during 961 
day 1-2 for ASI tracers. The shadings are meridional flux of ASI tracers averaged over 60°E-962 
150°E (the region denoted by dark green line in Figure 2f). Unit in (mol mol) ⋅ (m s⁄ )⁄ . The 963 
contours are tracer concentration averaged also over 60°E-150°E. The contour lines start from 964 
0.01 mol/mol, with an interval of 0.02 mol/mol. b)-c) The same as a), but for day 3-5 and 6-8. d)-965 
f) The same as a)-c) but for PAC tracers. The averaging is performed over 120°E-120°W (also 966 
see Figure 2g). g)-i) The same as a)-c) but for NAM tracers. The averaging is performed over 967 
140°W-10°W (also see Figure 2h). j)-l) The same as a)-c) but for ATL tracers. The averaging is 968 
performed over 90°W-30°E (also see Figure 2i). m)-o) The same as a)-c) but for EUR tracers. 969 
The averaging is performed over 30°W-90°E (also see Figure 2j). 970 
  971 



manuscript submitted to Journal of Geophysical Research Atmospheres 

49 
 

 972 

Figure 4. a) Tracer budget analysis during day 1-2 in the upper troposphere (200-500 hPa). 973 
Following equation (1), tracer tendency is separated into contribution from deep convection (red, 974 
COND), shallow convection (orange, CONS), vertical diffusion (blue, VD) and transport by 975 
resolved dynamics (green, RD). From equation (4), transport by resolved dynamics is further 976 
decomposed into zonal transport (crosshatched purple), meridional transport (crosshatched 977 
magenta) and vertical transport (crosshatched cyan). The residual of equation (4) due to using 978 
daily mean data to estimate the rhs of the equation, is in yellow shadings (crosshatched). The 979 
budget analysis for different tracers is performed over 30°N-70°N with the same east-west 980 
boundary in Figure 3. Unit is (mol/mol)/day. b) The same as a), but for 500-950 hPa. c)-d) The 981 
same as a)-b), but for day 3-5. e)-f) The same as a)-b), but for day 6-8. 982 
  983 
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Figure 5. a) Decomposition of meridional tracer flux of different tracers during day 1-2 from 985 
200-950 hPa. The decomposition of different tracers is performed over 50°N-70°N with the same 986 
east-west boundary in Figure 3. The total meridional flux is denoted by red, while the flux by 987 
climatological wind and transients is denoted by orange and blue respectively. Unit in 988 
(mol mol) ⋅ (m s⁄ )⁄ . b) Similar to a), but for the decomposition of vertical tracer flux by 989 
resolved dynamics over 30°N-70°N with the same east-west boundary in Figure 3. The total 990 
upward flux is denoted by purple, while the flux by climatological wind and transients is denoted 991 
by green and cyan respectively. Unit in (mol mol) ⋅ (m s⁄ )⁄ . c)-d) The same as a)-b), but for day 992 
3-5. e)-f) The same as a)-b) but for day 6-8. 993 
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 996 

Figure 6. a) The shadings are the meridional tracer flux averaged vertically (1000-100 hPa) 997 
during day 9-20 for ASI tracers. Unit in (mol mol) ⋅ (m s⁄ )⁄ . The black contours are the 998 
vertically averaged (1000-100 hPa) tracer concentration. Contour interval is 0.0015 mol/mol. 999 
The boundary of Arctic region is denoted by the dashed purple line. The source region of the 1000 
tracers is crosshatched. b)-e) The same as a), but for PAC, NAM, ATL and EUR tracers 1001 
respectively. f) The shadings are the model July to August climatological meridional wind 1002 
(1981-1990) averaged from 800 to 200 hPa. Unit in m/s. The contours are the climatological 1003 
zonal wind at the same vertical levels during the same time period. Contour interval is 5 m/s. 1004 
  1005 
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Figure 7. a) The shadings are zonally averaged tracer concentration tendency during day 1-2 for 1007 
TP tracers. Unit in ppmv/day. The black contours are the zonally averaged tracer concentration. 1008 
Contour interval is 0.5 millimole/mole. The green contours are the potential temperature levels. 1009 
Contour interval is 15 K. b) The same as a) but for day 3-6. c)-h) The same as a), but for day 7-1010 
10, 11-20, 21-40, 41-60, 61-80 and 81-100 respectively. The tracer concentration contour (black) 1011 
interval is 0.2 mmol/mol. 1012 
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Figure 8. a) Temporal evolution of zonally averaged TP tracer concentration from 0-40°N for 1015 
125, 100, 90, 80 and 70 hPa. Unit in mol/mol. b) Vertical tracer flux averaged during day 1-80 at 1016 
125 hPa (red for upward flux and blue for downward flux). Unit in (mol mol) ⋅ (m s⁄ )⁄ . c) The 1017 
same as b) but for 100 hPa. d) Model July to September climatological vertical velocity (1981-1018 
1990). Unit in Pa/s. e) The same as d) but for 100 hPa. f)-g) The same as b), but for 90 and 80 1019 
hPa respectively. h)-i) The same as d) but for 90 and 80 hPa respectively. 1020 
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  1022 

Figure 9. Schematic diagrams for different transport pathways. a)-b) The fast transport pathway. 1023 
The width of the arrows indicates the relative importance of different processes. c) The 1024 
intermediate transport pathway. d) The slow transport pathway. 1025 
 1026 


